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This book is dedicated to Umberto Veronesi, to his memory, and especially to
his scientific and medical heritage.



Preface

The scientific and patient care communities have witnessed significant improvements in the
diagnosis and treatment of breast cancer. Breast cancer is the leading cause of cancer morbid-
ity and mortality in women worldwide. Screening, early diagnosis, and personalized treat-
ments have provided better patient management, improved efficacy of therapies, and reduced
mortality. Additional knowledge has been obtained by improving histopathological testing and
conducting molecular and genetic investigations, which have also resulted in better therapies.

Progress in care of breast cancer patients has been achieved due to the clinical trials designed
and conducted to demonstrate the efficacy and safety of therapies. This accumulation of evi-
dence from randomized trials has resulted in a substantial improvement in patient care. Clinical
trials can provide evidence indicating treatment efficacy but do not provide direct extrapolation
on “how to treat the Individual Patient.” The required intellectual step for extrapolation of use-
ful details needed for adapting information from clinical trial results for the purpose of patient
care is the multidisciplinary approach, a relatively novel methodology for discussion and nego-
tiation involving several professional perspectives to define a common modality of diagnosis
and treatment. With this spirit in mind, this book has been created, touching on all aspects of
innovation in the care of patients with breast cancer. The editors and authors of each section
and chapter are scholars in the field of breast cancer and are experts in conducting multidisci-
plinary discussions.

Professor Umberto Veronesi, who conceived the idea of this book to summarize modern
developments in the diagnosis and treatment of breast cancer, was an internationally renowned
innovator of diagnosis and all modalities of therapy for women with breast cancer. In the
1960s, he introduced the concepts that breast cancer is a disease with widespread extension of
micrometastasis, and that the least extensive treatment (either surgical, radiation, or systemic)
might suffice for obtaining the optimal therapeutic result. This approach involves specifically
maintaining efficacy while reducing the burden of side effects of therapeutic and diagnostic
interventions. Clinical research was conducted by him and others to intensively investigate this
personalized approach for women with the disease. Areas of these clinical trial investigations
included use of quadrantectomy instead of mastectomy, partial intraoperative radiation therapy
instead of whole breast irradiation, sentinel node biopsy instead of full axillary dissection, and
assigning systemic therapies according to features that predict responsiveness to different
treatments instead of using the “same therapy for all” approach. His dedication to prevention
was also methodologically remarkable, from pioneering work in early diagnosis to investigat-
ing chemoprevention in clinical trials. This book is a comprehensive presentation of breast
cancer research and treatment, describing past and present information and including thoughts
about the future.

Professor Umberto Veronesi passed away on November 8, 2016. Although he did not sur-
vive to see the book’s birth, he was intensively involved in the editing until the last days of his
life. He remained an example for all of us, insisting that the work should go on. This book is
dedicated to him, to his memory, and especially to his scientific and medical heritage.

Special appreciation is extended by all editors and authors to Mrs. Lucia Racca, the back-
bone of Professor Veronesi’s office for many years, who maintained the coordination of the
editorial office until the completion of the work, well beyond her retirement.
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Preface

This book is an important resource covering all aspects of breast cancer carcinogenesis,
prevention, diagnosis, and surgical, radiation, and systemic therapies. It is particularly suited
for those who seek exposure to a broad spectrum of knowledge of a multidisciplinary approach
to understand the disease and facilitate optimal patient care.

Milan, Italy Aron Goldhirsch
September 2017
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An Integrated View of Breast Cancer Biology



Fundamental Pathways in Breast Cancer
1:Signaling from the Membrane

Yekaterina Poloz, Ryan J.O.Dowling, and Vuk Stambolic

1.1 Introduction
Breast cancer (BC) is the most frequently diagnosed cancer
in women worldwide, with 1.7 million new cases diagnosed
in 2012 [1]. In the United States alone, 231,840 new cases
and 40,290 related deaths are expected to be seen in 2015
[2]. This heterogeneous disease is classified into several
molecular subtypes, depending on the presence of specific
cell surface receptors, including the estrogen receptor (ER),
the progesterone receptor (PR), and the human epidermal
growth factor 2 receptor (HER2) [3]. Luminal A BCs are
ER* and/or PR* but HER2". These are the most commonly
seen BCs and have the best prognosis. Luminal B BCs are
ER* and/or PR* and sometimes HER2*. These tumors have
a higher proliferative index and are more aggressive. HER2*
BCs are ER™ and PR~ but HER2*. This subtype usually
presents at a younger age with a poorer tumor grade and
lymph node involvement, but the prognosis has improved
dramatically since the clinical implementation of Herceptin,
an anti-HER2 antibody. About 20% of BCs are triple nega-
tive (TNBC) or basal-like, that is, they are ER™, PR~, and
HER2". These tumors are often aggressive, have poorer
prognosis, and lack any targeted therapies.

Research has focused extensively on the role of cell sur-
face receptors like HER2 in the pathobiology of BC. There
are numerous families of cell surface receptors, like receptor

Conlflict of interest: The authors declare no conflict of interest.
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© Springer International Publishing AG 2017

tyrosine kinases (RTKs), one example being HER2, and G
protein-coupled receptors, that sense extracellular cues and
transmit them into intracellular messages that regulate cell
growth, proliferation, survival, migration, and differentia-
tion. These receptors are often deregulated in BC and lead to
tumor growth and metastasis. This chapter will focus on the
identification of the receptors most often deregulated in BC,
the common signaling pathways they activate, and the cross-
talk that links them to one another.

RTKs and Their Downstream
Signaling Targets

1.2

RTKs are cell surface receptors found on a diversity of cell
types. All RTKs comprise an N-terminal extracellular ligand-
binding domain, a single-pass transmembrane domain, and a
C-terminal tyrosine kinase domain. Ligand binding induces
a conformational change leading to the receptor homo- or
heterodimerization and the consequent autophosphorylation
of a series of tyrosine residues in the C-terminal tail. The
phosphorylated tyrosines then act as docking sites for the
SRC homology 2 (SH2) and phosphotyrosine-binding (PTB)
domain-containing proteins, many of which are shared by
the different RTKs. The RTK signaling program converges
on the two major signaling pathways, namely, the phos-
phoinositide 3-kinase-protein kinase B/AKT (PI3K-PKB/
AKT) and the rat sarcoma-mitogen-activated protein kinase/
ERK (Ras-MAPK/ERK), that go on to regulate critical cel-
lular processes like cell growth, proliferation, differentiation,
migration, and apoptosis (Fig. 1.1).

One of the SH2 domain-containing effectors of RTKs is
the regulatory subunit of the class I PI3K (p85), which when
bound to the activated RTK or one of its tyrosine phosphory-
lated adaptors relieves its inhibition of the p110 catalytic
subunit of PI3K, thereby leading to its activation [4]. PI3K
p110 then phosphorylates a resident membrane lipid, phos-
phatidylinositol 4,5-bisphosphate (PIP2), to generate phos-
phatidylinositol 3,4,5-trisphosphate (PIP3), a major lipid

U. Veronesi et al. (eds.), Breast Cancer, DOI 10.1007/978-3-319-48848-6_1
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Fig.1.1 RTK and GPCR
signaling networks
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second messenger [5]. The phosphatase and tensin homolog
deleted on chromosome 10 (PTEN) counteracts the action of
PI3K and converts PIP3 back to PIP2 [6, 7]. PIP3 recruits the
pleckstrin homology (PH) domain-containing proteins to the
membrane, of which there are more than 250 in the human
genome, including AKT and the 3-phosphoinositide-depen-
dent protein kinase 1 (PDK1) [8]. AKT is phosphorylated by
PDK1 on threonine 308 (T*%) and consequently by the mam-
malian target of rapamycin complex 2 (mMTORC?2) on serine
473 (S*7%), leading to its full activation [9, 10]. AKT then
activates the mammalian target of rapamycin complex 1
(mTORCY1) through two distinct pathways. AKT phosphory-
lates and suppresses the GTPase-activating protein (GAP)
activity of the tuberous sclerosis complex 2 (TSC2) toward
the Ras homolog enriched in the brain (Rheb) [11-13]. On
the other hand, AKT phosphorylates and inhibits proline-rich
AKT substrate of 40 KDa (PRAS40), which is implicated in
the regulation of mMTORCI1 [14, 15]. mTORCI1 regulates cell

growth by controlling mRNA translation, via direct phos-
phorylation of the S6 kinase (p70S6K) and the 4E binding
proteins (4EBPs) [16, 17]. AKT also phosphorylates the fork-
head box O transcription factors (FOXOs), which results in
their nuclear exclusion and proteasomal degradation, thus
releasing cells from the FOXO-mediated cell cycle arrest [18—
20]. The deactivation of FOXO, along with another target of
AKT, the B-cell lymphoma 2 (BCL2)-associated agonist of
cell death (BAD), coordinately represses apoptosis [21].
Finally, the AKT-mediated inhibition of glycogen synthase
kinase 3 (GSK3) inhibits nuclear export and proteasomal
degradation of cyclin D1, thus leading to its nuclear accumu-
lation and induction of cell proliferation [22]. Thus, the PI3K-
AKT pathway mainly regulates the cellular growth,
proliferation, and survival programs in cells. Other than RTK
deregulation, activating mutations in PI3K or deletion of
PTEN is often found in BCs and further drives the oncogenic
program in cells [23].
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The Ras-ERK pathway is the other major signaling net-
work that is modulated by the RTKs. The Src homology 2
domain-containing (SHC) and the growth factor receptor
bound 2 (GRB2) are the main adaptor proteins that link the
activated RTKs to the Ras-ERK pathway [24]. The RTKSs
interact with and activate SHC directly, which then recruits
GRB2 to the cell membrane. Alternatively, GRB2 can also
interact with RTKs directly or through another adaptor pro-
tein, like one of the insulin receptor substrates (IRSs) [25,
26]. GRB2 associates with the son of sevenless (SOS),
which then recruits and activates Ras, by acting as a gua-
nine nucleotide exchange factor (GEF), converting the
GDP-bound Ras into the active GTP-bound form [27]. In a
sequential manner, Ras activates Raf, which phosphory-
lates and activates MEK, which in turn phosphorylates and
activates ERK [28, 29]. ERK is a serine-threonine kinase
that has hundreds of cytoplasmic and nuclear targets. For
example, ERK translocate to the nucleus and activates tran-
scription factors like Ets-like gene 1 (Elk1) and c-Myc [30,
31]. In the nucleus, ERK also activates the mitogen- and
stress-activated protein kinases (MSKs), which activate
transcription factors like the cyclic AMP-responsive ele-
ment-binding protein (CREB) and the activating transcrip-
tion factor 1 (ATF1) [32]. In the cytoplasm, ERK
phosphorylates the p90 ribosomal S6 kinases (RSKs),
which inhibit apoptosis by phosphorylating BAD, but also
translocate to the nucleus and activate transcription factors
like CREB and c-Fos [33-36]. ERK-mediated phosphory-
lation of the MAPK-interacting kinases (MNKs) induces
mRNA translation through phosphorylation of the eukary-
otic initiation factor 4E (elF4E) [37, 38]. The Ras-ERK
pathway thus controls diverse cellular processes including
cell growth, proliferation, differentiation, migration, and
apoptosis.

In addition to the parallel activation immediately down-
stream of the receptors, coordination between the PI3K-AKT
and the Ras-ERK signaling pathways can also be achieved
by the interaction of activated Ras with the PI3K p110 cata-
lytic subunit, independently of p85, leading to the PI3K-
AKT pathway activation (Fig. 1.2) [39]. Like AKT, ERK and
RSK can also phosphorylate and inhibit TSC2, leading to
mTORCI activation [40, 41]. The two pathways are also
subject to the multiple levels of feedback inhibition. MEK
promotes the membrane localization of PTEN, which down-
regulates the PI3K-AKT signaling pathway, while AKT can
phosphorylate and inhibit Raf [42-44]. Furthermore,
mTORCI, S6K, and ERK can downregulate both pathways
by phosphorylating RTK substrates, like IRS1, on multiple
inhibitory serine residues [45—47]. Thus, multiple feedback
loops and crosstalk between the PI3K-AKT and the Ras-
ERK pathways orchestrate the dynamic and intricate, con-
text-dependent effects of multiple growth factors through
their cognate RTKSs.

IRS1

¥ - : H{ --...'“"““."‘-j
( PI3K )r i n\ —
‘?’ ( PTEN) l

(jr..nTORC:)
k1

(lp7086l;)

Fig.1.2 Crosstalk between the PI3K-AKT and the Ras-ERK signaling
pathways. Green lines indicate activation and red lines indicate inhibi-
tion. Solid black lines indicate a direct interaction, while dashed black
lines indicate an indirect interaction

1.3  RTKs Often Deregulated in BC

The deregulation of RTK signaling plays an important role in
the pathophysiology of many cancers, including BC [48].
Several mechanisms lead to the deregulation of RTK signal-
ing, including RTK gene amplifications, activating muta-
tions, protein overexpression, ligand overexpression or
hyperactivation, and crosstalk with other cellular signaling
components. Members of the ERBB family, MET, the insu-
lin receptor (INSR), and the insulin-like growth factor recep-
tor (IGF1R) are RTKs that are most often deregulated in BC.

1.3.1 HER2

The amplification of the HER2 gene, a member of the ERBB
family of RTKs, is seen in approximately 20% of BCs, and
HER?2 overexpression correlates with a worse BC prognosis
[49-51]. In these patients, HER2 overexpression correlates
with tumor size, grade, proliferative index, aneuploidy, lack
of steroid hormone receptors, and metastatic disease. HER2
(also named ERBB2 or NEU), belongs to the ERBB family,
with three additional members: the epidermal growth factor
receptor (EGFR, also named ERBB1), ERBB3, and ERBB4,
all of which have been shown to be overexpressed and/or
hyperactivated in BC to varying degrees. For example,
EGFR is often overexpressed in basal-like TNBC [52].
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There are 11 ligands that activate this family of RTKs, and
they can be subdivided into three groups [53]. The first
includes the epidermal growth factor (EGF), the transform-
ing growth factor « (TGFa), and amphiregulin, which bind
specifically to EGFR. The second includes betacellulin,
heparin-binding EGF (HB-EGF), and epiregulin, which
bind EGFR and ERBB4. Neuregulins (NRGs) make up the
third group of ligands and are further subdivided into two
subgroups, based on the ability to activate ERBB3 and
ERBB4 (NRG1 and NRG2) or ERBB4 alone (NRG3 and
NRG4). All ligands exist as membrane-anchored precur-
sors, often co-expressed and even overexpressed with the
ERBBs in the same cancer cells. Metalloproteases, mainly
of the a disintegrin and metalloprotease (ADAM) family,
cleave the precursors, leading to ectodomain shedding and
activation of ERBB signaling in an autocrine or paracrine
fashion [54].

Like other prototypical RTKs, all ERBBs can form func-
tional homo- or heterodimers, with the exception of HER2,
which does not appear to bind a ligand, and ERBB3, which
is impaired in the intrinsic kinase activity and thus cannot
form functional homodimers [55, 56]. Though HER?2 is not
self-autonomous, its extracellular domain conformation
mimics that of the ligand-bound receptor, thus allowing
HER?2 to form functional heterodimers with other ERBBs
[57]. HER?2 is in fact the preferred binding partner of other
ERBBs, and intriguingly the HER2-ERBB3 heterodimer is
the most mitogenic and transforming of all the receptor com-
binations [58—61]. The C terminus of each of the ERBBs is
unique (11-25% identity) and is able to bind to a diversity of
intracellular targets. All of the ERBB members activate the
Ras-ERK signaling pathway by directly interacting with the
adaptor proteins SHC and GRB2 [62]. The regulatory sub-
unit of PI3K (p85) directly interacts with ERBB3 and
ERBB4. ERBB3 has the most [6] binding sites for p85,
while EGFR and HER2 lack them all together, thus the
HER2-ERBB3 heterodimer is the most potent activator of
the PI3K-AKT signaling pathway, promoting cell growth,
proliferation, and survival [63, 64]. Alternatively, ERBBs
can activate the PI3K pathway through Ras. Together with
the multitude of ligands, the different combinations of recep-
tor dimers, and the unique C-terminal tails, this family of
RTKSs is capable of regulating diverse cellular processes
implicated in cell growth, proliferation, differentiation,
migration, and apoptosis.

1.3.2 MET

The hepatocyte growth factor receptor or MET is another
RTK that is overexpressed in about 20% of BCs, particularly
in the basal-like TNBCs [65]. Hepatocyte growth factor
(HGF) is the only known ligand of MET, and it is often co-

expressed with its receptor in the same tumor cells, particu-
larly in the leading edge of the tumor [66, 67]. The expression
of both, the receptor and the ligand, correlates with tumor
grade, proliferative index, metastatic disease, and poor prog-
nosis [68-74]. The HGF-mediated activation of MET leads
to activation of the Ras-ERK pathway through the direct
interaction of SHC and GRB2 with the receptor or through
the recruitment of an insulin-like substrate (IRS)-like adap-
tor, the GRB2-associated-binding protein 1 (GABI1). The
p85 regulatory subunit of PI3K also interacts with MET
directly or through GAB1 and leads to activation of the
PI3K-AKT pathway [75].

1.3.3 INSR

The INSR is overexpressed in as many as 80% of BCs and is
associated with poor survival [76, 77]. The INSR is encoded
by a gene composed of 22 exons found on chromosome 19.
From this single gene, two receptor isoforms, INSR-A and
INSR-B, are expressed as a result of alternative splicing.
These two isoforms differ in inclusion/exclusion of exon 11,
a 36 bp region encoding a 12 amino acid peptide located at
the C-terminal end of the INSR alpha subunit [78]. INSR-B
represents the full-length isoform and is expressed in insulin-
responsive tissues including the liver, muscle, and adipose
tissue. Conversely, INSR-A is expressed from the spliced
transcript that lacks exon 11 and plays a significant role in
fetal development by regulating cell growth and proliferation
[79, 80]. The INSR-A and INSR-B isoforms display unique
ligand specificity and downstream signaling potential.
INSR-A exhibits an almost twofold higher affinity for insu-
lin as compared to INSR-B and has a much stronger affinity
for the insulin-like growth factor II (IGFII) [8§1-83]. INSR-A
is the prevailing isoform overexpressed in both BC cells in
culture and patient tumors [77, 84]. Therefore, increased
INSR-A expression may negatively impact BC development,
particularly in the context of hyperinsulinemia, as in the
cases of diabetes or obesity. Indeed, hyperinsulinemia is an
adverse prognostic factor in BC that is associated with
increased risk of recurrence or death [85]. INSR-A expres-
sion is also elevated beyond that of the related IGFIR in
some BCs suggesting INSR-A plays a role in mediating the
growth-promoting effects of IGF-II in breast tumorigenesis
[84, 86].

On the cell surface, the INSR exists as a heterotetrameric
protein comprised of two extracellular alpha subunits and
two transmembrane beta subunits. The beta subunit of the
receptor possesses tyrosine kinase activity, which is stimu-
lated upon binding of the ligand to the alpha subunit [87,
88]. Upon activation, INSR phosphorylates a number of sub-
strates including IRS1-4, SHC, and GABI1 [89]. IRSs and
GABI recruit the p85 regulatory subunit of PI3K, leading to
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the PI3K-AKT pathway activation. The Ras-ERK pathway
is activated by the recruitment of GRB2-SOS complex by
SHC or IRSs [26, 90]. INSR-B regulates the metabolic
effects of insulin mainly through the PI3K-AKT pathway,
while INSR-A activates the mitogenic program through
both, the Ras-ERK and the PI3K-AKT pathways [91, 92].
Consequently, inhibition of INSR-A is actively being
explored as a therapeutic option in breast and other cancers
with clinical trials focusing on testing small molecule inhibi-
tors and monoclonal antibodies directed against key compo-
nents of these signaling networks [93]. Systemic modification
of receptor ligands represents another strategy for targeting
INSR signaling in cancer. For example, reduction in circu-
lating insulin levels via administration of the antidiabetic
drug metformin is being explored as a treatment option for
cancers associated with obesity and hyperinsulinemia, espe-
cially BC. Indeed, administration of metformin to early-
stage, nondiabetic BC patients led to reductions in circulating
insulin and cancer cell proliferation, as well as suppressed
INSR activity as indicated by reductions in AKT and ERK
signaling [94].

1.3.4 IGF1R

Close to 50% of human breast tumors express the activated
form of IGFIR, and gene expression signatures consistent
with IGFIR activation are associated with poor outcome in
BC patients [95, 96]. The IGFI1R is homologous to the INSR
but exhibits preferential binding to IGFI and IGFII over insu-
lin. It is also a heterotetrameric protein complex consisting
of two extraceulluar alpha subunits and two transmembrane
beta subunits but plays a more significant role in the regula-
tion of mitogenic signaling. The IGFIR shares numerous
binding partners and effector proteins with the INSR, includ-
ing IRSs and SHC adaptors, and is known to stimulate cell
growth and proliferation via activation of the PI3K-AKT and
Ras-ERK signaling pathways [93, 97]. A second IGF recep-
tor, namely, IGF2R, is also commonly expressed by numer-
ous cells; however, it lacks catalytic activity and is not
involved in intracellular signaling [98]. Instead, IGF2R
exhibits a high affinity for IGFII and is thought to sequester
the growth factor from stimulating IGFIR [97, 99]. As a
result, IGF2R may exhibit tumor suppressor properties by
decreasing the bioactivity of IGFII and indirectly modulating
signaling by IGF1R.

Due to their homology and strong structural similarities,
the INSR and IGFIR have the ability to form hybrid recep-
tors composed of one hemireceptor of each type. In addition,
the two INSR isoforms can also combine to form hybrids,
generating the potential for multiple insulin and IGF-
sensitive receptors (INSR-A, INSR-B, INSR-A/B, IGFIR,

INSR/IGF1R) to be expressed by a single cell. Hybrid recep-
tors appear to bind IGFI with a higher affinity than insulin,
and they exhibit different ligand specificities depending on
the INSR isoform present. For example, INSR-A/IGFIR
hybrids bind IGFI, IGFII, and insulin, while INSR-B/IGFIR
hybrids typically bind IGF1 [91]. Since cancer cells fre-
quently express high levels of both INSR and IGFIR, it is
not surprising that they also overexpress hybrid receptors.
Indeed, human breast tumors express high levels of hybrid
receptors, and most of the effects of IGF1 are believed to be
mediated by INSR-A/IGFIR hybrids. Furthermore, BC cells
are known to secrete IGFII, creating the potential for auto-
crine stimulation of tumor cell growth and proliferation via
activation of INSR-A, IGFIR, and INSR/IGFIR hybrid
receptors [84, 100]. Consequently, human BC cells are
highly sensitive to the growth-promoting effects of insulin
and IGFs, and INSR/IGFIR expression may be a key event
in tumor development and growth.

GPCRs and Their Downstream
Signaling Targets

1.4

The G protein-coupled receptors (GPCRs) are the largest
group of cell surface receptors that regulate cell motility,
growth, proliferation, differentiation, and survival. The dis-
covery of the Mas oncogene, a GPCR, in 1986 provided the
first direct link between GPCRs and their role in cellular
transformation [101]. Since then, many GPCRs where shown
to be overexpressed or mutated in a diversity of cancers,
including BC.

GPCRs are seven-pass transmembrane domain-containing
receptors with an intracellular C-terminal tail that interacts
with the heterotrimeric G proteins [102]. Upon ligand bind-
ing, the receptor undergoes a conformational change that
allows it to act as a GEF, converting the GDP-bound G pro-
tein o subunit to the GTP-bound, active form. This causes the
G protein o subunit to dissociate from the By subunits, initi-
ating a multitude of signaling cascades. There are numerous
G protein subtypes, each with unique signaling abilities. For
example, the G5 activates several Rho GEFs leading to
activation of Rho, a small GTPase that regulates cytoskeletal
dynamics and cell motility, largely implicated in cancer
metastasis. Gay,; activates the phospholipase C beta (PLCP),
which initiates the calcium and diacylglycerol (DAG) signal-
ing cascades that regulate cell motility, proliferation, and
gene expression. The GPCR signaling also crosstalks to the
PI3K-AKT and the RAS-ERK pathways. The DAG-activated
protein kinase C (PKC) phosphorylates and activates Raf,
thereby leading to the activation of ERK [103]. The Gy sub-
units bind directly to PI3Ky and activate the PI3K-AKT sig-
naling pathway [104].
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1.5  GPCRs Often Deregulated in BC

1.5.1 PAR1

The protease activated receptor 1 (PAR1) is a GPCR that is
overexpressed in TNBC and correlates with metastatic dis-
ease and poor prognosis [105, 106]. The zinc-dependent
matrix metalloprotease 1 (MMP1), thrombin, and other pro-
teases cleave the extracellular domain of PARI exposing a
new N terminus that binds to and activates the receptor [107,
108]. PAR1 then couples to multiple G proteins (Goy,
Gayy,, Goyyp3) to regulate cell migration and proliferation, in
part through the activation of Rho and ERK, respectively.
PAR1 has been shown to be required and sufficient for the
regulation of growth and invasion of BC cells in a mouse
xenograft model [107, 109].

1.5.2 GPR161

The GPRI161 is another GPCR that is overexpressed in
TNBC and correlates with cancer relapse [110].
Overexpression of GPR161 in mammary epithelial cells
transforms them via a yet unidentified mTORC1-dependent
signaling pathway [110].

1.5.3 Wnt

The Wnt signaling pathway is hyperactivated in basal-like
BCs and correlates with poor survival [111, 112]. The
canonical Wnt signaling pathway results in nuclear accu-
mulation of P-catenin, where it acts as a transcriptional
coactivator for the T-cell factor/lymphoid enhancer factor
(TCF/LEF) family of transcription factors [113]. In the
absence of the Wnt signal, B-catenin is sequestered in the
cytoplasm by a destruction complex, containing GSK3p,
which targets [-catenin for proteasomal degradation.
Frizzled (FZD) is the GPCR for the Wnt family of ligands.
When FZD is activated by the Wnt ligand, it acts together
with the co-receptors, the low-density lipoprotein receptor-
related protein 5 and 6 (LRP5/6), to disrupt the p-catenin
destruction complex. This allows p-catenin to accumulate
in the cytoplasm and translocate to the nucleus to activate
its transcriptional program. The knockdown of FZD7 in
TNBC cell lines reduces expression of f(-catenin target
genes, the transformation of these cells in vitro, and their
ability to form tumors in vivo [114]. In addition, more than
40% of invasive breast tumors have a hypermethylation of
the promoter, and therefore a strong downregulation of
expression of the secreted frizzled-related proteins (sFRPs),
the negative regulators of the Wnt signaling pathway [115,
116].

1.6  Crosstalk Between RTKs and GPCRs

The RTKs crosstalk with each other through multiple feed-
back and transactivation mechanisms. For example, MET
can interact with and be transactivated by ERBBs, thus syn-
ergizing in the regulation of the downstream pathway com-
ponents [117, 118]. Furthermore, RTK signaling often
parallels or synergizes with GPCR signaling. The GPCRs
can be upstream or downstream of the RTKs, and GPCRs are
under the transcriptional regulation of RTKs and vice versa
[119]. Furthermore, GPCRs and RTKs can transactivate each
other. For example, GPCR activation regulates ectodomain
shedding of the ERBB ligands. The PAR1 and the Wnt path-
way have been shown to transactivate EGFR and HER2 in
this manner [120-123]. Thus, GPCRs can activate the PI3K-
AKT and the Ras-ERK pathways directly or through transac-
tivation of the RTKs. In addition, EGFR-mediated activation
of ERK induces nuclear translocation of the pyruvate kinase
(PKM), which regulates p-catenin transcriptional activity
[124]. The expression of B-catenin target genes can further
be induced through the AKT- or RSK-dependent inhibition
of GSK3p or the direct phosphorylation of -catenin by AKT
[125-127].

1.7  Other Receptors Deregulated in BC

The tumor microenvironment is a complex milieu of cell sur-
face and secreted factors that affect BC development and
progression. Tumor-associated fibroblasts (TAFs), endothe-
lial cells, and inflammatory cells comprise the majority of
the tumor microenvironment and express factors that affect
tumor progression. Tumor cells express a number of non-
RTK and/or non-GPCR receptors, the discussion of which is
beyond the scope of this chapter, that sense signals from the
microenvironment and often integrate them into the common
pathways described above. For example, plexins, the recep-
tors of semaphorins, originally described for their role in
axon guidance, have now been implicated in BC metastasis,
in part due to their ability to be transactivated by HER2 and
MET and to activate Rho signaling [128, 129]. Tumor cells
also express a number of cytokine receptors that interpret the
pro-inflammatory signaling from leukocytes, tumor-
associated macrophages (TAMs), TAFs, and autocrine loops.
Cytokine receptors can activate several pro-survival and pro-
liferation pathways but can also transactivate RTKs [130].
Lastly, integrins and cadherins, the cell adhesion mediators,
are often deregulated in metastatic BC and play a central role
in the epithelial-to-mesenchymal transition as well as in the
activation of oncogenic signaling. Integrins can feed into
both the PI3K-AKT and the Ras-ERK signaling pathways
[131, 132]. Integrins also regulate ERBB expression at the
mRNA translation level, as well as interact directly with
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ERBBs and regulate their tyrosine kinase activity [133, 134].
Further insight into the complexity of these intracellular
crosstalk networks will aid in the identification of effective
therapeutic targets and the mechanisms of therapeutic
resistance.

1.8  Outlook

BC is one of the most common cancers worldwide and the
second leading cause of cancer-related death in women
[135]. It is a heterogeneous disease with a complex molecu-
lar etiology. A great deal of research has focused on the
mechanisms underlying BC development, growth, and pro-
gression. Dysregulated RTK signaling has been identified as
a critical event in breast tumorigenesis. For example, HER2
and IR are overexpressed by 20 and 80% of BCs respec-
tively, and mutation of PI3K, a key mediator of RTK signal-
ing, is mutated in 35% of human breast tumors [77, 135,
136]. Identification of such oncogenic proteins has led to a
deeper understanding of BC and allowed for the develop-
ment of targeted therapies for the treatment of this disease.
Nevertheless, additional research is required to characterize
mechanisms of tumor initiation as well as therapeutic resis-
tance. Indeed, crosstalk between different RTK pathways
and the existence of signaling feedback mechanisms are
poorly understood processes that play critical roles in BC
development and resistance to therapy. In the future, funda-
mental studies focusing on these issues in vitro should be
combined with clinical research and early phase clinical tri-
als to further characterize the role of RTKs in BC and iden-
tify new targets for anticancer therapies.
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Fundamental Pathways in Breast Cancer
2: Maintenance of Genomic Stability

Chiara Gorrini and Tak W. Mak

2.1 Introduction
Mammalian cells preserve their genomic integrity by coun-
teracting DNA damage [1]. DNA damage can originate from
exogenous and endogenous insults. Exogenous insults
involve environmental stress that originates from exposure to
chemicals, UV light, tobacco smoke, chemotherapy, and
radiotherapy. Endogenous DNA damage can arise from
impaired DNA metabolic processes, intracellular oxidative
stress, and oncogene activation. Cells respond to DNA dam-
age by activating sensors, transducers, and effectors that
jointly coordinate the so-called DNA damage response
(DDR). When the amount of DNA damage is manageable,
DDR activates cell cycle checkpoints that arrest cell cycle
progression and allow DNA repair to correct the lesion thus
preventing replication of damaged DNA. When DNA dam-
age reaches levels beyond repair, cells activate self-
destruction mechanisms that include apoptosis, autophagy,
senescence, and necrosis.

There are five different mechanisms of repair designed for
specific types of DNA lesions [2]:

* Base excision repair (BER) removes base damage. BER
is mainly involved in the surveillance, recognition, and
repair of oxidative DNA.

e Mismatch repair (MMR) corrects replicative errors and
mismatched base pairs caused by faulty proofreading of
DNA polymerases. MMR ensures low mutation rates in
replicating cells.

* Nucleotide excision repair (NER) operates on a spectrum
of helix-destabilizing bulky DNA lesions (global genome
NER or GG-NER) or eliminates lesions in the transcribed
strand of active genes (transcription-coupled NER or TC-
NER). For example, NER removes bulky DNA adducts
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caused by exposure to various chemicals, alkylating
agents, and UV radiation.

e Single-strand break (SSB) DNA repair corrects DNA
breaks on one strand of the DNA double helix arising
directly on the deoxyribose moieties or indirectly as inter-
mediates of BER. SSBs are among the most frequent
DNA lesions and are major threats to genetic stability and
cell survival.

e Double-strand break (DSB) DNA repair resolves lesions
that appear on both DNA strands. The DSB is the princi-
ple lesion deriving from ionizing radiation and radiomi-
metic chemicals. It is also caused when a replicative DNA
polymerase encounters a DNA single-strand break or
other type of DNA lesions. DSBs are intermediates in
various biological events, such as V(D)J recombination in
differentiating B cells. There are two major pathways of
DSB repair: homologous recombination (HR) and nonho-
mologous end joining (NHEJ). During HR, the repair of
the damaged strand occurs by retrieving genetic informa-
tion from the undamaged complementary DNA sister
strand. In contrast, NHEJ brings about the ligation of two
DNA DSBs without the requirement for sequence homol-
ogy between the DNA ends.

Although these mechanisms are tightly regulated, DNA
repair defects occur thereby promoting the acquisition of
mutations. Genomic instability results from a high frequency
of DNA mutations ranging from nucleotide changes to chro-
mosomal translocation, and it is a common feature of many
cancers. De novo genetic alterations can initiate tumorigen-
esis, augment aggressiveness, and ultimately affect the over-
all prognosis of cancer patients. Recent studies have shown
that different tumors have specific DNA repair defect signa-
tures that involve more than one repair pathway [3]. A more
comprehensive analysis of these signatures has shown that
DNA repair mechanisms are not parallel distinct entities but
are intimately interconnected and can influence each other.
While a normal cell coordinates DNA repair to preserve its
genomic integrity, cancer cells modify DNA repair hubs to
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maintain genomic instability without compromising sur-
vival. In fact, cancer cells are subjected to many stressful
conditions including nutrient starvation, oxidative stress,
hypoxia, chemotherapy, and radiation that ultimately result
in genotoxic damage. Therefore, a cancer cell must rely on a
certain level of functional DNA repair to cope with these
additional sources of damage.

Regulation of DDR and DNA repair has a critical role in
the development and treatment of breast cancer. Expression
and genomic profiling studies have shown that breast cancer
is a very heterogeneous disease [4]. There are different sub-
types of breast cancers, and each type exhibits a range of bio-
logical and clinical behaviors (discussed more in detail in
Chap. 1.4). Luminal subtypes A and B both express markers
of the luminal epithelial layer of normal breast tissue such as
keratins 8/18 and are estrogen receptor (ER) positive. The
ERBB?2 subtype is characterized by the amplification and
overexpression of ERBB2 (HER2) and neighboring genes at
17q12-g21 locus. The basal-like subtype expresses markers
of the basal epithelial layer of normal breast tissue such as
keratins 5/6. Cancer cells of this subtype do not express ER,
progesterone receptor (PR), and HER2 and are therefore
referred to as triple negative (TN). Other TN types include
“normal-like” and the recently described “claudin-low” sub-
type, showing that most but not all TN are basal-like cancers.
There are two main hypotheses that can explain the existence
of different subtypes: (1) each subtype arises from a distinct
tumor-initiating cell and (2) all subtypes share a common cell
of origin that eventually acquired different somatic DNA
mutations leading to different biological phenotypes.
Although a definitive answer is lacking and both phenomena
can coexist, it is clear that breast cancer subtypes are the
results of distinct evolutionary processes. The genomic pro-
file of breast cancers spans from a relatively simple landscape
in luminal A subtype to a highly complex scenario in basal-
like/TN subtype (Fig. 2.1). In this chapter, we will consider
the role of genomic instability underlying the different bio-
logical and clinical features of each breast cancer subtype.

Luminal B, ERBB2
“amplifier”

Basal-like, TNBC
“complex”

Luminal A
“simple”

Prognosis
Genomic
instability

Fig. 2.1 Correlation between tumor aggressiveness and genomic
instability in the different subtypes of breast cancer. Luminal A subtype
tends to have good prognosis and a “simple” genomic landscape with
few genetic alterations. Luminal B and ERBB2 subtypes have an
“amplifier” genome with high frequency of gene duplications. As a
consequence, their prognosis is less favorable than luminal A. Basal-
like and TN breast cancers have a highly unstable “complex” genomic
profile and have very poor prognosis

2.2  Genomic Instability in Luminal A/B

Subtypes of Breast Cancers

Luminal A and B subtypes share similar biological character-
istics. However, luminal B tumors are more genetically unsta-
ble and highly proliferative and have less favorable prognosis.
Luminal A subtype tumors have few chromosome rearrange-
ments that define a “simple” genomic landscape. The main
feature of this pattern is gain of chromosome 1p and 16p with
loss of 16q [5]. Luminal B subtype has a different pattern of
genomic alterations called “amplifier” or “firestorm.” This
pattern is characterized by focal high-level DNA amplifica-
tions, clustered on one or more chromosome arm [6]. Most of
luminal B DNA rearrangements affect the expression of
genes involved in signaling, cell cycle regulation, and nucleic
acid metabolism such as FGFR1, MYC, CCND1, MDM2,
ERBB2, and ZNF217. In these tumor cells, the amplified
DNA can exist either as repeated units within chromosomes
called homogeneously staining regions (HSRs) or as extra-
chromosomal copies called “double minutes.”

Several studies have demonstrated the presence of
genomic instability in luminal A/B cancers. Cyclin D1, one
of the most amplified genes in luminal B cancer, contributes
to tumor progression by activating a transcriptional program
that promotes chromosomal instability (CIN) [7]. The analy-
sis of a large dataset of human specimen has shown that 52%
of luminal A/B tumors overexpress the gene ESPL1 that
encodes for a separase, a protease that cleaves the chromo-
somal cohesin during mitosis [8]. Indeed, overexpression of
ESPL1 in the mouse mammary gland induces chromosomal
instability and aneuploidy [9]. Genomic data from over 1000
luminal A tumors has identified four major subtypes defined
by distinct copy number and mutation profiles. Among these
types, this group has characterized an atypical luminal A
subtype characterized by higher genomic instability, TP53
mutations, and increased aurora kinase signaling associated
with worse clinical prognosis [5]. Moreover, a recent study
has shown that in early-stage luminal breast carcinoma,
genomic instability, defined as a high number of chromo-
somal breakpoints, is a stronger prognostic marker than pro-
liferation [10].

Overall, these studies suggest that genomic complexity is
a feature of luminal breast cancer and can be used to predict
the outcome of these tumors.

2.3  Genomic Instability in ERBB2 Subtype

of Breast Cancers

ERBB2 tumor subtype has a genomic landscape that is simi-
lar to luminal B subtype. It is characterized by an “amplifier”
genomic pattern with focal high-level DNA amplifications
[6]. However, different from luminal B subtype, amplification
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of 17q12 (ERBB2) is the most prominent amplification event
in ERBB2 subtype. The amplification of ERBB2 gene seems
to derive from a sister chromatid breakage-fusion-bridge
process based on the analysis of an ERBB2-amplified breast
cancer line [11].

Several studies have revealed a direct link between
ERBB2 oncogene and factors involved in the maintenance of
genomic integrity. For example, the analysis of a collection
of ERBB2-positive breast cancer cells suggests the presence
of centrosome amplification with increased protein expres-
sion of the centrosome kinases Nek2 and Plk4 [12]. Also,
expression of ERBB2 in immortalized breast epithelial cells
downregulates the DNA damage sensor protein histone
H2AX and a number of other components of the HR and
NHEJ double-strand DNA break repair pathways [13].
Overall, these preclinical models indicate a role for ERBB2
signaling in initiating CIN and defective cell cycle control.

2.4  Genomic Instability in Basal-Like
and Triple Negative Subtypes

of Breast Cancers

Basal-like and triple negative (TN) breast cancers have an
extremely complex genomic pattern. Their genome includes
numerous gains, losses, and small tandem duplications
resulting in a highly segmented profile with many copy num-
ber transitions. In this landscape a prominent place is occu-
pied by the tumor suppressor BRCA1. The gene BRCAL is
one of the most important DNA repair factors and controls
HR-directed DNA repair [14]. Strong similarities exist
between breast cancers bearing BRCA1 mutation and spo-
radic basal-like breast cancers, underlying the inherently
genomic instability of this particular cancer subtype.

Germline mutations that inactivate BRCA1 predispose
women to breast cancers with basal-like/TN features [15].
In these tumors, dysfunction of HR repair leads to increased
error-prone repair, which results in chromosome rearrange-
ments and copy number transitions. Although BRCAL is
mainly known for its role in DNA repair, it has several other
biological functions that contribute to tumor predisposition.
BRCALI controls breast epithelial differentiation, regulating
the differentiation of ER-negative breast epithelial stem
cells into ER-positive luminal progenitors [16]. This study
has opened a debate on the cell of origin of BRCAI-
associated breast cancers. For example, the breast tissue of
women carrying BRCA1 mutations are characterized by
abnormal accumulation of luminal progenitors, supporting
the idea that basal-like tumors may originate from a cancer-
initiating cell with luminal features [17]. Indeed, deletion of
BRCAT1 in mouse mammary epithelial luminal progenitors
produces tumors that phenocopy human BRCA1 breast
cancers [18].

Recently, we identified BRCAL1 as a novel regulator of
cellular antioxidant response [19]. In this study, cells carry-
ing BRCAT loss-of-function mutations accumulate oxidative
stress that affects survival. This is counteracted by the activa-
tion of one of the most important pro-survival programs in
the cells, the PI3K pathway (see Chap. 1.1 for details), and
controlled by estrogen that restores antioxidant defense and
promotes survival and malignant transformation [20]. These
data clarified the role of estrogen in BRCA1/TNBC as sug-
gested by other mouse and human studies [21, 22].

BRCALI is not the only DNA repair factor associated with
basal-like breast cancers. Other proteins involved in DDR
and DNA repair have been identified. These factors are trans-
ducers (ATM and ATR) or effectors (Chk2) of DDR and
repair factors (Rad51 and PALB2).

Because basal-like and TN breast cancers are associated
with a very complex genetic landscape, effective treatment of
this particular subtype of breast cancer still represents a chal-
lenge for clinicians. Therefore, scientists are devoting their
efforts to identify specific vulnerabilities that guide to more
targeted therapeutic approaches. For example, basal-like and
TN breast cancers seem to rely on the activation of PI3K sig-
naling pathway for cell growth and survival [23]. The loss of
PTEN, the negative regulator of PI3K, is a very frequent
genetic event in these tumors [24]. Indeed, basal-like and TN
breast cancers are particularly sensitive to PI3K inhibitors,
such as BKM120 [25]. The activation of PARP-mediated
DNA repair (SSB and BER) is another mechanism of adapta-
tion that occurs in BRCAl-mutated cancers that are HR
defective [26]. PARP inhibitors have proven to be particularly
effective in these tumors, mainly in combination with PI3K
inhibitors [27]. Our group has identified another dependency
of basal-like and TN breast cancers that involves the activity
of the serine/threonine protein kinase PLLK4 [28]. This work
has led to the identification of CFI-400945, a potent and
selective PLK4 inhibitor, particularly effective in tumors with
PTEN deficiency. Overall, basal-like and TN breast cancers
are characterized by high degree of genomic instability com-
pared to other breast cancer subtypes. Although genomic
instability can produce alterations that are beneficial for
tumor growth, it can also create vulnerabilities. Importantly,
genomic instability can generate “synthetic lethal” interac-
tions that can be exploited therapeutically.

Conclusions

As discussed in this chapter, breast cancer is a very com-
plex disease with different biological and genetic features.
The study of breast cancer genomes and genomic instabil-
ity is advancing rapidly thanks to more advanced genomic
technologies, but much remains to be learned. For example,
it is unclear which role genomic instability has in the clonal
evolution of breast cancer. Genomic instability can be the
general driving force of breast cancer or simply a conse-
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Fig. 2.2 Hypothetical model of the evolution of breast cancer in rela-
tionship with genomic instability. (a) All breast cancer subtypes origi-
nate from a common cancer-initiating cell. Upon endogenous or
exogenous genotoxic insult, a genome becomes unstable and stochasti-
cally generates the mutational event/s that drive/s the development of
each subtype. (b) Each cancer subtype derives from a specific cell of
origin. In condition of genotoxic stress, each cell type acquires specific
genetic mutations that drive different subtypes. Accordingly to which
pathway is affected by the mutation, each tumor type will acquire dif-
ferent degrees of genomic instability

quence of the specific mutations that characterize each sub-
type (Fig. 2.2). In the first hypothesis, all subtype would
share a common cell of origin that acquires a certain level
of genomic instability upon genotoxic damage. This muta-
tor landscape would favor stochastic acquisitions of muta-
tions in specific genes such as ERBB2 that would give rise
to each subtype. In the second hypothesis, each subtype
would originate from a different cell that will stochastically
acquire mutations in specific genes such as ERBB2. Based
on which pathway will be altered, each subtype will show
a different degree of genomic instability. Both hypotheses
well support the heterogeneity of breast cancer disease.
The recent development of single-cell sequencing may
reveal another layer of complexity, that is, intra-tumoral
heterogeneity. This analysis can be used to identify and
characterize hidden subpopulations and shed light on the
clonal evolution of breast cancer. Clonal dynamics should
be studied in response to cancer therapy to further evaluate
mechanisms of adaptations. Currently, computational biol-
ogists and bioinformatics have developed tools that are able
to handle huge amount of data. The task for cancer research
scientists is to develop biological models suitable to reveal
“drivers” and “vulnerabilities” in the overwhelming land-
scape of cancer complexity. Although advantageous, living
with genomic instability is a challenge that cancer cells
face by triggering mechanisms of adaptation. The identifi-
cation of these mechanisms will reveal novel vulnerabili-
ties for better-tailored therapies.
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Fundamental Pathways in Breast
Cancer 3: Estrogen Biology

Luca Magnani and Darren K. Patten

3.1 Introduction

Over the last two decades, it has become evident that breast
cancer should be considered as a family of diseases rather
than as a unique malignancy. Pathological, molecular, and
genetic analysis have revealed the existence of five to ten
main subgroups [1-3]. Over 70% of all patients are generally
classified by the tumor dependencies on estrogenic com-
pounds [4]. These dependencies are principally mediated by
the nuclear receptor estrogen receptor a (ERa) [5, 6]. For all
these reasons, ERa remains the key driver in the majority of
breast cancers and is commonly used as a molecular bio-
marker for stratification while serving as the main target for
systemic adjuvant chemotherapy. In this chapter we will dis-
cuss the molecular mechanisms of ERa activation, focusing
on integrative analysis that have recently exposed the inti-
mate link between ERa and chromatin structure.

3.2  Estrogen Signaling and the ERx
Underlie a Large Fraction of Breast

Cancer Hallmarks

A critical shift in the approaches to studying estrogen biology
has occurred in the last decade. The field has gradually moved
from the investigation of single genes to the study of model
cell lines and finally moving to patient-derived samples. This
broadening involved also the molecular toolkit used by scien-
tists through the development of next-generation sequencing
and allowed the development of unbiased, genome-wide
assays [7]. This transition was critical to refine our under-
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standing and overtake long-standing dogmas. Since then, the
field has become aware of the complexities of estrogen sig-
naling and began examining the association between DNA,
the scaffolding DNA structure (chromatin), epigenetic and
genetic factors, and ERa. Using system biology approaches
and genome-wide annotations, we now have also linked ERa
to the majority of breast cancer hallmarks thus reemphasizing
the importance of this dogmatic transcription factor.

The involvement of estrogen signaling in breast cancer
biology was recognized over a century ago, when a causative
link between ovariectomy and breast cancer progression was
made [4]. Several studies have also linked estrogen and
breast cancer etiology. Some of the best-characterized pre-
disposing factors predisposing factors leading to breast can-
cer breast cancer reflect endogenous estrogenic exposure
(reviewed in [8]). In addition, additional exogenous estrogen
exposure can also favor the development of luminal breast
cancer [9]. Over 5 x 10° studies (source, PubMed) have eval-
uated the role of estrogen signaling in MCF7 cells, one of the
preferred tools to investigate the dynamics of estrogen sig-
naling at a molecular levels. The most investigated aspect of
estrogen signaling is without any doubt the sustained growth
promoted by activated ERa. Nonetheless, estrogen signaling
is also involved in many other cancer hallmarks [10]
(Fig. 3.1). Some of the molecular details of how this happens
will be discussed in more detail in other sections of this
chapter and other chapters as well.

Estrogen signaling has been extensively associated with
evasion of cell death [11], invasion and metastasis [12, 13],
and inflammation [14] phenotypes. More recently estrogens
and ERa have also been associated with angiogenesis [15],
genome instability and mutations [16], and deregulation of
cellular energetics [17, 18]. It is important to understand that
most of these biological features are modulated by activated
ERa at the DNA level. In the next sections, we will discuss
how breast cancer cells can access such a wide array of cel-
lular response via a single transcription factor.
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This Must Be the Place: A Brief
Introduction of the Chromatin
Environment

3.3

ERa signaling can be broadly classified into canonic
(genomic) and noncanonical (non-genomic). Noncanonical
signaling involves ERa activation in the cytoplasm and the
subsequent activation of complex signal transduction
cascades mediated mostly by kinases. For an in-depth
review of the subject, see [19]. An example is provided by
EGF-EGFR signaling converging on ERa phosphoryla-
tion. Even in these scenarios, ERa ultimately acts via DNA
binding [20, 21]. A more controversial line of investigation
has addressed the potential role of ERa in the cell mem-
brane [22], the data though have been challenged [23] and
the field has not matured a consensus. On the other hand, a
large fraction of ERa molecules constantly shuffle between
the cytoplasm and the nucleus where they alternate between
a free-floating state and a DNA bound state [24, 25]. More
importantly, canonic ERa signaling has been associated
with the majority of the breast cancer hallmarks discussed
above. For all these reasons, we will focus the discussion
on canonical signaling.

The full-length ERa contains a ligand binding domain
(LBD) and a DNA binding domain (DBD) separated by a
hinge domain [26]. Once the ligands contact the LBD, con-
formational changes occur throughout the entire protein and
allow for dimerization and DNA binding [27, 28]. ER« then
quickly contacts the DNA at genetically defined DNA
sequences called estrogen-responsive elements (EREs) [29].

More than 70,000 EREs are scattered throughout the human
genome in addition to regions that harbor half or degenerate
EREs which are also permissive to ESR1 recruitment [30].
This poses the question of how many regions ERa binds
throughout the genome, how ERa finds these ERE, what are
the molecular determinants of ERa binding, and how many
ERa are actually functional.

The human genome consists of around 3 x 10° base
pairs. Eukaryotes have evolved strategies to compact this
vast array of information in the nucleus via higher-ordered
packaging (the chromatin). 147—-148 bp of the DNA string
wrapped around histone proteins is the minimal repeating
unit of the chromatin (the nucleosome) [31]. ERa, similarly
to 94% of all DNA binding proteins, has higher affinity for
nucleosome-free DNA [32, 33]. Thus, chromatin accessi-
bility represents the first barrier to ERa binding. ERa bind-
ing is the primary driver of gene expression. Activation of
ERa induces the strong transcriptional response that drives
breast cancer cell proliferation [34]. ERa orchestrates tran-
scription by binding at critical DNA regions known as reg-
ulatory elements [35]. These regions can be broadly
classified as promoters and enhancers based on the relative
distance from the gene that is controlled (Fig. 3.2). The
chromatin environment at regulatory regions is defined by
several well-characterized epigenetic features [36]. For
example, active promoters and enhancers are typically
nucleosome-free and accessible to transcription factors
[33]. The nucleosomes surrounding regulatory regions
carry special chemical modifications on the histone tails
depending on their activity status [36—38]. These modifica-
tions, known as histone post-translational modifications
(HPMTs), have been extensively used to annotate regula-
tory regions in the genome by several international consor-
tiums [36, 39, 40]. Promoters are characterized by histone
3 lysine 4 tri-methylation (H3K4me3), while enhancers are
generally enriched for histone 3 lysine 4 mono-methylation
(H3K4mel) [38]. On the other end of the chromatin spec-
trum, inactive/repressed regulatory regions  carry
H3K27me3 and H3K9me3 modifications [41]. Collectively,
chromatin accessibility and histone modifications are a
constitutive part of the epigenome. Several integrative stud-
ies have now dissected the relationship between ERa and
the epigenome.

Fine mapping of ERa DNA interaction and integration
with epigenetic data were central to remodel a long-standing
dogma in ERa biology. For a long time, it was hypothesized
that ERa controls transcription by binding to primarily the
promoters of target genes. It is now well established that
97% of ERa binding occurs at distal enhancers [35, 42, 43]
(Fig. 3.1). These regions are typically enriched for active epi-
genetic modifications (H3K4mel, H3K27ac) and devoid of
repressive marks (H3K27me3 and H3K27me9). These unex-
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pected landmark discoveries have provided the foundations
for the last ten years of research looking for the modalities by
which ERa mechanistically modulate gene expression.

Pioneer Factors Are Critical
Regulators of ERx Binding
to the Chromatin

3.4

ERa can bind the DNA only when activated; otherwise, it
remains unbound within the cytoplasm/nucleus. Several
groups have examined the dynamic properties of ERa bind-
ing to the DNA. Biochemical investigation using the average
signal from millions of cells have established a paradigm
whereby once activated, ERa cyclically binds to target DNA
at 45-min intervals [35, 44-46]. Nonetheless, ERa requires
nucleosome-free regions for efficient DNA binding. Recent
studies have shown that ER« binding sites are maintained in
an open chromatin conformation by a specialized set of tran-
scription factors called pioneer factors [47, 48]. While ER«

(enhancers and promoters) that contain ERE motif are bookmarked by
specific histone modifications. ERa binding potentiates gene transcrip-
tion by Pol II and leads to the activation of many genes involved in
proliferation, invasion, and other cancer hallmarks

interaction with the DNA is ligand and time dependent, pio-
neer factors bind near EREs in the absence of external stimuli
and are thought to maintain more stable interactions with the
chromatin. Two of the best-characterized pioneer factors are
FOXAT1 [35] and PBX1 [24]. Depletion of FOXA1 and PBX1
results in a dramatic reduction in chromatin accessibility at
local EREs [24]. In contrast with other transcription factors,
pioneer factor can interact with nucleosomes and bind nucleo-
some-dense DNA [49] thus increasing chromatin accessibil-
ity de novo [50]. Pioneer factors also appear to be the link
between the epigenome and ERa via nucleosome modifica-
tions. Several evidences indicate that pioneer factors might be
able to interact with nucleosome modifications. For example,
overexpression of a protein involved in erasing the H3K4me?2
mark corresponds to a loss of PBX1 and ERa from several
enhancers [24]. Furthermore, pioneer factors are found
mainly at H3K4me1/2 rich regions [24, 51]. In summary, pio-
neer factors act as the gatekeepers of potential ERa binding
sites by modeling chromatin accessibility and bookmarking a
discrete number of genomic locations for ERx (Fig. 3.3).
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via Chromatin Looping

The vast majority of ERa binding occurs at distal regulatory
regions (enhancers). How does ERa then activate gene tran-
scription? It is well established that activated ERa is essential
to promote efficient RNA polymerase II release from gene
promoters and enhancers as well [52-54]. Recent advances
in chromatin conformation capture assays have highlighted
the tremendous complexity of the 3D organization of the
chromatin [55, 56]. These genomic assays characterized
thousands of enhancer-promoter interactions partially
explaining how distal regulatory regions can mediate tran-
scription. Not surprisingly, ERa was one of the first tran-
scription factors found at interacting chromatin loops [57].
There are, however, some unresolved questions about the
formation of these loops. One model postulates that estrogen-
activated ERa can drive loop formation [57-59]. However,
there is also an indication that ERa might exploit preformed
loops that have been set up by pioneer factors with the con-
tribution of epigenetic modifications (reviewed in [60]). It is
conceivable that future studies will find that ERa chromatin
looping is very context dependent and could include both
models of transcriptional activation.

via Protein Recruitment

ERa regulates transcription by modulating RNA polymerase
II release from the 5'-prime end of the gene body. Yet, ERa
alone is not sufficient for full transcriptional activation. It
soon became apparent that ERa recruits several other pro-
teins to promote transcription [46, 61]. These studies also
explained how ERa could modulate repression. The proteins
recruited by ERa are commonly referred to as coactivators or
corepressors. Interestingly, two among the first coactivators
to be identified (SRC1 and BRG1) are critical chromatin
modulators, further highlighting the strong link between
ERa and the chromatin environment. Steroid receptor coact-
ivator-1 (SRC1) is a histone acetyltransferase [62] (Histone
3 lysine 9/14 acetylation), while BRG1 is a chromatin
remodeler [63, 64]. Histone 3 lysine 9 acetylation is yet
another HPMTs strongly associated with active transcription
and has been shown to be important for chromatin relaxation
and improved DNA accessibility [65]. On the other hand,
histone acetylation provides a docking station for bromo-
domain proteins, including the chromatin remodeler BRG1.
These proteins interact with acetylated histones and are
essential to remodel and reposition nucleosomes [66]. These
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cofactors mostly lack DNA binding abilities and rely on ERa
for recruitment at the correct regulatory regions. Several
lines of evidence support this model. For example, it has
been noted that BRG1, SRCI, and other cofactors parallel
ERa cyclical pattern of recruitment onto the DNA [44].
More importantly, blocking ERa binding is sufficient to
abrogate binding for several cofactors [67]. The list of cofac-
tors has been growing dramatically in the last few years.
Proteomic-based approach has now identified hundreds of
potential coactivators and corepressors [68] including sev-
eral ERa target genes themselves. Collectively, these exam-
ples emphasize the complex transcriptional machinery
driving growth in breast cancer cells while underscoring the
central role of ERa in coordinating all genomic actions.

3.7  Alternative ERx Binding Programs
Correlate with Differential Patient

Outcome

ERa binding is modulated by chromatin accessibility, epi-
genetic modifications, and cofactor recruitment. The combi-
nation of these regulatory layers shapes cell type-specific
ERa binding. But are alternative ERa binding combinations
reflective of different biology? Could alternative ERa bind-
ing be used to stratify breast cancer patients in vivo? A recent
study from the Carroll group have examined, for the first
time, the collection of ERa binding (known as cistrome) in
several luminal breast cancer patients characterized by dis-
tinct outcome [43]. The data suggest that while a lot of ER«a
binding seems to be patient-specific, there are also clusters
unique to good outcome patients and clusters unique to poor
outcome patients in addition to a core ERa cistrome com-
mon to patients and cell lines as well [43]. Of note, differen-
tial ERa binding is potentially correlated with alternative
transcriptional programs. Gene expression profiling using
putative ERa target genes can also identify subgroups of
patients with dramatically different outcome suggesting that
ERa can guide both aggressive and nonaggressive breast
cancers. An explanation for these patterns can be found in
alternative usage of pioneer factors. For example, it was
shown that when ERa interacts with PBX1, it can guide tran-
scription of genes associated with aggressive phenotype
[24]. On the other hand, ERa interaction with GATA3 [47,
69, 70], another breast cancer pioneer factor, seems to be
associated with less aggressive tumors ([43]).

Genetic alteration can also impact ERa recruitment in vivo.
Genomic analyses have revealed that about 20% of all luminal
breast cancer patients have copy number loss at the progester-
one receptor (PGR) locus [71]. PGR is one of the best-charac-
terized ERa target genes and is commonly used to stratify
luminal breast cancer patients into luminal A (ER+/PGR+)
and luminal B (normally ER+/PGR— or ER+/PR+ and

HER2+) subtypes [72]. Nevertheless, PGR has been also
described as an ERa cofactor capable of hijacking ERa upon
native progesterone stimulations [71]. More importantly, the
ERa cistrome obtained from progesterone-treated cells corre-
late with milder phenotypes and improved outcome. Indeed,
patients with PGR copy number loss are characterized by a
poorer outcome [71]. In summary, ERa genomic localization
has significant effects on tumor biology. These data can be
then harnessed clinically by finding practical strategies to
reprogram ERa. For example, it has been postulated that
native progesterone (but not synthetic progestin) treatment in
PGR wild-type patients might carry significant benefits.

3.8  Alternative Means of ERx Activation

Estrogen signaling plays an essential role in driving breast
cancer growth at early stages. All approved adjuvant sys-
temic therapies are in fact designed to block estrogen signal-
ing (for an updated review see [73]) (Fig. 3.2). Targeting
estrogen signaling lowers the rate of relapse by about 50% in
ERa-positive patients [74]. However, it is becoming appar-
ent that estrogen signaling remains central at later stages of
the disease as well. In the last three years, it has been shown
how ERa-positive breast cancer cells develop alternative
strategies to activate the receptor in later stages of the dis-
ease. There are two main mechanisms through which this
can happen. The first involves activating mutations targeting
the LBD [75, 76]. Two independent studies found that meta-
static breast cancer patients with a history of luminal disease
have a significant prevalence (~20%) of mutations targeting
the LBD of ERa. These mutations appear to activate the
receptor in the absence of estrogens through conformational
changes. This results in a constitutively active form of the
receptor that cannot be turned off by conventional chemo-
therapy. It remains unclear at what stage of the disease these
mutations arise, since the patients in which they were identi-
fied received an extensive array of treatments [75, 76].

The second mechanism involves the activation of choles-
terol biosynthesis in estrogen-independent ERa breast can-
cer (i.e., letrozole resistant) [18]. In this case, ERa cancer
cells develop the ability to synthesize de novo an alternative
ERa ligand (27-hydroxycholesterol) [77]. This in conse-
quence allows estrogen-independent, ERa-dependent prolif-
eration [18]. Moreover, 27-hydroxycholesterol was
previously shown to stimulate an invasive phenotype in ERa
breast cancer mouse models [12]. Ultimately, estrogen sig-
naling might become redundant as the disease approaches
the later stages despite breast cancer cells remaining fre-
quently ERa positive [78]. This is also reflected clinically by
the limited benefit of ERa downregulators such as Faslodex
[79]. In summary, estrogen signaling and ER« continue to
play a key role throughout the patients’ entire journey.
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3.9 Novel Insight in the Genomic

Activity of ERx

Estrogen signaling is essential to promote growth, invasion,
and survival of breast cancer cells. In addition, recent stud-
ies have also linked ERa and estrogen signaling to genetic
instability and mutational burden. One of the most recently
identified ERa cofactors is the cytosine deaminase
APOBEC3B [16]. APOBEC3B was previously linked to a
specific mutational signature (C to T) in breast cancer
patients [80, 81]. Interestingly, APOBEC3B is temporarily
co-recruited on the chromatin along with ERa and deple-
tion of ER«a results in loss of APOBEC3B recruitment [16].
One of the key findings however is that APOBEC3B is
essential for ERa transcriptional activity. Moreover, estro-
gen stimulation in ERa-positive cell lines was sufficient to
jump-start DNA repair mechanisms and the accumulation
of double-strand breaks at ERa binding sites [16]. Why
estrogen activity induces risky double-strand breaks?
Mechanistically, these findings fit with the idea of chroma-
tin remodeling at ERa regulatory regions. While the tran-
scriptional machinery advances, it might require relax and
unwounded DNA [82, 83]. Nonetheless, cells with ineffi-
cient DNA repair might then have an increased mutational
burden at regulatory elements. Altogether these data sug-
gest that estrogen signaling and ERa might also contribute
to the mutational signature found in ERa breast cancer
patients.

Conclusions

In this chapter, we have discussed some of the critical
roles of estrogen signaling in breast cancer cells. By
using integrative analysis, we are finally addressing
the question we are finally addressing the question as
to why ERa is so dominant in breast cancer cells. Yet,
some aspects remain uncertain. For example, is ERa
binding important in the context of breast cancer pre-
disposition? A recent study found that single nucleo-
tide polymorphisms (SNPs) associated with increased
breast cancer risk have a significant tendency toward
EREs and FOXAL1 binding sites [84]. Possibly, these
SNPs act by modulating ERa and other pioneer factors
binding to DNA [85]. It is fascinating how then the
ERa might evolve during the patient journey. If ERa is
involved in increasing the mutational burden, it is then
easy to speculate that some of these mutations might
increase affinity for ERa, while others might decrease
it. Consequently, the ERa cistrome might change at
high frequency allowing the tumor to transform during
progression and activate or adapt many of the cancer
hallmarks in response to change in tissue, therapy, and
many other physiological parameters.
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4.1 Breast Development and Its
Relationship with Cancer
4.1.1 Normal Breast Development

and the Identification
of Mammary Stem Cells

Development of the breast has important differences com-
pared to other organs, as it is mostly completed in the post-
natal life (for extensive review of breast development, see
[1]). At birth, the breast consists only of a rudimentary ductal
structure populating the area around the nipple. During
puberty and in response to ovarian hormones, a branched
ductal architecture develops, driven by highly proliferative
“terminal end bud” (TEB) cells. This process is macroscopi-
cally and molecularly similar to the epithelial-to-
mesenchymal transition (EMT) that occurs earlier in
embryonal development and implies infiltration of epithelial
cells into the underlying fibroadipose stroma. Postpubertal
mammary ducts so formed consist of a bilayer of polarized
luminal cells surrounded by myoepithelial basal cells; small
milk-producing alveoli with apocrine lobular cells develop;
lastly, a specialized stroma with trophic function surrounds
the mature gland. Ductal and alveolar cells undergo periodic
waves of apoptosis and regeneration at each estrous cycle.
During pregnancy and then lactation, duct arborization and
alveolar volume increase dramatically through active cell
proliferation.

The cell types and molecular mechanisms governing
breast regeneration are still incompletely understood. Early
experiments showed that any portion of the mammary gland
transplanted into a suitable environment (cleared mammary
fat pad for mouse-to-mouse transplants, kidney capsule for
human-to-mouse) is able to regenerate a functional mam-
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mary gland [2, 3]. However, it was unclear whether this abil-
ity is shared by most cells or is restricted to few mammary
stem cells (MaSCs). The latter view is now supported by a
large body of experimental evidence (reviewed in [1, 4, 5]),
but the heterogeneity of the experimental systems employed
has fueled debate about the features of MaSCs. Earlier
transplantation-based experiments revealed that single indi-
vidual cells able to completely regenerate a functional gland
and give rise to all mammary lineages can be prospectively
identified in the mouse as CD24* or CD29"/CD49f" [6-8].
In humans, CD49*/EpCAM" cells or aldehyde dehydroge-
nase (ALDH)-active cells are enriched for regenerative activ-
ity when transplanted in immunocompromised mice [9, 10].
Furthermore, in vitro mammosphere formation assays
revealed that regenerative activity is highly enriched in a rare
population that cycles infrequently [11, 12]. This led to a
dominant model in which mammary regeneration is carried
out by few and slow-cycling stem cells with the ability to
give rise to all mature breast lineages, in clear resemblance to
models of hematopoiesis. However, transplantation is a
highly nonphysiological setting in which the revealed devel-
opmental potential may not reflect the actual contribution to
normal mammary homeostasis. More recent in vivo lineage
tracing experiments have established the existence of cells
with “true” multipotency but also revealed that multiple
reporter alleles can identify multipotent cells with different
expression profiles, frequency, and cell cycle dynamics, sug-
gesting a higher than expected heterogeneity [13—15]. A sig-
nificant part of adult mammary lineages is replenished by
self-renewing “‘progenitor” cells whose contribution is
restricted to the luminal or basal lineages [16, 17]. A subset
of self-renewing cells is retained through rounds of
pregnancy-induced alveolar remodeling and re-initiates
alveologenesis at subsequent pregnancies in mice (“parity-
induced mammary epithelial cells,” PI-MEC) [18-21],
although the existence of such cells has never been demon-
strated in humans [4]. It is still unclear whether multipotency
is a fixed feature of cells which are multipotent by transplan-
tation and by lineage tracing, or whether unipotent
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progenitors might become multipotent upon strong changes
in environmental signals, like physiological hormonal
changes or transplantation.

4.1.2 Relationship Between Normal Breast
Development and Breast Cancer

The study of normal developmental dynamics can provide
important information to understand breast cancer natural
history. What is the cell of origin of breast cancer? Multiple
cumulative genetic abnormalities are required to transform a
normal cell. In the breast, on average one mutation per cod-
ing megabase are identified in large-scale sequencing proj-
ects [22, 23]. As the rate of mutation accumulation at each
cell division is low [24], cells of cancer origin are likely to
have a long proliferation history: MaSCs or progenitors sur-
viving multiple cycles of gland regeneration are the likeliest
candidates.

But does this also imply that the developmental potential
of the cell of origin can shape cancer phenotype? This was
strongly suggested by the landmark expression microarray
studies of the early 2000s [25, 26], which showed that groups
of commonly expressed genes that define normal lineages
are also able to define clusters of cancers with common natu-
ral history (“intrinsic” subtypes). However transcriptional
similarities do not necessarily extend to the cell of origin,
implying for instance that a basal-like cancer had to originate
from a basal-restricted cell. In fact, more recent studies on
BRCA-deficient mice and humans suggest that basal-like
cancers derive from luminal-committed progenitors [9, 27].
The emerging consensus is that luminal progenitors are the
likely cell of origin for both luminal and basal-like tumors,
whereas MaSCs and/or basal progenitors are the initiators of
the rarer claudin-low subtype. The origin of HER2+ tumors
is less well understood; data in mice suggest that parity-
induced stem cells might be the culprit as their ablation
inhibits tumorigenesis in MMTV-neu mice [28], but to what
extent this model really mimics human HER2+ tumors is
disputable since the murine expression profile is more akin
to human luminal tumors [4, 28, 29]. Almost completely
undetermined is the cell of origin of lobular and rarer breast
cancer subtypes. Transcriptome analysis of “special” sub-
types (like mucinous and micropapillary) all clustered in a
separate group, revealing transcriptional homogeneity
despite morphologic differences, but little about a possible
common cell of origin [30]. Lobular cancers showed hetero-
geneous signatures resembling ductal subtypes (including
luminal-like and basal-like signatures) [30]; transcriptome
signatures within lobular cancers have been recently studied
in more depth by the TCGA, with the definition of three new
subgroups “reactive-like,” “immune-related,” and “prolifera-
tive” [31]. Again this reveals little about the cell of origin, but

the only available genetically engineered mouse model
showed that lobular tumors can be obtained from basal cells
expressing cytokeratin 14 [32].

4.2 Signaling Pathways Controlling
Breast Development and Their

Alterations in Cancer

Several authors have proposed that molecular mechanisms
specific for stem cells might also be responsible for malig-
nant behavior, in a declination of the “cancer stem cell” the-
ory [33]. Specifically, the same pathways allowing stem cells
to maintain multilineage potential resist to physiological
death and invade the stroma to (re)generate the organ, might
also allow cancer cells to adapt their transcriptome, resist to
treatment-induced death, and become invasive and meta-
static. We will now review the most important developmental
and stem cell-related pathways in breast. Then, we will
review how these signals converge on chromatin (the ensem-
ble of normal DNA and DNA-bound proteins) to modulate
transcription. Chromatin can directly (by physical compac-
tion) or indirectly (through differential recruitment of effec-
tor proteins) control DNA accessibility to transcription
factors and stabilize phenotypic traits by restricting the
degree to which transcriptional signatures can be further
modified by competing signals. Hence, proteins directly gov-
erning chromatin architecture are particularly important in
developmental processes and are often disrupted in cancer.

4.2.1 NOTCH/NUMB and p53 as Regulators
of Symmetric vs Asymmetric Cell

Division

4.2.1.1 NOTCH Pathway in Breast Development

The NOTCH pathway governs cell lineage determination
and body patterning in all metazoans [34-36]. NOTCH was
classically identified as a regulator of neuroectodermal
development in Drosophila but then emerged as a functional
module repeatedly exploited in heterogeneous developmen-
tal contexts to execute binary cell fate choices, generating
and maintaining phenotypic “boundaries” within organs.
The four NOTCH receptors are functionally redundant [37]
transmembrane proteins with homology to eGFR; once acti-
vated by short-range ligand binding, usually requiring cell-
to-cell interaction, the receptor is cleaved by the
gamma-secretase complex and transported into the nucleus.
Here, it induces the assembly of a highly conserved protein
complex that canonically includes CBF-1 and RBP-J, plus
additional chromatin-modifying enzymes [38]; this drives
transcription of NOTCH target genes, most notably the HES
and HERP families of bHLH transcription factors [39, 40].



4 Fundamental Pathways in Breast Cancer 4: Signaling to Chromatin in Breast Development 29

The half-life of the activated receptor is normally very short
due to efficient proteasomal degradation, which is dependent
on the C-terminal PEST (rich in proline (P), glutamic acid
(E), serine (S), and threonine (T)) domain common to all
NOTCH receptors. The NOTCH molecular circuitry is rein-
forced by multiple layers of intrinsic and extrinsic feedback
mechanisms (“lateral inhibition”) that amplify small varia-
tions in ligand/receptor concentrations between adjacent
cells; this allows the emergence of discontinuities among
cell populations with prior equal potentials. A particularly
important regulatory role is played by NUMB, a membrane-
associated protein that targets NOTCH receptors to protea-
somal degradation and is a key determinant of asymmetric
cell division: in several NOTCH-dependent lineage choices,
NUMB is unequally partitioned between daughter cells,
leading to differential inactivation of the NOTCH pathway.
Numb also independently regulates the stability of p53 [41],
which in itself is implicated in stem cell self-renewal and (a)
symmetric cell division [11].

These general functional properties also apply to NOTCH
role in breast biology. NOTCH pathway receptors are
expressed in the luminal compartment [42—44], and its target
genes are upregulated in luminal progenitors in the adult
gland [42]. This expression pattern is mutually exclusive
with that of ANp63, which promotes and maintains basal
cell gene expression; in fact, NOTCH and p63 appear to be
functional antagonists [45]. Hyperactivation of NOTCH
pathway by overexpression of the active form [42] or condi-
tional ablation of NUMB [44] leads to ductal hyperplasia
with luminal differentiation. On the contrary, ablation of
NOTCH function by conditional deletion of the common
transcriptional mediators CBF1 or RBP-J led to expansion of
the basal cell pool during pregnancy [46]. Collectively, these
results suggest a model in which NOTCH pathway activation
promotes the commitment of dividing stem cells and pro-
genitors to the luminal lineage at the expenses of the basal/
myoepithelial lineage [47]. However, this model is compli-
cated by the presence of low levels of NUMB and NOTCH
receptors also in basal and other cell types [42, 44]; the pre-
cise mechanism of action of NOTCH in normal mammary
gland biology remains an active field of research.

4.2.1.2 Modes of NOTCH Pathway Alterations
in Breast Cancer
Although altered NOTCH receptors have been found to act
as tumor suppressors in some circumstances [48, 49], in
breast cancer and in most other tumors (most notably
T-ALL), they behave as classical proto-oncogenes that
become constitutively activated through loss of extrinsic or
intrinsic regulation [49, 50].
Loss of extrinsic regulation is achieved by genetic ablation
of the N-terminal extracellular domain. Early on in the his-
tory of breast cancer experimental research, this mechanism

was identified as a consequence of insertional mutagenesis of
the mouse mammary tumor virus; breast-specific expression
of the truncated form induces expansion of luminal progeni-
tors and mammary tumors in experimental animals [51-53].

Among human tumors, alterations in NOTCH receptors
are present in around 5% of all cases in different patient pop-
ulations. Unlike MMTYV insertions in the mouse, the genera-
tion of an extracellular domain-defective protein is
uncommon in humans; this was observed as the result of
chromosomal translocations in a recent study [54, 55]. More
common are point mutations that frequently (around 60% in
the TCGA cohort) are truncating and clustered at 3’ exons,
resulting in a disrupted PEST domain and predicted to lead
to increased protein half-life. The PEST can also be lost
through deletions or translocations [54, 55]. The remaining
point mutations are scattered throughout the gene body with
no detectable pattern but tend to occur in highly conserved
residues important for receptor heterodimerization associ-
ated with increased activity in T-ALL [54]. NUMB is fre-
quently downregulated at the protein level in breast cancer,
although the mechanism leading to downregulation has not
been extensively studied. Deletions can be observed in 0.6%
of all TCGA breast cancer patients.

NOTCH/NUMB alterations are strongly associated with
HER2/ER/PgR negativity [41, 54, 56] and, as expected, with
unfavorable outcome in invasive carcinoma [41, 43, 56-59]
and with higher recurrence rate in DCIS [60]. This makes
NOTCH pathway an attractive target for drug development.
Inhibiting NOTCH through genetic [61, 62] or pharmaco-
logical [60, 63] means results in a loss of in vitro self-renewal
ability in mammosphere assays.

NOTCH inhibitors are currently undergoing early phase
clinical evaluation in breast cancer and other tumors. Two
main approaches are being explored: the use of antibodies
that disrupt ligand-receptor interaction and inhibitors of
the gamma-secretase activity first explored in Alzheimer’s
disease [64—66].

4.2.2 The Wingless (WNT) Pathway

4.2.2.1 Wnt Pathway in Breast Development

The Wingless (WNT) pathway plays a crucial role in mam-
mary development; similarly to NOTCH, it acts prevalently at
short range as a functional module that is repeatedly used in
highly different contexts to give rise to variable outputs,
including the regulation of asymmetric cell division. Signals
are instructed through paracrine cellular communication
between the lipidated Wnt ligands and the Frizzled transmem-
brane receptors. This results in the phosphorylation of the
canonical WNT mediator beta-catenin by casein kinase I
(CKI) and glycogen synthase-3p (GSK-3), resulting in its
stabilization and nuclear translocation. In the nucleus,
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beta-catenin activates transcription of conserved targets,
namely, telomerase, Axin2, and LGRS, through TCF/LEF fac-
tors. Signal strength is intrinsically regulated through protea-
somal degradation of Frizzled receptors by Rnf43/Znrf3,
which is in turn inhibited by LGRS; LGR5 marks WNT-
responsive cells in a variety of epithelial tissues [67], and in
the breast it marks a subset of bipotential stem cells able to
give rise to luminal and myoepithelial cells as defined by lin-
eage tracing experiments [13]. PROCR is another WNT target
that also marks multipotent mammary stem cells, although
intriguingly, PROCR* cells appear distinct from LGRS5* [14].

Another level of WNT modulation is through sequestra-
tion of beta-catenin to adherent junctions by E-cadherin: this
peripheral pool of beta-catenin is unavailable for nuclear
translocation and is thought to play a role in epithelial-to-
mesenchymal transitions [68, 69].

4.2.2.2 Modes of WNT Pathway Alterations
in Breast Cancer

Similarly to NOTCH, the Wntl receptor was found early on
as acommon MMTYV integration site [70], and the oncogenic
potential of Wnt hyperactivation subsequently demonstrated
by MMT V-induced overexpression of several Wnt receptors
or of beta-catenin [71-75]. This leads to anticipated lobuloal-
veolar overgrowth, morphologically similar to that induced
by pregnancy but with an expansion of poorly differentiated
cells [73]; importantly, this is also true in male mice and upon
transplantation into ovariectomized recipients, suggesting
that Wnt pathway lies downstream of ovarian hormones and
that Wnt-aberrant cells might become estrogen independent
[76, 77]. As mice age, invasive ductal tumors develop with a
penetrance of 100% by 1 year. The long penetrance suggests
that additional mutations are required to achieve the invasive
phenotype, but importantly ablation of Wnt signaling is still
required after the invasive tumor has formed, although loss of
p53 facilitates the transition to WNT independence [78].

WNT-hyperactivated mouse models have been used exten-
sively in basic research, but their relevance to clinical practice
might be questionable, since components of the canonical Wnt
pathway are not frequently mutated in breast cancer [76, 79].
However, aberrant beta-catenin staining patterns (i.e., preva-
lence of nuclear pattern) is observed in about 20% of ductal
carcinomas and, as it might be expected, is correlated with
triple-negative histology and poor prognosis [79, 80]. Aberrant
beta-catenin expression is also correlated with lobular histol-
ogy, given its association with E-cadherin loss [79, 80].

The absence of a clear targetable alteration made WNT an
attractive but difficult pathway for drug development.
Recently, casein kinase 1d (CK1d) was found to be amplified
and overexpressed in strong correlation with WNT pathway
genes in 36% breast cancers, particularly in luminal B and
triple-negative ones. The CKID inhibitor SR-3029 was
highly effective in preclinical models (orthotopic cell line
transplantation) [81].

4.2.3 Inducers of Epithelial-to-Mesenchymal

Transition

Invasion of epithelial cells into connective and adipose tis-
sue is a physiological phase of pubertal breast development
and is governed by signaling pathways that have also been
implicated in the acquisition of metastatic potential. This
process bears resemblance to the physiological epithelial-
to-mesenchymal transition (EMT) that occurs during cru-
cial phases of embryogenesis like gastrulation. Whether
tumoral invasion is truly an aberrant form of EMT has been
a matter of dispute, mostly due to the fact that normal EMT
implies dramatic morphological and molecular transitions
that have not been consistently observed in breast and other
tumors. However, a recent study showed that highly sensi-
tive analysis of pathological specimens can identify cells
with mixed epithelial/mesenchymal markers in invasive but
not noninvasive breast cancers. These cells correlate with
primary histology (mostly triple negative) and can be found
circulating in proportions that vary according to treatment
response [82].

The exact wiring of the signaling circuits responsible for
EMT-like responses in breast cancer has not been fully
worked out. Overexpression of specific individual transcrip-
tion factors (SNAIL, TWIST, SLUG, and ZEB1/2) is able to
initiate EMT and increase invasiveness in noninvasive
breast cells [83-87]. Several extracellular signals are also
implicated, most notably transforming growth factor beta
(TGFb), WNT, and Sonic Hedgehog, the latter in turn acti-
vated by FOXC1/2 and the basal cell-specific p63 [88]. A
common outcome of EMT response is the loss of E-cadherin
expression, which results in a weakening of cell-to-cell
adhesion and the release of a cytoplasmic pool of beta-
catenin, which can now enter in WNT-dependent regula-
tion. A second, recently discovered output of EMT activation
is the activation of the Hippo pathway, which in breast can-
cer is correlated with metastatic behavior and resistance to
chemotherapy [89, 90].

All these pathways are rarely affected by genetic aberra-
tions in breast cancer but appear frequently deregulated
through nongenetic mechanisms in poor-prognosis breast
tumors, especially of the basal and claudin-low subtype [91,
92]. As such, they have attracted attention as drug targets
[93] but are still limited to preclinical development.

4.2.4 GATA3, FOXA1, and Lobular
vs Ductal Tumors

GATA3 and FOXAT are both implicated in the regulation of
estrogen-mediated transcription (see chapter by Magnani),
and their expression is strongly associated with estrogen
positivity in tumors [94]. If conditionally deleted during
puberty or adult life, they abrogate or severely distort
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mammary gland development, with loss of luminal cell iden-
tity in the case of GATA3 [95, 96] and a block in terminal
end bud formation and invasion during puberty for FOXA1
[97]. Their functional similarities extend to their molecular
mode of action, as both are so-called “pioneering” factors
able to condition chromatin structure and subsequent bind-
ing of other transcription factors [98]. FOXAIl, ER, and
GATA3 physically interact with several other chromatin reg-
ulators in a “mega transcription factor complex” nucleated
by the estrogen receptor in response to estradiol stimulation.
As FOXAT1 directly promotes ER expression, these three fac-
tors form a regulatory network able to stabilize estrogen-
dependent transcription [99].

Intriguingly, the mutational pattern of GATA3 and
FOXAT has recently emerged as mutually exclusive in the
two forms of strongly ER+ breast cancers: GATA3 is fre-
quently mutated in ductal luminal cancers, while FOXAT1 is
as frequently mutated in lobular cancers [31].

Mutations in GATA3 are the third most common altera-
tion in breast cancer globally [100]. SNVs are invariably
heterozygous and cluster in three specific categories: splice
site mutations at the junctions between exons 4/5 and 5/6
(20%), frameshift mutations in exon 6 (50%), and frame-
shifts in zinc finger 2 (10%). Also, GATA3 is frequently
amplified (28% of all GATA3 alterations in the TCGA data-
set), but this has received little attention. Mutation type 3 is
the only type that has been characterized molecularly [101,
102]. Although SNVs cause apparent GATA3 loss of func-
tion, they appear to stabilize the non-mutated allele, lead-
ing to an intriguing model that can explain the requirement
for maintaining heterozygosity [103]. The frequently
mutated MAP3KI1 is also a target of GATA3, and recently a
germline variant in its GATA3-bound promoter was discov-
ered in a genome-wide association study [104]. Loss of
GATA3 expression correlates with acquisition of metastatic
potential in the MMTV-PyMT mouse model of luminal
cancer [105].

Mutations in FOXAT1 cluster on lysines located on the
wings of the Forkhead domain. These residues, when acety-
lated by EP300, prevent DNA binding; thus, their loss cre-
ates a strongly bound FOXAI at sites of ER binding,
amplifying a normally estrogen-dependent response on the
absence of the hormone [31].

Chromatin Marks in Normal
and Neoplastic Breast

4.3

The study of chromatin factors in breast development and
cancer is probably less advanced than in other systems. In
hematopoiesis and its malignancies, where mutations in
chromatin factors were identified first, targeted drugs have
already made it to the clinic and are routinely used [106].

We will skip lengthy discussions on basic chromatin struc-
ture, for which the reader is addressed to extensive reviews
[107, 108] Proteins involved in interactions with chromatin
have been functionally divided in writers, erasers, and read-
ers [109], a useful classification that will be maintained
here. We will focus on those aspects of chromatin regula-
tion not specifically related to estrogen receptor biology,
which is extensively covered by L. Magnani in this book

(ref).

4.3.1 DNA Methylation

DNA methylation dynamics and the role of DNA methyl-
transferases in normal breast development have not been
extensively investigated. In most breast tumors, primitive
techniques could identify gross aberrations in DNA meth-
ylation as compared to normal tissues. Locus-specific
analyses carried out at relevant genes (e.g., estrogen recep-
tor) could also show aberrant methylation, but the rele-
vance of this information has remained questionable; only
recently genome-wide investigations have been systemati-
cally applied to large patient cohorts in the TCGA [100]
and other studies [110, 111]. Unfortunately, even these
systematic studies are complicated by the still poorly
understood relationship with gene expression, and by sig-
nificant heterogeneity in the techniques employed, none of
which is truly able to fully cover all potentially methylated
cytosines. In the TCGA, basal-like tumors tended to be
globally hypermethylated, and, importantly, BRCAI1
hypermethylation appeared to be a frequent mechanism
(24%) for gene downregulation, potentially suggesting an
involvement of BRCA functional loss in the absence of
genetic alterations. A group of MSKCC performed a bio-
informatically more refined analysis on 171 samples of
heterogeneous histology and identified a cluster of tumors
with methylation profile similar to that identified in colon
cancer (“breast CpG island methylator profile,” B-CIMP),
which was associated with significantly lower propensity
to metastasize. Different results were obtained by an
Australian group focusing on triple-negative cancers;
here, hypomethylated tumors were associated with better
prognosis.

4.3.2 Histone Modifications

Histone modifications in normal breast cell populations
have been systematically studied by Polyak et al. [112], who
focused on the two marks that define actively transcribed
and repressed genomic regions: trimethylation of H3K4 and
H3K?27. Regions where both signals overlap (“bivalent
chromatin”) are considered to be epigenetically plastic and
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enriched in multipotent stem cells at genes with strong
lineage-defining activity [113, 114]. CD24* and CD44*
cells showed a different distribution of these marks, and
many lineage-defining genes, especially transcription fac-
tors, were shown to maintain chromatin bivalency, suggest-
ing a basis for phenotypic plasticity. In particular, ZEB
transcription factors are bivalent in some tumor cell lines
and regulate the expression of CD44, a marker of cancer
stem cells with increased invasiveness. Robert Weinberg
and colleagues demonstrated that cells in which ZEBI is
bivalent (but CD44 is repressed, like in luminal cancer cell
lines) are able to resolve bivalency and lose the repressive
H3K27me3 in response to TGFb, resulting in CD44 upregu-
lation and acquisition of invasive traits [115], directly link-
ing an extracellular stimulus with a chromatin-mediated
phenotypic change. The Polyak lab investigated further the
role of chromatin in phenotypic reprogramming. Using ele-
gant cell fusion experiments between cell lines with luminal
or basal features, they showed that the basal phenotype is
dominant over the luminal and can be induced by even
short-term exposure of luminal cells to basal cell total
extracts; reprogramming correlated with the acquisition of
epigenetic traits of the parental basal cell, in particular the
super-enhancer profile defined by elevated H3K27ac [116].
It might be interesting to explore whether luminal-to-basal
epigenetic reprogramming is at the basis of estrogen expres-
sion discordance between primary and relapsed tumors,
which more often become estrogen receptor negative from
positive than vice versa [117].

4.3.3 Chromatin Writers

Members of the Polycomb family (so called from the
developmental phenotype observed in Drosophila mutants)
are the best-studied chromatin writers in breast develop-
ment. Polycomb proteins are organized in two sets of com-
plexes which induce histone modifications associated with
gene repression, namely, H2AKI119 ubiquitylation
(Polycomb repressive complex 1, PRC1) and H3K27 meth-
ylation (PRC2). Members of both complexes have been
found to play a role in breast development and cancer
[118-122]. Polycomb factors are involved in the mainte-
nance of pluripotency in most if not all stem cells in adult
and embryonal life; their genetic disruption leads to
increased transcriptional plasticity at lineage-specific
genes, resulting in a failure to coordinately execute differ-
entiation programs. The ultimate outcome of Polycomb
ablation is highly variable depending on the examined sys-
tem and can result in cell death. Polycomb inhibitors, espe-
cially those directed against the PRC2 catalytic subunit
EZH2 that is overexpressed and correlated with poor prog-
nosis in breast cancer [123, 124], have shown responses in
preclinical studies [125-127].

4.3.4 Chromatin Erasers

Factors that remove histone acetylation and methylation
maintain chromatin in a dynamic state, making it more or
less amenable to transcriptional changes. Many cancer cells
depend on persistent deacetylase or demethylase activity for
survival, and their ablation can lead to cell death or differen-
tiation. Given their favorable chemical properties for drug
design, chromatin erasers have been identified as interesting
targets for drug development. Histone deacetylases (HDACs)
were identified first as playing a role in breast cancer [128],
especially by virtue of their negative effect on estrogen
receptor expression [129]; thus, they have been mostly stud-
ied as sensitizers to endocrine therapy [130-132]. Of the sev-
eral inhibitors with different degree of specificity synthesized
so far, entinostat has reached the furthest clinical develop-
ment, showing efficacy in a randomized phase II trial against
placebo in combination with exemestane in aromatase
inhibitor-refractory advanced ER+ breast cancer [133].

Recent research also revealed important roles for histone
demethylases. The H3K4 demethylase JARID1B (also known
as KDM5B), involved in mammary gland development and
GATA3 recruitment to FOXA1 promoter [134], was found
frequently amplified and overexpressed in multiple breast
cancers, particularly in luminal cancers where overexpres-
sion of JARIDI1B target genes identified a subset of patients
with poorer survival [135]. Another demethylase, LSD1 (also
known as KDM1A), which targets H3K4 mono- and di-meth-
ylation and is involved in enhancer “decommissioning” dur-
ing cell differentiation [136], was found to regulate breast
cancer metastasis [137]. LSDI1 inhibitors are in early clinical
trials but have not been yet tested in breast cancers.

4.3.5 Chromatin Readers

Chromatin “readers” are proteins with domains able to rec-
ognize specific chromatin modifications and guide locus-
specific assembly of transcription regulator complexes. A
relevant example in breast biology is the Pygo2 factor that
contains the PHD finger domain able to recognize H3K4me3.
Pygo2 is a crucial transducer of WNT signals in breast devel-
opment [138] and is essential for the survival of several
breast cancer cell lines [139]. Disruption of chromatin inter-
action is a novel pharmacological strategy that has yielded
intriguing results when targeted against bromodomain-
containing proteins. These interact with acetylated histones
and are important factors for super-enhancer activity. As
super-enhancers are associated with highly tissue- or cancer-
specific transcription [140], their targeting might benefit
from an elevated therapeutic index. BET inhibitors, of which
JQ1 is the progenitor, are undergoing rapid drug development
and have recently shown particularly promising activity in
triple-negative breast cancer [141].
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Conclusions

Full understanding of the molecular pathways described
in this chapter will require an elevated degree of integra-
tion between developmental biology, biochemistry, and
epigenomics. The benefits that can be reaped for patients
are high, as targeting differentiation and stem cells may
lead to durable responses or even disease eradication,
unachievable with drugs targeting proliferation or genome
stability. Technological advancements of the last decade
have made this endeavor realistic.

11.
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Breast Cancer Microenvironment
and the Metastatic Process

George Sflomos and Cathrin Brisken

5.1 Introduction

Breast cancer is the most frequently diagnosed cancer, the
second leading cause of cancer-related death in women
worldwide, and the leading cause of cancer-related death
in less developed countries [1]. Overall prognosis is favor-
able with 85% survival chances in developed countries [2].
Most of the remaining 15% of patients succumb to sequelae
of metastasis, the spread of cancer from one part of the
body to another (Dictionary of Cancer Terms, NCI), as
their disease becomes drug resistant. In poorer countries,
women are more likely to die of their metastases because
they are diagnosed at later stages of the disease and have
less access to costly treatments [3-5].

In general, breast cancer cells that escape from the pri-
mary tumor take the lymphatic and/or venous route and
home most frequently to the bones, the lungs, the brain, and
the liver. The WHO distinguishes more than 20 different
histologic subtypes [6], and global gene expression profil-
ing has revealed at least 5 molecular subtypes of breast can-
cer [7-9]. Some of these subtypes have distinct clinical
features and show different metastatic behaviors. Luminal/
estrogen receptor-positive (ER*) tumors disseminate more
frequently to the bones than TN tumors do, and human epi-
dermal growth factor receptor 2-positive (HER2*) and TN
tumors have a predilection for the brain [10]. Lobular car-
cinomas typically metastasize to the peritoneum and the
ovaries [11].

Metastasis is a complex pathological process, and seven
distinct steps have been defined at the cellular level. It begins
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with increased cell motility and cell migration followed by
stromal invasion. Subsequently, tumor cells intravasate into
lymphatic and/or blood vessels; they adapt to survive in the
circulation; they extravasate, colonize distant organs, and
eventually, sometimes after many years of dormancy, grow
to overt metastases [12—15].

For decades, most research efforts concentrated on the
cancer cell-intrinsic factors that drive this process. In recent
years, the tumor microenvironment (TME) defined as the
normal cells, molecules, and blood vessels that surround
and feed a carcinoma (Dictionary of Cancer Terms, NCI)
has moved to the center of attention. Both at the primary and
at the metastatic sites, numerous noncancerous cells, cancer-
associated specialized cell types, and matrix molecules
interact with the tumor cells and affect their biological prop-
erties [16—18]. Heterotypic cell contacts, exosomes, cyto-
kines, and other soluble factors produced by cancer and
stromal cells are now known to support tumor initiation,
progression, and metastatic spread [19]. In conventional
breast cancer xenograft models, breast cancer cell lines are
typically injected either subcutaneously or orthotopically in
the mammary fat pad of immunocompromised mice [20].
Intriguingly, the site of injection affects metastatic capabil-
ity with increased metastasis observed upon orthotopic
engraftment [21, 22].

Throughout the multistep metastatic process, tumor cells
rely on epithelial-mesenchymal transition (EMT) [12, 23].
This well-characterized process is repeatedly required dur-
ing development as for the formation of the mesoderm from
epithelial epiblasts during gastrulation, neural crest forma-
tion, and formation of muscle cell precursors from epithelial
somite walls. In adulthood, it has a role in wound healing
[12,24-27]. All these processes have in common that epithe-
lial cells dedifferentiate, lose cell adhesion, become more
migratory, and acquire stem cell properties. Cancer cells
hijack this developmental program to detach from the epithe-
lial tissues of which they are part, to reach vessels, and to
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acquire the self-renewal properties and the cellular plasticity
important in the metastatic process [28]. At the distant organ,
the reverse process called the mesenchymal-to-epithelial
transition (MET) is commonly found at metastases [27, 29].
Intriguingly, recent in vivo studies of murine tumors are
arguing for a role of EMT and MET transitions in breast can-
cer drug resistance [30].

Here, we review how the cancer microenvironment
affects the spread of cancer cells to distant sites and
discuss how the microenvironment at the distant sites
contributes to colonization and to the growth of the metas-
tases. The important role of the normal tissue microenvi-
ronment as a barrier to tumorigenesis has been extensively
described elsewhere [31]. Most of our insights into the
metastatic process stem from experimental models, which
do not distinguish between different clinical subtypes.
Hence, wherever possible, we refer to clinical observa-
tions that provide clues of subtype-specific properties.

Cancer Cell: Nonautonomous Traits
and Breast Tumor Microenvironment

5.2

Cancer-associated stromal cells react to the morphological
and molecular changes the tumor cells undergo by epigenetic
changes and alterations of their secretome [32]. The released
factors can affect tumor progression directly and/or indi-
rectly through recruitment of other cells, nonindigenous to
the breast tissue. Examples are bone marrow-derived, mes-
enchymal stem cells and innate and specific immune cells,
which in turn participate in stimulating a vicious cycle of
cell-to-cell and factor-to-cell interactions.

5.2.1 Cell Types and Secreted Factors

5.2.1.1 Fibroblasts and Mesenchymal Stem Cells
The fibroblasts are the most abundant cell type in the breast
stroma [33] and can both inhibit [31, 34] and promote
tumor growth [31, 33-36]. During tumor progression,
fibroblasts are converted cells to activated fibroblasts or
cancer-associated fibroblasts (CAFs) by transforming
growth factor f1 (TGFP1) [37], Wnt7a, and other factors
secreted by the tumor cells [33, 38, 39]. CAFs are charac-
terized by high-level expression of fibroblast-specific pro-
tein 1 (FSP1), fibroblast-activating protein (FAP),
alpha-smooth muscle actin (a-SMA), and TGFp1 [40].
They orchestrate and promote the metastatic process in two
ways; first, they induce EMT through activation of TGF-f3
receptor signaling and extracellular matrix (ECM) remod-
eling [34]. Second, they recruit innate and specific immune
cells to the TME and subsequently activate them. The acti-
vated immune cells, in turn, stimulate the metastatic poten-

tial of cancer cells [18, 33, 35]. More specifically, CAFs
release immune-modulatory molecules including interleu-
kins, interferons, and tumor necrosis factor a (TNFa) to
attract macrophages. The tumor-associated macrophages
(TAMs) are the dominant portion of the leukocyte popula-
tion within the tumor [41]. They can modify the cancer cell
phenotype generally leading to a more aggressive behavior
in breast cancer, through factors that have not been clearly
identified yet, but hypoxia has been implicated [42]. TAMs
in turn, at least in models of skin carcinoma, support tumor
angiogenesis [39]. Moreover, CAFs recruit regulatory T
cells (Tregs) through the secretion of various chemokines
including CCLS5, as shown in GEMMs of mammary carci-
nogenesis [43].

Experiments in the TN MDA-MB-231 xenograft model
showed that CAFs control organ specificity of metastases by
secreting two cytokines that are mainly expressed by stromal
cells in the bone marrow, the stromal cell-derived factor 1
(SDF1/CXCL12) and the insulin-like growth factor 1 (IGF-
1) [44, 45]. Activation of the cognate receptor, CXCR4, on
the cancer cells activates AKT thereby increasing tumor cell
survival in the bone [46]. Bioinformatic analysis of primary
tumor gene expression profiles revealed that Src activity cor-
related with late bone metastasis, and Src activity was shown
in the MDA-MB-231 model to indeed enhance tumor cell
survival in the bone by facilitating CXCL12-CXCR4-AKT
signaling and by increasing resistance to TRAIL-induced
cell death [46].

Mesenchymal stem cells (MSCs) are recruited to dam-
aged and ischemic tissues. More recently, they were also
shown to be drafted to the TME following calls by numer-
ous factors such as growth and angiogenic factors as well as
chemokines and ECM proteases, all released by cancer and
stromal cells as reviewed in [47, 48]. The MSCs present in
invasive human breast carcinomas can be differentiated
into various cell types including fibroblasts and pericytes,
and their effects on tumor growth are complex. They were
shown to promote tumor growth and angiogenesis through
elevated SDF1 secretion [49]. Experiments in subcutane-
ous breast xenografts showed that once recruited to the
TME, MSCs in turn secrete the chemokine CCLS5, which
increases the motility and invasiveness of the cancer cells,
which express the cognate receptor CCRS, and promote
lung colonization [50].

5.2.1.2 Adipocytes

Another prevailing cell type in the TME is the adipocyte that
also interacts in different ways with the tumor cells [51, 52].
Analyses of human clinical samples and in vivo experiments
with mice have shown that adipocytes are frequently found
at the invasive front of human breast tumors. Here a dia-
logue between the cancer cells and adipocytes occurs; the
invading tumor cells are able to modify the adipocytes,
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which in turn stimulate cancer cells to a more aggressive
phenotype [53].

Furthermore, the fat cells promote tumor progression
through systemic effects by secreting hormones, such as
oestradiol (E2) and prolactin, as well as paracrine factors
like the major fat tissue-derived adipokines such as leptin
and adiponectin which promote breast cancer progression
through activation of proliferation and survival [54-56]. A
series of in vitro coculture and in vivo experiments suggest
that secretion of interleukin-6 (IL-6) by adipocytes makes
tumor cells more invasive and increases their metastatic
potential [53]. Similarly adipocytes promote breast cancer
progression through secretion of pro-inflammatory cyto-
kines such as TNFa, which increase stem cell numbers and
enhance metastasis in cell coculture and animal models
[57, 58].

In this regard, the tumor-promoting effects of obesity,
which are observed in postmenopausal women, relate to
increased levels of E2 and of pro-inflammatory cytokines
released by the adipose tissue [59, 60]. Elevated systemic
E2 levels result from increased aromatase activity not only
the adipocytes of the TME but in various fat depots in the
body. To what extent these effects are important for the met-
astatic process systemically versus locally remains to be
teased apart experimentally. Interestingly, when human
breast adipocytes from obese patients were grafted to immu-
nocompromised mice to model the inflammatory environ-
ment of the human breast, the mouse tumors were enriched
with adipocytes secreting CCL2/IL-1p. This recruited mac-
rophages, which in turn stimulated CCL2-associated angio-
genesis [61].

5.2.1.3 Vasculature

The vasculature in the TME is another key player in the insti-
gation of metastasis. It consists of an inner layer of endothe-
lial cells, pericytes that wrap around the endothelial cells,
and, in the case of larger vessels, smooth muscle cells.
During tumor progression, the normally quiescent vascula-
ture is activated by VEGF released by tumor and stromal
cells, and new vessels sprout to sustain tumor growth [12,
62]. Critical to the metastatic process is vessel integrity,
which deters cancer cell migration and prevents tumor spread
into the circulation. Pericytes are responsible for vessel
integrity. Consistently, many studies in mouse models have
shown that low pericyte coverage is associated with invasive
breast cancer, decreased survival, and lung metastasis
[63-65].

5.2.1.4 Immune Cells

It was realized a long time ago that the white blood cells,
which constantly patrol normal breast tissue, also closely
interact with breast tumor cells [66]. Their role is ambiguous;
frequently, differentiated tumor-infiltrating immune cells and

“tumor-educated” macrophages further the multistep meta-
static cascade by promoting tumor cell invasion, intravasa-
tion, and their survival in the bloodstream. They also assist in
tumor cell arrest, extravasation, and overt growth at meta-
static sites [67]. In specific clinical scenarios, however, an
immune cell infiltrate is indicative of a good prognosis [68].

Studies with the MMTV-Erbb2-transgenic mouse mam-
mary carcinoma model [43] showed that tumor-infiltrating
regulatory T cells promoted lung metastasis through expres-
sion of the receptor activator of nuclear factor kappa-B
ligand (RANKL), a protein implicated in epithelial cell pro-
liferation of the normal breast [69]. Consistently, RANKL
overexpression stimulated the metastatic progression of
RANK-expressing and HER2-overexpressing mammary
tumors [43, 67].

Recent studies in a mouse model of invasive lobular car-
cinoma generated by targeted deletion of E-cadherin and
p53 in the mammary epithelium indicate that neutrophils
induce the release of several cytokines in the TME that
increase lung metastasis without affecting primary tumor
growth [70, 71]. Moreover, neutrophils support lung coloni-
zation of metastasis-initiating tumor cells in the metastatic
MMTV-polyoma middle T antigen (PyMT) mammary tumor
mouse model [72].

Initially, macrophages were implicated in the antitumor
immune reaction [73, 74]. However, recent studies indicate
that TAMs promote angiogenesis, cell migration, invasion,
and intravasation, thereby increasing the propensity of the
cells to leave the primary site [75]. In the PyMT mammary
tumor model, macrophage infiltration is seen early during
tumor development when hyperplasias are present [76]. The
recruitment of TAMs into TME is principally regulated by
cytokines, chemokines, and growth factors secreted by both
tumor and stromal cells [77]. In breast cancer patients, TAMs
abundantly produce the chemokine CCLI18, and its expres-
sion in cancer stroma and blood is associated with increased
metastasis and reduced patient survival [78]. Mechanistically,
CCL18 promotes the invasiveness of cancer cells by trigger-
ing integrin clustering and enhancing their adherence to
extracellular matrix [78].

Breast Tumors in Transient
and Metastatic Microenvironments

5.3

Breast cancer cells enter the lymph vessel in the TME and
ultimately reach the blood vessels. Anytime after intravasation
in the bloodstream, they may encounter antitumor immune
cells and metabolic and oxidative stress and be exposed to
extensive shear forces in the bloodstream. Once in the vessels,
circulating tumor cells (CTCs) need to exit from the lumen of
blood and/or lymphatic vessels and penetrate to the distant tis-
sue. This process is highly inefficient with an estimated 1 out
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of 10,000 cells successfully extravasating and homing to a dis-
tant site [16, 79, 80]. Many different cell types can be found in
the blood including immune cells, fibroblasts, and platelets
with important roles in the metastatic process [32].

5.3.1 Platelets

Platelets have emerged as essential “protective” escort of the
carcinoma cells on the move; they appear to constitute a spe-
cial type of mobile “local” microenvironment [81, 82].
Physiologically, platelets are activated when the continuity
of the endothelial layer is disrupted and the underlying sub-
endothelial matrix is exposed [83]. In the breast tumor set-
ting, they can be activated through physical contact with
tumor cells [84]. At the primary site, platelets along with
macrophages and MSCs contribute to EMT of the cancer
cells. In the bloodstream, platelets have dual role in the fit-
ness of disseminated breast tumor cells both through direct
physical contact and through secretion of paracrine factors
both of which increase tumor cell survival and extravasation
by maintaining or/and inducing an EMT status [84]. In vivo
experimental evidence indicates that the paracrine effects
can be ascribed to the secretion of bioactive growth factors
stored in a-granules, such as EGF, PDGF, TGFp, and VEGF,
as well as inflammatory cytokines and chemokines also
stored in a-granules [84, 85]. Within the peripheral tissues,
activated platelets contribute to the recruitment of monocytes
and granulocytes thereby helping to establish pro-metastatic
and metastatic niches [83, 85, 86].

5.3.2 Metastatic TME (MTME)

Metastatic sites are generally considered inhospitable micro-
environments and present a challenge to cancer cell fitness
and survival [16]. Consistently, many of the CTCs that suc-
cessfully extravasated from the bloodstream to a distant tissue
remain dormant for months or, in the case of ER* tumors,
even decades. Only some get reactivated and go on to form
clinically apparent tumors. Several lines of evidence indicate
that secreted factors, produced by tumor and stromal cells in
the TME, promote the progression of tumor-specific organ
colonization. Heparanase endoglycosidase secretion by pri-
mary breast tumors promotes bone resorption in a GEMM
model [87]. Furthermore, tumor cell-derived exosomes may
represent the postal code on a letter and lead to distinct organ
colonization depending on the integrins they carry [88].
Noteworthy, the microenvironment at the distant site can
induce epigenetic changes that enhance proliferation and
reduce apoptosis of the metastatic cancer cells as was ele-
gantly illustrated by xenograft mouse models [89].
Intriguingly, metastatic breast cancer cells that have lost
phosphatase and tensin homolog (PTEN) are primed for the
brain most probable through the induction of the chemokine

(C-C motif) ligand 2 (CCL2) [89]. Moreover, immunohisto-
chemical analysis of clinical samples for PTEN and CCL2
revealed significantly higher CCL2 expression in brain metas-
tases than in matched primary tumors. Mechanistically, epi-
genetic regulation is implicated; astrocytes secrete exosomes
that cause adaptive PTEN cancer cell loss [89]. Moreover,
metastatic cancer cells can directly interact with stromal cells.
This heterotypic dialogue with the distant stroma can provide
support to the cancer cells at the early steps of colonization
and promote metastasis as nicely illustrated experiments in a
xenograft model of intrailiac artery injection [90]. In this
model, the ER* breast cancer cells, MCF7, colonized effi-
ciently the bones and made physical contacts with osteogenic
stromal cells through adherens junctions. This led to increased
cell proliferation of cancer cells and growth of metastasis
through the activation of mTOR pathway [90]. On the other
hand, cancer cells activate bone cells. For example, bone met-
astatic breast cancer cells promote osteolytic lesions by stim-
ulating the formation and activity of osteoclasts via production
of colony stimulating factor 1 (CSF1) as well as parathyroid
hormone-related protein (PTHRP) and tumor necrosis
factor-o (TNFa) [91]. The secretion of these cytokines and
hormones activates the RANK pathway and inhibits the syn-
thesis of the osteoprotegerin, thereby increasing the number
and activity of osteoclasts. Finally, xenograft experiments
have revealed ER* breast cancer-mediated systemic instiga-
tion by supplying circulating platelets with pro-inflammatory
and pro-angiogenic proteins, supporting outgrowth of dor-
mant metastatic foci [92].

5.3.3 Hypoxic Conditions in the TME

As tumors grow, lack of adequate oxygen supply leads to
hypoxia. Hypoxic breast cancer cells are more prone to
invade and metastasize, and they also respond less efficiently
to drug treatment [93]. Central in the cellular response to
hypoxia is the transcription factor hypoxia-inducible factor
la (HIF1a); it upregulates cytokines, extracellular matrix
proteins, and secreted proteins such as lysyl oxidase (LOX).

The HIFla target LOX is highly expressed in primary
breast tumors and is significantly associated with metastasis
in ER™ patients [94]. Moreover, LOX is a critical mediator of
bone marrow cell recruitment during the formation of the pre-
metastatic niche [95]. HIF1« facilitates the initiation of EMT
by inducing the expression of the master mesenchymal regu-
lator, the transcription factor TWIST [96]. Hypoxia also trig-
gers the release of exosomes. Studies using the 4 TI-BALB/c
syngeneic animal model of metastatic mammary carcinoma
showed that LOX activates normal bone-constituent cells
called osteoclasts, which in turn enhance bone breakdown,
favoring the formation of a pre-metastatic niche where dis-
seminated circulating breast cancer cells find the appropriate
microenvironment to form metastasis [94]. Preparation of the
niche [97] is a key regulator of angiogenesis [98].
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5.4 Cancer Cell-Autonomous Traits

5.4.1 Genetic Aberrations
Tumor cell-intrinsic factors that contribute to metastasis
include genetic and epigenetic alterations with the ensuing
changes in gene expression and biological properties.
Numerous somatic mutations, gene fusions, gene amplifica-
tions, and cancer predisposing single-nucleotide polymor-
phisms are well documented in breast cancer [55, 99—102].
Some of these are thought to drive tumorigenesis by bestow-
ing essential tumor cell properties on normal cells [12].
However, despite many efforts to identify mutations specific
to metastases that could trigger a metastatic switch, evidence
for such failed to come forward. Hence a model began to
prevail in which the ability to metastasize is inherent to the
primary breast tumor. In line with this view, gene expression
signatures were identified in primary tumors that are associ-
ated with higher likelihood to metastasize [14, 103—105].
Recent findings, however, have challenged this view.
Advances in sequencing technology have led to the realiza-
tion that tumors can be composed of a myriad of different
subclones [106], and xenograft models combined with DNA
bar coding technology have revealed unexpected dynamics
during tumor evolution [107]. With the in-depth comparisons
of DNA sequences from primary tumors and their matched
metastases, examples of metastasis-specific mutations are
beginning to emerge. The most prominent example is muta-
tions in the estrogen receptor o (ESR1). They were originally
identified two decades ago by S. Fuqua and colleagues who
screened metastatic samples for ESRI mutations [108] but
largely dismissed as a very rare event. This changed when
deep sequencing revealed that they occur in as many as 32%
of metastases [109] and in as many as 42% of circulating
tumor DNA (ctDNA) samples from women with metastatic
ER* disease who had been treated with aromatase inhibitors
for their metastatic disease [102]. In primary breast carcino-
mas, these mutations either failed to be detected at all or were
found in less than 0.6% only [102, 109, 110]. Most of the
mutations are found at the C-terminus in the ligand-binding/
AF2 domain and lead to estrogen-independent growth in vitro
[111]. This suggests that metastatic cells require constitu-
tively active ER signaling for the survival and growth in the
metastatic microenvironments in the absence of estrogens.
Recently, whole-exome sequencing of 86 brain metasta-
ses and matched primary tumors including 21 breast tumor
samples identified metastasis-specific mutations [112].
Specifically, analysis of breast cancer brain metastases
revealed that 47% of genetic aberrations were not detected
in the same patient’s primary tumor. Patients with HER2-
amplified breast cancer who developed brain metastasis
under trastuzumab showed amplification and activating
point mutations in epidermal growth factor receptor (EGFR)
(L858R) and fibroblast growth factor receptor (FGFRI)
amplification specifically in the metastatic sample but not in

the primary tumor DNA. The findings from this study are of
important clinical implications, as both the EGFR and the
FGFR mutations are druggable. The mutations that appear
only in the metastatic sites may relate to the therapeutic
responses and the way the cancer cells interact with the
TME [113].

Mutations in GATA binding protein 3 (GATA3) interfere
with its DNA-binding ability, reducing or diminishing its
binding, and are commonly found in NST luminal-like
molecular subtype in human breast cancers [100] with high
frequency (13%) [99, 114]. Moreover, loss of GATA3
expression in breast tumors has been linked to aggressive
tumor development, poor patient survival, and increased
metastatic potential [115-119]. In a spontaneous metastasis
experimental model using the LM?2 lung-tropic breast cancer
cells that were derived from MDAMB231, increased expres-
sion of GATA3 specifically inhibited metastasis to the lungs
without affecting extravasation [116]. Mechanistically,
GATA3 induces microRNA-29b expression, which in turn
inhibits metastasis by targeting a network of pro-metastatic
regulators involved in angiogenesis [115].

Mutations  in  phosphatidylinositol-4,5-bisphosphate
3-kinase catalytic subunit alpha (PIK3CA) are found in 40%
of ER* breast cancers. A study of 292 clinical samples derived
from independent international cohorts analyzed for the pres-
ence of mutations showed that they are correlated with lymph
node metastasis suggesting that PI3K/AKT activation may
enhance invasion of cancer cells to lymph nodes [120]. Of
note, BRCAI germline mutations, which typically lead to
aggressive breast cancers, have been linked to increased prob-
ability of cerebral metastases [121]. In particular, 67% (n=15)
of BRCA I mutation carriers were found to develop metastases
in the brain compared to 0 and 6% of BRCA2 mutation carriers
(n = 12) and noncarriers (n = 58), respectively.

Mutations in genes that are implicated in metabolic pro-
cesses have recently been identified and amplification of
genes encoding for metabolic enzymes has been found in
breast cancers. An example is the gene encoding phospho-
glycerate dehydrogenase, which is frequently amplified in
TN breast cancers and increases flux through the metabolic
pathway of serine/glycine synthesis thereby providing advan-
tages for bone metastatic breast cancer cells because cell pro-
liferation is stimulated and osteoclastogenesis enhanced [122,
123]. Moreover, the proto-oncogene Neu product (ERBB2)
stimulates glycolysis by AKTI-dependent and AKTI-
independent pathways. Interestingly, in many breast cancer
cell lines, overexpression of ERBB2, a hallmark of HER2*
tumors, leads to increased glucose uptake and lactate produc-
tion and decreased oxygen consumption [124]. Whether this
contributes to the increased propensity of HER2* tumors to
metastasize to the brain remains to be explored. It remains
also to be seen how metabolic changes are related to metasta-
sis and which are the exact molecular mechanisms that give
advantages to the cancer cells to access vessels and survive in
the bloodstream and establish metastases.
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5.4.2 Noncoding RNAs (ncRNAs)

Over the past years, ncRNAs have emerged as important medi-
ators in the crosstalk between breast cancer cells and their
microenvironment [125]. During breast cancer progression,
expression of particular small, (miRNAs) is deregulated.
When human breast cancer cell lines were injected into the tail
vein of immunocompromised mice, seven miRNAs, miR-335,
miR-126, miR-34a, miR-31, let-7, miR-200 s, and miR-29b,
suppressed —whereas miR-10b, miR-373/520c, miR-200 s,
miR-21, miR-9, and miR-103/107 promoted —several steps of
the metastatic process [125, 126]. In particular, loss of expres-
sion of tumor suppressor miRNAs through epigenetic silenc-
ing lead to increased brain and lung metastases [126, 127].
Mechanistically, silencing and/or overexpression of specific
miRNAs affects the expression of numerous genes, including
genes involved in EMT, endothelial recruitment, anoikis resis-
tance, invasion, and colonization. For example, silencing of
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miR-200 s triggers EMT via ZEB1/2-dependent repression of
E-cadherin upregulation or miR-21 upregulation which is cor-
related with active mTOR and STAT3 signaling and increased
invasion, tumor growth, and survival. miR-29, which inhibits
breast cancer metastasis, for example, targets genes with
established roles in collagen remodeling and angiogenesis
such as VEGFA, LOX, MMP2, ANGPTL4, and
PDGF. Interestingly, micro-vesicles secreted by tumor cells
are enriched for miR-9 and have a direct impact on stromal
cells through the regulation of the endothelial cell migration.

5.5 Conclusions and Future Perspectives

In vitro and in vivo studies have significantly advanced our
understanding of the metastatic process and identified
numerous pathways and molecular mechanisms that control
it (Fig. 5.1). However, some limitations of the models need
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to be considered as we try to extrapolate the experimental
findings to the clinical situation. The widely used animal
models fail to fully reflect the heterogeneity of breast cancer
with its many different histopathological and molecular sub-
types. It cannot be excluded that some of the factors impli-
cated in xenograft models and GEMMs of a particular
subtype may have different roles in different breast cancer
subtypes. In particular, a lot may remain to be learned about
the hormone-dependent tumors because there are few pre-
clinical models for the ER* subtypes [128]. GEMMs are
mostly ER negative, and few ER* breast cancer cell lines
grow as xenografts. We also need to consider that widely
used xenograft models, in which large numbers of cells are
injected either subcutaneously, directly into the bloodstream,
or to a distal organ, create artifacts that affect the interpreta-
tion of the results, and they fail to recapitulate the complete
metastatic process. The few ER* cell lines that grow in vivo
need to be provided with exogenous E2 [129]. This creates a
nonphysiological systemic environment, which in turn
impinges on the local microenvironments. A study with
mice that had been xenotransplanted with MCF7 cells and
were first hormone depleted by ovariectomy and subse-
quently hormonally stimulated suggests that ER* micro-
metastases are exquisitely sensitive to E2 and progesterone
[130]. We have recently demonstrated that the microenvi-
ronment is a determinant of the luminal phenotype; ER+
tumor cells grow well in the absence of exogenous hormones
when they are engrafted into the milk ducts. Interestingly, in
this model MCF-7 cells metastasize to the bones as well as
lungs and brain [131]. As such it will be interestign to study
the metastatic process in this new model.

Hence more complex models are necessary to improve
our knowledge on heterotypic interactions and paracrine
signaling and elucidate the role of numerous significant fac-
tors such as ECM stiffness and mechanical forces in the
TME. 2D coculture, 3D coculture, organotypic slice culture,
and in vivo findings need to ultimately be validated in
patients.
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Mouse Models of Breast Cancer:
Deceptions that Reveal the Truth

Joana Pinto Couto and Mohamed Bentires-Alj

6.1 Introduction

Breast cancer is the most frequently diagnosed malignancy
and results in the highest cancer mortality in women aged
20-59 years worldwide [1]. The disease usually progresses
from hyperplasia to ductal carcinoma in situ (DCIS), and
subsequently invasive carcinoma and metastasis, the latter
accounting for almost all deaths among these patients [2].

Breast cancer is not a single homogeneous disease but
rather a collection of distinct phenotypes that can be distin-
guished using clinicopathological parameters such as recep-
tor status [estrogen receptor (ER), progesterone receptor
(PR), and/or ErbB2/HER?2] [3]. These parameters have a
prognostic value and guide the selection of therapies. For
example, most triple negative breast tumors (ER, PR, and
ErbB2/HER2-negative), which occur in around 20% of
breast cancer patients, present the worst prognosis. Unlike
patients with ER-, PR-, and ErbB2/HER2-positive tumors,
who receive antihormone or anti-HER?2 therapies, targeted
therapy for triple negative breast cancer is still lacking.
While some patients with metastatic disease initially respond
to therapy, curative strategies for the majority are not
available.

In early 2000, seminal studies using molecular profiling
segregated breast cancers into normal-like, luminal A, lumi-
nal B, HER2-enriched, claudin-low, and basal-like [4-6].
These subtypes are associated with clinical prognosis [4, 7—
10] and possibly response to therapy [11]. Such studies were
complemented later by integrated genomic and transcrip-
tomic analyses that revealed additional subgroups with dis-
tinct clinical outcomes and also increased awareness of
tumor heterogeneity [12—17]. Heterogeneity is found among
tumors from distinct patients (interpatient heterogeneity),
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within primary tumors (intratumoral heterogeneity) or meta-
static lesions (intrametastatic heterogeneity), and among dif-
ferent metastases of the same patient (intermetastatic
heterogeneity) [18]. These taxonomic studies paved the way
to ongoing research that attempts to rationalize the genomic
alterations found in cancer cells and to leverage this knowl-
edge for improved therapy of patients with breast cancer.

“A model is a lie that helps you see the truth,” accord-
ing to American oncologist Howard Skipper. Indeed,
mouse models have been crucial to our understanding of
the etiology of cancer and its dependencies, as well as to
the validation and advancement of drug candidates in the
clinic [19]. In this chapter, we discuss mouse models used
in breast cancer research, in particular those that have
shed light on the mechanisms of the disease and have
assisted in the identification and/or validation of thera-
peutic targets. We will elaborate on the earliest models
and then discuss transplantation-based models and finally
transgenic mice.

6.2 TheEarliest Models: Spontaneous
and Carcinogen-Induced Mammary

Cancer

Detailed narratives of mouse models of breast cancer from
the mid-nineteenth century up to recent years have been
elegantly provided by R. Cardiff and D. Medina [20, 21].
The first studies of mouse mammary cancer were performed
on spontaneous tumors, mostly those involving the mouse
mammary tumor virus (MMTYV) or other oncogenic viruses
that trigger mammary cancers in certain inbred mouse mod-
els [22]. In 1982, R. Nusse and H. Varmus discovered that
MMTYV is an insertional mutagen that activates transcrip-
tion of proto-oncogenes located near its integration sites
[23]. Several of these insertion sites were later found to
include members of the Wnt, Fgf, and Rspo gene families,
as well as elF3e and Notch4 and others [24-26]. Following
the development of transgene technology, the MMTV-LTR
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(long terminal repeat) has been used up to this day to drive
gene expression in the mammary gland of over 50 trans-
genic mouse models of breast cancer [22].

Besides viruses, mammary tumors can also be induced by
treatment with various chemicals (reviewed in [20]). The
most frequently used chemical carcinogens have been 3-meth-
ylcholanthrene, 7,12-dimethylbenzanthracene (DMBA), and
urethane, of which DMBA is the most potent, although its
effect on mice is strain dependent. Since most of these chemi-
cal carcinogens are not significant etiological agents for
human breast cancer, their use in research has declined over
the years. In fact, radiation is the only well-documented envi-
ronmental carcinogen in the mammary gland, and irradiated
mouse mammary glands are considered to be a relevant model
for carcinogen-induced human breast cancer [27, 28].

Hormones also contribute to mammary cancer. One of the
earliest indications of the importance of hormones for mam-
mary tumorigenesis dates back to an observation in 1896 that
removal of the ovaries from a woman with breast cancer
caused tumor regression [29]. Further experiments showed
that ovarian estrogens contribute to breast cancer initiation
and progression [30], paving the way for the development of
agents that block estrogen signaling (e.g., tamoxifen).
Further evidence of the importance of hormones in mam-
mary tumorigenesis is that continuous exposure to prolactin
induces mammary tumors in mice [31].

6.3  Transplantation Models of Breast

Cancer and Metastasis

Tumorigenesis and metastasis are multistep processes
involving profound interactions between transformed cells
and the surrounding environment, for example, immune
cells. Cancer immunoediting has been proposed as a mecha-
nism of such interactions in which the immune system elimi-
nates abnormal antigen-expressing cells during tumorigenesis
(a process termed elimination). This may result in an equilib-
rium state in which tumor cells that escaped elimination
remain under the influence of the host immune system.
However, cells may eventually escape this immune surveil-
lance and lead to overt tumor development and metastatic
dissemination [32].

The fatal hallmark of breast cancer is its ability to metas-
tasize [33, 34]. During metastasis, cancer cells penetrate the
basement membrane and reach blood or lymph vessels
(intravasation) (1) survive in the circulation (2) extravasate
into secondary organs (3) where they may remain dormant
(4) or proliferate and colonize the organ [35]. Clearly, no
single approach can model all aspects of this complex pro-
cess, and several transplantation-based models and tech-
niques have been developed to study the metastatic cascade.
The pros and cons of each approach can be examined, and

those appropriate to the question of interest can be applied.
The operation of a functional immune system in the recipi-
ent mouse model (syngeneic model) or its deficiency (xeno-
graft model), the use of ectopic or orthotopic transplantation,
and the transplantation of a tumor fragment or cancer cells
or a primary tumor-derived xenograft will all have para-
mount consequences for mammary tumor development,
progression, metastatic tropism, and growth.

6.3.1 Transplantation in Inmunocompetent

Versus Immunodeficient Animals

The microenvironment contributes significantly to breast
tumorigenesis. Given that some secreted factors lack cross-
species mouse-human reactivity [36], the transplantation
into syngeneic hosts of mammary cancer fragments or cells
from carcinogen-induced tumors or from genetically engi-
neered mice is crucial to the study of tumor-host interac-
tions. Syngeneic models are very important for dissecting
cross talk between cancer cells and the immune system,
particularly given the importance of the latter in tumor pro-
gression and metastasis. They are equally important for the
study of antitumor immunotherapy.

Inbred mice, however, do not recapitulate the complex-
ity and diversity of human genomes and may display
mouse-specific oncogenic idiosyncrasies. To avoid these
potential limitations, human cancer cells can be transplanted
into immunodeficient mice; a method referred to as xeno-
graft transplantation. The most common mouse strains used
for the implantation of human cells are nu/nu (nude), Rag1/2
knockout (KO), SCID, SCID-beige, NOD-SCID, NOG, and
NSG. These differ in the severity of their immune defects
[37], angiogenesis, and metastasis susceptibility [38]. As dis-
cussed above, tumor-host interactions may be limited by spe-
cies boundaries, and the absence of the immune system
precludes the investigation of this major contributor to tumor
surveillance and progression to metastasis when human cells
are transplanted into immunodeficient mice. The develop-
ment of humanized models may circumvent this potential
drawback [37].

6.3.2 Sites of Transplantation:
Ectopic Versus Orthotopic

With the generation of the first inbred mouse strain (DBA)
in 1910 by C.C. Little and the development of subsequent
inbred strains [39], transfer of cells from one organism to
another and the growth of explants in a precise and repro-
ducible manner were finally possible [20]. Mammary
cells and tumors are transplanted in two ways: orthotopic
and ectopic.



6 Mouse Models of Breast Cancer: Deceptions that Reveal the Truth

51

In orthotopic transplantation, cells are implanted at the
site of the initial tumor. This technique has been used exten-
sively in breast cancer research, given the easy accessibility
of the mouse mammary gland. In 1959, DeOme and his stu-
dent Faulkin developed cleared fat pad transplantation, the
signature technique of the mammary gland field [40]. This
consists of removing the rudimentary mammary ductal tree
of a 3-week-old recipient female mouse. Normal or neoplas-
tic mammary gland fragments or cells from a donor mouse
are then implanted into the resulting epithelium-free fat pad.
This assay has proved valuable for studying the biology of
the normal and neoplastic mammary gland, e.g., of stem cell
potential, tumor initiation, and the contributions of stromal
and epithelial cells to these processes [20]. Orthotopic trans-
plantation is particularly useful when applied to transgenic
mice that develop other neoplasias prior to the onset of mam-
mary tumors, for example, in the case of pS3-null mice [41].
Transplantation of p53-null preneoplastic cells into synge-
neic mice was found to be sufficient to promote mammary
tumorigenesis [41, 42], and this was further enhanced by
hormonal stimulation [41]. Orthotopic transplantation can
also be performed without removal of the mammary ductal
tree, especially when the sources of the explants are tumor
cells or fragments. This method may result in more metasta-
ses than ectopic transplantation [38] and is referred to as the
“spontaneous metastasis model.” Recently, the team led by
D. Medina has developed a variation of the orthotopic
method by injecting breast cancer cells intraductally. This
method is effective for studying the progression from DCIS
to invasive carcinoma [43, 44].

One problem that can arise when transplanting cancer
cells is that before the animals develop metastases, the
tumors grow to such an extent that the experiment must be
terminated for ethical reasons. This is common with fast-
growing cancer cell lines. To overcome this obstacle, tumors
can be resected, allowing more time for metastases to
develop. This approach can be particularly useful in overall
survival studies, which should be the main readout of the
success of treatments in preclinical models. In fact, it has
been shown that primary tumor metrics do not necessarily
predict metastatic behavior and disease progression in mice
[45, 46] (Amante R, Leroy C, and M.B-A., unpublished
data).

Cancer cells can also be injected ectopically into the highly
vascularized renal capsule or subcutaneously, although these
sites do not mimic the original microenvironment of breast
tumors. Injection of cancer cells directly into the circulation
system or at a given metastatic site is often referred to as the
“experimental metastases method.” Injection into the sys-
temic circulation can be performed via the lateral tail vein
(the preferential colonization site is the lung), the intraportal
and intrasplenic veins (liver), intracarotid (brain), intraperito-
neal (local invasion), intracardiac (bone, brain, adrenal

glands, liver, and ovaries), or intra-tibial (bone) [47]. Once in
circulation, cancer cells may be trapped in capillaries of the
organ, extravasate, and eventually colonize the foreign site.
The method is fast and allows control of the number of cells
that reach the circulation. Moreover, given that breast tumor
relapse in patients often occurs at metastatic sites, experimen-
tal metastasis is a very useful preclinical approach for rapidly
assessing the effects of therapies. However, the method is less
informative about the early steps of metastasis, when breast
cancer cells undergo stringent selection. Moreover, when
single cells are injected, the contribution of emboli and tumor
clusters to metastasis cannot be evaluated [48]. Nevertheless,
these models have been instrumental in the discovery of
important aspects related to organ tropism of breast cancer
cells. Good examples come from the work of J. Massague and
team, who generated and studied organ-tropic (brain, bone,
and lung) metastatic breast cancer cells by systematic reinjec-
tion of cells into the systemic circulation after their isolation
from the metastatic organ [49-54].

6.3.3 Cancer Cells, Tumor Fragments,
and Primary Derived Xenografts

Human and mouse mammary cancer cell lines have proved
useful for investigating several aspects of mammary tumori-
genesis. However, as most of these cell lines were derived
from pleural effusions and were highly passaged in vitro,
clones may have been selected that do not necessarily reca-
pitulate fundamental features of the parental tumor, includ-
ing tumor heterogeneity [55-58]. To avoid this issue, cell
suspensions or fragments derived directly from human breast
tumor biopsies can be transplanted subcutaneously or into
the mammary fat pad of immunodeficient mice; these mod-
els are referred to as “patient tumor-derived xenografts”
(PDXs) [59-61]. PDXs are thought to be stable and to
resemble the characteristics of the original tumor, such as
heterogeneity, histopathology, molecular subtype, metastatic
potential, and/or drug sensitivity [59, 62—-64]. However, they
are subjected to selection pressure when grown in mice, and
it seems that only the more aggressive, less-differentiated
clones of the tumor grow as PDX [65, 66]. A further study
found that PDXs resemble the genetic landscape of the
metastases more closely than that of the primary tumor [67].
PDXs have also been described that result in lung metastases
in mice although they originated from patients with no signs
of lung metastases [63]. In the era of personalized medicine,
PDXSs could be very useful for testing the efficacy of thera-
pies and predicting mechanisms of resistance. But it is not
yet certain that they are more reliable in predicting patient
response to therapy than standard cell line xenografts.

Most breast cancer PDXs grow at low efficiency in mice,
and it is estimated that only 0-20% can actually engraft,
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depending on the mouse model used, the tumor subtype, and
whether the patient received therapy or not. The success rate
in establishing PDX from hormonal receptor-positive tumors
is particularly low. Given that a low success rate of engraft-
ment requires the use of high numbers of immune-
compromised mice, the application of PDX is both laborious
and costly. Estrogen supplementation, the use of highly
immunosuppressed mice (NSG), as well as co-injection of
mesenchymal stem cells and/or Matrigel [68, 69] have
increased the rates of engraftment, but they are still far below
the 100% that would be needed for personalized medicine.

A possible explanation of such low engraftment rates is
that not all murine growth factors and cytokines interact with
their human cognate receptors [36]. Several strategies used
to bypass this problem still only produce moderately low
efficacies. These include co-injection of human breast cancer
cells and partly irradiated human fibroblasts [70] or implan-
tation of human breast cancer cells into mice carrying human
bone grafts [71]. Perhaps one of the most promising strate-
gies is to humanize mice by introducing human immune or
hormonal components.

The three main mouse strains used for humanization stud-
ies are NSG, NOG, and the BRG (reviewed in [72]), which
were generated by crossing the IL-2Ry—/— and the SCID
(NSG, NOG) or RAG2—/— (BRG) strains. These mice are
defective in T, B, and NK cells, and their reduced macro-
phage and dendritic cell functions makes them suitable for
humanization. In one of the first studies, human peripheral
blood mononuclear cells (PBMCs) and tumor cells were co-
transplanted into NSG mice. However, the tumor cells and
PBMCs were derived from different donors; MHC mis-
matching led to an antitumor response or graft versus host
disease [73]. Bypassing the rejection, human breast cancer
cells were successfully implanted into mice injected with
HLA-matched CD34* hematopoietic stem cells (HSC),
which allowed an effective immune response [74, 75]. HSC
transfer allows the development of most types of hematopoi-
etic cells, including B and T lymphocytes, NK cells, mono-
cytes, DC, erythrocytes, and platelets; their maturation and
function can be further improved by engineering mice to
express human cytokines such as hIL-2 [76], hIL-4, hIL-6
[37], HCSF/IL-3 [77], hIL-7 [78], or hTPO [79]. In the two
recently generated mouse strains, MITRG and MISTRG,
human versions of four genes encoding cytokines important
for innate immune cell development were knocked into their
respective mouse loci. The human cytokines support the
development and function of monocytes, macrophages, and
NK cells derived from human fetal liver or adult CD34* pro-
genitor cells injected into the mice [80]. Overall, although
there is still room for improvement; humanized mouse mod-
els are a promising strategy for efficient engraftment of
patient-derived tumor biopsies and the study of their interac-
tion with immune cell and hormonal components.

Although most of the steps in the metastatic cascade can
be modeled, transplantation of breast cancer cells does not
recapitulate the natural history of breast tumors, where loss
of tumor suppressor genes and the expression of oncogenes
transform normal cells. Furthermore, they do not allow study
of cancer immune editing. Some of these deficiencies can be
potentially recapitulated using genetically engineered mouse
models (GEMMs), with mice fully engineered to express
genetic lesions that result in autochthonous development of
mammary cancer.

6.4 Genetically Engineered Mouse

Models (GEMMs) of Breast Cancer

Early GEMMs of breast cancer were constructed by intro-
ducing mutations of interest into the mouse genome under
the control of a mammary active promoter (e.g., MMTV).
This method has several limitations, including the random-
ness of the insertion site and lack of control of gene copy
number. Transgenes have also been integrated by specifically
targeting the Rosa26 and HI11 loci, where homozygous
transgene expression does not disrupt endogenous coding
sequences. Transgenes can also be inserted downstream of
their endogenous promoters (knock-in), thus allowing physi-
ological control of expression. Many of these early models
expressed a particular oncogene or were deprived of a tumor
suppressor in multiple cell types of the mammary gland.

6.4.1 Spatiotemporal Control of Transgene

Expression

The mammary gland epithelium is composed of luminal
cells that produce milk during lactation, together with sur-
rounding myoepithelial/basal cells that have contractile
activity and eject the milk [81]. Conditional mice have been
developed that include the bacteriophage CRE-lox and the
FLP/FRT system from Saccharomyces cerevisiae. Genetic
lesions can be targeted to mammary cell types via expres-
sion of the Cre recombinase or flipase under the control of a
specific promoter [82, 83]. Because several promoters are
active during embryogenesis or at early phases of mammary
gland development, constitutive genetic expression or dele-
tion may impair normal development and preclude studies of
the adult gland. Inducible systems such as tamoxifen-induc-
ible Cre-ER [84] and tetracycline-controlled Cre expression
[tTA (Tet-off) and rtTA (Tet-on) systems] [85, 86] have been
used to induce mutations of interest at specific time points
[87-90]. Because of their reversibility, tetracycline-induc-
ible systems can be used to interrupt gene/oncogene expres-
sion after overt tumor development. This may reveal whether
the tumor is addicted to the studied pathway [91, 92].
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Commonly used promoters in GEMMs of breast cancer
include the MMTV-LTR and the whey acidic protein (WAP)
promoter, both highly active in mammary epithelial cells and
responsive to hormonal stimulation. These promoters have
been used extensively to drive mammary expression of sev-
eral oncogenes, including neu/ErbB2, cyclin D1, cyclin E,
PIK3CA, Ras, and Myc [22]. The MMTV-LTR is active in
ductal and alveolar cells throughout mammary development
(as early as 6 days postpartum) in a mosaic fashion, and its
transcriptional activity increases during pregnancy [93]. A
caveat of this model is the leakiness of MMTV-LTR in sev-
eral organs, including hair follicles and salivary glands [22].
In contrast, the WAP promoter is restricted to the mammary
gland, being active in 2-5% of cells during estrus and espe-
cially in most alveolar cells in midpregnant and lactating
mammary glands [94, 95]. The WAP promoter has been
used, for example, for targeted inactivation of tumor sup-
pressors (e.g., pRb) [96] or expression of SV40 T-antigen
[97] and PIK3CA mutants [89, 98].

Transgene expression can also be targeted preferentially to
mammary basal or luminal cells. The results of in situ genetic
lineage tracing studies suggest that cytokeratin 14 (K14) is
expressed in mammary multipotent embryonic progenitors
that give rise to basal and luminal lineages [88]. From birth
onward, K14-positive cells become unipotent and give rise
exclusively to basal cells [88]. This observation was later chal-
lenged by another lineage tracing study that identified bipo-
tent K14-positive cells in pubertal and adult mammary glands
[99]. K14-Cre or K14-CreER systems have been used to gen-
erate GEMMs, for example, to delete Brcal [100] Tp53 [100]
or express mutant PIK3CA [89]. The K5 promoter has also
been used to target the basal population of the mammary gland
[90]. Others have reported rare K5-positive cells that can be
multipotent and that are present during puberty and pregnancy
[99]. A model of stabilized P-catenin-induced mammary
hyperplasia and carcinomas has been generated using K5
[101]. Expression of Lgr5, a downstream target of Wnt identi-
fied as a marker of adult stem cell populations in the small
intestine, colon [102], stomach [103], and hair follicle [104],
is expressed mostly in a subset of mammary basal cells in the
nipple area [89, 105]. Expression of mutant PIK3CA in this
subset of cells evoked mostly benign mammary tumors [89].

Lineage tracing results suggest that the K8 promoter is
only active in the luminal compartment of the mammary
gland, including luminal progenitor cells, and is involved in
the maintenance of this compartment during puberty, adult
life, and pregnancy [88]. Expression of the PIK3CAHI®R
mutant under K8 control led primarily to the formation of
mammary tumors [89, 90].

Further promoters used to drive transgene expression in
mouse mammary cells include the C3(1) [106], H19 [107],
bovine B-lactoglobulin [108—110], and metallothionein pro-
moters [111-114].

6.4.2 Modeling Genomic Alterations
in GEMMs

GEMMs of breast cancer can be induced by the expression
of an oncogene or the deletion of a tumor suppressor gene,
mimicking either germline or somatic genetic defects.

6.4.2.1 Models of Human Germline Breast
Tumor Mutations

The BRCAI [115, 116] and BRCA2 [117, 118] germline het-
erozygous mutations were identified in the 1990s and have
been defined as the highest risk factor for the development of
familial breast and ovarian cancers [119]. Surprisingly, in
contrast to the human situation, Brca heterozygous mice do
not develop tumors, and homozygous deletion is embryonic
lethal [95]. Several BRCA1 conditional models have been
developed that exhibit mammary tumor formation in a subset
of animals, albeit with a long latency [120]. Concomitant
loss of Tp53 considerably reduces tumor latency [121].
Brcal tumors are typically ER and HER2/neu negative and
resemble sporadic triple-negative basal-like breast cancers at
the histopathological and molecular levels [8]. For a long
time, this was taken as evidence for a basal origin of these
cancers, but this was later challenged by data showing the
accumulation of clonogenic aberrant c-KIT-positive luminal
cells (luminal progenitors) in the breast tissue of mutant
BRCAI carriers [122]. Moreover, inactivating Brcal/Tp53 in
luminal progenitors but not in basal cells of mice resulted in
tumors closely resembling human BRCA1 mutant basal-like
breast tumors [109], suggesting a luminal progenitor origin
for basal breast cancer.

Brca2 inactivation driven by either WAP-Cre [123] or
MMTV-Cre [124] was found to result in mammary carcino-
mas with a long latency. K14-Cre-mediated deletion pro-
duced no mammary tumors, except when combined with
deletion of Tp53 [87].

6.4.2.2 Modeling Somatic Alterations
in Human Breast Cancer

Gene Amplification

The poster child model of gene amplification and overex-
pression and one of the earliest GEMMs of breast cancer is
that of the gene encoding the receptor tyrosine kinase ErbB2
(neu/HER?2); this member of the EGFR family is amplified
in ~25% of human breast cancers [125-127]. HER2 overex-
pression defines a distinct histological and molecular sub-
type and is the target of the humanized monoclonal antibody
trastuzumab [3, 4, 12]. Recently, cancer genome sequencing
data have identified patients with breast tumors lacking
HER?2 gene amplification but harboring somatic mutations in
extracellular or kinase domains [13, 15, 128-130]. Some of
these mutations have oncogenic potential in vitro and their
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effect on sensitivity to anti-HER2 therapy [131] is being
tested in clinical trials.

Mouse models of ErbB2-driven mammary tumorigenesis
include, for example, the ErbB2/Neu-V664E (NeuNT: for
Neu transforming) mutant driven by the MMTV-LTR [132,
133] and the endogenous ErbB2 promoter [134]. While this
particular mutation has never been found in human breast
tumors, these models have been very useful for investigating
several aspects of HER2-evoked tumorigenesis and signal-
ing properties. In contrast to MMTV-LTR-driven expression,
the expression of NeuNT under its endogenous promoter is
in general not sufficient for the initiation of mammary carci-
nogenesis [134], highlighting a requirement for gene ampli-
fication and concomitant elevated protein expression.
Expression of wild-type ErbB2 under the control of MMT V-
LTR also resulted in mammary tumors, albeit with a longer
latency than NeuNT [135]. This suggests that additional
genetic events are needed to transform the mammary epithe-
lium. Notably, most tumors in these transgenic mice har-
bored in-frame small deletions in the transgene, and some
have transforming capacity [136]. Mammary epithelium-
specific expression of neu receptors harboring two of these
in-frame neu deletions (NDL) (MMT V-neu-NDL mice) led
to rapid induction of mammary tumors that frequently metas-
tasized to the lungs [137]. Interestingly, the NDL mutant
resembles an alternative splice form of the human HER2
gene, A16HER2 [138]. The human spliced variant also
induces the development of multifocal mammary tumors
with a rapid onset [139] and confers tumorigenic and meta-
static capacity to nonneoplastic MCF10A cells [140].

Further breast cancer mouse models of amplified genes
include overexpression of cyclin D1 [141], cyclin E [142],
Ras [143], Myc [143], and Wntl [144], mostly under the
control of the MMTYV promoter [22].

Gain of Function Mutations

The PI3K pathway is hyperactivated in over 70% of human
breast cancers, due either to gain of function mutations in
PIK3CA or AKT1 or to loss of/reduced expression of PTEN,
SHIP, or INPP4B; all these phosphatases dampen the activa-
tion of the pathway. PIK3CA mutations are present in
25-40% of all breast cancers, followed by about 8% with
AKT mutations; each of these alterations occurs most fre-
quently in ER-positive tumors [14, 130, 145, 146].

PIK3CA mutations or AKT/ mutations seem to be an early
event in breast tumorigenesis, as shown by the co-occurrence
of these mutations in DCIS and invasive counterparts [147].
Several mouse models have been generated driven by induc-
ible expression of the oncogene PIK3CAH!IO7R orES43K jpy (jf-
ferent cells [148]. Using lineage tracing [149], recent studies
have shed light on the source of tumor heterogeneity found in
mutant PIK3CAH%R.induced mouse mammary tumors.
Koren et al. [150] and Van Keymeulen et al. [90] showed that

PIK3CAHI%R gyercomes lineage restriction in adult mam-
mary epithelial cells. Expression in luminal (K8 promoter) or
basal (LGRS or K5 promoters) cells resulted in their dedif-
ferentiation into a multipotent stemlike state that gave rise to
heterogeneous tumors expressing both basal and luminal lin-
eage markers. Interestingly, the cell of origin dictated the
phenotype of these tumors; tumors arising from basal cells
usually displayed more benign histopathological characteris-
tics, while those arising from luminal cells were more fre-
quently malignant [89, 90].

With the publication of a comprehensive molecular char-
acterization of breast cancer in 2012 [151], more than 30,000
genomic mutations were unraveled, and 35 of these were
found to be frequently mutated. PIK3CA, TP53, and GATA3
somatic mutations occurred at a frequency higher than 10%
across all breast cancer subtypes; the next most frequent
mutations were in MAP3K1, PTEN, CDHI, and MAP2KA4.
Some of these mutants have been used to produce GEMMs
of breast cancer.

Other Models of Activated Pathways

The polyoma middle T (PyMT) antigen has also been expressed
under the control of MMTV-LTR. Although PyMT is not a
bona fide human oncogene, it induces several pathways that are
hyperactive in human tumors, including ERK/MAPK, PI3K/
AKT, and SRC. The PyMT is an extremely potent oncogene;
within 4 weeks after birth, the mice develop mammary adeno-
carcinomas resembling human DCIS, both histologically and
cytologically. Nonetheless, unlike human DCIS, most of these
tumors lack ER expression. MMTV-PyMT mice develop
metastases in the lungs as early as 6 weeks, which allows study
of this multistep metastatic process [152].

Somatic Alterations in Tumor Suppressor Genes

In knockout/mutant models of tumor suppressor genes,
mammary tumors often develop later than those caused by
activation of oncogenes, and the mice usually manifest other
cancers, especially of lymphatic and conjunctive tissues.
Furthermore, these mammary tumors usually depend upon
the activation of an oncogenic pathway; thus, a single tumor
suppressor gene alteration can lead to different tumors
depending on the collaborating oncogenic pathway.

The most commonly altered tumor suppressor gene in
human breast cancer and the most commonly disrupted gene
in GEMMs is TP53, which is mutated in about 30-40% of
breast tumors, even higher in ER-negative subtypes [16,
153]. Tp53 whole-body KO mice rarely develop mammary
tumors (1-2% of all cancers), as most of the time, they suc-
cumb primarily to lymphomas [154]. This can be circum-
vented by transplantation of 7p53 KO mammary glands into
the cleared fat pad of 7p53 WT syngeneic hosts [41] or the
use of conditional knockouts [87]. The incidence of mam-
mary tumors in p53-null animals is significantly higher in the
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BALB/c murine background than in C57B1/6x129, espe-
cially in p53 heterozygous mice [42]. Models of Tp53
mutants R172H and R270H, the murine counterparts of
human R175H and R273H hotspot mutants, have also been
generated [155-157]. The spectrum of the developing tumors
differs in these mice, and metastasis frequency is higher than
for p53 KO or heterozygous animals [158]. A further model
involving Tp53 disruption is SV40 T-Ag [106], which induces
transformation through inactivation of p53 and Rb family
members. Remarkably, all of these models develop tumors
with similar phenotypes, i.e., they are all heterogeneous with
different grades, aneuploid, and genetically instable [158].

CDH /E-cadherin is a tumor suppressor gene frequently
downregulated in human lobular breast cancers [159].
Conditional loss of E-cadherin and p53 in mammary epithe-
lial cells [160] accelerates the development of invasive and
metastatic mammary carcinomas, presumably through
induction of anoikis resistance and angiogenesis. The tumors
closely resemble the human invasive lobular carcinoma
(ILC); however, contrary to human ILC, the murine tumors
are ER negative.

Germline PTEN mutation in Cowden disease predisposes
to breast cancer [161]. Furthermore, sporadic breast cancers
exhibit frequent loss of heterozygosity at the PTEN locus and
reduced PTEN protein levels [151]. Pten deficiency acceler-
ated mammary tumorigenesis and metastasis in an ErbB-2-
driven mouse model [162] and mammary oncogenesis in
MMTV-Wntl transgenic mice [163]. Full-body Pten KO
leads to embryonic lethality, while heterozygous animals
develop a broad range of tumors, including breast cancer
[164]. Mammary epithelium-targeted deletion of Pfen also led
to the development of early-onset mammary tumors [165].

6.4.3 New Technologies for Generating
GEMMs

Increasingly sophisticated techniques for manipulating the
mouse genome and mouse embryos allow the generation of
GEMMs with several mutations and offer unprecedented
possibilities for validating and modeling the bona fide human
drivers of tumorigenesis and metastasis identified by the
sequencing of tumors [166]. An extensive review of the gen-
eration of GEMMs has been published elsewhere [167].
Until very recently, the interaction of different mutations in
cancer was very difficult to test using mouse models, the
crossing of different lines with specific mutations being
laborious, costly, and time-consuming. With CRISPR-Cas9
technology, several different mutations can be introduced
simultaneously into a given mouse in a relatively short time.
This approach has been used successfully to generate
GEMMs of lung cancer [168, 169], and its application to
breast tumors is awaited.

6.4.4 Advantages and Disadvantages
of GEMMs

In 1999, a group of experts in the mammary gland field,
comprising medical and veterinary pathologists, gathered in
Annapolis, Maryland, to systematize the classification of breast
lesions arising from GEMMs in the framework of human dis-
ease. They evaluated 39 mouse models and proposed both a
consensual nomenclature and guidelines for the classification
of future models [170]. One of the main conclusions of this
conference was that in general, genetically engineered mice
give rise to tumors that do not resemble histologically the com-
mon types of human breast cancer (i.e., ER pathway-dependent
tumors). A further limitation is the scarcity of breast cancer
GEMMs that form metastases; when they do, the lung is the
preferential organ of metastatic growth, while in humans, the
bone, liver, lung, and brain are common metastatic sites. In
humans, tumors spread initially via the lymphatic system and
not via the blood, as in mice. Moreover, the mouse mammary
stroma is rich in fat, while collagen and fibrous stroma are pre-
dominant in human breast. The latter may explain why mouse
tumors exhibit much less fibrosis and inflammation than
human breast tumors. Finally, although spatiotemporally con-
trolled gene manipulation in mice is advantageous compared
with initial GEMMs, the number of cells per gland targeted by
the mutation largely overrides that found in sporadic human
cancers. However, the benefits of GEMMs do outweigh their
potential limitations. Many of the molecular lesions causing
breast cancer in humans also lead to mammary tumors in mice.
Furthermore, mammary tumorigenesis in mice is consistent
with the multi-hit kinetics of human tumors. Another remark-
able aspect is that certain GEMMs can recapitulate the level
of heterogeneity that is found in human tumors. Accordingly,
a recent genomic analysis of tumors from GEMMs of breast
cancer revealed that individual mouse models could recapitu-
late the heterogeneity found among human breast cancer sam-
ples [171]. In addition, every subtype of human breast cancer
was found to have its murine counterpart in terms of profile of
signaling pathways activated. Notwithstanding important dif-
ferences between the mouse and human immune systems [36],
the presence of an intact immune system in GEMMs allows
investigation of its involvement in autochthonous mammary
cancer growth and progression, as well as the preclinical test-
ing of immunotherapies. From a technical point of view, the
mouse genome is fully sequenced and is easy to manipulate.
Furthermore, mice have short generation times and ten mam-
mary glands that provide material for ex vivo cell biological
and biochemical studies.

Conclusions

Mouse models have made and will continue to make deci-
sive contributions to our understanding of biological
mechanisms of breast cancer initiation and progression,
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to the preclinical validation of drug candidates, as well as
to the discovery of new mechanisms of drug resistance
and of predictive biomarkers. Technological advance-
ments in genome editing, such as CRISPR-Cas9, the
establishment of large PDX banks, and the development
of humanized mouse models will continue to increase the
number and diversity of available models.

The proper selection of a preclinical model is critical
to drug discovery and should take into account the bio-
logical context of the target and the proposed mechanism
of action of the drug [19]. Clearly, no one model will fit
all drug discovery programs or recapitulate all aspects of
the disease. As stated by B. Cardiff, a useful mouse model
should be testable, predictive, and usable to falsify a
hypothesis (Cardiff B, personal communication) [172,
173]. The model should provide a reproducible answer to
a question that accurately verifies or rejects a hypothesis,
whether it involves oncogene dependency, metastatic
capacity, the validation of drug targets, or the identifica-
tion of mechanisms of resistance. Careful attention must
be paid to the attributes of the disease (molecular, biologi-
cal, and structural) that are recapitulated in a specific
model. The model should recapitulate a particular aspect
of breast cancer biology and thus have relevant predictive
power in human breast cancer.
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Box 1 General Considerations when Generating GEMMs
(M. Barbacid, Keystone Symposium on Inflammation,
Microenvironment and Cancer, 2008, Personal
Communication)—Adapted from [174]

1. The genetic alteration studied should be found in
human breast tumors.

2. The expression of the gene of interest should be tar-
geted preferentially to the endogenous locus and
not expressed as a transgene.

3. The genetic alteration should be introduced in a
specific mammary cell subpopulation or lineage.

4. Expression or deletion should be inducible to allow
activation/deletion in the adult gland or following
tumor development.

5. The resulting tumors should recapitulate some fea-
tures of human disease in terms of morphology, het-
erogeneity, pathways activated, and gene expression
profile. In particular, more hormone-dependent (ER-
and/or PR-positive) models should be developed.
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Estimated numbers of new breast cancer cases, cancer
deaths, incidence, and mortality age-standardized rates by
world regions and country for 2012 were compiled by the
International Agency for Research on Cancer (IARC) and
obtained from the GLOBOCAN platform. Detailed informa-
tion about the source of data and the methods used for coun-
tries lacking incidence or mortality data are available in an
article by Ferlay et al. [1].

Breast cancer is the most frequent cancer in the world
among women with an estimated 1.7 million new cancer
cases diagnosed in 2012, representing 25% of all cancers
[2]. It is the most common cancer both in more developed
and less developed regions of the world with slightly more
cases in less developed (883,000 cases) than in more
developed (789,000) regions. Incidence rates vary more
than threefold across the world regions, with rates stan-
dardized according to the world population (ASR) ranging
from 27 per 100,000 in Middle Africa and Eastern Asia to
more than 90 in North America and Western Europe
(Table 7.1). High incidence rates of breast cancer are also
recorded in Australia and Southern Europe; intermediate
rates in South America, in the Caribbean, and in Central
and Eastern Europe; and low rates in most parts of Africa
and Asia (Fig. 7.1).

Breast cancer is also the most frequent cause of death
from cancer in women being responsible for 522,000
deaths, representing 15% of all cancers deaths in the
world in 2012. It is the most frequent cause of cancer
death in less developed regions (324,000 deaths, 14.3% of
total), but it now ranks as the second cause of cancer death
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after lung cancer in more developed regions (198,000
deaths, 15.4%). Again, we observe a more than threefold
range in age-standardized mortality rates across the world
regions. Despite paucity of data from many of the less
developed countries, highest mortality rates were esti-
mated in Western Africa (20 per 100,000), while low mor-
tality rates were estimated in Eastern Asia (6 per 100,000)
(Table 7.1). Elevated mortality rates (>16 per 100,000)
are observed in all European regions, intermediate rates
(14—15 per 100,000) in North America and in Australia,
and low rates (<14 per 100,000) in Central and South
America (Fig. 7.1).

Because of the multifactorial aspects related to breast
cancer incidence (see later section on lifestyle and hormonal
risk factors) and breast cancer mortality (lowered by acces-
sibility to mammographic screening and advanced treat-
ment protocols) and of the wide variation of these factors
between less developed and more developed countries, the
ratio of mortality to incidence provides distinct information
on the burden of breast cancer. In fact, we observe a wide
variation in the mortality-to-incidence rates ratio worldwide
mainly due to differences in survival between less devel-
oped and more developed regions. In most developed coun-
tries, the mortality-to-incidence rates ratio is lower than
0.20 (or one death for every five new cases), with lowest
rates ratio observed in North America (0.16), in Australia
and New Zealand (0.17), in Western and Northern Europe
(0.18), and in Southern Europe (0.20). In contrast, highest
mortality-to-incidence rates ratio are observed in Middle
Africa (0.55), Western Africa (0.52), and Eastern Africa
(0.51) with approximately one death for every two new
breast cancer cases. Intermediate rates ratios are observed in
South America (0.27) and Central and Eastern Europe
(0.35) (Table 7.1).

Country-specific mortality data were also retrieved from
the WHO mortality database for the most recent year for
which they were available. The single country with the high-
est mortality rate from breast cancer is Armenia with 545
deaths reported in 2012, corresponding to an ASR of 24.6
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Table 7.1 Estimated breast cancer incidence and mortality by world area, 2012

Northern America
Western Europe
Northern Europe
Australia/New Zealand
Southern Europe

More developed regions
Polynesia

Southern America
Micronesia

Central and Eastern Europe

Caribbean
Northern Africa
World

Western Asia
Melanesia
Southern Africa
Western Africa
South-Eastern Asia
Central America
Less developed regions
Eastern Africa
South-central Asia
Eastern Asia
Middle Africa

Incidence Mortality Rate
Cases ASR Deaths ASR Ratio
256,222 91.6 48,850 14.8 0.16
156,045 91.1 37,242 16.2 0.18
78,249 89.4 17,915 16.4 0.18
17,550 85.8 3,620 14.5 0.17
100,807 74.5 27,473 14.9 0.20
788,200 734 197,618 14.9 0.20
223 68.9 49 15.4 0.22
115,881 52.1 32,014 14.0 0.27
128 48.8 27 10.4 0.21
123,617 47.7 48,717 16.5 0.35
11,287 46.1 3,928 15.1 0.33
39,512 432 15,577 17.4 0.40
1,671,149 43.1 521,907 12.9 0.30
42,485 42.8 14,810 15.1 0.35
1,376 41.0 633 19.7 0.48
10,303 38.9 4,047 15.5 0.40
39,681 38.6 20,524 20.1 0.52
107,545 34.8 43,003 14.1 0.41
24,891 32.8 7,266 9.5 0.29
882,949 30.9 324,289 11.5 0.37
33,472 30.4 17,028 15.6 0.51
223,899 28.2 104,669 13.5 0.48
277,054 27.0 68,531 6.1 0.23
10,922 26.8 5,984 14.8 0.55

M Incidence
B Mortality

0 20 40 60 80 100
Source GLOBOCAN 2012, IARC

per 100,000, followed by Barbados (24.0 per 100,000), also reported for Israel (17.4 per 100,000). Many of the
Uruguay (18.9 per 100,000), Croatia (18.0 per 100,000), or  countries with the lowest mortality rates (<7 per 100,000) are
Hungary (17.7 per 100,000). Many of the other countries situated in Central America (El Salvador, Guatemala,
with high mortality rates are situated in Northern, Central, Nicaragua, Ecuador) and the west border of South America
and Eastern Europe and in South America. High rates are  (Peru). Other countries with low mortality rates include the
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Source: GLOBOCAN 2012, IARC

Fig. 7.1 Estimated age-standardized incidence and mortality rates from breast cancer, 2012. Source GLOBOCAN 2012, IARC

Republic of Korea (5.6 per 100,000) and Japan (9.0 per available long-term data. Between 1975 and 2010, breast
100,000) (Table 7.2). cancer incidence rates rose by 20-50% in developed coun-

Trends in incidence of and mortality from female breast tries. This increase could largely be ascribed to change in
cancer are presented in Fig. 7.2 for selected countries with reproductive patterns, the use of exogenous hormones, and
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Table 7.2 Country-specific mortality from breast cancer in women (most recent available data)

Country Year Deaths ASR
Armenia 2012 545 24.6
Barbados 2012 63 24.0
Uruguay 2013 634 18.9
Croatia 2013 994 18.0
Hungary 2013 2167 17.7
Ireland 2012 689 17.7
Argentina 2013 5632 17.6
Denmark 2012 1123 17.4
Israel 2013 1052 17.4
Serbia 2013 1647 17.3
Ukraine 2012 8076 17.2
Belgium 2012 2312 17.1
Netherlands 2013 3161 16.7
UK, Northern Ireland 2013 319 16.7
Slovenia 2010 416 16.6
Russian Federation 2011 23,317 16.4
UK, Scotland 2013 1013 16.4
Bulgaria 2012 1364 16.3
Germany 2013 17,853 16.1
Latvia 2012 404 16.1
New Zealand 2011 636 16.1
UK 2013 11,476 15.9
Estonia 2012 264 15.8
Mauritius 2014 144 15.8
UK, England and Wales 2013 10,144 15.7
France 2011 11,557 15.6
Slovakia 2014 898 15.5
Luxembourg 2013 92 15.4
Lithuania 2013 564 15.1
Malta 2014 75 15.0
Romania 2012 3129 14.9
Italy 2012 12,004 14.7
Republic of Moldova 2013 477 14.6
Poland 2013 5816 14.4
Venezuela 2012 2067 14.3
Austria 2014 1535 14.1
Kazakhstan 2012 1415 14.1
Australia 2011 2914 14.0

Country Year Deaths ASR
Greece 2012 1990 14.0
Cuba 2013 1445 13.9
Canada 2011 4958 13.8
Georgia 2014 515 13.8
Cyprus 2012 102 13.6
USA 2013 40,860 13.4
Switzerland 2013 1329 13.3
Czech Republic 2013 1692 13.2
Finland 2013 866 13.1
Belarus 2011 1184 13.0
Singapore 2014 411 12.8
Sweden 2013 1473 12.8
Portugal 2013 1646 12.5
South Africa 2013 3033 12.0
Costa Rica 2013 342 11.8
Norway 2013 631 11.8
Brazil 2013 14,204 11.7
Paraguay 2013 324 11.7
Spain 2013 6477 11.7
Kuwait 2013 82 11.6
Belize 2013 11 11.5
Panama 2013 217 10.5
Turkmenistan 2013 252 10.5
Chile 2013 1389 10.2
Suriname 2012 30 10.0
Colombia 2012 2488 9.7
Japan 2013 13,148 9.0
Mexico 2013 5337 9.0
China, Hong Kong 2013 596 8.6
Kyrgyzstan 2013 217 8.4
Dominican Republic 2012 356 7.4
Ecuador 2013 518 6.8
Nicaragua 2013 170 6.8
Peru 2013 998 6.5
Egypt 2011 2093 6.0
Republic of Korea 2013 2231 5.6
Guatemala 2013 307 53
El Salvador 2012 168 5.1

Source World Health Organization, health statistics and information systems, mortality database (accessed on 30/11/2015)

intensification of breast cancer screening. This increase was
particularly marked in Northern European countries, such as
Denmark or Finland, and in England. Similar but somewhat
slower increase in incidence was observed in Asian countries
(China, Thailand, Japan, Singapore). Only modest increase
in breast cancer incidence was observed in India or in the
Philippines. In several countries including the USA, Canada,
Australia, and New Zealand, the increase halted around year
2000, followed by a decline in incidence. This stabilization
or decline in incidence could be due to the leveling of breast
cancer screening in these countries [3].

In contrast to incidence trends, age-standardized death
rates were stable in most countries until the mid-1980s to
early 1990s and subsequently significantly decreased in the
following period. However, in few countries from Asia
(Japan, Republic of Korea, Singapore) or from Central
America (Colombia, Costa Rica), breast cancer mortality
rates are still increasing, but the absolute mortality rates in
these countries remain among the lowest worldwide (around
10 per 100,000). More details about international variation in
female breast cancer incidence and mortality are available in
a recent article by DeSantis et al. [4].
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Fig. 7.2 Trends in incidence (top) of and mortality (borrom) from female breast cancer in selected countries: age-standardized rate (W) per
100,000. Source GLOBOCAN 2012, IARC

7.2  Demographic, Lifestyle, in women after age 50. Its incidence is strongly increasing
and Environmental Factors until age 70 and declines at older age (Fig. 7.3). Overall, less

than 5% of all breast cancer cases are diagnosed before age

7.2.1 Age- and Race-Specific Incidence Rate 40 and more than 60% after age 60. Breast cancer incidence

also varies according to racial and ethnic groups. In the USA,
As for most forms of cancer, breast cancer incidence incidence from breast cancer is higher among white than
increases with age. It represents a very rare form of cancer among black women. It is also lower among women of
before 25 years of age to become a substantial form of cancer ~ Hispanic or Asian origin and among Pacific Islanders.
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Fig. 7.3 Age- and race-specific incidence rates from female breast
cancer in the USA (SEER 18 registries)

7.3  Reproductive and Hormonal Factors
Studies have shown that a woman’s risk of developing breast
cancer is related to her exposure to hormones that are pro-
duced by her ovaries (endogenous estrogen and progesterone).
Reproductive factors that increase the duration and/or levels
of exposure to ovarian hormones, which stimulate cell
growth, have been associated with an increase in breast can-
cer risk. These factors include early age at menarche, late
onset of menopause, later age at first pregnancy, and never
having given birth.

In addition to direct effects on breast cells, pregnancy and
breastfeeding both reduce a woman’s lifetime number of
menstrual cycles and thus her cumulative exposure to endog-
enous hormones.

7.3.1 Age at Menarche and Age

at Menopause

Menarche and menopause are indicators of the onset and
cessation of ovarian and related endocrine activity during
women reproductive years. Early age at menarche and late
age at menopause are known to increase women’s risk of
developing breast cancer.

A pooled analysis of individual data from 117 epidemio-
logical studies shows that the risk of breast cancer decreases
by 5% (95% CI 4.4-5.7%) for every 1-year delay in onset of
menses [5], confirming results from an early study [6]. The
same study shows that women breast cancer risk increases by
2.9% (95% CI2.5-3.2%), for every year older at menopause.
In addition, premenopausal women had a 43% excess risk
(RR 1.43, 95% 1.33-1.52) of developing breast cancer than
postmenopausal women of an identical age [5].

Breast cancer risk increased by a significantly greater fac-
tor for every year younger at menarche than for every year
older at menopause, indicating that menarche and meno-
pause may not affect breast cancer risk merely by extending
women’s total reproductive years [5].

7.3.2 Oophorectomy

Bilateral oophorectomy reduces breast cancer risk, likely
because of reductions in levels of circulating ovarian hormones.
In the Women’s Contraceptive and Reproductive Experiences
Study, bilateral oophorectomy was associated with reduced
breast cancer risk overall (OR 0.59, 95% CI 0.50-0.69). In par-
ticular, women who had both ovaries removed before age 45
had about half the risk (ORs ranging from 0.31 to 0.52) of
developing breast cancer compared to women who had a natu-
ral menopause, but not those who were older at surgery [7].

7.3.3 Pregnancy

There is well-established evidence that parity and early age at
first full-term pregnancy are associated with reduction of
breast cancer risk [8, 9]. The older a woman is when she has
her first full-term pregnancy, the higher her risk of breast can-
cer. For example, women who have a first full-term pregnancy
before age 20 have half the risk of developing breast cancer
than that of women whose first full-term pregnancy occurs
after the age of 30 [10]. The risk of breast cancer further
declines with the number of full-term pregnancies even after
adjustment for age at first birth [11]. However, a first childbirth
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after age 30-35 no longer confers protection against breast
cancer. Breast cancer risk is also transiently increased after a
full-term pregnancy. Pregnancies that end as a spontaneous or
induced abortion do not increase risk of breast cancer [12].

7.3.4 Breastfeeding

Breastfeeding is associated with a modest decrease risk of
developing breast cancer, above and beyond that associated
with multiple pregnancies. The longer women breastfeed,
the more they are protected against breast cancer: the relative
risk of breast cancer decreased by 4.3% (2.9-5.8) for every
12 months of breastfeeding in addition to a decrease of 7.0%
(5.0-9.0) for each birth [13].

7.3.5 Oral Contraceptives

Oral contraceptive use is associated with a slight and tran-
sient increased risk of breast cancer. Authors of a meta-
analysis based on individual data from 54 studies estimated
a relative risk of 1.24 (95% CI 1.15-1.33) for current users.
This increased risk declines to 1.16, 1-4 years after stopping
oral contraceptive use, and to 1.07, 5-9 years after, while no
risk was seen after 10 years from cessation [14].

Several hypotheses have been made about the influence of
oral contraceptives on breast cancer risk. It was thought to be
more important before cellular differentiation occurring with a
full-term pregnancy and possibly to vary according to the type
or formulation used. A large nested case—control study sug-
gested that recent use of contemporary oral contraceptives was
associated with an increased breast cancer risk, which may
however vary by formulation [15]. In this study, the authors
did not find an association with low-dose estrogen oral contra-
ceptives. In another recent study from South Africa, a signifi-
cant increased risk of breast cancer was found for women
using injectable progestin-only contraceptives, but again the
risk decreased to normal few years after cessation [16].

7.3.6 Hormone Replacement Therapy

There is a large body of evidence that long-term use of
combined hormone replacement therapy (HRT) contain-
ing estrogen plus progestogen given to relieve the climac-
teric symptoms of menopause is associated with an
increased risk of breast cancer [17, 18]. The increased risk
is greater for women starting HRT soon after the onset of
menopause [19] with linear diminishing influence as time

from menopause increased [20]. The risk also dissipates
within 2-5 years of discontinuation of HRT use, regard-
less of the duration of treatment. In a meta-analysis, use
of combined estrogen—progestogen therapy was associ-
ated with a 7.6% increase in breast cancer risk per year of
use [21].

Contrasting results observed for women receiving
estrogen-only therapy in the Women’s Health Initiative
(WHI) trials in the USA [22] and the Million Women Study
in the UK [23] could be largely ascribed to differences in age
distribution and anthropometric measures [24].

7.4  Other Demographic and Lifestyle
Factors
7.4.1 Height

Increasing height, which is influenced by childhood nutri-
tion, genetic predisposition, prenatal exposures, and IGF lev-
els, has been associated with an increase of breast cancer,
particularly in postmenopausal women. In a pooled analysis
of individual data from prospective cohort studies, van den
Brandt et al. estimated that the risk of breast cancer increases
by 7 percent for 5 cm of height increment (RR 1.07; 95% CI
1.03-1.12) in postmenopausal women [25].

Length at birth and during childhood have also been pos-
itively associated with breast cancer risk suggesting that
factors influencing fetal, childhood, and adolescent growth
are important independent risk factors for breast cancer in
adulthood. In a cohort of 16,016 women in Norway, birth
length was positively associated with risk. Women who
were >53 cm had a relative risk of 1.8 (95% CI 1.2-2.6)
compared with women who were shorter than 50 cm, after
adjustment for multiple confounding factors [26]. A 5 cm
increase in height at age 8 was associated with an 11%
increased risk of breast cancer (RR 1.11; 95% CI 1.07-
1.15). A5 cm height increase between age 8 and 14 was
associated with a 17% increased risk of breast cancer (RR
1.17; 95% CI 1.09-1.25). Compared to girls measuring
around 151 cm at age 14, those measuring 168 cm had a
50% increased risk of developing breast cancer during
adulthood (RR 1.51, 95% CI 1.36-1.68) [27].

7.4.2 Obesity

There is strong evidence that adiposity is associated with
breast cancer risk, but this association varies by menopausal
status. Elevated body mass index (BMI) is associated with an
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increased risk of breast cancer in postmenopausal women,
and there is growing evidence that obesity is associated with
poor prognosis in women diagnosed with early-stage breast
cancer. In a meta-analysis of 31 observational studies com-
prising 23,909 breast cancer cases, an increase of BMI of
5 kg/m? has been associated with a 12% increased risk of
cancer (RR 1.12; 95% CI 1.08-1.16) in postmenopausal
women [28].

On the contrary, BMI increase was inversely associated
with the risk of premenopausal breast cancer (RR 0.95 for
5 kg/m? increase; 95% CI 0.94, 0.97), but this association
varies by ethnicity, remaining significant only among
Africans and Caucasian women [29].

In an analysis of individual data from eight prospective
studies, the Endogenous Hormones and Breast Cancer
Collaborative Group concluded that the increase in breast
cancer risk with increasing BMI among postmenopausal
women is largely the result of the associated increase in
estrogens, particularly bioavailable estradiol [30].

7.4.3 Diet

There was almost universal agreement that diet or nutritional
practices in some form must play a role in establishing breast
cancer risk. This was a credible assumption to explain the
remarkable changes that occur in breast cancer risk follow-
ing migration from low-risk to high-risk areas of the world.
However, no specific component of the adult diet and no par-
ticular nutrient have been consistently associated with breast
cancer risk [31].

The results of a large meta-analysis of 26 published stud-
ies from 1982 to 1997 [32] and of a pooled analysis of 8
cohort studies [33] suggest that fruit and vegetable consump-
tion during adulthood is not significantly associated with
reduced breast cancer risk.

A pooled analysis of individual data from seven prospec-
tive studies in four countries comprising 337,819 women and
4980 breast cancers also suggested a lack of association
between total fat, saturated fat, mono- and polyunsaturated
fat intake and breast cancer risk [34].

Based on an extensive review of the literature, an experts
panel for the World Cancer Research Fund classified as
“Limited evidence—no conclusion” the association with
dietary fiber, vegetables and fruits, soya and soya products,
meat, fish, milk and dairy products, folate, vitamin D, cal-
cium, selenium glycemic index, dietary patterns, and breast
cancer. The expert panel found “Limited—suggestive” asso-
ciation for total fat and postmenopausal but not premeno-
pausal breast cancer [31].

7.4.4 Physical Activity

There is more convincing information for an inverse associa-
tion between physical activity and breast cancer risk [35].
The evidence is stronger for postmenopausal breast cancer,
with risk reductions ranging from 20 to 80%, than for pre-
menopausal breast cancer. Moderate physical activity during
adolescence or young adulthood has also been associated
with a lowered risk of developing breast cancer. Lagerros
et al. reported that each hour increase of recreational physi-
cal activity/week during adolescence (in 12-24-year-old
females) was associated with a 3% (95% CI 0-6%) risk
reduction of breast cancer [36].

According to the World Cancer Research Fund, physical
activity probably protects against breast cancer postmeno-
pause, and there is limited evidence suggesting that it pro-
tects against this cancer diagnosed premenopause [31].

7.4.5 Alcohol and Tobacco

There is substantial evidence that alcohol consumption
increases breast cancer risk. A collaborative reanalysis of data
from 53 epidemiological studies [37] demonstrated that com-
pared to women who abstained to drink alcohol, those who
consumed 35-44 g of alcohol daily (corresponding to 3—4 alco-
holic drinks per day) had a 30% increased risk of developing
breast cancer (RR 1.32; 95% CI 1.19-1.45). The risk increases
by nearly 50% for women who drink an equivalent of 45 g of
alcohol per day (RR 1.46; 95% CI 1.33-1.61). It is estimated
that the relative risk of breast cancer increased by 7.1% (5.5—
8.7) for each additional 10 g per day intake of alcohol, i.e., for
each extra unit or drink of alcohol consumed on a daily basis.

In the same report, the authors found no evidence of an
association between smoking and breast cancer risk, after
adjustment for alcohol drinking. Despite mixed result in ear-
lier studies, there is growing evidence that smoking may
slightly increase the risk of breast cancer. In a recent meta-
analysis, current (HR 1.12; 95% CI 1.08-1.16) and former
smoking (HR 1.09; 95% CI 1.04-1.15) were weakly associ-
ated with breast cancer risk; a stronger association (HR 1.21;
95% CI 1.14-1.28) was observed in women who initiated
smoking before first birth [38].

7.4.6 Radiations

Observations in Hiroshima and Nagasaki atomic bomb sur-
vivors [39] and in women who have received therapeutic
radiation treatment to the chest [40] document increased
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breast cancer risk. It is postulated that exposure during ado-
lescence, a period of active breast development, enhances the
effect of radiation exposure [41].

7.4.7 Occupational Exposure

A recent an exhaustive review of environmental and occu-
pational causes of cancer, considered “Suspected” evidence
of a causal link when results of epidemiological studies are
mixed, yet positive findings from well-designed and con-
ducted studies warrant precautionary action and additional
scientific investigation, while “Strong” causal evidence of a
causal link was based primarily on a Group 1 designation
by the International Agency for Research on Cancer. For
all occupational exposures evaluated (pesticides, polycyclic
aromatic hydrocarbons (PAHs), ethylene oxide, and poly-
chlorinated biphenyls (PCBs)), there was only a suspected
association with breast cancer. Of interest, a pooled analysis
of data from five large studies in the USA does not support
an association of breast cancer risk with plasma/serum con-
centrations of 1,1-dichloro-2,2-bis(p-chlorophenyl) ethylene
(DDE) or PCBs [42].

7.5  Genetic Factors

Up to 10% of breast cancer cases in westernized countries
are due to genetic predisposition. Having a first-degree rela-
tive with breast cancer approximately doubles the risk of
developing breast cancer. The risk varies with the age at
which the affected relative was diagnosed and with the num-
ber of affected relatives. A first-degree relative with ovarian
cancer also confers a modest risk of breast cancer. This will
be extensively detailed in the next chapter.

Conclusion
Breast cancer is the most frequent form of cancer and the
leading cause of cancer death among women worldwide.
High age-standardized rates are observed in North
America, in Australia and New Zealand, and in Northern
and Western Europe; intermediate in Central and Eastern
Europe, South America, and the Caribbean; and low in
most of Africa and Asia. International variations in breast
cancer incidence and mortality rates reflect differences in
risk factors, in access and dissemination of breast cancer
screening and modern treatment protocols.

Nongenetic breast cancer risk factors include con-
suming alcohol; not having children or having children
at late age; not breastfeeding; using or having recently

used oral contraceptives or hormone replacement ther-
apy after menopause; being tall, overweight, or obese;
not being physically active; or having been irradiated to
the chest.
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HBOC Hereditary breast and ovarian cancer
HDGC Hereditary diffuse gastric cancer
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RRSO Risk-reducing salpingo-oophorectomy
TVUS Transvaginal ultrasound

8.1 Introduction

Breast cancer is the most common form of cancer and the
second most common cause of cancer death among women
in the developed world. It has been estimated that women
in the USA have a 12% lifetime risk of developing breast
cancer beginning in their 20s, with a risk of developing
cancer in the next 10 years for a woman in her 30s of
approximately one in 250, and 1 in 50 by age 50 [1]. In the
modern era, the goal is to identify women at increased risk
to try to prevent their breast cancers. Currently, it is well
known that individual risk for breast cancer is increased in
individuals carrying a mutation in a predisposing gene and
in others with a number of affected relatives with early age
of disease onset in whom no specific mutation has been
identified [2]. Approximately 5-10% of the total breast
cancer cases follow a Mendelian inheritance pattern (auto-
somal dominant) and are characterized as hereditary. An
additional 15-20% of breast cancer cases are named famil-
ial, referring to women who have two or more first- or sec-
ond-degree relatives with the disease, without an identified
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gene. Among hereditary breast cancer cases, at least 30%
are caused by germline mutations in the high-penetrance
genes BRCAI and BRCA2 [2], and the risk associated with
less prevalent and more moderately penetrant genes is the
subject of intense research effort.

Knowledge of somatic genetics and genomics has increas-
ingly broad implications in oncology, not only in the identi-
fication of new treatments such as trastuzumab for
HER2-positive breast cancer [3] but also as the basis for
assays evaluating recurrence risk and treatment guidance,
such as Oncotype DX, MammaPrint, and PAMS50 [4, 5]. The
germline or heritable genome provides important implica-
tions for the identification of high-risk individuals, ultimately
for the development of effective cancer prevention strategies
across the tumor types for which the genes confer increased
cancer risk. However, there have been implications for thera-
peutic interventions as well. Prominent examples of the lat-
ter include the data for cis- and carboplatins in
BRCA1/2-associated breast and ovarian cancers [6, 7] and
PARP inhibitors in BRCA 1/2-associated breast, ovarian, pan-
creatic, and prostate cancers. For this chapter, the ultimate
goal of germline information is to identify individuals and
families not yet affected, but at high risk of developing
tumors who might be interested in preventive interventions
that might effectively reduce their cancer mortality, at least
for those cancers for which they have greatest risk.

The evolution of next-generation sequencing technolo-
gies has enabled parallel simultaneous testing of multiple
genes beyond BRCAI/2, leading to concurrent analysis of
breast cancer predisposition genes with a range of associated
cancer risks, including high- and intermediate-/moderate-
penetrance genes. The efficiency of next-generation sequenc-
ing has also increased the speed of the analysis, thereby
reducing turnaround time, and has significantly reduced the
costs. The effect of the widespread introduction of NGS
technologies, therefore, has been to increase access to more
comprehensive genetic analyses. However, access to this
technology has also brought new challenges: the identifica-
tion of the ideal candidates for utilization of panels, the
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appropriate management of patients with mutations in genes
whose penetrance still is not clear, the increase in the number
of variants of uncertain significance (VUS) found, and the
incidental finding of mutations in genes in families that do
not have a clear phenotype of that syndrome.

8.2  Genetic Testing

Patients with breast cancer should be offered genetic testing,
according to consensus guidelines. The guidelines may dif-
fer in some specifics depending on the country, but most
would concur that individuals with breast cancer should be
tested if they are diagnosed at a young age (< age 50 is a
frequent criterion), when they present with triple-negative
histology, or with ovarian cancer, and recently castrate-
resistant prostate cancer or pancreatic cancer. Individuals
without cancer are often eligible for genetic testing based on
family cancer history that includes the above tumors in vari-
ous configurations.

The ESMO guidelines comprise widely accepted clinical
criteria for referral for genetic evaluation of unaffected indi-
viduals with family histories as follows: three or more breast
and/or ovarian cancer cases, at least one <50 years, two
breast cancer cases <40 years, male breast cancer and ovar-
ian cancer or early-onset female breast cancer, Ashkenazi
Jewish individuals with breast cancer of <60 years, young
onset bilateral breast cancer, and breast and ovarian cancer in
the same patient. In some countries, the criterion for testing
is based on an a priori 10-20% probability of finding a muta-
tion based on predictive models such as BRCAPRO,
BOADICEA, or Manchester score [8]. However, others
believe these criteria are too strict [9].

Much of the early data came from studies of BRCAI and
BRCA2, and still the most substantial and stable data come
from the study of individuals with mutations in these genes.
They were the first identified, and data come from large
cohorts, including the CIMBA consortium, which is custo-
dian for tens of thousands of BRCA 1/2 mutation carriers that
have been systematically studied for more than 10 years
[10]. For these patients the most well-established genes to be
evaluated are BRCAI/2, especially because those are the
most common genes involved in breast cancer susceptibility
and also because those are the ones for which we have the
best data regarding penetrance and management.

At this time, however, the availability of multigene panel
testing has raised new issues regarding eligibility for gene
testing beyond BRCA and new challenges about interpreta-
tion and management of the results. According to the
National Comprehensive Cancer Network (NCCN) in the
USA, patients who have a personal and family history sug-
gestive of a specific syndrome may be best evaluated by a
target gene analysis. For those whose history can be explained

by more than one gene—which is the majority of patients—
evaluation by panel can be more efficient and/or cost-
effective. For those patients with BRCA1/2-negative tests
and with a strong family history, panels can be a good option
in increasing the chance of finding a mutation in another pre-
disposing gene by about 4% [11].

In this chapter we will first present the most important
genes related to breast cancer risk, detailing their prevalence,
associations with different cancers, and any pathologic char-
acterizations and/or molecular features of those cancers. We
will then discuss the clinical management of individuals car-
rying significant alterations in each gene as regards surveil-
lance, risk-reducing surgery, and other available treatment
regimes.

8.3 High-Penetrance Genes

8.3.1 BRCAT1 and BRCA2: Hereditary Breast
and Ovarian Cancer (HBOC) Syndrome

The first gene associated with hereditary breast cancer is
BRCAI, located on chromosome 17q. This gene was identi-
fied in 1990 using linkage analysis in families with sugges-
tive pedigrees [12]. In 1994, BRCA2 was mapped to
chromosome 13q, and together they became the most impor-
tant and studied genes related to hereditary breast and ovar-
ian cancers [13].

Female carriers of pathogenic variants (mutations) in
BRCAI or BRCA2 have a lifetime risk of breast cancer of
50-85% [14-16]. In addition, there is a substantially
increased risk of ovarian cancer, with an estimated lifetime
risk of 20-60% for BRCA1 carriers and 10-20% for BRCA2
carriers [14, 17]. There are other tumors associated with
mutations in BRCA2 in particular, and cases of melanoma,
prostate, and pancreatic cancer [18] should be taken into
account when considering family history.

When considering histopathological features, it is well
established that BRCAI-related breast tumors, as a group,
differ from non-BRCA tumors in terms of histological phe-
notype. Malignant primary breast tumors of BRCAI muta-
tion carriers are more likely to be high grade with medullary
subtype features, including greatly increased mitotic count,
pushing margins, lymphocytic infiltrate, trabecular growth
pattern, and necrosis. Most importantly, about 70% do not
express estrogen or progesterone receptor or HER2 (triple-
negative breast cancer—TNBC) [19], but perhaps 20% are
positive for ER and PR, and the remaining 5-10% are HER2
positive [20, 21]. This distribution has led to recognition that
a significant subset of TNBC will occur in women who carry
a germline BRCA mutation, even in the absence of family
cancer history, and has made TNBC in women younger than
age 60 at diagnosis, a criterion for BRCA testing.
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The majority of BRCA2-associated tumors are invasive
ductal, high-grade, estrogen and progesterone receptor posi-
tive and negative for HER2. They are less likely than con-
trols to express the basal cytokeratin CKS5 or to overexpress
HER2/neu protein. In fact BRCA2 tumors are predominantly
high-grade invasive ductal carcinomas of no special type,
and they demonstrate a luminal phenotype despite their high
histologic grade [20, 22, 23].

Among hereditary breast cancer cases, at least 30% are
attributed to germline mutations in the high-penetration
genes BRCAI and BRCA2, but these numbers can vary across
different populations due to founder effects [2, 24].

Evidence shows that, in addition to the presence of a
mutation on BRCA1/2, other factors such as environment,
lifestyle factors, mutation locations, and the presence of
some SNPs might be important to precisely estimate the
quantitative cancer risks associated with specific BRCA
mutations in carriers [25] and may affect the clinical man-
agement of these patients in the future. Direct evidence for
genetic modifiers of risk has been provided through studies
that investigated the effects of common breast and ovarian
cancer susceptibility variants on cancer risk for BRCA I and
BRCA?2 mutation carriers, identified through genome-wide
association studies (GWAS) or candidate gene studies in
the general population [26-30]. The GWAS data required
independent validation but could provide helpful stratifica-
tion of risk to assist women with the planning of risk-reduc-
ing measures, childbirth, and other aspects of life. Another
important issue, addressed in a large analysis of genotype/
phenotype data published by Rebbeck et al. on behalf of the
CIMBA consortium, is that breast and ovarian cancer risks
vary with the precise location of the mutation in BRCAI or
BRCA?2. The clustering of mutations in the large exon com-
prising the “ovarian cancer cluster region” (OCCR) and
other associations with breast cancer cluster regions
(BCCR), for both BRCAI and 2, speak to the challenge of
genetic heterogeneity [31].

8.3.2 TP53:Li-Fraumeni Syndrome

The TP53 germline mutations give rise to Li—-Fraumeni syn-
drome (LFS), a rare inherited cancer predisposition syn-
drome associated with approximately 1% of breast cancer
cases. Germline mutations in this gene predispose to a wide
spectrum of malignancies, including sarcomas, brain tumors,
adrenocortical carcinomas, and leukemias, occurring at any
point in an individual’s lifetime, with a median age at diag-
nosis of first malignancy of 25 [32]. Otherwise, somatic
TP53 mutations are the most common mutations in adult
adenocarcinomas.

TP53 is a tumor suppressor gene located on chromosome
17p13.1 that plays a major role in the regulation of cell

growth [33]. Approximately 70% of patients with classic
LFS criteria have a detectable TP53 germline mutation [34].
Mutations are most commonly missense, but deletions of the
coding or promoter region of p53 can also occur [35].

TP53 mutation carriers face a lifetime risk of cancer that
exceeds 90% [36]. Breast cancer is the most frequent malig-
nancy among female 7P53 mutation carriers and represents
up to one third of all cancers in LFS families [37]. Overall,
although LFS is responsible for a small fraction of breast
cancer cases, a woman with LFS has a breast cancer risk of
56% by the age of 45 and greater than 90% by the age of 60,
which accounts for a 60-fold increased risk for early-onset
breast cancer when compared to the general population [38,
39]. Women with LFS-related breast cancer have a tendency
to present at a very young age (20s or 30s) with a more
advanced disease (tumor > 5 cm, positive axillary nodes)
[40-42]. Furthermore, recent studies have shown that two
thirds of LFS-associated breast cancer tumors are positive
for epidermal growth factor receptor 2 (HER2/neu) and/or
estrogen and progesterone receptor [41, 42]. It is possible
that the outcome of LFS patients identified in the modern era
will be better because of the introduction of therapies that
effectively target HER2.

Recently, with clinical availability of NGS-based multi-
gene panel tests that analyze dozens of hereditary cancer
genes in parallel usually including TP53, new challenges
arise due to many patients without criteria for LFS being
tested [43]. This less strict approach to genetic evaluation has
resulted in the identification of mutations in various estab-
lished hereditary cancer genes in patients who lack the
expected phenotype, raising important questions about prev-
alence, penetrance, and phenotypic spectrum [44—-46]. This
technology has also enabled the identification of low-level
DNA variation consistent with germline mosaicism or
somatic interference, which can be particularly challenging
in clinical practice [47].

8.3.3 CDH1: Hereditary Diffuse Gastric
Cancer Syndrome

E-Cadherin germline mutations are responsible for the devel-
opment of hereditary diffuse gastric cancer (HDGC), an
autosomal inherited syndrome [48]. These constitutional
alterations were first identified in a Maori population with a
remarkable clustering of diffuse gastric cancer in a single
large kindred [49]. This large pedigree was characterized by
the presence of multiple gastric tumors as well as lobular
breast cancers (LBCs) among female family members. A
germline mutation in CDH/ was identified among affected
relatives. The CDH gene is located on chromosome 16q22.1
and encodes the E-cadherin protein [50], which is critical for
establishing and maintaining polarized and differentiated
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epithelia through intercellular adhesion complexes, func-
tioning as a cell invasion suppressor. Aberrant E-cadherin
activity leads to loss of cell adhesion, increased cell motility,
and metastatic ability of the tumor [51, 52].

The penetrance of gastric cancer in people with CDHI
mutations is reported to be 70% for men and 56% for women
by age 80. Furthermore, the cumulative risk of LBC for
women with a CDH I mutation is estimated to be 42% by age
80. There is currently no evidence that the risk of other can-
cer types in individuals with a CDHI mutation is signifi-
cantly increased [53].

Apart from the well-documented association between
LBC and HDGC syndrome, novel E-cadherin germline
mutations have recently been detected in individuals without
history of HDGC. Recent studies have provided evidence
that early-onset LBC might be the first manifestation of
HDGC. Benusiglio et al. [54] identified E-cadherin germline
deleterious mutations in three bilateral LBC cases (age at
onset >50 years) not fulfilling the International Gastric
Cancer Consortium criteria, negative at the beginning for
HDGC in first- and second-degree relatives and without
BRCAI and BRCA2 alterations. Interestingly enough,
E-cadherin mutations have been identified in four bilateral
early-onset LBCs (age at onset >50 years) with no family
history of HDGC [55].

Recently the International Gastric Cancer Consortium has
added a novel criterion, recommending genetic testing also
in bilateral LBC patients or women with a family history of
two or more cases of LBC (>50 years at onset) [53]. However,
CDH]1 germline mutations have also been identified in iso-
lated cases with age at onset >45 years [56].

In a recent study, penetrance data for CDHI mutation car-
riers has been updated based on affected individuals who
presented clinically with HDGC or LBC, from 75 families
with pathogenic CDHI mutations. The cumulative risk of
HDGC for CDHI mutation carriers by age 80 is reported to
be 70% for men (95% CI 59-80%) and 56% for women
(95% CI 44-69%). The cumulative risk of LBC for women
with a CDHI mutation is estimated to be 42% (95% CI
23-68%) by age 80. There is currently no evidence that the
risk of other cancer types in individuals with a CDHI muta-
tion is significantly increased [57].

8.3.4 PTEN: Cowden Syndrome

Germline mutations in PTEN are the cause of Cowden syn-
drome (CS) or PTEN hamartoma tumor syndrome (PHTS).
Hamartoma is a benign, focal malformation that resembles a
neoplasm in the tissue of its origin. This is not a malignant
tumor, and it grows at the same rate as the surrounding tis-
sues. It is composed of tissue elements normally found at
that site, but growing in a disorganized mass.

CS is an autosomal dominant multisystem disorder char-
acterized by increased risks of malignant and benign tumors
of the breast, thyroid, endometrium, and other organs, as
well as a combination of mucocutaneous findings such as
trichilemmomas, oral papillomas, and acral keratoses [58].
PHTS can be differentiated from other hereditary cancer
syndromes based on personal as well as family history.
However, many of the benign features of CS are common in
the general population, making the diagnosis of CS challeng-
ing [59].

More than 90% of CS individuals with germline (herita-
ble) PTEN mutations are believed to manifest some feature
of the syndrome, although rarely cancer, by age 20, and by
age 30, nearly 100% of mutation carriers are believed to have
developed at least some of the mucocutaneous signs. CS
remains underdiagnosed because of its variable expression
(often with only subtle skin signs); consequently, the current
prevalence estimate of one in 200,000 is still likely to be an
underestimate [60].

PTEN is a phosphatase and tensin homolog located on
chromosome 10q23.3 with phosphatidylinositol-3-kinase
(PI3K) phosphatase activity. PTEN’s precise function is not
clear; however, dysfunctional PTEN leads to the inability to
activate cell cycle arrest and apoptosis, leading to abnormal
cell survival [61]. Approximately 80% of affected individu-
als will have a detectable PTEN mutation that may include a
missense, point, deletion, insertion, frame shift, or nonsense
mutation [62]. Among the 20% of patients with no identifi-
able PTEN mutation, half may bear a mutation in PTEN pro-
moter [63].

What is histologically unique in patients with CS is
ductal adenocarcinoma surrounded by hyalinized colla-
gen, and this suggests a diagnosis of CS. Women with CS
also have a high risk (67%) of benign breast disease, such
as fibroadenomas, microcysts, adenosis, and apocrine
metaplasia. Mammary hamartomas are characteristic of
this group of patients and might be multiple and bilateral.
Colocalization with breast cancer is frequent [64]. In
patients with germline PTEN mutations and thus PHTS,
three studies to date have examined risks for malignancy
[65-67]. The largest, by Tan et al., identified greatly
increased lifetime risks for breast, thyroid, renal, and
endometrial cancers and slightly elevated risks for
colorectal cancers and melanoma [65].

Early estimates of breast cancer risk for females with
PTEN mutations were traditionally reported to be around
25-50% [68, 69]. More recent studies have reexamined the
lifetime risks for malignancy in patients with germline PTEN
mutations and have found that early risk figures may have
been underestimates [65-67, 70]. The largest of the three
studies by Tan et al. identified increased risks for several
types of cancer, with the highest risk estimate increase for
female breast cancer. Tan et al. [68] identified an 85%
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lifetime risk, beginning around age 30, for female breast can-
cer with 50% penetrance by age 50. This risk figure is com-
parable to that quoted for patients with HBOC syndrome
[67] but has been controversial.

According to NCCN guidelines, the presence of a known
PTEN mutation in an individual’s family is a clear indication
for genetic testing for CS. Genetic testing for CS is also war-
ranted when several diagnostic criteria are met (Table 8.1)
[71], which are mainly based on clinical phenotype and the
development of neoplasia. The PTEN risk calculator was
developed by the team at the Cleveland Clinic to evaluate
patients with suspected CS and is available on their website.
This tool was developed from a multicenter prospective
study in which 3042 probands satisfying relaxed CS clinical
criteria were accrued, and it can help to distinguish patients
more likely have clinical CS and test positive for PTEN
mutations [68]. This tool was also proven to be cost-effective
and provided a well-calibrated estimation of pretest proba-
bility of PTEN status [60].

Table 8.1 National comprehensive cancer network 2015 Cowden syn-
drome criteria [71]

Major criteria

Breast cancer

Endometrial cancer (epithelial)

Thyroid cancer (follicular)

Gastrointestinal hamartomas (including ganglioneuromas but

excluding hyperplastic polyps)

Lhermitte—Duclos disease (adult)

Macrocephaly (97th percentile: 58 cm for adult women, 60 cm for
adult men)

Macular pigmentation of the glans penis
Multiple mucocutaneous lesions (any of the following):
Multiple trihilemmomas (3, at least 1 proven by biopsy)

Acral keratoses (3 palmoplantar keratotic pits and/or acral
hyperkeratotic papules)

Mucocutaneous neuromas (3)

Oral papillomas (particularly on the tongue and gingival), multiple
OR biopsy-proven OR dermatologist diagnosed

Minor criteria

Autism spectrum disorder

Colon cancer

Esophageal glycogenic acanthosis

Lipomas

Intellectual disability (i.e., intelligence quotient/75)

Renal cell carcinoma

Testicular lipomatosis

Thyroid cancer (papillary or follicular variant of papillary)
Thyroid structural lesions (e.g., adenoma, multinodular goiter)

Vascular anomalies (including multiple intracranial developmental
venous anomalies)

Three or more major criteria, but one most include Lhermitte—
Duclos disease, macrocephaly or GI hamartoma

Two major criteria plus three minor criteria

8.3.5 STK11:Peutz-Jeghers Syndrome

Germline mutations in the STK-// gene are the cause of
Peutz—Jeghers syndrome (PJS). PJS is a rare autosomal dom-
inant disorder characterized by multiple gastrointestinal
hamartomatous polyps and mucocutaneous pigmentations of
the lips, buccal mucosa, and digits. These lesions fade during
puberty, with the exception of those in buccal mucosa.
Polyps can occur anywhere in the gastrointestinal tract and
can increase in size enough to cause bowel obstruction, most
commonly in the small bowel [72].

The STK-11 gene is located on chromosome 19p13.3 and
encodes for serine—threonine protein kinase 11. It is desig-
nated as a tumor suppressor gene, participating in membrane
bonding and apoptosis [73]. Furthermore, it is a negative
regulator of the mTOR pathway [74]. Although PJS has been
described since 1949 [75], STK-11 mutations were identified
as its cause in 1998 [76]. Mutations of STK-11 are detected
in approximately 70-80% of patients with PJS, with 15% of
them being deletions [77].

Affected individuals are at increased risk for colorectal,
breast, small bowel, pancreatic, gastric, and ovarian cancer.
Women with PJS present with an increased risk for breast
cancer that reaches 50% lifetime. Breast cancer can occur
early, but at a lower incidence compared to LFS and CS. In a
case series that included 240 patients with PJS, breast cancer
incidence has been shown to rise up to 32% by the age of 60,
whereas it was only 8% by the age of 40 [78]. Similar to the
general population, breast cancer in individuals with PJS is
usually ductal in histology. Interestingly, women with PJS
also have a 20% risk for ovarian cancer, mainly sex cord
tumors [79].

8.4  Moderate-Penetrance Genes

Following the discoveries of BRCAI and BRCA2, many
additional genes have been identified as breast cancer sus-
ceptibility genes. A prominent group of these are referred to
as moderate-risk susceptibility genes because protein-
truncating variants and severely dysfunctional missense sub-
stitutions in them appear to confer, on average, two- to
fivefold increased risk of breast cancer. This magnitude of
increased risk is less dramatic than risks conferred by most
pathogenic alleles in the high-risk genes BRCAI, BRCA2,
and PALB2, but potentially high enough to influence the
medical management of carriers [80]. However, unlike
BRCAI and BRCA2, the risk these genes pose is less certain,
although data are accumulating more rapidly because more
testing is being done. The most important genes in this group,
involved in breast cancer risk, are CHEK2, ATM, PALB2,
NF1, BARDI, BRIP1, MRE1IA, NBN, RAD50, RADS51C,
and RADS51D.
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8.4.1 CHEK2

CHEK? gene encodes for a serine—threonine kinase, which is
activated in response to DNA double-strand breaks. It has
also been found to phosphorylate BRCAI, facilitating its
roles in DNA repair [81]. Certain pathogenic CHEK2 muta-
tions have been associated with breast cancer. Mutation
110delC has been shown to increase breast cancer risk two-
to threefold, while missense mutations have conferred lesser
risk [82]. Histologically, 70-80% of CHEK2-associated
breast cancers are ER-positive [83].

The CHEK?2 1100delC mutation is particularly frequent
in Northern European populations, where it confers a life-
time risk of breast cancer as high as 37% [84]. Homozygotes
have a sixfold increased risk of breast cancer [58].
Additionally, some data suggest that CHEK2 mutation carri-
ers who develop breast cancer have a higher risk of recurrent
breast cancers and a poorer disease outcome than noncarriers
[85]. Although responsible for less than 1% of familial breast
cancer syndromes, CHEK?2 mutations have been identified in
approximately 5% of breast cancer patients who are not from
BRCA breast cancer families. Furthermore, four other muta-
tions of the CHEK?2 gene have been identified and appear to
also confer a moderate breast cancer risk; however only lim-
ited data for these four variants are available [86].

8.4.2 ATM

Homozygous ATM mutation carriers suffer from ataxia-
telangiectasia (AT), a disorder characterized by cerebral
ataxia, immunodeficiency, and increased risk of certain
malignancies, including breast cancer [87]. Heterozygous
carriers of ATM mutations have a twofold increased breast
cancer risk compared to general population. Women under
age 50 with specific ATM mutations may have as high as a
fivefold increased risk [88]. The risks are particularly diffi-
cult to assess because of the high frequency of ATM muta-
tions in the general population.

ATM is a multifunctional gene that plays a pivotal role in
double-strand break repair and in cell cycle progression.
Genetic testing of ATM should be performed in members of
families with a known mutation or a history of a clinical diag-
nosis of ataxia-telangiectasia. ATM is present on most multi-
gene breast cancer susceptibility panels, so will typically be
examined in patients with a history of hereditary breast cancer.
However, clinical utility of ATM genetic testing in heterozy-
gotes is difficult to assess and there are no specific guidelines
at this time. Small studies have not demonstrated increased
risk of radiation-induced second primary breast cancers, but
definitive data on radiation sensitivity are not yet available. Of
note, decreased expression of ATM protein has been associ-
ated with aggressive features in sporadic breast cancer [89].

8.4.3 PALB2

PALB?2 has emerged a new breast cancer susceptibility gene
that is in transition from moderate to high risk. It was named
as a “binding partner and localizer of BRCA2,” contributing
to the DNA repair mechanism homologous recombination
and tumor suppression [90]. Classification of PALB2 as a
breast cancer susceptibility gene was based on data showing
that about 1% of individuals with hereditary breast cancer
negative for BRCAI/2 harbor a monoallelic mutation in
PALB?2 [91]. In a recent study with data from approximately
1500 patients with familial breast cancer, the prevalence of
PALB?2 mutations was 0.8%, with the majority occurring in
high-risk patients [92]. Although the above studies charac-
terize PALB?2 as a rare, intermediate-risk gene with regard to
inherited genetic susceptibility to breast cancer, a recent
study that included 154 families with PALB2 mutations dem-
onstrated a breast cancer risk of approximately 35% [93].
This estimated risk is higher than the one associated with
other genes such as CHEK2 and ATM and is classified as
high, which may warrant the addition of PALB2 genetic test-
ing to BRCA /2 as a high-penetrance gene for breast cancer,
particularly triple-negative disease.

8.4.4 NF1

Neurofibromatosis type 1 is an autosomal dominant tumor
predisposition gene with a prevalence as high as one in
2000 births. The pleiomorphic condition is caused by
mutations of the NFI gene on chromosome 17.3 [94]. NF]
is a multisystem disease with varying combinations of
benign and malignant tumors, developmental dysplasias,
and functional deficits, including cognitive impairment.
Almost all adult patients with NF'/ have cutaneous neuro-
fibromas, which are benign tumors that do not become
malignant. More than one half of patients with NFI also
have plexiform neurofibromas, which may become malig-
nant [95, 96]. The most common malignancies associated
with NFI are intracranial gliomas and malignant periph-
eral nerve sheath tumors (MPNSTs) [97]. In addition to
malignancies originating from the nervous system, other
cancers associated with NFI include breast cancer, gastro-
intestinal stromal tumor (GIST), and pheochromocytoma
[98—100]. Multiple population-based studies have demon-
strated a three- to fivefold increase in lifetime breast can-
cer risk for women with NFI, with the highest risks for
those <50 years of age. In a study with data from England,
the age-specific excess risk of breast cancer comparing the
NF1 cohort with the control cohort was elevated 6.5-fold
(95% confidence interval 2.6—-13.5) in women aged 30-39,
and there was a 4.4 (2.5-7.0) times higher risk among
women aged 40-49 [101].
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8.4.5 NBN, RAD51C, RAD51D, BRIP1, RAD50,
and MRE11

Genes involved in the Fanconi anemia (FA)-BRCA pathway,
critical for DNA repair by homologous recombination, inter-
act in vivo with BRCAI and/or BRCA2 [102]. Some of these
genes are mainly associated with ovarian cancer rather than
breast cancer, and data are still emerging.

In NBN, one protein-truncating variant, c.657del5, is suf-
ficiently common in some Eastern European populations to
allow its evaluation in a case—control study. A meta-analysis
of ten studies reported strong evidence of an association with
breast cancer risk for this variant (summary relative risk, 2.7;
90% CI, 1.9-3.7; P =5 x 1077) [103].

For two other DNA repair genes, MRE1IA and RADS0,
which encode proteins that form an evolutionarily conserved
complex with NBN, the data is more conflicting [102, 104,
105]. Currently, there are insufficient data to consider them
as breast cancer risk genes [106].

8.5 Multigene Panel Testing
Some considerations must be done when doing multigene
panels:

Multipanel can include moderate-penetrance genes for
which there are no clear guidelines on risk management for
carriers of pathogenic mutations. Until data are clearer, iden-
tification of these mutations may not alter the management
plan compared to what might be recommended based on
family history alone, so their immediate clinical utility could
be questioned.

The use of NGS panel testing will lead to a considerable
increase in the finding of variants of uncertain significance
(VUS), sequence alterations that may or may not affect the
function of the gene, or its resultant protein. The frequency
of VUS in a large series of clinical specimens examined with
NGS breast cancer susceptibility panel reached about 40%,
with up to five variants found in individual patients, depend-
ing on the series evaluated [11]. An uncertain result—a VUS
can ultimately be reclassified as pathogenic or benign—can
be very stressful for the patient and family. VUS are clini-
cally troubling for several reasons, including the temptation
to assume that a particular VUS is responsible for disease
risk in a family, when most will ultimately be considered
benign. They are inherited like any other sequence alteration,
so it should be shared among family members, but few fami-
lies are of sufficient size to allow for definitive classification
of pathogenicity based on the association with disease status
[107]. However, a fraction of VUS will be reclassified to dis-
ease causing, highlighting the need for providers to track
VUS reclassification and inform patients, which requires
time and resources often for many years. Multiple expert

groups use functional laboratory assays and computational
approaches to classify sequence alterations, which are main-
tained in publicly supported databases like ClinVar, ClinGen,
and the new BRCA Challenge of the Global Alliance for
Genomics and Health.

There is a chance of finding a gene that does not match
with personal and family history. In some series this finding
varies from 0.3 to 0.8% of the tests [11]. Here, the difficulty
occurs when mutations are discovered in genes that are pre-
dicted to be unrelated to the clinical presentation (e.g., a
40-year-old woman with ductal carcinoma of the breast with
no family history of gastric cancer and a mutation in CDHT).
The appropriateness of counseling this young woman to con-
sider risk-reducing gastrectomy or testing family members
for the CDH1 mutation in the setting of concern for gastric
cancer risk remains difficult to determine [44].

8.6 Management of Carriers of Mutations
in High-Penetrance Genes
8.6.1 BRCA1 and BRCA2

The main goal in management of BRCA mutation carriers is
to reduce the risk of developing cancer or at least to promote
an early opportune diagnosis and increase the chances of
cure.

8.6.1.1 Screening

Breast Cancer

Surveillance of breast cancer in BRCA carriers includes
monthly self-examinations, clinical breast examinations
twice a year, and yearly magnetic resonance imaging (MRI)
of breasts starting at age 25-30 with the addition of annual
mammograms thereafter. Earlier screening can be discussed
in a family with history of breast cancer prior to age 30.
Between ages 25 and 30, MRI is preferred over mammogra-
phy as false-negative mammogram has been associated with
dense breast tissue, and multiple prospective trials have dem-
onstrated far inferior sensitivity of mammogram compared
to MRI in BRCA1/2 mutation carriers. In BRCAI, the devel-
opment of “interval cancers” between imaging studies led to
the practice of alternating mammograms and MRI’s 6 months
apart and the recommendation for breast self-exam in BRCA/
mutation carriers [108]. Between ages 30 and 75, at this
time, both breast annual MRI and mammogram are
recommended, and after age 75, screening must be individu-
alized [71].

Although earlier studies have not shown an association
between radiation exposure and an increased risk of breast
cancer in BRCA carriers, a recent study did find an
increased risk of breast cancer when patients are exposed
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to radiation (including mammogram) before age 30. This
study further highlights the possible advantage of using
MRI alone in this group [109].

Ovarian Cancer

Unfortunately, there is no effective screening for ovarian
cancer at this time. The use of transvaginal ultrasound plus
CA 125 has not proven to be sufficiently sensitive and spe-
cific to substitute for surgery in women at increased genetic
risk of ovarian and related cancers.

The NCCN does not consider screening for ovarian can-
cer to be a reasonable substitute for salpingo-oophorectomy
in women with HBOC syndrome [34]. A woman who
declines salpingo-oophorectomy can undergo screening with
the use of serum measurement of CA 125 and transvaginal
ultrasonography every 6—12 months starting at ages 30-35 or
5-10 years before the earliest diagnosis of ovarian cancer in
the family, but the patient must be advised about the lack of
evidence about this strategy [8]. Ongoing clinical trials are
examining bilateral salpingectomies for ovarian cancer risk
reduction, with plans for oophorectomies at natural meno-
pause to avoid the very significant side effects of early surgi-
cal menopause. Long-term data on efficacy are not yet
available.

Other Tumors

Patients with BRCA /2 mutations should undergo annually
skin examinations as suggested in NCCN and ESMO guide-
lines because of increased risk of melanoma. There are no
official guidelines about pancreatic screening, but the CAPS
trials are available for individuals who carry a pathogenic
BRCA /2 mutation and have a family history of pancreatic
cancer in close relatives [8, 71].

8.6.1.2 Risk-Reduction Surgeries

Bilateral Mastectomy

Bilateral mastectomy is largely accepted as an option for
women carrying a mutation in either BRCAI or BRCA2.
From 1999 through 2004, the results of four retrospective
and prospective observational studies were published. These
studies compared breast cancer outcomes in women who
underwent prophylactic mastectomy with women of similar
risk who did not undergo surgery [110-114]. Four studies
showed a reduction of 90% or more in the risk of subse-
quent breast cancer among women who underwent prophy-
lactic mastectomy; updated reports and additional studies
have confirmed these initial results.

Although bilateral mastectomies have shown to reduce
breast cancer incidence, this procedure is not associated with
reduction in breast cancer mortality. This information must
be discussed with patients in order to help them decide
between surgery and surveillance [113].

Recently, a new technique called nipple-sparing or
total skin-sparing mastectomy is becoming more and
more common. During this procedure, the surgeon pre-
serves the overlying skin of the nipple areola complex and
removes the underlying glandular tissue at risk.
Reconstruction can be performed immediately with a
variety of techniques. In this procedure, cosmesis is
enhanced by preserving the nipple skin, leading to less
psychosocial impact, but still loss of sensation and erec-
tile function. More about these surgical options will be
addressed in Chap. 10 [115].

Risk-Reducing Salpingo-Oophorectomies

Due to the lack of effective screening for ovarian cancer,
BRCA1/2 mutation carriers are advised to undergo a risk-
reducing salpingo-oophorectomy (RRSO) between ages 35
and 40, after women have completed childbearing. This sur-
gery reduces the risk of developing ovarian cancer by as
much as 85-96% and breast cancer by approximately 50%
[116-119] and reduces both ovarian and breast cancer mor-
talities [119]. For women with BRCA2 mutations, who have
previously undergone mastectomy, the delay of RRSO until
ages 40—45 can be considered since the ovarian cancer onset
tends to be late in BRCA2 carriers [120]. Uptake of RRSO,
however, varies widely among individuals and across coun-
tries, with lower uptake among European than American
women in most data.

Premature surgically induced menopause can lead to an
increased risk of cardiovascular disease, osteoporosis, vaso-
motor symptoms, sleep disturbances, mood swings, and sex-
ual dysfunction and thus adversely affect quality of life.
Hormone replacement therapy (HRT) has been shown to at
least partially alleviate vasomotor symptoms in BRCAI/2
mutation carriers and decrease fracture risk in the general
population [121-123]. Data have shown that short-term use
of HRT in BRCA1/2 mutation carriers does not negate the
breast cancer risk reduction gained by RRSO [124]. The use
of HRT may therefore mitigate the adverse effects of surgery
on quality of life.

Given the adverse effects of premature menopause and
data that ovarian cancer most often originates in the fallopian
tube fimbria rather than ovarian surface epithelium, there has
been growing interest in salpingectomy with or without
delayed oophorectomy as a risk-reducing strategy. It is
important to recognize that even with a better profile of
impact in quality of life, this approach is not the standard of
care of risk-reducing surgery. Fortunately, clinical trials are
under way [125, 126]. In addition, oophorectomy in pre-
menopausal women has been shown to reduce the risk of
developing breast cancer by 50% in BRCA carriers, depend-
ing on the patient age at the time of the procedure, and sal-
pingectomy probably will not have the same effect. These
data have recently been questioned.
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Chemoprevention

Oral contraceptives, which reduce ovarian cancer risk in the
general population, also reduce ovarian cancer risk in
BRCA1/2 mutation carriers, but aspects of the data have been
controversial. Observational studies have shown associations
between the use of oral contraceptives and a reduced risk of
ovarian cancer among BRCAI and BRCA?2 carriers, with
odds ratios suggesting a 40-50% reduction in risk [127,
128]. However, there are data showing a 2.5-fold increase in
breast cancer risk in BRCA?2 carriers in particular, for whom
the ovarian cancer lifetime risk is lower (10-20%). The risk
reduction with oral contraceptives is generally not consid-
ered sufficient to render risk-reducing salpingo-
oophorectomies unnecessary, though some women may feel
more comfortable delaying surgery if they have used oral
contraceptives for many years.

Currently, data on the use of tamoxifen for primary pre-
vention of breast cancer in BRCAI and BRCA?2 carriers are
very limited. The only prospective data derive from the
National Surgical Adjuvant Breast and Bowel Project P1 trial
where investigators identified mutation status in 288 women
who developed breast cancer, among whom only eight
BRCAI carriers and 11 BRCA?2 carriers were identified. The
hazard ratios for the development of breast cancer among
women who received tamoxifen were 1.67 (95% CI, 0.32—
10.7) among BRCA1 carriers and 0.38 (95% CI, 0.06—1.56)
among BRCA?2 carriers. Although these results are limited by
small sample sizes, they are consistent with an effect in
BRCA2 carriers; approximately 77% of breast cancers in
BRCA?2 carriers are ER-positive. Because of small sample
sizes, these results are uninformative for BRCAI carriers.
And the major question of whether or not tamoxifen can pro-
vide primary prevention of breast cancer in BRCA] carriers,
of whom 75-80% of breast cancers are ER-negative, remains.
The case—control studies involving BRCAI and BRCA?2 car-
riers reported that tamoxifen protects against contralateral
breast cancer with odds ratio of 0.50 (95% CI, 0.30-0.85) to
0.38 (95% CI1 0.19-0.74) for BRCAI carriers and 0.42 (95%
CI, 0.17-1.02) to 0.63 (95% CI 0.20-1.50) for BRCA2 carri-
ers [129, 130]. Data are more consistent for tamoxifen in the
setting of secondary prevention.

There are some preclinical studies suggesting that the use
of PARP inhibitors can delay tumor development and extend
the life span of BRCA I-deficient mice [131], but there are no
current trials in humans as these drugs have only limited
approval in the therapeutic setting at this time.

8.7 Li-Fraumeni Syndrome

Current practice guidelines established by the NCCN recom-
mend yearly physical examinations including skin and neu-
rologic examinations for all individuals with LFS, with

special attention to the possibility of rare malignancies, sec-
ondary malignancies, and/or pediatric cancers, depending on
the at-risk population. The NCCN also advise some specific
considerations as outlined in detail below.

8.7.1 Breast Cancer

Breast cancer is one of the most common cancers occurring
among women with germline TP53 mutations. Breast cancer
surveillance programs for women with LFS are based on
data that established the value of breast MRI in women with
BRCA mutations.

The complete screening program includes a clinical breast
examination once or twice yearly beginning at the age of
20-25. This can be performed earlier depending on the earli-
est age of onset of breast cancer in the family. Imaging
should be used as a screening modality annually starting at
the age of 20-25, or earlier, depending on family history. The
NCCN recommend that between ages 20 and 29, patients
should receive annual MRIs; after age 29, patients should
begin mammograms and continue with MRI [71]. European
guidelines generally do not include mammography because
of concerns about radiation exposure in this population.

There are no data on this specific group regarding risk-
reducing surgery, but depending on the prevalence of breast
cancer in LFS patients, mastectomy may be considered
based on BRCA patient data [71, 132].

8.7.2 Whole-Body MRI

Regarding the large spectrum of tumor in patients with LFS,
other strategies have been discussed in order to improve sur-
veillance in this group. A recent study incorporated whole-
body MRI into a comprehensive screening protocol that also
included clinical examinations and laboratory measures
[133]. Participants who elected to enroll in this enhanced
screening protocol were compared with those who decided
not to undergo screening. The group without screening pre-
sented with tumors when they became symptomatic. The
striking finding was the difference in outcome between the
two groups: individuals in the group who underwent screen-
ing had a significant survival advantage with 100% survival
at 3 years compared to 21% in the non-surveillance group
(95% CI 4—48%) [133]. Separate breast MRI is still required
in females because whole-body MRI does not visualize the
breasts in sufficient detail.

The use of MRI in this setting has the distinct advantage
of avoiding ionizing radiation, and as technology improves,
faster whole-body screens have become possible. The exist-
ing data, while impressive and hopeful, are neither random-
ized nor complete; thus whole-body MRI is not yet a standard
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of care worldwide. However, multiple research centers are
currently working toward the design and implementation of
prospective whole-body MRI protocols for LES families that
will contribute to further our understanding regarding the
risks and benefits of such screening. Currently, two trials in
particular must be considered: the SIGNIFY study in the UK
and the LIFESCREEN study in France. Carriers of germline
TP53 mutations should be encouraged to participate in such
clinical trials as they are critical for identifying the best care
and management strategies for individuals with LFS [132].

8.7.3 Other Tumors

The NCCN also advise consideration of colonoscopy every
2-5 years beginning at age 25 for LFS patients. Annual der-
matologic exams are also recommended. Biochemical
screening per the Toronto protocol for screening has been
less widely adopted [133].

8.8 Cowden Syndrome

8.8.1 Screening

8.8.1.1 Breast Cancer

Women should start MMG and consider MRI, especially in
the presence of dense breast tissue, by age 35 or 10 years
before the earliest case in the family [71, 134, 135].

8.8.1.2 Other Tumors

As mentioned previously, all these screening procedures are
based on expert opinion and have become incorporated into
guidelines [71, 134] (Table 8.2). In particular, thyroid sur-
veillance is noninvasive and has been widely adopted.

8.8.2 Risk-Reduction Surgery
8.8.2.1 Mastectomy

Given the high lifetime cancer risks of breast cancer to be
85% [65], prophylactic mastectomy can be discussed on an

Table 8.2 Screening procedures for other tumors related to Cowden
syndrome

Cancer type Recommended screening guidelines

Thyroid Annual ultrasound

Endometrial Starting at age 30: annual endometrial biopsy or
transvaginal ultrasound

Renal cell Starting at age 40: renal imaging every 2 years

Colon Starting at age 35: colonoscopy every 2 years

Melanoma Annual dermatologic examination

individual basis, particularly if breast imaging and clinical
surveillance are challenging due to extensive benign breast
involvement [71, 134].

8.8.2.2 Hysterectomy
Hysterectomy should be discussed after childbearing, due to
the risk of endometrial cancer [71, 135].

8.9  Peutz-Jeghers

8.9.1 Screening

The new guideline from the American College of
Gastroenterology suggests that surveillance in affected or at-
risk PJS patients should include monitoring for colon, stom-
ach, small bowel, pancreas, breast, ovary, uterus, cervix, and
testes cancers, but the guideline does not specify the frequency
or the exams that should be performed [136]. Regarding breast
cancer risk development, MRI should be considered, but mas-
tectomy is not usually recommended [71].

8.10 Management of Carriers of Mutations
in Moderate-Penetrance Genes

There is a lack of evidence regarding management of
moderate-penetrance genes. Although these genes are more
frequently evaluated by multipanel testing, for the great major-
ity of them, there are no prospective good data about pene-
trance, management, and clinical utility [71, 137]. The cancer
risks associated with mutations in these genes are lower and
different than those reported for high-penetrance genes, and
the extrapolation of guidelines for the management of indi-
viduals with high-penetrance variants of cancer susceptibility
genes to the clinical care of patients with moderate-penetrance
gene mutations could result in substantial harm [106].

The NCCN guidelines suggest to do breast MRI and/or
mammogram. Breast MRI is recommended when lifetime
breast cancer risk exceeds 20%, as in patients harboring
mutations in ATM, CHECK?2, and PALB2; there are insuffi-
cient data for the intervention for BRIP1. The guidelines sug-
gest offering RRSO for patients with mutations in BRIPI,
RADS5IC, and RADS5ID; there are insufficient data for
PALB2. Mastectomy should be offered just to PALB2, and
the evidence is still insufficient for ATM and CHECK2.
Table 8.3 summarizes this discussion [71].

Another important consideration is when to start breast
cancer screening for these patients. In a recent publication in
Nature Reviews Oncology, Tung et al. discussed this issue
and concluded that screening should begin in this population
when the average 5-year lifetime risk exceeds population
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Table 8.3 Clinical management guidelines of high-penetrance genes

Lifetime risk of

Gene syndrome breast cancer

Other tumors

Breast cancer screening Risk-reducing surgery

Other screening

BRCAI/2 50-85% Ovarian, pancreatic, 25-29 MRI Mastectomy =

HBOC syndrome melanoma, prostate 30-75 MMG + MRI RRSO

TP53 65-90% Sarcoma, leukemia, 20-29 MRI Mastectomy Whole-body MRI

Li—Fraumeni adrenocortical brain 30-75 MMG + MRI

syndrome tumors, other

CDHI 45% Gastric 30-75 MMG + MRI Mastectomy =

HDGC syndrome Gastrectomy

PTEN 85% Endometrial thyroid, 30-75 MMG + MRI Mastectomy Colonoscopy

Cowden syndrome colorectal, renal Hysterectomy Thyroid USG
TVUS + Endo BX
Renal Ultrasound

STK11 32% Colorectal, small bowel, 30-75 MMG + MRI - -

Peutz—Jeghers pancreatic, gastric, and

ovarian

Table 8.4 Screening guidelines for moderate-penetrance genes (after
Tung et al. [106])

Mammography (clinical breast

Gene examination and/or MRI) RRSO
ATM Annual starting at 40 y Based on
family history
CHECK2 Annual starting at 40 y Based on
truncating family history
NBN Annual starting at 40 y Based on
family history
PALB2 Annual starting at 30 y Based on
family history
BRIPI Based on family history 50-55y
RADSIC Based on family history 50-55y
RADS5ID Based on family history 50-55y

risk at ages 45-50, the age at which mammographic screen-
ing is recommended in women in the USA [106]. Women
with pathogenic mutations in PALB2, ATM, NBN, and
CHEK?2 (other than p.I157T) have a cumulative life risk
(CLTR) of breast cancer that exceeds 20% and thus meet
existing guidelines for MRI surveillance, at least in the
USA. For practical reasons it would be reasonable to initiate
MRI surveillance at the same time as mammography [106].

The suggested age to start screening annually with mam-
mogram and/or MRI is 40 years for ATM, CHECK2, and
NBN and 35 years for PALB2. The RRSO procedure should
be considered only for BRIPI, RAD5IC, and RADSID
between ages 50 and 55 [106] (Table 8.4).
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Chemoprevention

Andrea De Censi, Bernardo Bonanni,
and Massimiliano Cazzaniga

9.1 Introduction

In 1976, Sporn defined the term “chemoprevention” as the use
of natural, synthetic, or biologic chemical agents to reverse, sup-
press, or prevent carcinogenic progression to invasive cancer [1].

Although the precise mechanisms promoting the development/
progression of breast cancer are not completely established, the
success of several clinical trials in preventive settings, mainly in
selected high-risk populations, suggests that chemoprevention
is a rational and an appealing strategy (Fig. 9.1).
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Fig.9.1 Breast cancer chemoprevention history
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Fig.9.2 Breast cancer carcinogenesis

Breast carcinogenesis is a multistep, multipath, and mul-
tiyear disease of progressive genetic and associated tissue
damage. It spans the continuum from simple hyperplasia
without atypical cells to intraepithelial neoplasia (IEN) and
finally to invasive cancer (Fig. 9.2) [2].

In detail, the carcinogenetic process starts with unspeci-
fied accumulations of genetic events leading to a progressive
dysplastic cellular appearance with genotypic and pheno-
typic alterations, deregulated cell growth, and finally cancer.
Chemoprevention is just part of these mechanisms and works
with the aim to arrest or modify them, thus resulting in a
decrease in the incidence of the disease.

In the last few decades, following the therapeutic para-
digm for the treatment of cardiovascular diseases that began
to include a chemopreventive risk reduction approach [3],
preventive therapy for several kinds of cancers, including
breast cancer, is currently oriented toward the reduction of
modifiable risk factors. The first task, of course, is to identify
modifiable factors that would influence the development and
progression of the disease in order to tailor prevention strate-
gies on the basis of the individual risk. However, it is now
accepted that therapeutic cancer prevention is an effective
and essential tool in the fight against cancer, although the use
of preventive therapy is sadly still inadequate.

Many subjects at increased risk for breast cancer could
benefit from preventive therapy. Defining breast cancer
risk incorporates knowledge of individual risk factors
known to be associated with increased risk. These risk fac-
tors are included in various available risk calculation mod-
els, mainly Tyrer-Cuzick and Gail model, to provide a
numeric risk that can be used to help quantify the level of
individual risk. Other individual risk factors for the selec-
tion of candidates for preventive therapy are substantially

the presence of premalignant disease (LCIS, ADH, ALH),
the presence of mammographic density, and/or the use of
HRT, the high-risk penetrant genes (BRCA mutation carri-
ers) or the less penetrant but higher frequency polygenic
risk score SNPs [4, 5].

9.2  Breast Cancer Chemoprevention
9.2.1 Prevention of ER-Positive BC

Although the precise mechanism causing breast cancer is not
fully established, it is well known that hormones play a sig-
nificant role in almost 70% of cases [6] and current chemo-
preventive strategies have targeted hormonally responsive
breast cancers. The two major classes of antiestrogenic
drugs, selective estrogen receptor modulators (SERMs) and
aromatase inhibitors (Als), have been recently used for their
activity in breast cancer prevention.

The SERM tamoxifen was proven extremely effective on
recurrent and new contralateral tumors, hence showing a
good toxicity profile in the treatment of hormone receptor-
positive breast cancer [7]. Tamoxifen has therefore been an
obvious candidate for assessment as a preventive agent.

Four historical large trials [8—11] on tamoxifen effective-
ness were undertaken, and long-term follow-up data are
available. An overview of these trials has shown a 43%
reduction in estrogen receptor (ER)-positive invasive breast
cancer, but no effect on ER-negative disease [12]. The data
from these studies and, in particular, from NSABP P-1 trial
led to the 1998 US Food and Drug Administration (FDA)
approval of tamoxifen for reduction of breast cancer inci-
dence in high-risk women.
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Furthermore, the direct comparison of tamoxifen with ral-
oxifene (a second-generation SERM) in the STAR trial
showed that raloxifene is less effective than tamoxifen
(mainly on in situ breast cancer), but with fewer side effects.
The initial report from 2006 found raloxifene to be as effec-
tive as tamoxifen in preventing invasive breast cancer, but
with fewer associated toxicities. In the recent update [13],
raloxifene has retained approximately 81% of the effective-
ness of tamoxifen in preventing invasive breast cancer and
continued to grow closer to tamoxifen in preventing noninva-
sive breast cancer. Raloxifene has also maintained a better
profile with respect to uterine disease, thromboembolic
events, and death.

Data from the STAR trial and the other raloxifene/placebo
trial (MORE-CORE and RUTH) resulted in the approval of
this drug by the US FDA for a reduction in the risk of inva-
sive breast cancer in postmenopausal women with osteopo-
rosis as well as a reduction in the risk of invasive breast
cancer in postmenopausal women at high risk of invasive
breast cancer. Finally, another recent meta-analysis by
Cuzick [14] of nine randomized double-blind trials compar-

ing various SERMs with placebo or another drug on women
without breast cancer showed a 38% reduction in breast can-
cer incidence overall, including ductal carcinoma in situ
(Fig. 9.3). The reduction appears larger in the first 5 years of
follow-up than in years 5-10. Authors reported a reduction in
both year groups, though with a minor effect in the 5-10-
year group. No evidence of heterogeneity was found between
trials. Moreover, the analysis recorded a significant 34%
reduction in vertebral fractures.

While all SERMs increased venous thromboembolic
events, only tamoxifen showed a clear increase in endome-
trial cancers. The large amount of extended follow-up avail-
able for this analysis has provided a clear overview of the
benefits and harms of these drugs.

The fear of incurring some adverse effects of this drug has
hampered its uptake by women at increased risk, and a rela-
tive recent route of administration of tamoxifen seems to
have solved the question. A simple and economic approach
to retain tamoxifen efficacy while reducing the risks was to
diminish its dose. The effects of these different doses on pro-
liferation were analyzed using the Ki-67 expression, as the
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Fig.9.3 SERMs efficacy in all breast cancer (invasive and in situ) in 10-year follow-up
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main surrogate end point marker in several studies [15-18].
The change of the marker expression induced by lower doses
of tamoxifen was confirmed to be comparable to that
obtained with the standard dose.

Each of the three third-generation Als used in adjuvant
BC trials is effective in suppressing aromatase activity by
97-99% [19], thus achieving near-complete inhibition of
aromatase in vivo as well as near-complete suppression of
plasma estrogen levels. The significant reduction in contra-
lateral BCs found in adjuvant Al clinical trials [20] has raised
interest in these agents for primary prevention, in particular
because they may be associated with a less adverse effect
profile, specifically in thrombophilic events and endometrial
cancer, compared with SERMs. There have been two land-
mark studies of Als for BC primary prevention.

The National Cancer Institute of Canada Clinical Trials
Group Mammary Prevention 3 (MAP.3) trial was an interna-
tional prospective, randomized, placebo-controlled, double-
blind study, designed to detect a 65% relative reduction in
IBC with 25 mg of exemestane compared with placebo [21]
In addition, the combined incidence of IBC and DCIS was
reduced by 53% in the exemestane group compared with pla-
cebo. The IBIS-II [22] was a double-blind, randomized,
placebo-controlled study that aimed to assess the efficacy
and safety of anastrozole for BC prevention in high-risk
postmenopausal women. A total of 3864 postmenopausal
women were randomized to either 1 mg of anastrozole daily
or placebo. This study showed that anastrozole significantly
reduced IBC (mainly high-grade tumors) and DCIS
diagnoses.

The MAP.3 and IBIS-II results demonstrate that exemes-
tane and anastrozole were associated with a greater magni-
tude of BC risk reduction compared to SERMs. However, we
should also consider their less adverse effect (especially in
thrombophilic and gynecological events) and their simulta-
neous associated reduced bone mineral density leading to an
increased fracture risk, an increase in musculoskeletal side
effects, and also, most likely, an increase in cardiovascular
events [23, 24]. Relevant issues for both types of chemopre-
vention, i.e., appropriate duration of therapy, dose optimiza-
tion, target population, and, ultimately, effects of primary
prevention on mortality, still remain unanswered. Finally,
because of the absence of head-to-head comparisons and
inter-study differences in patient characteristics, it remains
unclear whether SERMs or Als are the preferred agents for
BC chemopreventive risk reduction.

9.3  Prevention of ER-Negative BC

Estrogen receptor-negative and triple-negative breast can-
cers are types of aggressive tumors that account
for approximately 30 and 15% of total breast cancers,

respectively [25]. Selective estrogen receptor modulators
and aromatase inhibitors are unable to treat and prevent
these subtypes of mammary tumors, and other approaches
are, therefore, needed. Notably, around 90% of breast
cancers arising in BRCA-1 mutation carriers are triple
negative or estrogen receptor negative [26]. For these rea-
sons, available preventive strategies are urgently needed
in BRCA mutation carriers and, in general, in young high-
risk population.

It is therefore worth identifying new pathways, biomark-
ers, and agents that are effective in the treatment and preven-
tion of these subtypes. With the accumulating knowledge in
understanding the biology of cancer development, several
classes of a new generation of chemopreventive agents mod-
ulating the non-endocrine biochemical pathways have been
developed, and many of these are still currently under inves-
tigation (Table 9.1).

These agents include retinoids, poly(ADP-ribose) poly-
merase (PARP) inhibitors, EGFR tyrosine kinase inhibitors
(for HER2-positive tumors), metformin, cyclooxygenase-2
(COX-2) inhibitors, bisphosphonates, and peroxisome
proliferator-activated receptor (PPAR) inhibitors. Due to
their lack of proven efficacy or to an unacceptable risk-
benefit ratio for healthy subjects, several of these agents are
currently on standby. Only the following most apparently
promising agents are described.

Table 9.1 Class, specific pathways, and agents actually involved in the
treatment and prevention of ER-negative breast cancer

Class
Nuclear receptors

Targets Drugs or agent

Retinoid acid Fenretinide (4-HPR) 9

receptor cis-retinoic acid (Targretin)
RXR
VDR VIT D3 analogues
PPARy Troglitazone, rosiglitazone,
pioglitazone
Membrane receptors HMG-CoA  Statins
and signal Tyrosine Gefitinib (Iressa)
transduction kinase
HER-1, Trastuzumab (Herceptin),
HER-2 lapatinib, genfitinib,
neratinib
IGF-R, Metformin
IGF-1,
IGFBP3
Anti-inflammatory COX-2 Celecoxib,rofecoxib, NSAIDs
and antioxidant
Angiogenesis VEGF Bevacizumab
DNA modulation BRCAI- PARP-inhibitors
BRCA2\

4-HPR N-(4-hydroxyphenyl) retinamide, COX cyclooxygenase, ER
oestrogen receptor, HMG-CoA 3 hydroxy-3 methylglutaryl coenzyme
A, NSAIDs nonsteroidal anti-inflammatory drugs, PARP poly (ADP-
ripose) polymerases, PPAR peroxisome-activated receptor, RXr reti-
noid X receptor, VDR Vitamin D receptor
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9.4  Retinoids

Retinoids (either natural or synthetic compounds structurally
related to vitamin A) have long been studied for their chemo-
therapeutic effect and for their chemopreventive potential in
breast cancer setting. They are able to regulate cell growth,
differentiation, and apoptosis [27] in ER-positive and
ER-negative breast cancer cells. The most promising retinoid
inchemoprevention setting is fenretinide, N-4-hydroxyphenyl
retinamide (4-HPR). The first important study where 4-HPR
was administered as a single agent was an Italian multicen-
tric phase III randomized trial, started in 1987. Stage I breast
cancer patients were randomly assigned to receive either no
treatment or fenretinide given orally at a dose of 200 mg/day
for 5 years. The main outcome measure was the occurrence
of contralateral breast cancer as first malignant event. Also, a
different effect was noticed when the analysis was stratified
by menopausal status, with a beneficial trend in premeno-
pausal women on both contralateral and ipsilateral breast
cancer (38%) and a reversed trend on contralateral breast
cancer in postmenopausal women. Importantly, the protec-
tive effect persisted for up to 15 years (i.e., 10 years after
retinoid cessation) [28]. Such benefit was associated with a
remarkable 50% risk reduction in women aged 40 years or
younger. This phase III trial suggested a possible role of fen-
retinide as a preventive agent acting at different levels of
breast carcinogenesis. This protective effect was suggested
also in women with a high probability of carrying a BRCA
mutation.

9.5 Metformin
Epidemiological studies have strongly suggested that met-
formin can reduce cancer risk and mortality in diabetic sub-
jects. A recent meta-analysis [29] on 47 independent studies
and 65,540 cancer cases in diabetic patients showed that
metformin reduced the overall cancer incidence by 31%,
while mortality was reduced by 34%. Several preclinical
studies have confirmed the effect of metformin in vitro and
in vivo and showed a significant reduction of both breast epi-
thelial cell proliferation and protein synthesis [30, 31].
Because of these promising epidemiologic and preclinical
data, several phase I and II trials were conducted to investi-
gate its breast cancer preventive effects [32-34]. Most of
these were neoadjuvant “window of opportunity” studies
among women with operable breast cancer and investigated
a variety of biomarker changes after metformin administra-
tion. Metformin reduced proliferation (KI67) and increased
apoptosis (TUNEL staining) in invasive tumor tissue, in par-
ticular in patients with a metabolic unbalanced condition
[32, 35]. Phase II and III clinical trials are currently in

progress to further elucidate the cancer preventive effect of
metformin [36-39]. The most important one is a currently
ongoing phase III study (the NCIC-MA.32 trial), testing
5 years of metformin versus placebo among women with
early-stage breast cancer [36].

Metformin’s antineoplastic mechanisms of action involve
several pathways through which the drug acts in direct or
indirect mode. In particular, metformin regulates the AMPK/
mTOR pathway implicated in the control of protein synthe-
sis and cell proliferation [40]. It has been confirmed that met-
formin produces a significant repression of cell proliferation
and this effect was found to be different in human breast can-
cer cell lines if related to either positive or negative ERs. A
complete cell growth repression was detected in ER-positive
cell lines, although only a partial inhibition was detected in
ER-negative phenotypes [41]. 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.

9.6 Bisphosphonates

Bisphosphonates are commonly used in patients with breast
cancer to reduce skeletal-related events in metastatic disease
and to mitigate bone loss associated with cancer therapy in
early-stage disease. Antiresorptive agents, including bisphos-
phonates such as ibandronate, risedronate, and zoledronic
acid and the receptor activator of nuclear factor kappa B
ligand (RANKL) inhibitor denosumab, have been shown to
mitigate aromatase inhibitor-associated bone loss in a series
of trials [42]. In addition, adjuvant breast cancer trials evalu-
ating the oral bisphosphonate clodronate suggested a reduc-
tion in cancer recurrence and prevention with a direct
antitumor effects involving anti-angiogenic, antiprolifera-
tive, and proapoptotic mechanisms [43]. Recent adjuvant tri-
als suggest that bisphosphonates may also delay disease
recurrence in some populations of estrogen-depleted women
in early breast cancer setting supporting a potential antican-
cer effect. Two large cohort studies reported reductions in
breast cancer incidence of around 30% in bisphosphonate
users [44, 45]. Both studies reported similar benefits for
ER-negative breast cancers.

9.7 EGFRTyrosine Kinase Inhibitors (TKIs)

Researchers have recently focused their attention on
EGFR-HER-1 and EGFR-HER-2 pathways and conse-
quently on TK inhibitors, because the mechanism of resis-
tance to antiestrogen therapy is usually associated with an
increased expression of HER-1 and HER-2 receptors.
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EGFR is one of a family of four closely related receptors
(EGFR or erbB-1, HER-2/neu or erbB-2, HER-3 or erbB-
3, and HER-4 or erbB-4) that uses tyrosine kinase activity
and contributes to a large number of processes involved in
tumor survival and growth, including cell proliferation
and inhibition of apoptosis and angiogenesis [46], thus
making it an attractive target for cancer prevention. There
are two different and concomitant strategies able to inhibit
erbB activity. One involves blockade of this activity with
monoclonal antibodies (trastuzumab), whereas the second
involves the TKIs. TKIs have several advantages over
monoclonal antibodies, such as oral bioavailability and
potentially less toxicity, and these make them attractive
preventive agents [47]. There are two agents tested in this
setting, lapatinib and gefitinib.

Lapatinib has been evaluated in several phase II and III
trials in various types of breast cancer [48, 49]. Moreover, in
prevention setting, it showed a significant delay in the devel-
opment of ER-negative mammary tumors [50]. This preven-
tive action was seen in premalignant mammary lesions, and
this suggests its effectiveness also in the initiation and pro-
gression of breast carcinogenesis. Gefitinib showed the abil-
ity to suppress ER-negative mammary tumor formation in
MMTV-ErbB2 transgenic mice [46], and, despite the results
of preclinical and clinical studies, gefitinib recognized abil-
ity to inhibit proliferation in early-stage breast cancers and in
normal adjacent epithelium remains controversial. This
could be the rationale for the use of this compound in pre-
vention trial.

Finally, a mention must be done to neratinib, another irre-
versible tyrosine kinase inhibitor of HER1, HER2, and
HER4, which has recently shown [51] clinical activity in
patients with HER2-positive metastatic breast cancer.
Neratinib for 12 months significantly improved 2-year inva-
sive disease-free survival when given after chemotherapy
and trastuzumab-based adjuvant therapy to women with
HER2-positive breast cancer. Disease-free survival includ-
ing ductal carcinoma in situ was also significantly improved
with neratinib compared with placebo after 2 years, and this
action about early phases of cancinogenesis should be prom-
ising in the preventive settings too.

9.8 Limited Uptake of BC

Chemoprevention

Despite the availability of several efficacious agents, the uti-
lization of preventive therapy has been poor due to various
barriers, such as the lack of physician and patient awareness,
fear of side effects, and licensing and indemnity issues. For
preventive therapy, we cannot identify those individuals
whose cancer was prevented or risk was substantially reduced
because of the lack of measurable biomarkers of efficacy,

which currently exist for other diseases, including cardiovas-
cular diseases, prevention of diabetes complications, or
osteoporotic bone fractures.

Therefore, from those persons’ point of view, they either
have taken unnecessary medication or, worse, they have
unnecessarily suffered the adverse effects of such therapy.
Preventive therapy for cancer is often discounted as over-
treatment and used as an example of overmedicalization.
Understanding and overcoming such perception differ-
ences, along with other barriers, are essential if we are to
realize the full potential of this approach for cancer control.
New strategies are needed in order to improve this condi-
tion, and they include improving physician awareness and
countering prejudices by highlighting the important differ-
ences between preventive therapy and cancer treatment.
Researchers in the last few decades have discussed about
the important barriers to therapeutic cancer prevention and
the strategies to overcome these barriers and future research
needs (Table 9.2).

Several reasons seem to be the causes that complicate
the spread of the use of preventive therapies, although the
most important often seems to be the fear of side effects.
Moreover, future research to improve therapeutic cancer
prevention needs to include improvements in the predic-
tion of benefits and harms and improvements in the safety
profile for new or existing agents by experimentation with
dose.

Table 9.2 Barriers to preventive therapy and strategies to overcome
these barriers

Barriers Strategies to overcome barriers
Underestimation of benefits and/

or overestimation of harms

» Acknowledging different needs
of risk prediction for different
diseases and agents

* Refining risk prediction and
risk communication

* Development of biomarkers than
can be frequently monitored by
non-invasive means

Adbverse effects of agents Exploring strategies to reduce
adverse effects, e.g., dosing

modifications

Individual lack of knowledge Improving physician-patient
communication and information
sharing; educational

interventions
Individual’s fear of side effect Exploring re-purposing of
commonly used agents with
well-documented safety profile
Physicians’ lack of knowledge/
prejudices
Licensing and off-label use issues

Increasing physician awareness
and countering prejudices

Policy engagement

Lack of well-proven agents for
several cancers

Increased focus on preventive
research, particularly in
academia
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9.9 Natural Compounds

Lifestyle changes do offer an important strategy for cancer
prevention [52]. They generally include diet and nutrition
modifications as well as a regular and suitable physical activ-
ity. Moreover, recent attention has been given to the use of
natural products in a preventive setting, especially in trying
to counteract the concern of drugs’ side effects, in addition to
making a possible preventive approach intriguing [53]. Some
of the most promising compounds include catechins (e.g.,
epigallocatechin gallate (EGCG), green tea extract),
curcumin, carotenoids, omega-3 fatty acids, resveratrol, soy
isoflavones, and vitamin D. Unfortunately, none of these
dietary agents has been shown to consistently prevent breast
cancer. So, in spite of the fact that natural products are a
promising alternative strategy for cancer prevention, their
potential efficacy in the prevention of ER-negative and, par-
ticularly, triple-negative breast cancer will be determined in
the near future. In particular, it might be useful to identify
those natural products that cannot act directly on carcino-
genic mechanisms but on the main risk factors. Since the
properties of some carcinogenic pathways, such as inflam-
mation, cholesterol, metabolic syndrome, and hyperinsu-
linemia, are already known, natural products could
successfully be used in the regulation and/or control of these
pathways and could also indirectly act on the risk of develop-
ing the disease.

One simple strategy is to combine nutraceuticals which
are in common use as food ingredients to make a single can-
cer polypill. This was done with success for antihypertensive
agents in the polypill for stroke prevention in the general
population [54].

Conclusions

The success of several recent clinical trials in the preven-
tive setting in selected high-risk populations suggests that
chemoprevention is an effective strategy. New pathways,
biomarkers, and agents are actively searched in this sub-
group of cancers and have been recently put under inves-
tigation in order to improve the effectiveness and reduce
the toxicity. These strategies accompanied by a serious
lifestyle and nutrition changes could be a decisive step to
breast cancer prevention and treatment.
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The surgical strategies available today for breast cancer pre-
vention are prophylactic bilateral or unilateral mastectomy
and prophylactic bilateral salpingo-oophorectomy.

Mastectomy is intended to remove breast tissue and there-
fore to remove the very substance of cancer growth, while
oophorectomy eliminates the major part of the body’s source
of estrogen, with the additional benefit of decreasing ovarian
cancer risk in BRCAI and BRCA2 mutation carriers.

Overall mastectomy rates have increased over the past decades
[1-3]. In part, this is due to the introduction of new imaging
modalities capable of detecting additional breast lesions, which in
turn require more extensive surgery. It is also due to the growing
patient choice for preventive surgery as a reflection of the
increased awareness of genetic breast cancer, increased genetic
testing, and increased knowledge of improvements in mastec-
tomy and reconstruction techniques, together with anxiety and
overestimation of the risk of developing breast cancer.

Several studies have demonstrated that the risk as per-
ceived by patients of developing breast cancer is much higher
than the objective risk, given the fact that those patients who
are the most well informed and involved in decision-making
are more likely to choose mastectomy [4, 5].

Mastectomy, especially bilateral, is an extended and elective
surgery and may have unfavorable effects in terms of complica-
tions and associated costs as well as in terms of body image and
sexual function. Therefore a better understanding of its indica-
tions, use, and outcomes is crucial to improve cancer care [6-9].

In general, prophylactic mastectomy may occur in two
populations of patients: those already affected by unilateral
breast cancer who undergo contralateral mastectomy for the
prevention of cancer development in the contralateral breast
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and those without breast cancer, but at high risk, and there-
fore undergo bilateral risk-reducing mastectomy.

In 2007 Giuliano et al. stated the potential indications for
prophylactic mastectomies. In this statement, the indications
for prophylactic mastectomies include BRCA mutations or
other susceptibility genes, strong family history without
genetic mutation, histologic risk factors, difficult surveil-
lance, and reconstructive issues (symmetry/balance) [10].

10.1 Contralateral Prophylactic

Mastectomy

Various studies have evaluated trends, implications, and out-
comes of contralateral prophylactic mastectomy (CPM).

The Surveillance, Epidemiology, and End Results
Program (SEER) from 1998 to 2003 in the USA confirmed
increased rates of CPM by 150% [11]. Similar trends were
observed in other studies [12-15].

The categories of patient who may benefit from CPM may
be varying.

Despite limited evidence in survival improvement after
CPM published in 2010 in a large Cochrane analysis [16],
several studies which were subsequently published showed
minimal benefit in overall survival [17-19].

Yao et al. examined the effect of CPM on survival on 219,983
mastectomy patients using the National Cancer Data Base (the
largest study so far to examine survival with CPM). Adjusted
hazard ratio (HR) was 0.88 (95% CI 0.83-0.93; p < 0.001), and
an absolute 5-year benefit of 2% was observed. Differential effect
of CPM by stage and age was observed with HR = 0.88 (95% CI
0.82-0.94; p < 0.001) in women younger than 70 with stage I/I1,
and HR = 0.95 (95% CI 0.88-1.04; p = 0.28) in women with
stage III or older than age 69 with absolute 5-year benefit of
1.3%. This improvement in survival could be attributed to the
category of high-risk patients (family history and/or BRCA
mutation carriers), who have higher risks of contralateral cancers
and therefore may benefit from a CPM. Finally, the authors were
unable to establish a cause-and-effect relationship between CPM
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and survival, due to the lack of data regarding family history,
BRCA carrier status, hormonal receptor, and HER2 status [20].

In large meta-analysis performed by Fayanju et al., the
authors concluded that patients without known high risk (famil-
ial/genetic) should not be advised to undergo CPM [21].

In the recent study conducted by Basu et al. [22], the
authors developed a series of guidelines to aid clinicians
dealing with requests for, and management of, CPM. These
included several steps for the process of preoperative assess-
ment and counseling before CPM can be given and may be
summarized as follows:

e Taking a history

e Calculating the risk of contralateral breast cancer
e Cooling-off period whenever possible

e Multidisciplinary team (MDT) discussion

e Patient consent

Therefore breast cancer patients should be provided with
precise and accurate information on the risk of contralateral
breast cancer and on the risks and benefits of CPM.

10.2 Bilateral Prophylactic Mastectomy

As outlined earlier, indications for bilateral prophylactic
mastectomies include BRCA1/BRCA2 mutation or other
susceptibility genes, strong family history without genetic
mutations, and histologic risk factors.

Large prospective analyses report the average cumulative
risks for breast cancer by the age of 70 years for BRCA1 car-
riers of 60% (95% confidence interval [CI] = 44-75%) and
83% (95% CI = 69-94%) for contralateral breast cancer. For
BRCA2 carriers, the corresponding risks are 55% (95%
CI =41-70%) and 62% (95% CI = 44-79.5%) for contralat-
eral breast cancer [23, 24].

Retrospective analyses of the results of the study con-
ducted by Hartmann et al. demonstrated risk reduction of
about 90% for BRCA1 and BRCA2 mutation carriers after
bilateral prophylactic mastectomy (BPM) [25, 26].

In the study conducted by Heemskerk-Gerritsen et al.,
authors evaluated breast cancer incidence, all-cause mortality,
and breast cancer specific mortality in healthy BRCA1 and
BRCA2 mutation carriers undergoing bilateral prophylactic
mastectomy. These were compared with a surveillance group.
No incidence of breast cancer cases was observed during 1379
person-years of observation after BPM. 10-year overall survival
was 99% for the BRRM and 96% for the surveillance groups,
respectively. The authors concluded that BPM substantially
reduces breast cancer occurrence in healthy BRCA1/BRCA2
mutation carriers. However, longer follow-up and larger sample
size are needed to confirm statistical significance [27].

Interesting results were presented by the study of Skytte et al.,
which included 307 women with a pathogenic BRCA1 or
BRCA2 mutation, of whom 96 underwent bilateral risk-reducing
mastectomy. None of the study participants had a previous his-

tory of breast or ovarian cancer or had undergone risk-reducing
bilateral salpingo-oophorectomy prior to the time of BRCA test-
ing. The annual incidence of post-mastectomy breast cancer was
0.8% compared with 1.7% in the non-operated group [28].

A more recent meta-analysis performed by De Felice
et al. reported risk reduction of developing breast cancer in
BRCA1 and BRCA2 mutation carriers after risk-reduction
mastectomy by 93% [29].

The risk of breast cancer after mastectomy could be pre-
sumably explained by a tumor developing in left-over breast
tissue. However this hypothesis is debatable. In fact in the
study of Skytte et al., women who developed breast cancer
after mastectomy had undergone a simple mastectomy
including removal of the nipple—areola complex.

Today the most popular prophylactic mastectomy tech-
nique is the so-called conservative mastectomy or nipple-
sparing mastectomy/skin-sparing mastectomy or subcutaneous
mastectomy with immediate reconstruction. This surgical
technique has been shown to be feasible and safe, with out-
standing cosmetic results, and allows preservation of the
woman’s body image [30-33].

This was also supported by a recent review by van
Verschuer et al. in which the authors stated that the incidence
of primary breast cancers after prophylactic mastectomy is
very low after total mastectomy as well as after conservative
mastectomy [34]. It is suggested to surgeons that they mini-
mize risk by paying particular attention to ensure that all
glandular tissue is dissected, especially in the axillary tail,
chest wall, and nipple—areola complex.

Recently Toesca et al. reported the first experience of
robotic prophylactic nipple-sparing mastectomy. This
seemed to improve outcomes of mastectomy from a cos-
metic and patient satisfaction point of view [35].

NCCN guidelines support the use of risk-reducing mastecto-
mies for selected patients at high risk who desire this interven-
tion. Nevertheless histologic factors such as ADH, LCIS are
associated with an increased risk of breast cancer, surgical risk
reduction is not recommended in most of these patients [36].

There is a lack of data concerning the utility of sentinel lymph
node biopsy (SLNB) during risk-reducing surgery. It is recom-
mended that MRI assessment be performed prior to risk-reducing
surgery as some patients may be at risk of occult breast cancer,
having strong family history or mammographic density, and the
use of SLNB should be decided on a case-by-case basis [37].

10.3 Bilateral Prophylactic
Salpingo-Oophorectomy

Several studies have reported a breast cancer risk reduction of
approximately 50% after risk-reducing salpingo-oophorectomy
in BRCA1/BRCA2 mutation carriers [26, 38—43].
Heemskerk-Gerritsen et al. revised the association
between risk-reducing salpingo-oophorectomy (RRSO) and
breast cancer risk in BRCA1/BRCA2 mutation carriers,
proposing a different analytical approach in order to mini-
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mize potential biases as much as possible compared with
previous studies. Applying the requirement of no history of
cancer at the date of DNA diagnosis and the inclusion of
person-time preceding risk-reducing salpingo-oophorec-
tomy, the authors found no evidence for first breast cancer
risk. Nonetheless, cumulative breast cancer risk curves sug-
gest a slightly protective effect of risk-reducing salpingo-
oophorectomy on breast cancer risk when performed at
premenopausal age [44].

BRCAI1 tumors have been more frequently found to be
steroid hormone receptor-negative, rather than BRCA2
tumors [45, 46]. Therefore, the BC risk-reducing effect of
RRSO may be expected more in BRCA2 mutation carriers.

In the most recent review conducted, Hartmann et al.
summarized and presented current guidelines and statements

on indications for preventive surgical procedures [47] (See
table provided by Hartmann et al., NEIM).

In conclusion, risk-reducing surgery provides consider-
able benefits in terms of cancer prevention. Although, being
an extended surgery, risk-reducing procedures may be asso-
ciated with complications and adverse physical and psycho-
sexual effects. Patient education plays an important role in
avoiding the overestimation of breast cancer risk. Efforts
should be made to provide information regarding sexuality,
body image, reconstruction techniques, fertility, and the like-
lihood of familial predisposition.

The decision to undergo preventive surgical procedures is
complex and patients require careful assessment in a multi-
disciplinary setting comprising clinicians, psychologists,
and geneticists.

Box 1. Overview of Key Positions Regarding Risk-Reducing Surgery in Women with Hereditary Breast and Ovarian Cancer Syndrome.

recommended to ensure informed decision making by the patient.
Bilateral Mastectomy

Bilateral Salpingo-Oophorectomy
and 40 years, and upon completion of child bearing.”

all-cause mortality by 55 to 100%."*

sively examining the fimbriated end).*+?
Salpingectomy Alone

The following position statements pertain to women without prior breast or ovarian cancer. These statements acknowledge that bilateral
risk-reducing mastectomy and salpingo-oophorectomy have potential adverse effects, and multidisciplinary consultations before surgery are

NCCN (National Comprehensive Cancer Network; www.nccn.org): “Risk-reducing mastectomy ... provides a high degree of protection
against breast cancer in women with a BRCA1/2 mutation.” Discuss risk-reducing mastectomy on a case-by-case basis, with a review of
the potential adverse effects of the procedure. Risk-reducing mastectomy is also an option for patients with the Li-Fraumeni syndrome
and the Cowden syndrome. Consensus recommendations are not provided for carriers of mutations in other genes.*

USPSTF (U.S. Preventive Services Task Force): “Among high-risk women and mutation carriers, risk-reducing mastectomy [as compared

with no surgery] decreased breast cancer by 85 to 100% and breast-cancer mortality by 81 to 100%.7*

Society of Surgical Oncology: Indications for bilateral prophylactic mastectomy include mutations in BRCA1, BRCA2, or other strongly

predisposing breast-cancer susceptibility genes or, in the absence of data on mutations, a hereditary breast-cancer syndrome.?

NICE (National Institute for Health and Care Excellence; United Kingdom): “Bilateral risk-reducing mastectomy is appropriate only fora

small proportion of women who are from high-risk families and should be managed by a multidisciplinary team.... Bilateral mastecto-

my should be raised as a risk-reducing strategy option with all women at high risk.”*’
Additional international guidelines have been summarized by Easton et al.}

Comments on the procedure: No mastectomy can remove all breast tissue, which is widely distributed on the chest wall. Several mas-
tectomy approaches have been used for prophylaxis. A total (simple) mastectomy removes more than 95% of breast tissue, including the
overlying skin and nipple-areolar complex. In a classic subcutaneous mastectomy, the skin and nipple-areolar complex are preserved, and
varying amounts of glandular tissue may be left below the areola. The use of this procedure for prophylaxis has been criticized because of
the possible retention of excess at-risk tissue in the skin flaps and below the areola. Most surgical oncologists recommend a skin-sparing
mastectomy for prophylaxis; this preserves the natural skin of the breast. A recent technique called “nipple-sparing” or “total skin-sparing”
mastectomy also preserves the overlying skin of the nipple-areola complex. The underlying glandular tissue at risk is removed, and immedi-
ate reconstruction is performed. Cosmesis is enhanced by preserving the nipple skin.?*3* More than 90% of women who undergo bilateral
risk-reducing mastectomy elect immediate breast reconstruction, usually with implants. Complications may be immediate or delayed. In a
prospective cohort of 112 consecutive women who underwent risk-reducing mastectomy followed by immediate breast reconstruction and
were followed for 2.8 years, 10% had bleeding, 9% infection, and 149% capsular contracture. A total of 33% of women required reoperation.*

NCCN: “Recommend risk-reducing salpingo-oophorectomy (ideally in consultation with a gynecologic oncologist) typically between 35
USPSTF: “Risk-reducing salpingo-oophorectomy decreased breast cancer incidence by 37 to 100%, ovarian cancer by 69 to 1009, and

Society of Gynecologic Oncology: “The most proven method for the prevention of ovarian cancer in women who carry a deleterious
BRCA1 or BRCA2 mutation is risk-reducing salpingo-oophorectomy. Prospective studies have reported a 70% to 85% reduction in ovari-
an cancer...risk-reducing salpingo-oophorectomy between the ages of 35 and 40 years is recommended for risk reduction in women at
increased genetic risk of ovarian cancer. The age [at which risk-reducing salpingo-oophorectomy is performed] may also be individual-
ized according to the earliest age of onset in the family and personal choices.”
Comments on the procedure: The procedure, usually performed laparoscopically, should include visual assessment of the abdomen and
pelvis, a pelvic washing, and total bilateral salpingo-oophorectomy, including ligation of the ovarian artery and vein approximately 2 cm
proximal to the ovary and tube to ensure removal of all tissue. Because of the possibility of occult cancer, including serous tubal in situ car-
cinoma, meticulous processing of the surgical specimen is necessary according to the SEE-FIM protocol (protocol for sectioning and exten-

NCCN: “Salpingectomy [alone] is not the standard of care and is discouraged outside a clinical trial. The concern for risk-reducing sal-
pingectomy alone is that women are still at risk for developing ovarian cancer.”**

Society of Gynecologic Oncology: “Salpingectomy can be considered at the completion of childbearing in women at increased genetic
risk of ovarian cancer who do not agree to salpingo-oophorectomy. However, this is not a substitute for oophorectomy, which should

still be performed as soon as the woman is willing to accept menopause, preferably by the age of 40 years."*

New England Journal of Medicine, 2016, by Hartmann et al.



98

P. Veronesi and N. Peradze

References

L.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Tuttle TM, Habermann EB, Grund EH et al (2007) Increasing use
of contralateral prophylactic mastectomy for breast cancer patients:
a trend toward more aggressive surgical treatment. J Clin Oncol
25:5203-5209

. Kurian AW, Lichtensztajn DY, Keegan TH et al (2014) Use of and

mortality after bilateral mastectomy compared with other surgical
treatments for breast cancer in California, 1998-2011. JAMA
312(9):902-914

. Yao K, Stewart AK, Winchester DJ et al (2010) Trends in contralat-

eral prophylactic mastectomy for unilateral cancer: a report from
the National Cancer Data Base, 1998-2007. Ann Surg Oncol
17:2554-2562

. Fehniger J, Livaudais-Toman J, Karliner L et al (2014) Perceived

versus objective breast cancer risk in diverse women. J Womens
Health (Larchmt) 23(5):420-427

. Banegas MP, Piischel K, Martinez-Gutiérrez J et al (2012) Perceived

and objective breast cancer risk assessment in Chilean women liv-
ing in an underserved area. Cancer Epidemiol Biomark Prev
21(10):1716-1721

. Barton MB, West CN, Liu IL et al (2005) Complications following

bilateral prophylactic mastectomy. J Natl Cancer Inst Monogr
35:61-66

. Miller ME, Czechura T, Martz B et al (2013) Operative risks asso-

ciated with contralateral prophylactic mastectomy. Ann Surg Oncol
20(13):4113-4120

. Bresser PJ, Seynaeve C, Van Gool AR et al (2006) Satisfaction with

prophylactic mastectomy and breast reconstruction in genetically
predisposed women. Plast Reconstr Surg 117(6):1675-1684

. Frost MH, Schaid DJ, Sellers TA et al (2000) Long-term satisfac-

tion and psychological and social function following bilateral pro-
phylactic mastectomy. JAMA 284(3):319-324

Guiliano AE, Boolbol S, Degnim A et al (2007) Society of surgical
oncology: position statement on prophylactic mastectomy. Ann
Surg Oncol 14:2425-2427

Tuttle TM, Jarosek S, Habermann E et al (2009) Increasing rates of
contralateral prophylactic mastectomy among patients with ductal
carcinoma in situ. J Clin Oncol 27:1362-1367

McLaughlin CC, Lillquist PP, Edge SB et al (2009) Surveillance of
prophylactic mastectomy: trends in use from 1995 through 2005.
Cancer 115:5404-5412

Sorbero ME, Dick AW, Burke Beckjord E et al (2009) Diagnostic
breast magnetic resonance imaging and contralateral prophylactic
mastectomy. Ann Surg Oncol 16:1597-1605

Jones NB, Wilson J, Kotur L et al (2009) Contralateral prophylactic
mastectomy for unilateral breast cancer: an increasing trend at a
single institution. Ann Surg Oncol 16:2691-2696

King TA, Sakr R, Patil S et al (2011) Clinical management factors
contribute to the decision for contralateral prophylactic mastec-
tomy. J Clin Oncol 29:2158-2164

Lostumbo L, Carbine NE, Wallace J (2010) Prophylactic mastec-
tomy for the prevention of breast cancer. Cochrane Database Syst
Rev. doi:10.1002/14651858.CD002748

Bedrosian I, Hu CY, Chang GJ et al (2010) Population-based study
of contralateral prophylactic mastectomy and survival outcomes of
breast cancer patients. J Natl Cancer Inst 102:1-9

Boughey J, Hoskin TL, Degnim AC et al (2010) Contralateral pro-
phylactic mastectomy is associated with a survival advantage in
high risk women with a personal history of breast cancer. Ann Surg
Oncol 17:2702-2709

Basu NN, Barr L, Ross GL et al (2015) Contralateral risk-reducing
mastectomy: review of risk factors and risk-reducing strategies. Int
J Surg Oncol 2015:901046

Yao K, Winchester DJ, Czechura T et al (2013) Contralateral
prophylactic mastectomy and survival: report from the National

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

Cancer Data Base, 1998-2002. Breast Cancer Res Treat 142(3):
465-476

Fayanju OM, Stoll CR, Fowler S et al (2014) Contralateral prophy-
lactic mastectomy after unilateral breast cancer: a systematic
review and meta-analysis. Ann Surg 260(6):1000-1010

Basu NN, Ross GL, Evans DG et al (2015) The Manchester guide-
lines for contralateral risk-reducing mastectomy. World J Surg
Oncol 13:237

Mavaddat N, Peock S, Frost D, Ellis S, Platte R, Fineberg E et al
(2013) Cancer risks for BRCA1 and BRCA2 mutation carriers:
results from a prospective analysis of EMBRACE. J Natl Cancer
Inst 105(11):812-822

Chen S, Parmigiani G (2007) Meta-analysis of BRCA1 and BRCA2
penetrance. J Clin Oncol 25:1329-1333

Hartmann LC, Sellers TA, Schaid DJ et al (2001) Efficacy of bilat-
eral prophylactic mastectomy in BRCA1 and BRCA2 gene muta-
tion carriers. J Natl Cancer Inst 93:1633-1637

Domchek SM, Friebel TM, Singer CF et al (2010) Association of
risk-reducing surgery in BRCA1 or BRCA?2 mutation carriers with
cancer risk and mortality. JAMA 304(9):967-975
Heemskerk-Gerritsen BA, Menke-Pluijmers MB, Jager A et al
(2013) Substantial breast cancer risk reduction and potential sur-
vival benefit after bilateral mastectomy when compared with sur-
veillance in healthy BRCAl and BRCA2 mutation carriers: a
prospective analysis. Ann Oncol 24(8):2029-2035

Skytte AB, Criiger D, Gerster M et al (2011) Breast cancer after
bilateral risk-reducing mastectomy. Clin Genet 79:431-437

De Felice F, Marchetti C, Musella A et al (2015) Bilateral risk-
reduction mastectomy in BRCA1 and BRCA2 mutation carriers: a
meta-analysis. Ann Surg Oncol 22(9):2876-2880

Petit JY, Veronesi U, Orecchia R et al (2009) Nipple sparing mas-
tectomy with nipple areola intraoperative radiotherapy: one thou-
sand and one cases of a five years experience at the European
institute of oncology of Milan (EIO). Breast Cancer Res Treat
117:333-338

Petit JY, Veronesi U, Lohsiriwat V et al (2011) Nipple-sparing mas-
tectomy—is it worth the risk? Nat Rev Clin Oncol 8:742-747

Petit JY, Veronesi U, Orecchia R et al (2012) Risk factors associ-
ated with recurrence after nipple-sparing mastectomy for invasive
and intraepithelial neoplasia. Ann Oncol 23:2053-2058

Manning AT, Sacchini VS (2016) Conservative mastectomies for
breast cancer and risk-reducing surgery: the memorial Sloan
Kettering cancer center experience. Gland Surg 5(1):55-62

Van Verschuer VM, Maijers MC, van Deurzen CH et al (2015)
Oncological safety of prophylactic breast surgery: skin-sparing and
nipple-sparing versus total mastectomy. Gland Surg 4(6):467-475
Toesca A, Peradze N, Galimberti V et al (2015) Robotic nipple-
sparing mastectomy and immediate breast reconstruction with
implant: first report of surgical technique. Ann Surg 7. [Epub ahead
of print]

Breast cancer risk reduction, NCCN guidelines Version 1.2016
Nagaraja V, Edirimanne S, Eslick GD (2016) Is sentinel lymph
node biopsy necessary in patients undergoing prophylactic mastec-
tomy? A systematic review and meta-analysis. BreastJ. doi:10.1111/
tbj.12549. [Epub ahead of print]

Rebbeck TR, Levin AM, Eisen A et al (1999) Breast cancer risk
after bilateral prophylacticoophorectomy in BRCA1 mutation car-
riers. J Natl Cancer Inst 91(17):1475-1479

Rebbeck TR, Lynch HT, Neuhausen SL et al (2002) Prophylactic
oophorectomy in carriers of BRCA1 or BRCA2 mutations. N Engl
J Med 346(21):1616-1622

Eisen A, Lubinski J, Klijn J et al (2005) Breast cancer risk follow-
ing bilateral oophorectomy in BRCA1 and BRCA2 mutation carri-
ers: an international case-control study. J Clin Oncol 23:7491-7496
Kramer JL, Velazquez IA, Chen BSE et al (2005) Prophylactic
oophorectomy reduces breast cancer penetrance during prospec-



http://dx.doi.org/10.1002/14651858.CD002748
http://dx.doi.org/10.1111/tbj.12549
http://dx.doi.org/10.1111/tbj.12549

10

Surgical Prevention

99

42.

43.

44.

tive, long-term follow-up of BRCAI1 mutation carriers. J Clin
Oncol 23(34):8629-8635

Domchek SM, Friebel TM, Neuhausen SL et al (2006) Mortality
after bilateral salpingo-oophorectomy in BRCAI and BRCA2
mutation carriers: a prospective cohort study. Lancet Oncol
7(3):223-229

Kauft ND, Domchek SM, Friebel TM et al (2008) Risk-reducing
salpingo-oophorectomy for the prevention of BRCA1- and BRCA2-
associated breast and gynecologic cancer: a multicenter, prospec-
tive study. J Clin Oncol 26(8):1331-1337

Heemskerk-Gerritsen BA, Seynaeve C, van Asperen CJ et al (2015)
Hereditary Breast and Ovarian Cancer Research Group Netherlands.
Breast cancer risk after salpingo-oophorectomy in healthy

45.

46.

47.

BRCA1/2 mutation carriers: revisiting the evidence for risk reduc-
tion. J Natl Cancer Inst 107(5):djv033

Loman N, Johannsson O, Bendahl PO et al (1998) Steroid recep-
tors in hereditary breast carcinomas associated with BRCA1 or
BRCA2 mutations or unknown susceptibility genes. Cancer 83(2):
310-319

Honrado E, Benitez J, Palacios J et al (2006) Histopathology of
BRCAI1- and BRCAZ2-associated breast cancer. Crit Rev Oncol
Hematol 59(1):27-39

Hartmann LC, Lindor NM (2016) The role of risk-reducing surgery
in hereditary breast and ovarian cancer. N Engl J Med
374(5):454-468



Part Il

Pathology: Standard and Molecular Diagnostics



Premalignant and Pre-invasive Lesions

of the Breast

11

Elena Guerini-Rocco and Nicola Fusco

11.1  Introduction

Premalignant and pre-invasive lesions of the breast belong to
a complex and heterogeneous group of lesions and represent
a matter of remarkable interest from both clinical and bio-
logical standpoints. These frequent noninvasive alterations
are related with an increased probability of breast cancer
development. What is more, they show extremely variable
risks of progression toward invasive forms of disease.
Indeed, while there are many histologically defined prema-
lignant lesions in the breast, only a few of them constitute
true neoplastic precursors that will progress to invasive can-
cer. Disappointingly, it is currently not conceivable to iden-
tify a priori, with absolute certainty, which of these precursors
will progress and which not. Therefore, classifying risk indi-
cators, precursors, and non-obligate precursors of invasive
breast cancer, and ultimately defining robust protocols for
their clinical management, is a hot topic in the multidisci-
plinary approach to breast cancer patients, that involves
pathologists, radiologists, surgeons, and oncologists.

The introduction of mammography-based breast cancer
screening programs has increased spectacularly the detec-
tion of noninvasive lesions [1]. Nowadays, in situ carcino-
mas account for up to 21% of breast cancer diagnoses [1],
while atypical lesions are “incidental” findings in nearly
10% of breast biopsies with non-carcinomatous alterations
[2]. Therefore, the correct and early diagnosis of premalig-
nant and pre-invasive lesions of the breast has become one
of the most crucial tasks for radiologists and pathologists,
given its decisive implications in terms of tailored manage-
ment schemes implementation. However, the histological
identification and classification of this vast collection of
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entities remains not trivial at all, since the rules for their
diagnosis has changed over the time, and even changes over
the space with substantial interobserver and inter-institu-
tions variability. Nowadays, breast care providers are living
in an era of extraordinary changes in clinical approaches to
nonmalignant lesions, and the integration of multiples disci-
plines as well as cutting-edge diagnostic methods has not
yet fully achieved. As a result, guidelines for the screening,
treatment, and follow-up of these patients are in constant
evolution and reshape, based on the biologic insights that
high-throughput technologies are currently providing. At
present, to master noninvasive and pre-invasive changes of
the breast at both morphologic and molecular levels is key to
allow the most appropriate clinical workup for these women.

Over the past few years, many models have been put for-
ward to unravel the complexity of breast cancer tumor pro-
gression. To date, it is widely recognized that a strict
morphology-based approach is no longer able to capture the
innumerable ramifications of this complicated issue. Lately,
based on the activation of estrogen receptor (ER) and
ER-regulated genes, a multistep model of breast cancer evo-
lution, encompassing most of the precursor and non-obligate
precursor lesions, has been proposed [3]. High-throughput
sequencing studies are further corroborating this hypothesis
[4-6]. However, given the intrinsic limitations of the pub-
lished studies, including the relatively small sample size and
the extremely challenging set up of functional models of
breast tumor progression, the biological determiners of the
progression from pre-invasive to invasive disease have yet to
be fully elucidated. Indeed, we are still not able to predict
which lesions will progress to invasive disease. The imple-
mentation of novel biomarkers to diagnose and predict the
outcome related to noninvasive breast lesions at an individu-
alized level represents the prerequisite for the realization of
the potentials of precision medicine.
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11.2 Classification of Noninvasive Lesions
of the Breast

11.2.1 Multistep History of Breast Cancer
Evolution Model

The initial morphology-based classification systems of
breast alterations allowed for several speculations on the cell
from which breast malignancies originate. In the past, pio-
neer scientists postulated that breast cancers would arise
from distinct sites within the mammary gland. It was a rather
dichotomic but extremely charming conception that soon
became viral among breast care providers. Basically, some
tumors were thought to originate from the ducts, while oth-
ers would arise from the milk-producing lobules and there-
fore named invasive ductal carcinomas and invasive lobular
carcinomas, respectively. Not surprisingly, lesions that were
morphologically confined inside of their “original site,”
without evidence of spread to surrounding tissues, were
named ductal carcinoma in situ (DCIS) and lobular carci-
noma in situ (LCIS). At present, this “vintage” nomenclature
remains widely adopted for indicating adenocarcinoma-like
(ductal) and discohesive-cell tumors (lobular). Over 30 years
ago, this model has been questioned by the outstanding
works of Wellings and Jensen [7, 8] that provided the first
scientific evidence that most of breast cancers and a propor-
tion of precursors lesions (both of ductal and lobular types)
would arise within the same microanatomical site, namely,
the terminal duct lobular unit (TDLU). It is interesting to
note that only in 2012, the World Health Organization
(WHO) in its classification of breast tumors changed the ter-
minology of “invasive ductal carcinoma, not otherwise spec-
ified (NOS)” into “invasive carcinoma of no special type
(NST),” avoiding outdated assumptions on the ductal origin
of the cancer cells [9]. Drs. Wellings and Jensen proposed a
linear multistep model of the breast cancer evolution based
on epidemiological data and on the histological continuum
of the lesions [7, 8, 10]. The key steps of this model included
progression from hyperplasia, to atypical hyperplasia (ductal
or lobular), carcinoma in situ (DCIS or LCIS), and ultimately
invasive ductal or lobular carcinoma.

During the last decades, the accumulation of new molec-
ular data have further complicated this model of tumor evo-
lution. Indeed, comparative genomic hybridization (CGH)
and microarray-based expression profiling studies demon-
strated that estrogen receptor (ER)-positive, HER2-positive,
and triple-negative (i.e. ER-negative, progesterone receptor
(PR)-negative and HER2-negative) breast cancers consti-
tute biologically and clinically distinct diseases [11-13]. In
recent years, the advent of next-generation sequencing
methods showed that these entities are underpinned by

distinct repertoires of genetic aberrations [14]. Seminal
analyses of bona fide precursors of breast cancer suggest
that these lesions are at least as heterogeneous as their inva-
sive counterparts [3]. It is currently accepted the notion that
low-grade and high-grade tumors and their respective pre-
cursor lesions harbor completely different genomic and
transcriptomic features and evolve through distinct path-
ways [4, 5, 15-17]. Moreover, molecular analyses identified
two distinct pathways of breast cancer evolution based on
the activation of ER. The concept of low-grade ER-positive
breast neoplasia family encompasses pre-invasive and inva-
sive lesions, including flat epithelial atypia (FEA),
ER-positive DCIS, lobular neoplasia, and ER-positive low-
grade invasive breast cancers that have been demonstrated
to coexist at a frequency greater than expected by chance
and to share specific genetic aberrations (e.g., deletions of
16q, gains of 1q and 16p) [3, 18, 19]. Deletion of 16q is an
uncommon finding in HER2 positive or triple negative
tumors; however, this peculiar genetic signature has been
described in a subset of high-grade ER-positive lesions,
suggesting a progression from low- to high-grade
ER-positive cancers [20]. Recently, microglandular adeno-
sis (MGA) emerged as bona fide non-obligate precursors of
both low- and high-grade triple-negative breast cancers,
which are characterized by recurrent 7P53 mutations and a
complex pattern of somatic mutations and copy-number
alterations [21-24]. At present, the combination of nuclear
grade and ER status seems to delineate the two major path-
ways of breast cancer evolution. However, quoting Kornelia
Polyak quoting Johann Wolfgang Von Goethe: “progress
has not followed a straight ascending line [...]” [25].

11.2.2 Terminology and Classification Systems

The constantly evolving model of breast cancer evolution
leads to continuously reshape the taxonomy of noninvasive
breast lesions (Table 11.1). At least three systems are used to
classify these entities based on prognostic, predictive or
pathologic purposes, and considerations.

In the “prognostic system,” the multitude of proliferative
breast changes can be categorized as risk indicators (i.e.,
lesions that are associated with increased risk of breast can-
cer development in the ipsilateral or contralateral breast)
and/or precursors (i.e., lesion that can progress to invasive
cancer). Atypical hyperplastic lesions and carcinoma in situ
have been shown to confer a relative risk of breast cancer
development of 4% [26-30] and 8-10% [3, 31], respectively.
Although the low relative risk of atypical lesions have been
recognized since the seminal study of Dupont and Page [26,
27], new data on cumulative risk of breast cancer among
women with atypical hyperplasia (cumulative risk, 30% at
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Table 11.1 Taxonomies of premalignant and pre-invasive lesions

Traditional terminology

Columnar cell change
(CCO)

Columnar cell hyperplasia
(CCH)

Columnar cell change with
atypia (A-CCC)

Columnar cell hyperplasia
with atypia (A-CCH)
Atypical ductal hyperplasia
(ADH)

Ductal carcinoma in situ,
low grade (DCIS grade 1)
Ductal carcinoma in situ,
intermediate grade (DCIS
grade 2)

Ductal carcinoma in situ,
high grade (DCIS grade 3)
Atypical lobular hyperplasia
(ALH)

Lobular carcinoma in situ,
classic type (LCIS)
Lobular carcinoma in situ
with necrosis or

WHO 2012 classification
Columnar cell lesion (CCL)

Flat epithelial atypia (FEA)

Atypical ductal hyperplasia
(ADH)

Ductal carcinoma in situ
(DCIS), low grade

Ductal carcinoma in situ
(DCIS), intermediate grade
Ductal carcinoma in situ
(DCIS), high grade

Atypical lobular hyperplasia
(ALH)

Lobular carcinoma in situ
(LCIS)

High-grade LCIS and
Pleomorphic lobular

Tavassoli classification

Ductal intraepithelial

neoplasia, grade 1A (DIN 1A)

Ductal intraepithelial

neoplasia, grade 1B (DIN 1B)

Ductal intraepithelial

neoplasia, grade 1C (DIN 1C)

Ductal intraepithelial
neoplasia, grade 2 (DIN 2)
Ductal intraepithelial
neoplasia, grade 3 (DIN 3)

Lobular intraepithelial
neoplasia, grade 1 (LIN1)
Lobular intraepithelial
neoplasia, grade 2 (LIN2)
Lobular intraepithelial
neoplasia, grade 3 (LIN3)

European guidelines
for quality assurance in
breast cancer screening
and diagnosis

B2

B3

B3

B5

B3

B3
B5

Clinical implication
(prognosis)

Risk indicator and
non-obligate precursor

Risk indicator and
non-obligate precursor

Risk indicator and
non-obligate precursor
Risk indicator and
non-obligate precursor

Risk indicator and
non-obligate precursor
Risk indicator and
non-obligate precursor

pleomorphic carcinoma in situ (PLCIS)

25 years’ follow-up) have been recently published and are
currently changing the management strategies of these
conditions [30, 32, 33]. Moreover, some of these risk indica-
tors have been shown to harbor molecular aberrations identi-
cal to those of the matched invasive disease and thus, they
are considered breast cancer precursors [3, 34-36]. Given
that only a still unidentifiable subset of these precursors will
effectively progress to invasive breast cancer, they are indeed
defined as non-obligate precursors of breast cancer together
with in situ carcinoma.

The “predictive” system has been created for clinical
management purposes. The current European Guidelines
for quality assurance in breast cancer screening and diag-
nosis required all breast needle core biopsies to be classi-
fied according to a five-tier pathologic-based classification
scheme: B1, normal; B2, benign; B3, lesion of uncertain
malignant potential; B4, suspicious for malignancy; and
B5, malignant [37, 38]. These categories are based only on
the histological findings of the specimen and clinical man-
agement of the detected lesions has to take into account
also their clinical and imaging characteristics. Given the
limited specimen of a core biopsies, the B-classification
does not require pathologists to give a definite diagnosis,
simplifying pathological evaluation. An Italian survey on
diagnostic concordance of B-classification reported a good
overall interobserver agreement (mean kappa score, 0.61),

with, however, lower concordance rates for B3 category
[39]. Similarly, Elmore et al. reported a good overall con-
cordance (75.3%) between US pathologists and expert con-
sensus diagnoses, with again lower levels of agreement for
atypical lesions with uncertain malignant potential [40].
The B3 category encompasses 3—10% of the histologically
assessed biopsy of screening detected lesions [41]. This
subgroup comprises different histopathological entities that
are known to have variable risk of associated concurrent
malignancy [41, 42]. Except for DCIS, all noninvasive
breast lesions fall into the B3 category, including FEA,
atypical ductal hyperplasia (ADH) and lobular neoplasia
(LN), together with papillary lesions, radial scar, and phyl-
lodes tumor. An improvement of the diagnostic concor-
dance and definition of this group is warranted in order to
avoid over- or undertreatment of the women with a diagno-
sis of B3 lesion.

The formal and traditional classification of pre-invasive
lesions of the breast, re-proposes the old-fashioned concepts
of ductal and lobular lesions with columnar cell changes as
the third wheel. This classification has been endorsed by the
last edition of WHO classification of breast tumors [9]. In
particular, based on differences in quantitative and qualita-
tive morphologic characteristics, clinical behaviors and,
recently, molecular features, these entities can be categorized
as follows:
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e Columnar cell changes, including flat epithelia atypia
(FEA)

e Lobular neoplasia, including atypical lobular hyperplasia
(ALH), lobular carcinoma in situ (LCIS), and pleomor-
phic lobular carcinoma in situ (PLCIS)

» Atypical ductal hyperplasia (ADH) and ductal carcinoma
in situ (DCIS)

Although it is widely adopted, this classification repre-
sents one of the most controversial topics in breast pathol-
ogy. Indeed, the morphologic criteria and the nomenclature
used are still debated, resulting in a high rate of diagnostic
interobserver variability. In particular, the distinction
between atypical hyperplasia (AH, including ALH and
ADH) and in situ lesions is rather problematic. The diag-
nostic criteria for AH are based mainly on exclusion
rather than positive features [27]. ADH and ALH are
diagnosed when some features of DCIS or LCIS, respec-
tively, are present, but others are lacking. This qualitative
definition of AH has been updated to include (arbitrary)
quantitative features. ADH is diagnosed when lesion foci
occupy less than two separate ducts [43] or measure less
than 2 mm [44]. Noninvasive lobular lesion is classified as
ALH if abnormal changes involved less than 50% of acini
or TDLU [9, 45, 46]. However, how to define atypical pro-
liferations that are qualitatively identical to in situ carci-
nomas, but quantitatively “too small,” or atypical lesions
that extend over the quantitative cut-offs but fail to meet
the diagnostic criteria of in situ carcinoma? In the setting
of controversial boundaries between atypical lesion and in
situ carcinoma, it has been suggested to abandon this ter-
minology in favor of a three-tier framework similar to that
used for intraepithelial neoplasia of cervix, vagina, and
vulva. In this classification, all ductal and lobular lesions
are defined as ductal intraepithelial neoplasia (DIN) and
lobular intraepithelial neoplasia (LIN), respectively,
including both atypical and in situ entities [47-50].
Avoiding the term “carcinoma” for lesions that are not
invasive has the advantages to reduce confusion among
health professionals and adverse psychological reactions
among patients [50, 51]. However, this three-tier classifi-
cation has not been endorsed by the 2012 edition of WHO
classification since it seems to suggest a progression from
low- to high-grade lesions that opposes our current, albeit
limited, biological knowledge on breast cancer evolution
processes [9, 50].

With all the caveats described above, and waiting for
new molecular genetic techniques and biomarkers to pin-
point the basis for a revised unanimous classification sys-
tem, in the next section a systematic treatise of each
noninvasive breast lesions will be given following their tra-
ditional taxonomy.

11.3 Columnar Cell Lesions and Flat
Epithelial Atypia

Some of the most challenging tasks in diagnostic pathology
include subclassifying the spectrum of columnar cell lesions
(CCLs). These common alterations of the breast that were
first described by Stewart and Foote in 1945 [52], have
gained renewed attention from both clinical and research
standpoints, given their increased detection rates and asso-
ciation with a wide spectrum of malignant and benign breast
lesions. High-throughput sequencing studies are currently
validating the hypothesis that CCLs might constitute the
“missing link” between normal TDLU and the ADH-DCIS
continuum [53-56].

Although different classifications and names for this
group of lesions have been used [57], including but not lim-
ited to flat epithelial atypia (FEA), ductal intraepithelial
neoplasia (DIN) flat type, columnar cell alterations with
apical snouts and secretions with atypia, enlarged lobular
units with columnar alteration, atypical cystic lobules, atyp-
ical cystic ducts, and clinging carcinoma monomorphic
type, the term CCL is most widely adopted. Under the
umbrella of CCL stands a wide spectrum of lesions sharing
the histologic hallmark of enlarged TDLUs lined by colum-
nar epithelium. Importantly, CCLs are usually classified
based on the presence of architectural and/or cytological
atypia. In this respect, the classification system proposed by
Schnitt and Vincent-Salomon [57], albeit strictly morphol-
ogy-based, has been shown the lowest rates of interobserver
variability. This system clusters CCLs into four broad
groups, namely, columnar cell change (CCC), columnar cell
hyperplasia (CCH), columnar cell change with atypia
(A-CCC), and columnar cell hyperplasia with atypia
(A-CCH). However, based on their partially overlapping
molecular features, the latter two entities have been grouped
by the WHO into the FEA category [9]. This consensus
nomenclature has undoubtedly led more uniform identifica-
tion of atypical CCLs. Regrettably, grading of CCLs
remains rather problematic in terms of interobserver
reproducibility.

11.3.1 Epidemiology and Clinical Features

Given that CCLs are frequently associated with microcalci-
fications, with the increasing frequency of mammographic
screening an increased detection rate of CCLs has been
observed [58]. For breast pathologists, CCC and CCH rep-
resent common findings in daily practice, being part of the
spectrum of lesions that can be observed in the context of
fibrocystic changes. On the other hand, A-CCC and A-CCH
seem to be consistently less common. In a recent study
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analyzing over 11,000 excisional breast biopsies, it has
been shown that FEAs are uncommon lesions, involving
less than 2.5% of benign breast biopsies [59].

11.3.2 Histological Features

CCLs are morphologically characterized by dilated acinar
structures lined by a single layer of ER-positive, HER2-
negative bland columnar cells with apical snouts, showing
different degrees of cytological atypia. As described in the
Schnitt and Vincent-Salomon classification [57], these
lesions are made up by dilated enlarged TDLUs lined by
columnar-shaped cells that can be arranged in mono/bi-
stratified (CCC and A-CCC) or pluristratified (CCH and
A-CCH) epithelia. The columnar cells characteristically
show uniform ovoid-to-elongated nuclei with no or incon-
spicuous nucleoli. In A-CCC and A-CCH, the cytological
atypia can be identified by the presence of rounder nuclei
that might also show irregular borders, prominent nucleoli,
and increased nuclear/cytoplasmic ratio (Fig. 11.1a and b).
Not uncommonly, atypical columnar cells are irregularly
oriented along the basement membrane of the
TDLU. Mitotic figures, although exceptional, can also be
observed, while complex architectural patterns are consid-
ered characteristic of ADH and low-grade DCIS and should
not be present in CCLs. Apical cytoplasmic blebs or snouts
are not uncommon at the luminal interface in CCLs.
Intraluminal periodic acid—Schiff (PAS)-positive secretions
and variable clusters of amorphous-to-pleomorphic tiny
specks of calcium (microcalcifications) are frequent, repre-
senting the only mammographic signal of the possible pres-
ence of CCLs. Of note, CCLs cannot be identified clinically

or on macroscopic examination, their diagnosis being cur-
rently histopathology-based and, they are often associated
with other alterations of the breast in the context of fibro-
cystic changes (Fig. 11.1a and b).

All categories of columnar cell lesions typically show dif-
fuse and intense ER expression and low proliferative rate
(Ki-67) [57].

11.3.3 Molecular Pathology

The genetics that underpins CCLs is not at all fully clari-
fied. However, recent molecular studies have provided evi-
dences that CCLs, in particular FEAs, are clonal and possess
neoplastic features, such as the presence of recurrent copy-
number alterations, (CNAs), including losses of 16q and
chromosome X and gains of 15q, 16p, 17q, and 19q, as
defined by CGH [5, 53-56]. Allelic imbalances have been
detected in CCLs and most commonly target chromosomes
3p, 9q, 10q, 11q, 16q, 17p, and 17q [55, 56]. Importantly,
the degree of genetic instability found in CCLs seems to
reflect the degree of atypia found in different types of CCLs
[53, 55]. Furthermore, their frequent association with ADH/
low-grade DCIS [18, 60, 61], their identical immunopro-
files [19], and the partially overlapping molecular altera-
tions between CCLs and matched ADH [53], allowed some
authors to identify CCLs as bona fide non-obligate precur-
sor to invasive breast cancer. At present, CCLs are consid-
ered as a part of the so-called low-grade breast neoplasia
family, constituting the earliest histologically identifiable
breast lesion linked to cancer progression [3, 19, 53].
Intriguingly, specific miRNA signatures (e.g., miR-132
overexpression) have been recently identified in CCHs and

Fig. 11.1 Columnar cell lesion (arrowhead) in the context of fibrocystic changes with foci of apocrine hyperplasia (star). At higher magnification,
cells with intermediate cytological features can be observed in the transition areas. ((a), hematoxylin and eosin, original magnification 50; (b),
hematoxylin and eosin, original magnification 200x)
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their surrounding stromal compartment, suggesting that
epithelial and stromal miRNA changes may represent very
early important changes in breast cancer progression [62].

11.3.4 Clinical Implications and Subsequent
Risk of Invasive Breast Cancer

Despite the emerging molecular information regarding their
neoplastic nature, the association between CCLs and subse-
quent breast cancer risk remains undefined, with many retro-
spective studies showing heterogeneous results. The risk of
developing breast cancer in patients with a diagnosis of FEA
have been estimated at one to two times higher than those
without FEA [57, 63-65]. However, the recently published
Mayo Cohort Study have shown that a diagnosis of pure FEA
seems not convey independent risk of breast cancer [59]. Since
some CCLs diagnosed in breast core biopsies are associated
with more advanced lesions in the remaining breast, this poses
difficulties for the optimal management when found on core
needle biopsies. CCC or CCH are regarded as benign (B2 on
core biopsy), and there is no need of any additional assessment
[37]. Importantly, the presence of FEA foci in a core biopsy is
reported to be associated with a high risk of DCIS/invasive
carcinoma in subsequent surgical excision specimens (B3
lesion) with an upgrade rate after a vacuum-assisted breast
biopsy (VABB) diagnosis of pure FEA that ranges from 0 to
20% [66, 67]. In the recently published First International
Consensus Conference on lesions of uncertain malignant
potential in the breast (B3 lesions), among 177 cases of FEA
that had subsequent therapeutic open surgical excision follow-
ing VAB diagnosis, the upgrade rate to invasive malignancy
was 9% [68]. These data have been provided to support the
detection of atypical CCLs in a core biopsy as sensors for
monitoring patients with higher risk to develop advanced
lesions, therefore justifying their surgical excision [68].

As the natural history of CCLs is not yet well known, this
generates difficulties for further clinical management. At
present, the optimal management of CCLs patients remains
to be determined. However, two major issues have to be
acknowledged in setting up diagnostic, treatment, and fol-
low-up strategies while dealing with CCLs. First, clinicians,
radiologists, pathologists, and research scientists should
avoid any synecdochic approach in the interpretation of
breast biopsies with CCLs. Indeed, it is widely recognized
that breast core biopsy samples are not necessarily represen-
tative of the entire lesion, as CCLs might be a part of an even
more complex mosaic of premalignant alterations (e.g.
ADH, DCIS, and tubular carcinoma). The second point
involves the long-standing topic on the optimal risk-benefit
ratio to allow (and recommend) breast surgery in this era of
precision medicine. Specifically, despite the recent gains in
the diagnosis and treatment of these patients, it is currently

extremely difficult to anticipate which of the entities belong-
ing to each CCL category are associated with an increased
long-term risk of related invasive cancer. On the other hand,
other more aggressive lesions can be present at the periphery
of the CCL and might not be straightforward to be sampled
based on the intrinsic limitations of mammographic tech-
niques. For CCL without atypia, more studies with a long-
term follow-up coupled with high-throughput molecular
investigations are warranted, but so far, surgical excision
biopsy does not seem to be necessary.

11.4 Atypical Lobular Hyperplasia
and Lobular Carcinoma In Situ

Atypical lobular hyperplasia (ALH) and lobular carcinoma
in situ (LCIS) are considered part of a spectrum of noninva-
sive breast lesions often referred to as lobular neoplasia
(LN). The term LCIS was first coined in by Foote and Stewart
to indicate noninvasive lesions of the breast with cytological
resemblance to invasive lobular carcinoma (ILC) [69]. Less
well-developed proliferative lesions with morphologic fea-
tures similar to those of LCIS but associated with a lower
risk of breast cancer development were subsequently named
ALH [70]. In the late 1970s, Haagensen introduced the
umbrella term LN that soon became widely used both in
clinical and academic settings [71]. This definition has the
undeniable advantage to overcome the problematic distinc-
tion between ALH and LCIS but, regrettably, is not able to
capture the diverse clinical implications of these lesions.
Noninvasive lobular neoplasia is also defined as lobular
intraepithelial neoplasia (LIN), with the three-tier grading
system proposed by Tavassoli that classified ALH as LINI,
classic LCIS as LIN2, and high-grade and pleomorphic LCIS
as LIN3 [48]. ALH and LCIS have been historically consid-
ered as risk indicators for subsequent development of IBC,
but there are growing observational and molecular evidences
to suggest that at least a subset of them are true non-obligate
precursors [46, 72-76]. At present, the classification of non-
invasive lobular lesions, together with their clinical and bio-
logical implications and consequently the appropriate
management of women with a diagnosis of ALH or LCIS,
are still a multidisciplinary conundrum.

11.4.1 Epidemiology and Clinical Features

Noninvasive lobular lesions are most frequently observed
in pre- and perimenopausal women [71, 77]. Since these
lesions have no specific clinical and mammographic fea-
tures, their diagnosis is usually an incidental finding [69,
71]. Therefore, it is difficult to estimate their real preva-
lence. Large cohort retrospective studies suggest that
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LCIS is diagnosed in approximately 0.5-4% of women
with otherwise benign breast biopsies [71, 78-80]. It is
even more challenging to establish the overall ALH inci-
dence given that this lesion is frequently combined with
either LCIS or ADH. In a recent series from the Johns
Hopkins Institution, among 10,024 breast core biopsies
performed, only 117 (0.1%) cases had a diagnosis of pure
ALH [81]. Although remaining a relatively uncommon
finding, the incidence of LCIS showed an increased inci-
dence among population-based data of Surveillance,
Epidemiology, and End Results (SEER), growing from 2
t02.75% in 2000 and 2009, respectively [82]. Multifocality
and bilaterality are key characteristics lobular neoplasia,
as multifocal and multicentric disease is detected in over
50% of cases, while nearly 30% of patients have bilateral
lesions at diagnosis [83, 84].

11.4.2 Histological Features

The histological features of ALH and LCIS have long been
well established [9, 69, 71]. These lesions are character-
ized by monomorphic proliferation of small round-to-
polygonal discohesive cells that distend the acini with
maintenance of the lobular architecture. The neoplastic
cells have usually scant clear cytoplasm with high nuclear-
cytoplasmic ratio but intracytoplasmic vacuoles composed
of darkly staining dots (formerly known as magenta bod-
ies), can often be found (Fig. 11.2a). The abnormal cells
frequently show a pagetoid spread, with a characteristic
upward diffusion along the ducts, between the normal epi-
thelium and basement membrane.

The distinction between ALH and LCIS is mainly based
on quantitative criteria. While the abnormal cells in ALH
only partially fills and distends the acini, a diagnosis of LCIS
is allowed when the acini are completely filled, with no more
visible lumina, and more than 50% of TDLU is involved by
the lesion [9, 45]. Regrettably, adopting the above criteria in
daily practice is by far problematic, resulting in extraordi-
narily high rates of inter- and intra-observer variability [85].
Beside the mainstream histological features, additional mor-
phologic details have been used to subclassify LCIS in sev-
eral variants. The prototypical cells of LCIS with
inconspicuous cytoplasm and small bland nuclei with a size
similar (1.5x) to that of lymphocytes have been defined as
“type A” cells. Conversely, “type B” cells have larger clear
cytoplasm compared to that of type A, as well as larger nuclei
with mild-to-moderate atypia [86]. Although this distinction
has been demonstrated to have only a descriptive meaning, a
subset of type B LCIS can display a highly aggressive clini-
cal behavior, as compared to classic variants [87]. Indeed,
more than two decades ago, Eusebi, Magalhaes, and
Azzopardi described an aggressive variant of LCIS that was
named pleomorphic lobular carcinoma (PLCIS) [88], given
the eccentric large pleomorphic nuclei (4x bigger than a
lymphocyte nucleus), prominent nucleoli and peculiar large
eosinophilic granular cytoplasm harbored by the neoplastic
cells (Fig. 11.2b). In this LCIS type, necrosis and microcal-
cifications are frequent. Historically, it has been suggested
that PLCIS should be treated following the recommenda-
tions of DCIS; however, definitive data regarding their natu-
ral history are still missing [85, 89]. Interestingly, recent
genomic studies have provided evidences that PLCIS is more
closely related to LCIS rather than DCIS [90].

Fig. 11.2 Histological features of lobular carcinoma in situ (LCIS).
(a) Monomorphic proliferation of polygonal discohesive cells with
clear cytoplasm that distends the acini with maintenance of the lobular
architecture. (b) In situ lesion with lobular phenotype, showing eccen-

tric large pleomorphic nuclei, conspicuous nucleoli and large eosino-
philic granular cytoplasm, consistent pleomorphic lobular carcinoma in
situ (PLCIS). Hematoxylin and eosin, original magnification 200x
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Conventional lobular neoplasia typically shows an immu-
noprofile similar to that of the luminal A invasive counterpart,
such as strong and diffuse expression of ER and progester-
one receptor (PR), no HER2 overexpression and low prolif-
eration index (Ki-67) [85]. Importantly, the rule exception is
represented by the high-grade LCIS and PLCIS, which are
characterized by a higher Ki-67 index, low or absence of ER/
PR expression, and possible HER2 overexpression/amplifi-
cation [85]. Instead, loss of membranous expression of
E-cadherin connotes the entire spectrum of lobular neopla-
sia, and it is considered (and often abused) a cornerstone
diagnostic biomarker for both in situ and invasive lobular
diseases. E-cadherin is a transmembrane molecule found in
cell adherens junctions. Dysfunctional protein leads to loss
of cell adhesion, representing the molecular substrate of the
characteristic discohesive architecture of the lobular lesions
[9, 86, 90-92]. However, aberrant E-cadherin expression
may be observed in a proportion of LCIS; therefore, this
diagnosis cannot be entirely ruled out in the presence of the
clear-cut lobular morphology in E-cadherin positive cases
[92]. In case of ambiguous histological appearance, evalua-
tion of p120 catenin expression can be performed in order to
confirm the diagnosis. This protein is a membrane-located
cell adhesion molecule that accumulate in the cytoplasm of
cells with absent or dysfunctional E-cadherin [92].

Given our long-term dealing with LN histologic features,
the diagnosis is usually straightforward. However, in a subset
of cases showing hybrid histological features, the distinction
between classical LCIS and low-grade solid DCIS can be
challenging, anditis not always achievable [85]. Furthermore,
the cytological features of PLCIS, together with the presence
of necrosis and calcification, can lead to the misdiagnosis of
high-grade DCIS [85]. In these tricky cases, careful evalua-
tion of morphological characteristic of neoplastic cells, the
use of specific biomarkers such as E-cadherin, and asking for
second opinion can assist in the correct diagnosis and ulti-
mately lead to the proper clinical management of these
patients.

11.4.3 Molecular Pathology

The molecular landscape of LNs is distinctively character-
ized by loss of expression and/or inactivation of E-cadherin.
The inactivation/dysregulation of E-cadherin results from a
combination of genetic, epigenetic, and transcriptional
alterations [3, 93-96]. Loss of E-cadherin (CDHI) gene
locus at 16q22 is frequently observed in LCIS as well as
inactivating somatic mutations of CDHI [76]. Additional
recurrent molecular alterations are those that pertain to the
so-called low-grade estrogen receptor (ER)-positive breast
neoplasia family, including the expression of ER and

ER-related genes and the aforementioned deletions of 16q,
as well as gains of 1q and 16p [97, 98]. In a recent survey
performed on 34 LCIS samples from Memorial Sloan
Kettering Cancer Center (MSKCC) using a targeted cap-
ture massively parallel sequencing platform, CDHI muta-
tions have been detected in 56% of LCIS [76]. Interestingly,
then vast majority of CDH1 alterations were coupled with
loss of heterozygosity (LOH) of the gene. Furthermore,
PIK3CA has been shown to represent second more fre-
quently mutated gene in LCIS. Intriguingly, the authors of
this study detected a similar repertoire of somatic muta-
tions in LCIS and paired invasive lobular carcinoma (ILC),
providing the molecular evidence that at least some LCIS
are non-obligate precursors of IBC. Previous comparative
genomic hybridization studies have also shown that LCIS
and ILC display similar recurrent copy-number profiles
[99]. Formal clonal relationship between LCIS and ILC
have been recently demonstrated also by SNP array and
whole-exome sequencing analyses [75, 100].

Despite the relatively homogeneous histological and
genomic feature of LCIS, heterogeneity has been described
at transcriptomic level [101]. In particular, two molecular
subtypes of LCIS have been identified based on differentially
expressed genes, including proliferation genes and genes of
cancer-related pathways (e.g., actin cytoskeleton, apoptosis,
pS3 signaling, TGF beta signaling, and Wnt signaling).
Although the two molecular clusters displayed significantly
differences in Ki67 expression levels, no significant correla-
tions have been found between these subtypes and their clini-
copathologic features [101].

Finally, the few genomic analyses performed on PLCIS
confirmed that these lesions belong to the LN spectrum [90,
102—-104]. Indeed, PLCIS have been shown to harbor the
hallmark copy-number changes of classic variants of LCIS
(i.e., loss of 16q and gain of 1q and 16p) but also display
higher rates of genomic instability, with frequent amplifica-
tion of MYC and HER2. This molecular scenario may repre-
sent the genomic substrate of the clinical aggressiveness
frequently observed in PLCIS.

11.4.4 Clinical Implications and Subsequent
Risk of Invasive Breast Cancer

LCIS has long been regarded as a risk indicator for subsequent
development of IBC. On the other hand, when the term LCIS
was coined this group of lesions was dogmatically defined as
the pre-invasive step of ILC. Early observational studies [83,
105, 106], however, went against this concept, observing that
(1) the risk of IBC conferred by LCIS is lower when compared
to the bona fide real precursor, (2) IBC may develop after a
diagnosis of LCIS either in ipsilateral and contralateral breast,
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and (3) either of lobular and ductal histotypes. Overall, it has
been estimated that a diagnosis of LCIS confers a risk of
1-2% per year for subsequent ILC, with a relative risk of 8—10
[32, 71, 78, 105]. Furthermore, the long-term cumulative risk
ranges from 11 to 26% at 15 years [32, 71, 77, 105, 107]. On
the other hand, women with ALH have a relative risk for later
IBC of 4 with a long-term cumulative risk of 27-30% after
25 years [33]. Given these relatively high cumulative risks,
application of standardized pathological criteria of ALH is
pivotal for reducing the high inter- and intra-observer variabil-
ity of these diagnoses, especially in small diagnostic speci-
mens. Taken together, the gap between the relative risks of
ALH and LCIS underlines the fundamental role of an accurate
histopathological distinction between these two entities, dis-
couraging the use of diagnostic ellipsis such as LN. According
to the European Guidelines for quality assurance in breast
cancer screening and diagnosis [37], LCIS and ALH are both
classified as B3 lesions, given the risk of concurrent malignan-
cies with a rates of upgrades after surgical excision that ranges
from 0 to 67% [108, 109]. However, if there is concordance
between radiologic and pathological findings, the upgrade rate
for ALH drops to 0-6% and routine surgical excision is not
mandatory in these cases [108, 110].

Back to the initial identification of LCIS and ALH as dis-
crete clinicopathologic lesions, pathologists attempted to
detect the morphological abnormalities not only within the
lesions themselves but also in their surrounding tissue in
order to stratify the risk of the patients for subsequent inva-
sive cancer. In the National Surgical Adjuvant Breast Project
(NSABP) Protocol B-17 and the National Surgical Adjuvant
Breast and Bowel Project studies, 19 histopathological
parameters have been assessed as potential predictors for
IBC occurrence [111, 112]. These features included the
number of involved lobules, duct extension, type of LCIS
(using a grading system similar to that proposed by
Tavassoli), intralesional calcification, nuclear grade, cell
size, cell variants (e.g., signet ring and histiocytoid), mitotic
rate and lymphocytic infiltrate. The results of this study
showed that only grade 2 and grade 3 LCIS are significantly
associated with increased short- and long-term risks of
developing IBC. In the recently published 29-year longitudi-
nal series of MSKCC that include 1032 women with a diag-
nosis of LCIS undergoing surveillance, among the numerous
pathological variables assessed in a case-control analysis,
only the disease volume (defined as the ratio of slides with
LCIS to total number of slides reviewed), was found to be
associated with IBC development [32].

Although ALH and LCIS are indubitably risk indica-
tors of later IBC, current clinico-epidemiological and
high-throughput sequencing data support the contention
that at least a subset of these lesions are also non-obligate
precursors of IBC. ALH and LCIS confer a bilateral risk

of IBC that can be either of IDC and ILC; however, the
majority of studies reported a higher incidence of ipsilat-
eral ILC [46, 86, 112]. Furthermore, recent molecular
studies have demonstrated the presence of identical
genetic aberrations in LCIS and matched ILC, confirming
that these two lesions are clonally related [75, 76, 99,
100]. 75 years later LCIS was first described, we are back
to the original idea about LCIS nature as both risk indica-
tor and non-obligate precursor. Regrettably, we are still no
able to identify which of these precursors will evolve to
IBC, since the biology of this progression remain poorly
understood. For these reasons, the clinical management of
ALH and LCIS continues to be a challenge with a plethora
of possible management options, ranging from simple
observation to radical surgical approaches.

11.5 Atypical Ductal Hyperplasia
and Ductal Carcinoma In Situ

Atypical ductal hyperplasia (ADH) and ductal carcinoma in
situ (DCIS) are part of a wide group of premalignant and pre-
invasive breast lesions that are characterized by proliferation
of neoplastic epithelial cells confined within the lumen of
TDLUs with preservation of intact basement membrane [9].
DCIS is a well-established non-obligate precursor of inva-
sive breast cancers (IBCs). The observation of spatial (i.e.,
DCIS adjacent to IBC) and temporal (i.e., IBC developed
after a diagnosis of DCIS) proximity between these two enti-
ties, the usually concordant nuclear grade and immunophe-
notype of adjacent DCIS and IBC as their genetic similarity
and clonal relationship represent the plethora of evidence of
their clinico-biological continuity. However, only a subset of
DCIS will progress to IBC (i.e., non-obligate precursor). The
identification of the biology underpinning of the DCIS to
IBC progression and ultimately the development of biomark-
ers able to predict which patients will progress are the main
clinical, pathological, and molecular challenges (and tasks)
posed by DCIS.

ADH is considered both a risk indicator and non-obligate
precursor, displaying morphological and genetic features
similar to those of low-grade DCIS but a lower risk of breast
cancer development. Differentiation of ADH from low-grade
DCIS is anything but simple. The histologic criteria for diag-
nosing of ADH have been known for a long time, but they
still represent one of the most controversial issues in breast
pathology. The DIN classification is able to highlight the
continuum between ADH (DIN1b) and low-grade DCIS
(DIN1c). However, this terminology suggests a progression
from low-grade to high-grade DCIS (DIN2/3) that oversim-
plify the “tangle” model of the progression from DCIS to
IBC.
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11.5.1 Epidemiology and Clinical Features

ADH is a relatively uncommon condition that represent the
diagnostic finding in up to 4% of symptomatic benign biop-
sies [113, 114]. However, the epidemiological data on ADH
continue to suffer from the variable interobserver application
of diagnostic criteria. Conversely, the incidence of DCIS
underwent a precipitous increase following the spreading
trend of mammographic screening program that peaked in
2000 and stabilized at lower increase rate after 2005 [1, 115—
117]. According to the American Cancer Society, Surveillance
Research, 60,290 women were diagnosed with DCIS in
2015, accounting for 17% of all breast cancer diagnosis and
of 83% of in situ carcinoma [1, 118]. The majority of DCIS
was detected in postmenopausal women with peaks at ages
70-79 [118]. Risk factors for the development of DCIS are
similar to those of IBC supporting the evidence of their etio-
logic relationship [119-121].

Microcalcifications represent the characteristic mammo-
graphic sign of DCIS, although masses or areas of architec-
tural distortion can also be found [118, 122].

11.5.2 Histological Features

“The histologic criteria for diagnosing atypical lesions rests
heavily on definitions of histologic features of carcinoma in
situ. We demand that all features of carcinoma in situ [ ... ] be
uniformly present throughout two separate spaces before
ductal carcinoma in situ (DCIS) is diagnosed”. Anything
less will occasion a diagnosis of the corresponding atypical
lesion if some of the features of carcinoma in situ are pres-
ent” (Fig. 11.3). These are the diagnostic criteria for the

Fig. 11.3 Histological
features of atypical ductal
hyperplasia (ADH) from a
core needle biopsy. In this
paradigmatic example of
ADH, bland cells are
contained within the duct,
forming rigid cell “bridges”
across the duct space
(hematoxylin and eosin,
original magnification 100x)

diagnosis of ADH that were established by David Page and
colleagues in 1985 [27]. Indeed, the histopathological fea-
tures of ADH are essentially those of low-grade DCIS,
except for the extent of the lesion. Differentiation of ADH
from low-grade DCIS is based on a single criterion that,
albeit arbitrary, is rather simple and undeniably pragmatic: if
the lesion involves less than two membrane-bound spaces
[43] or measures less than 2 mm in greatest dimensions [44],
it should be classified as ADH; if not, as DCIS. Importantly,
the WHO recommends to perform a diagnosis of ADH only
if a diagnosis of low-grade DCIS has been seriously consid-
ered [9]. A long-term plethora of studies have reported on the
difficulty in achieving acceptable levels of concordance
among pathologists in diagnosis of ADH (and other border-
line lesions of the breast) [40, 114, 123-127]. Since the cor-
rect identification of ADH is an essential step for the proper
clinical management of the patients, revision of current crite-
ria with the integration of more reproducible histological and
molecular biomarkers should be a future effort for the
pathologists.

The term DCIS does not identify a single entity but a
spectrum of noninvasive lesions with heterogeneous clini-
cal, morphologic, and molecular features. DCIS are pri-
marily classified in low, intermediate or high-grade based
on nuclear features and mitotic activity [128]. Nuclear
grade has been demonstrated to be of clinical relevance as
predictor of local recurrence [129-131]. The DIN system
mirrors this classification considering three categories,
DINlc, DIN2, and DIN3, with increasing nuclear grade
[48, 49, 128]. In the routine pathological assessment of
DCIS, it is recommended to report also the size of the
lesion, the architectural pattern/s, the presence of necrosis,
in particular the central confluent necrosis (i.e., comedo
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necrosis), the presence of microcalcifications for imaging-
pathology correlation, and the distance from excision mar-
gins [128, 132, 133].

Low-grade DCIS is characterized by a proliferation of
monomorphic cells with slightly enlarge nuclear size, finely
dispersed chromatin, inconspicuous nucleoli, and rare
mitoses that display variable often intermingled architectural
patterns, including cribriform (with neoformed smooth out-
lined lumina), micropapillary, and solid patterns. Diffuse
expression of ER and PR and lack of HER2 overexpression
are constantly seen in low-grade DCIS. Apart from differen-
tial diagnosis with ADH, low-grade DCIS has to be distin-
guished from ductal hyperplastic, non-atypical, lesions. The
key words for this differential diagnosis are cell monomor-
phism vs. polymorphism, architectural regularity vs. disor-
der and diffuse strong vs. modulated ER expression for DCIS
and hyperplastic lesions, respectively [9, 128, 134].

Intermediate-grade DCIS display nuclear features (and
morphologic characteristics) in between low- and high-grade
DCIS [128, 134].

Pleomorphic cells with large nuclear size with prominent
nucleoli and mitosis connote high-grade DCIS. Solid or flat
(clinging) pattern of growth and comedo necrosis are often
seen in this lesion (Fig. 11.4) [9, 128, 134].

The presence of invasive or microinvasive breast cancer
has to be excluded before establishing any definite diagnosis
of DCIS. The presence of IBC can be usually ruled out based
on morphologic assessment. However, in particular cases,
especially in small specimens, immunohistochemical evalu-
ation of myoepithelial cell markers (e.g., p63, calponin) that
are retained in DCIS and absent in IBC can be useful diag-
nostic tools [9].

Fig. 11.4 Histological
features of high-grade ductal
carcinoma in situ (DCIS)
from a core needle biopsy. In
this intraductal carcinoma of
the breast, comedo necrosis
can be observed in the central
luminal area, as well as
peripheral calcifications
(hematoxylin and eosin,
original magnification 50x)

11.5.3 Molecular Pathology

The morphologic variability of DCIS is mirrored by its
molecular heterogeneity. ADH and low-grade DCIS display
similar immunophenotypes and genetic aberrations. Both
ADH and low-grade DCIS are characterized by strong
expression of ER and a nearly-identical pattern of recurrent
genetic aberration including, losses of 16q, gains of 1q and
16p, that are commonly found in lesions of low-grade
ER-positive breast neoplasia family [3].

It is more difficult to identify common molecular denomi-
nators in high-grade DCIS since they display heterogeneous
immunophenotypic and genetic features. However, the recur-
rent genetic aberrations detected in low-grade lesions are
uncommonly found in high-grade DCIS, suggesting nuclear
classification is able to properly identified different entities
that mostly evolve through distinct pathways [3]. Moreover,
gene expression profile analyses have identified differen-
tially expressed gene in low- and high-grade DCIS [16, 135].
Balleine et al. conceived a “molecular grading” model of
DCIS that identified low- and high-grade lesions based on
gene expression and comparative genomic hybridization
data. In this study, the combination of routine histopathologi-
cal features of DCIS, including nuclear grade and Ki67
score, was able to predict the “molecular grading” in the
96% of the cases [16]. As for the majority of histopathologi-
cal “intermediates,” no distinct molecular characteristics
have been identified in DCIS of intermediate nuclear grade
that have been shown to split between molecular low-grade
and high-grade group [16, 17].

Gene expression profile studies have also demonstrated
that the whole spectrum of the intrinsic molecular subtypes
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of IBC are encountered in DCIS [136-140], albeit with a
higher frequencies of luminal B and HER2 positive neopla-
sia [136]. Far away from being completed, the current
molecular knowledge on DCIS suggests that in routine
practice, a good morphology-based nuclear classification
and the evaluation of hormonal receptor status, HER2
expression, and Ki-67 proliferation index by immunohisto-
chemistry can classify DCIS in distinct molecular and ulti-
mately clinical entities. Indeed, beside classification
purposes, the great effort of molecular studies on DCIS
have been directed toward the identification of predictive
biomarkers for the risk of progression and the biological
mechanisms of DCIS-IBC evolution.

11.5.4 Clinical Implications and Subsequent
Risk of Invasive Breast Cancer

While morphological and molecular data suggest that ADH,
DCIS, and IBC are likely to be phylogenetically related,
these diagnoses have substantially different clinical reper-
cussions. Indeed, women with ADH have approximately
three- to fivefold increased risk of developing breast cancer
[27, 141, 142], either DCIS and IBC, while DCIS confers
substantially higher risk of developing IDC (eight- to tenfold
increased risk) [3, 143] with an absolute risk of progression
to IBC at 10 years ranging from 20 to 53% [143-147].
Though the relative risk for ADH is low, absolute risk data
have shown a cumulative risk for either DCIS or IBC of 30%
at 25 years of follow-up [30], and a 5.7% 10-year cumulative
risk of IBC after a diagnosis of ADH [148]. Moreover, as a
B3-defined lesion, a diagnosis of ADH does not entail only a
risk of later IBC development but also the risk of concurrent
associated malignancy when detected in small bioptic speci-
mens. Indeed, the intrinsic limitation of all presurgical diag-
nostic/screening procedures is that pathologists can reason
on the areas surrounding the sampled lesions only in terms of
probabilistic logic. Therefore, any categorical syllogism
should be avoided in the diagnosis of ADH given that a sur-
gical excision may easily upgrade the diagnosis from a B3 to
a BS5, with a risk of underestimation for VAB biopsies that
ranges from 0 to 65% [68, 149—151]. This could represent, at
least in part, the reason underpinning the historical and cur-
rent conduct of removing ADH.

Given the high risk of recurrent/progression subtended by
DCIS, the vast majority of patients are still subjected to sur-
gical treatment followed by radiation and/or prophylactic
systemic therapies (e.g., tamoxifen) [152]. However, not all
DCIS patient will recur or progress to invasive cancer. The
critical issue and need for clinician and pathologists is to bet-
ter stratify patients with DCIS enabling appropriate treat-
ment selection. Nowadays, the potential selection of low-risk
patients remains dependent upon combination of traditional

clinical and histopathological features as those include in
validated prognostic tools such as the Van Nuys Prognostic
Index (VNPI) [153, 154] and the predictive nomogram from
MSKCC. A modified Oncotype DX (Genomic Health,
Redwood City, CA, USA) recurrence score for IBC has been
implemented for DCIS [155]. This assay is based on the
expression of seven cancer-related genes and five reference
genes to generate a score that give a probability of DCIS
recurrence at 10 years. Although it has been validated in
large prospective cohorts [156, 157], it is not currently used
in clinical practice since even the low-risk group had an 11%
risk of any recurrence, which is not enough low to consider
to spare radiotherapy in these patients [158, 159]. Among the
routinely assessed biological markers (ER, PR, HER2 and
Ki-67), none is strictly recommended in clinical practice.
ER-positive DCIS have a lower risk of recurrence as com-
pared to HER2-positive or triple negative lesions [130]. Risk
assessment in patients with HER2-positive DCIS have sug-
gested that HER2 overexpression was only associated with
increased risk of noninvasive recurrence [160-163].

Although there have been numerous efforts to develop
molecular biomarkers to predict which patients are likely to
develop invasive disease following a diagnosis of DCIS,
there is currently no test with demonstrated clinical utility to
identify this population. It is possible that current investiga-
tion into the biological determinants of the phenomenon of
progression from in situ to invasive disease will bring more
useful molecular markers to predict accurately the progres-
sion from DCIS to IBC.

11.5.5 Modelling Progression from DCIS
to Invasive Breast Cancer

There are many fascinating theories of progression from
DCIS to IBC, most of which fall broadly into two categories.
According to the “genomic theory,” invasiveness is an
acquired behavior that relies on specific genetic aberrations
occurring in the neoplastic cells. To support this hypothesis,
several models relying on Darwinian evolution principles
have been recently provided [164]. Such studies focused
mainly on the in-depth genetic analyses of synchronous ipsi-
lateral DCIS and IBCs. When analyzed as a group, similar
pattern of genetic aberrations [165-169] and similar gene
expression profiles [140, 170] have been found in DCIS and
synchronous IBC. However, recent studies based on pairwise
comparisons between DCIS and IBC have revealed the exis-
tence of significant genetic differences, which are distinct
from patient to patient, confirming previous observations
that DCIS and IBC are lesions harboring only a few recurrent
somatic molecular alterations [171, 172]. Interestingly,
molecular analyses taking into account intra-tumor heteroge-
neity of both DCIS and IBC occurring synchronously in
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close proximity, revealing that that these neoplasms show
extensive intralesional genetic heterogeneity [171, 172].
Based on these data, DCIS may be depicted as a mosaic of
tumor cells harboring both founder genetic aberrations (i.e.,
clonally detected in the vsast majority of tumor cells) as well
as private mutations (i.e., present only in a subpopulation of
cells). Tumor progression may occur by means of selection
of specific genetic aberrations (clonal selection), which are
different from patient to patient, suggesting that transition
from DCIS to IBC may represent a convergent phenotype
driven by Darwinian selection [164].

On the other hand, the identification of specific character-
istics in the stroma surrounding DCIS and its tumor microen-
vironment, lead to the “non-genomic theory,” where the
progression from DCIS to IBC is not necessarily dependent
on the acquisition of additional genetic alterations. To this
end, several evidences have been provided to explain the
substantial lack of genomic and transcriptomic differences
between DCIS and IBC. Besides forming a physical barrier,
myoepithelial cells also actively secrete in the extracellular
matrix several components and protease inhibitors. In par-
ticular, recent observations support the hypothesis that the
remodeling of the DCIS extracellular matrix, under certain
conditions, may favor the progression to invasive disease
[173-176]. Additionally, gene expression studies showed
that substantial changes may occur during progression from
DCIS to IBC in various cells composing the tumor microen-
vironment, such as fibroblasts, myoepithelial cells, and leu-
kocytes [177-179]. However, the biologic processes
underpinning such differences in gene expression remain
unclear. There are several evidences to suggest that the nor-
mal myoepithelium may act as tumor suppressor on DCIS
[180-182]. Indeed, both myoepithelial cells and fibroblasts
surrounding the in situ lesions have been shown to harbor a
rather simple genome, with the substantial absence of clonal
genetic aberrations [183]. Consequently, it has been sug-
gested that epigenetic alterations in the stroma may be
involved in the progression from DCIS to IBC through the
alteration of the protective effect of the normal myoepithe-
lium [184-186]. Clinical evidence have underlined the
important predictive and prognostic role of the host immune
response in breast cancer [187—-189]. Although few recent
studies have reported on the characteristic of the immune
milieu of DCIS [190-192], the role of immune microenvi-
ronment in the progression from DCIS to IBC have yet to be
elucidated.

Both the genomic and the non-genomic standard models
have important deficiencies, given that, alone, they are
undoubtedly not able to embrace the extraordinary complex-
ity that underpins the natural history of IBC. A paradigm
shift toward new frameworks encompassing multiple sys-
tems of breast cancer genomics, epigenomics, and transcrip-
tomics is needed. This would allow the implementation in

the field of breast cancer of a comprehensive “theory of
everything” in which IBCs, pre-invasive alterations, and
non-obligate precursors are stratified using integrative mod-
els at an individualized level.
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12.1 Gene Expression Reveals Inter-tumor

Heterogeneity: BC Intrinsic Subtypes

A robust body of evidence, initiated by the seminal studies of
Dr. Perou’s group at the dawn of the new millennium [1, 2]
and repeatedly confirmed over the following decade, has
convincingly demonstrated that breast cancer (BC) is a het-
erogeneous disease further classifiable in at least four molec-
ular intrinsic subtypes (luminal A and B, HER2 enriched,
basal-like, and normal breast), based on hierarchical cluster-
ing of the “intrinsic genes” (i.e., genes with minimal varia-
tion within a tumor sample, but maximal variation between
different patients) expression profile. These studies were
originally based on genome-wide gene expression profiling
from microarray datasets and progressed to a PCR-based test
with a list of 50 genes (the PAMS50 gene signature) [3, 4]
(Fig. 12.1).

Recently, the NanoString nCounter®® Analysis System
has been shown to provide more precise and accurate mea-
sures of mRINA expression levels in formalin-fixed, paraffin-
embedded (FFPE) tissue when compared to PCR [5].
Actually, PCR-based assays require excessive optimization
from archival FFPE samples, thus introducing amplification
biases, due to high mRNA fragmentation and cross-links to
protein upon fixation. Luminal A and B subtypes are largely
distinguished by the expression of two main biological pro-
cesses: proliferation-/cell cycle-related and luminal/
hormone-regulated pathways. Compared to luminal A, lumi-
nal B tumors are characterized by higher expression of pro-
liferation-/cell cycle-related genes or proteins (e.g., Ki-67)
and lower expression of several luminal-related genes or pro-
teins such as the progesterone receptor (PgR) and FOXAI,
while estrogen receptor (ER) is expressed at similar levels in
the two subtypes. ICH-classified early BC patients usually
receive adjuvant systemic treatment in addition to local

G. Pruneri, M.D. (><) * F. Boggio, M.D.
School of Medicine, University of Milan, Milan, Italy
e-mail: giancarlo.pruneri@ieo.it

© Springer International Publishing AG 2017

treatment (surgery and radiation therapy) depending on their
clinicopathological subtype. Current guidelines indicate that
all patients with ER-positive disease should receive at least
5 years of adjuvant endocrine therapy (ET) [6—8]. One of the
milestones of the current classification is the distinction
between luminal A-like and luminal B-like tumors with sig-
nificant different clinical outcomes, resulting in different
indication of adjuvant cytotoxic therapy [8]. The indication
for chemotherapy (CHT) in patients with luminal disease has
traditionally been based on the prognostic factors of tumor
size, histological grade, Ki-67 levels, ER and PgR expres-
sion, and number of involved lymph nodes. Nevertheless,
studies suggest a high variability on criteria used to add CHT
in the setting of luminal disease [9]. Previous studies showed
that more than 60% of hormone receptor-positive BC patients
receive adjuvant cytotoxic therapy. However, other authors
provided evidence that only 4-5% of these women would
likely benefit of this therapy [10]. Considering that serious
and even life-threatening toxicities (bleeding, neutropenic
fever, transfusion requirement, congestive heart failure, sec-
ondary malignancy, and peripheral neuropathy) occur in
approximately 1-2% of patients, it is evident that conceiving
a more specific prognostic system is mandatory in order to
identify patients who can avoid CHT. The St. Gallen
International Expert Consensus Panel adopted an intrinsic
subtype-based approach for recommending adjuvant sys-
temic therapies (i.e., ET, CHT, and anti-HER2 therapy) in
early BC [8]. Although acknowledging the higher accuracy
and reproducibility of gene expression assays, the panel rec-
ognized that they are not easily available for all BC patients,
due to technical and especially economical reasons. As a
result, immunohistochemistry (IHC)-based methods with
antibodies recognizing ER and PgR, HER2, and Ki-67 are
currently used as a surrogate for intrinsic subtypes, as
detailed in Fig. 12.2.

121

U. Veronesi et al. (eds.), Breast Cancer, DOI 10.1007/978-3-319-48848-6_12


mailto:giancarlo.pruneri@ieo.it

122

G. Pruneri and F. Boggio

Fig. 12.1 Intrinsic subtype
identification using the
PAMS50 classifier. The
subtype calls of each sample - .
are shown below the array
tree. The expression values
are shown as red/green
according to their relative
expression level [4]
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Although the identification of intrinsic subtypes by IHC
is widely distributed and relatively inexpensive, it is limited
by interobserver variability and technical reproducibility
[11]. Furthermore, several studies proved that IHC is not
completely reproducible in identifying intrinsic subtypes,
possibly due to the fact that four antigens do not fully reca-
pitulate an intrinsic subtype originally identified by the
expression of 50 genes: across the IHC-identified subtypes,
the discordance rate is 38% for luminal A and 49% for
luminal B [4]. Studies in the neoadjuvant setting provided
indirect evidence that luminal A are less sensitive to CHT
than luminal B tumors, thus achieving a significant lower
rate of pathological complete response (pCR) when treated

I N T

|.

LumB

® Basal-like
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by different CHT schemes [4]. This is further sustained by
the fact that pCR is prognostic in luminal B, but not in lumi-
nal A BC patients. The 2015 St. Gallen International Expert
Consensus [12] recognized that luminal A-like BC are less
responsive to CHT and should be therefore treated with ET
only, with the exception of cases with extensive (four or
more lymph nodes) axillary involvement. Oppositely, CHT
in combination with ET is usually recommended for lumi-
nal B-like BC patients, unless they are bearing clinicopatho-
logical low-risk features, including T1 size, no or limited
(1-3 nodes, pNla) nodal involvement, absence of peritu-
moral vascular invasion, and very high ER/PgR and/or low
Ki-67 values. Collectively, these data provided the rationale
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for a better identification of which population of ER-positive
(luminal) BC has a risk of relapse low enough to allow spar-
ing a noneffective and potentially harming CHT treatment.

Intrinsic subtype Clinico-pathologic surrogate definition

Luminal A ‘Luminal A-like’
all of:
ER and PgR positive
HER2 negative
Ki-67 ‘low’
Recurrence risk ‘low’ based on
multi-gene-expression assay (if available)

Luminal B ‘Luminal B-like (HER2 negative)’
ER positive
HER2 negative
and at least one of:
Ki-67 ‘high’
PgR ‘negative or low’
Recurrence risk ‘high’ based on
multi-gene-expression assay (if available)

‘Luminal B-like (HER2 positive)’
ER positive
HER2 over-expressed or amplified
Any Ki-67
Any PgR

‘HER2 positive (non-luminal)’

HER2 over-expressed or amplified
ER and PgR absent

Erb-B2 overexpression

‘Basal-like’ ‘Triple negative (ductal)’

ER and PgR absent
HER2 negative

Fig.12.2 Immunohistochemical surrogate definition of luminal intrin-
sic subtypes [8]

12.2 Multiparametric Molecular Markers:
The Candidates

Using different techniques to measure mRNA levels, includ-
ing RT-PCR and DNA microarrays, the assays shown in
Fig. 12.3 have been basically designed to measure the risk of
BC recurrence.

12.3 MammaPrint® 70-Gene Recurrence BC
Assay

MammaPrint® is one of the first gene expression arrays
approved by FDA for commercial use. It measures the mRNA
expression of 70 genes, focusing primarily on proliferation,
with additional genes associated with angiogenesis, metasta-
sis, invasion, and stromal integrity [13—16]. This test was
developed without an a priori knowledge of the role of the
involved genes using a data-driven approach. Initially, about
5000 genes were found to be significantly deregulated across
78 BC patients treated at the Netherlands Cancer Institute
[13]. All the patients were node negative, with tumor measur-
ing less than 5 cm in diameter, were aged <55 years, and were
selected irrespectively of their hormonal receptor status.
Using a supervised classification method by correlating the
expression of each gene with the disease outcome, the authors
ended up with a core of 70 candidates bearing significant
prognostic value [13]. The expression profile of these genes
allowed to identify two patient subgroups, with “good prog-
nosis” or “poor prognosis,” having appreciable different risks
to develop distant metastasis within 5 years. When the patients
were classified according to the St. Gallen and National
Institute of Health (NIH) criteria, the 70-genes score was
found to be able to reduce the risk of overtreatment by

21-gene RS Amsterdam PAM50 Rotterdam Genomic Breast Endopredict®
(Oncotype Dx®) 70-gene (Prosigna™) 76-gene grade cancer
signature signature index index
(Mammaprint®)
Relevant EBC ER+ Node- ER+ Node- ER+ ER+ ER+
Population HER2- Tumor size <5 cm Node- HER2-
Node-
Tissue Required FFPE FFPE or frozen FFPE FFPE FFPE or frozen FFPE FFPE
for Assay
Assay Technique gRT-PCR Microarray gRT-PCR Microarray Microarray gRT-PCR gRT-PCR
Demonstrated v v v v
Analytic Validity
Demonstrated Clinical v v v v v v v
Validity
Demonstrated v v v v
Clinical Utility
Level of Evidence 1B ] 1B 1l ] 1B 1B
Ongoing Studies TAILORx, RxPONDER  MINDACT

Fig. 12.3 Multigene prognostic tests for BC patients [Cobain EF, Hayes DF Curr Treat Options Oncol 2015]



124

G. Pruneri and F. Boggio

25-30%. In particular, MammaPrint®, St. Gallen, and NIH
systems assigned 40, 15, and 7% of the patients to the low-risk
category, respectively. In a multivariable analysis,
MammaPrint® showed a stronger independent prognostic
ability than the matched clinicopathologic factors [17, 18].
The assay was then tested in a larger series of 295 patients
including either ER-positive or ER-negative BC from the
same institution, confirming its prognostic ability in predict-
ing 10-year survival outcome. In particular, within the lymph
node-negative sub-cohort (151 patients), the 10-year distant
disease-free survival was 87% for the low-risk group and 44%
for the high-risk group [19]. These data provided evidence
that MammaPrint® was an high performing test in prognosti-
cating ER-positive BC patients, outdoing current clinicopath-
ological characteristics, while its clinical validity was much
lower in the ER-negative setting, where nearly all of the
patients were classified as high risk. Along this line, a number
of retrospective analyses confirmed that only ER-positive
patients within the high-risk category did benefit from adju-
vant CHT [19-23] suggesting that MammaPrint® could also
be used as a predictive tool. The first prospective study
(RASTER), conducted in 16 community hospitals in the
Netherlands, confirmed the feasibility of the 70-genes test
[23] and evaluated its overall performance rate. The study
enrolled 427 patients younger than 61 years with T1-T3,
node-negative BC, irrespective to their hormonal receptor sta-
tus. Patients received the adjuvant systemic treatment recom-
mended by the 2004 Dutch Institute of Healthcare
Improvement guidelines [24], also taking into account physi-
cians’ and patients’ preferences. The results of the 70-genes
classification were compared with Adjuvant! Online (AOL)
[25]. This is a web-based tool for estimating risk of relapse
and mortality and illustrating the benefits provided by various
treatment regimens for newly diagnosed BC patients. The
estimates for risk of death are derived from the Surveillance,
Epidemiology, and End Results (SEER) data. AOL!® esti-
mates recurrence by adding 14% to the mortality risk to
account for the risk of contralateral breast cancer and local/
regional events unlikely to result in breast cancer mortality.
The estimates of treatment benefit are derived from available
clinical trial results and data from the 1995 Overview meta-
analyses of randomized adjuvant chemotherapy and hormone
therapy trials for breast cancer [26], with supplemental infor-
mation from the 2000 Overview [27]. AOL!® and
MammaPrint® yielded to a 38% discordance rate in risk esti-
mations, with most of the discordant cases being low risk
according to the 70-gene signature and high risk according to
AOL!®. The majority (98%) of these patients who did not
receive adjuvant CHT showed an uneventful clinical course.
Based on these data, it has been concluded that patients per-
taining to the MammaPrint® low-risk group would spare CHT
without any negative impact on recurrence rate [22]. The first
independent validation study, performed by the TRANSBIG
research consortium, used samples from 302 patients younger

than 60 years and with node-negative, T1-T2 BC. This study
confirmed the ability of MammaPrint® in discriminating
patients” outcome with Hazard Ratio of 2.79 (95%CI, 1.60-
4.87) and 2.32 (95%CI, 1.35-4.0) respectively, for distant
metastasis and overall survival, outperforming clinicopatho-
logical characteristics [28]. According to the evidence that up
to 25-30% of node-positive BC patients would remain free of
distant metastasis even without any adjuvant CHT [29], a ret-
rospective study selected 241 T1, T2, or operable T3, pNla
(1-3 metastatic lymph nodes) BC patients [20]. In this cohort,
good-prognosis patients (41%) showed a 91% 10-year distant
metastasis-free survival and a 96% BC-specific survival,
respectively, while both the survival rates were 76% in the
poor-prognosis group. Multivariable analysis showed that the
70-gene signature was the most powerful independent predic-
tor for BC-specific survival, with a HR of 7.17, confirming its
utility in identifying patients who can safely spare adjuvant
CHT even if node positive [20]. Straver et al. [16] assessed the
role of 70-gene assay in the neoadjuvant setting in a cohort of
171 patients with BC larger than 3 cm and/or with positive
lymph nodes at diagnosis, finding that, as expected, 86% of
the patients showed the high-risk signature. The rate of pCR
was 20% for high-risk and 0% for low-risk patients [16]. In
February 2007, the TRANSBIG consortium launched a mul-
ticenter, prospective, and randomized controlled study, the
“microarray for node-negative disease may avoid CHT” trial,
whose results have been eventually presented in 2016 at the
AACR meeting and published soon thereafter [30, 31]. Out of
the 11,288 patients enrolled, the trial assessed the risk in 6693
early BC patients by either AOL or the 70-gene assay. The
2142 (31.2%) patients with discordant results have been ran-
domized to receive the adjuvant treatment dictated by AOL or
gene expression profile, i.e., ET only for low-risk patients and
ET + CHT for high-risk patients [30, 31]. The remaining
patients, placed into the same risk category by both methods,
were treated in accordance with the current guidelines (ET for
the low-risk group and ET + CHT for the high-risk group). A
total of 1550 patients (23.2%) were classified as high clinical
risk and low genomic risk. At 5 years, the rate of survival
without distant metastasis in this group was 94.7% (95% CI,
92.5-96.2) among those not receiving CHT. The absolute dif-
ference in survival rate between these patients and those who
received CHT was 1.5% points [30, 31].

12.4 Oncotype DX’ (Genomic Health
21-Gene Recurrence Score)

This assay evaluates the RNA expression of a panel of 21
genes (16 cancer-related genes and five reference genes) by
RT-PCR, providing information about the 10-year risk of
distant recurrence (DR). The 21-genes panel works in FFPE
samples and includes genes involved in tumor cell prolifera-
tion (representing five of the 16 cancer-related genes),
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invasion, HER2, and hormone response. The relative expres-
sion levels of these genes is calculated by a mathematical
algorithm mostly weighting proliferation genes that generate
the Recurrence Score (RS), expressed as a value between 0
and 100. RS provides a quantitative risk of distant recurrence
and stratifies patients in three categories: low risk (RS < 18),
intermediate risk (RS 18-30), and high risk (RS > 30) [32].
RS has been validated as an independent prognostic measure
of the risk of recurrence for women with ER-positive, lymph
node-negative early BC treated by ET only, outperforming
traditional clinicopathological characteristics of patient age,
tumor size, and grade [32, 33]. In 2010, a retrospective study
examined specimen collected within the ATAC trial with the
objective to evaluate the prognostic value of the Oncotype in
the postmenopausal setting [34]. The ATAC trial evaluated
the efficacy and safety of 5 years of anastrozole, tamoxifen,
or the combination of both in postmenopausal women and
selected more than 5000 women with localized invasive BC
and ER-positive disease [35]. 76% of the specimens from
this collection was then used to confirm the performance of
RS in elderly patients, demonstrating that RS was an inde-
pendent predictor of recurrence in both nodes-negative and
nodes-positive patients [34]. Moreover, the RS was found to
be a strong predictive factor of benefit from cyclophospha-
mide, doxorubicin, and fluorouracil and fluorouracil (CAF)
in ER-positive, node-positive, postmenopausal BC patients.
Patients classified as low risk did not derive any benefit from
CHT, while a significant advantage from treatment with CAF
was observed in patients with a high RS [36]. Likewise, in a
cohort of 89 patients with locally advanced BC treated pre-
operatively with paclitaxel and doxorubicin, the probability
of pCR was shown to increase along with RS [37]. Oncotype
DX® RS is widely used in the USA, allowing to spare CHT
in approximately one third of the cases [38—40] and resulting
in overall cost reduction for the health system [41]. A pro-
spective clinical study, the Trial Assigning IndividuaLized
Options for Treatment (Rx) (TAILORKX), is currently seeking
to incorporate the Oncotype DX® test into clinical decision-
making, in order to spare women unnecessary treatment if
CHT is not likely to be of substantial benefit [42]. TAILORx
recruited more than 10,000 women with node-negative, ER-
and/or PgR-positive, HER2-negative invasive BC. For this
trial, the original RS threshold values have been modified as
follows: below 11 (vs. <18) for the low-risk group, from 11
to 25 (vs. 18-30) for the intermediate-risk group, and above
25 (vs. >31) for the high-risk group. Low- and high-risk
patients have been assigned to ET only or ET + CHT, respec-
tively, while patients with an intermediate (11-25) RS have
been randomly assigned to receive ET + CHT or ET only.
Sparano et al. [43] recently reported an interim analysis of
the TAILORx trial. Patients had tumors measuring 1.1—
5.0 cm in the greatest dimension (or 0.6-1.0 cm and G2/G3
tumor grade) and met established guidelines for the consid-
eration of adjuvant CHT on the basis of clinicopathological

features. A total of 1626 patients were assigned to receive ET
without CHT if they had a recurrence score of 0—10, indicat-
ing a very low risk of recurrence. The 5-year rate of invasive
DFES was 93.8% (95% CI 92.4-94.9), the rate of freedom
from recurrence of BC at a distant site was 99.3% (95% ClI,
98.7-99.6), and the rate of OS was 98.0% (95% CI, 97.1—
98.6). These data supported the application of 21-genes
assay to select patients who may be safely spared CHT treat-
ment [43]. Several studies argued that RS does not provide
prognostic information beyond traditional clinicopathologi-
cal characteristics (i.e., ER/PR receptor, Ki-67 labeling
index, and tumor grade), criticizing the cost-effectiveness of
the Oncotype DX test [44-52]. In particular, Gage et al. [53]
recently interrogated a population of 540 BC patients, report-
ing that 55% of the study population that would have met the
criteria for Oncotype DX® testing (node-negative,
ER-positive, HER2-negative invasive BC) would be easily
classified in the low- and high-risk category by traditional
tools, thus not needing additional information. Specifically,
patients with high tumor grade or low (<20%) ER immuno-
reactivity should be considered at high risk of distant relapse,
while patients with low tumor grade and highly ER and PgR
express tumors at low risk. The authors concluded that only
patients bearing intermediate features would benefit of the
Oncotype DX® testing, leading to significant cost savings
[53]. Taking into account that RS increases in relation to the
levels of proliferation genes and that patients with higher RS
benefit from adjuvant CHT, Baxter et al. [54] investigated the
prognostic relevance of traditional biomarkers of prolifera-
tion (mitotic count and Ki-67 labeling index) in 226
ER-positive, HER2-negative, T1/T2, node-negative BC
patients referred to British Columbia Cancer Agency in
2007-2011. The authors found that tumors with a low/inter-
mediate Nottingham grading or low mitotic count were
unlikely to be classified as high risk by Oncotype DX®, sug-
gesting to test only patients with high histological score [54].

12.5 EndoPredict’

The EndoPredict® (EP) assay was developed for early,
ER-positive, HER2-negative BCs, in order to identify
patients with a low rate of recurrence without adjuvant cyto-
toxic therapy. Based on a RT-PCR method, EP evaluates the
expression levels of eight cancer genes (AZGP1, BIRCS,
DHCR7, IL6ST, MGP, RBBPS, STC2, UBE2C) and three
control genes (CALM2, OAZ1, RPL37A) in FFPE tissue.
These genes are related to tumor proliferation and to hor-
mone receptor activity, but do not include ESR1, PgR, or
HER?2, at variance with Oncotype DX® and PAMS50 assays.
EP classifies patients treated with adjuvant ET only into a
low- or a high-risk category, and it is feasible in a decentral-
ized setting [55-57]. The EP score ranges between 0 and 15
with a threshold of 5 to discriminate between the low- and
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high-risk categories. EP was developed and validated in over
1000 postmenopausal, node-negative and node-positive
ER-positive and HER2-negative BC samples, retrospectively
collected in prospective clinical trials [58]. Continuous EP
score proved its prognostic role for distant recurrence, out-
performing the established clinicopathological variables of
ER immunoreactivity, Ki-67 labeling index, and AOL. The
EP score has been subsequently integrated by the clinical
characteristics of nodal status and tumor size to create a lin-
ear model risk score called EPclin that in turn proved to be a
powerful prognostic marker, resulting in a 10-year recur-
rence rate of 4% for the EPclin low-risk group and 22-28%
for the high-risk group [59]. EPclin identifies a subgroup of
patients with an excellent long-term prognosis after 5 years
of ET, confirming its prognostic ability for both early and
late relapse and suggesting that the low-risk patient subgroup
might not need an extended ET [58]. The EPclin score has
also been found to outperform purely clinical risk classifica-
tions (St. Gallen, German S3, and NCCN). Among 1702
ER-positive/HER2-negative, postmenopausal women treated
with exclusive ET, 58-61% of patients classified as high/
intermediate risk according to clinical guidelines were reas-
signed to the low-risk group by the EPclin score [60]. In a
retrospective study dealing with 167 patients with
ER-positive, HER2-negative BC, EPclin score led to a
change of the planned therapy in 37.7% of patients, shifting
to CHT in 12.3% and to exclusive ET in 25% [61]. The inter-
action between EP score and CHT has also been investi-
gated: Bertucci et al. [62] collected 553 ER-positive and
HER2-negative BC pretreatment core biopsies samples for
which documentation of pathological response to anthracy-
cline-based neoadjuvant CHT was available, finding that the
high-risk group had a higher pCR rate than the low-risk
group (17 vs. 7%). Martin et al. [63] reported a prospective-
retrospective clinical validation trial designed to investigate
whether EP can safely be used to identify node-positive BC
patients who can avoid CHT. In this cohort of 1246
ER-positive, HER2-negative, node-positive, CHT (5-fluoro-
uracil, epirubicin, and cyclophosphamide with or without 8
weekly courses of paclitaxel)-treated BC patients, 25% were
classified as low risk on the basis of the EP score. In this
subgroup, 93% of the patients showed a distant metastasis-
free survival, compared to 70% in the high-risk group.

12.6 PAMS50° and Risk of Recurrence (ROR)
Score

This assay was developed to classify tumors according to the
intrinsic subtype (see above) and to improve the classification
concordance reported by investigators and is based on the
relative expression of 50 genes [3]. Provided that the data are
normalized, the test is considered a robust assay with a high

concordance between laboratories [64]. The PAMS5O0 classi-
fier was validated in a cohort of 348 patients receiving tamox-
ifen, where it was found to outperform IHC in providing
prognostic information and in predicting tamoxifen efficacy
[65]. In a population of 151 ER early-stage BC patients,
PAMS0 achieved a good level of agreement with Oncotype
DX® in identifying both high (luminal B and RS > 31)- and
low-risk groups (luminal A and RS < 18) [66]. Within the
group of Oncotype DX® intermediate RS, PAMS0 classified
59% of the patients as luminal A, 33% as luminal B, and 8%
as HER2 enriched. Moreover, Ki-67 labeling index was found
to be reliable in distinguishing luminal A from luminal B and
low-risk from high-risk RS tumors but not between the inter-
mediate- and low-risk RS categories [66]. Adopting an algo-
rithm that incorporates gene expression data, intrinsic
subtype, and tumor size, Parker et al. [3] created the risk of
recurrence (ROR) score (Prosigna), which stratifies patients
in high, medium, and low subsets. The clinical utility of
PAMS50 and ROR score as a prognostic tool has been repeat-
edly reported in the ER-positive, HER2-negative setting [65,
67, 68].

12.7 Rotterdam 76-Gene Signature

This assay was developed at the Erasmus University Cancer
Center in Rotterdam and made commercially available in
2005. The 76 genes included in this assay are mainly related
to proliferation. The test was developed from the analysis of
115 women with node-negative BC (ER positive and ER
negative), not receiving any adjuvant treatment and followed
for more than 8 years, and differentiates patients in two cat-
egories, i.e., good signature or poor signature [69]. It has
been reported to be highly predictive of distant relapse at 5
and 10 years. Desmedt et al. [70] found in a cohort of 198
node-negative untreated patients that the 5- and 10-year time
to distant metastasis was 98 and 94% for the good profile
group and 76 and 73% for the poor signature group, respec-
tively. These data stemmed from retrospective analyses and
still need to be confirmed in prospective randomized studies.
The analytic validity, clinical utility, and reproducibility
across different laboratories have not yet been confirmed.

12.8 Genomic Grade Index

Histologic grade is one of the best-established prognostic
biomarkers in BC, providing reliable information regarding
tumor behavior [71, 72]. However, the Elston-Ellis histologi-
cal grading system shows low reproducibility among pathol-
ogists [73] and does not provide clear prognostic information
for patient with grade 2, which represents the majority of
cases [74]. The genomic grade index (GGI) was developed
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with the aim of grading breast tumors more accurately than
the conventional histological grade in the ER-positive,
HER2-negative setting [75]. It was developed in 189 BC
patients and validated in an independent cohort of 597 cases.
The authors created a two-tier classification system based on
the differential expression of 97 genes mainly involved in
cell cycle regulation and proliferation. The level of expres-
sion of these genes was found to reclassify grade 2 tumors
into high and low genomic grade category. High GGI score
patients were associated with a higher risk of recurrence than
low GGI score patients (HR = 3.61, 95% CI = 2.25-5.78)
[76]. Loi et al. [77] demonstrated the prognostic ability of
GGI in stratifying luminal tumors, reporting that luminal A
and B tumors fall into the GGI low risk and high risk, respec-
tively. The role of GGI in predicting pathological response to
neoadjuvant CHT was investigated in 229 fine-needle biop-
sies of BC patients treated with a taxane- and anthracycline-
containing neoadjuvant therapy. In this study, a high GGI
score was an independent predictor of response to CHT [78].

12.9 BCIndex (BCI)

It is a RT-PCR-based assay working in FFPE samples, based
on the HOXB13-to-IL17BR expression ratio (H:I ratio) and
the molecular grade index (a five-gene molecular grade
index, primarily consisting of proliferation-related genes)
[79]. This assay was developed using a cohort of ER-positive
tamoxifen-treated BC patients and has been shown to pro-
vide an individual risk of distant BC recurrence based on a
continuous risk model [80]. The main strength of the BCI is
its capability of predicting the risk of both early (within
5 years) and late (10 years) recurrences in ER-positive, node-
negative BC. Indeed, the assay was retrospectively evaluated
in two cohorts of 317 and 358, ER-positive, node-negative
tamoxifen-treated patients. In both cohorts, continuous BCI
was found the most significant prognostic factor beyond
standard clinicopathologic factors, both for early and late
events [81].

12.10 Comparative Evaluation of Prognostic
Performance of Multigene Tests
and Clinicopathological
Characteristics

Most of the comparative data on multigene prognosticators
have been obtained by Dr. Dowsett lab taking advantage of
the samples prospectively collected within the TransATAC,
the translational substudy of the Arimidex, Tamoxifen, Alone
or in Combination (ATAC) trial [35]. The ATAC trial ran-
domized ER-positive, HER2-negative BC patients to receive
exclusively tamoxifen or anastrozole for 5 years, with distant
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Fig. 12.4 Example of predicted time to distant recurrence for a node-
negative postmenopausal patient with a G3 1-2 cm tumor treated with
anastrozole who is at either the 25th (quartile 1 [Q1]) or 75th (Q3)
percentile of the IHC4 score (score for four immunohistochemical
markers: estrogen receptor, progesterone receptor, human epidermal
growth factor receptor 2, and Ki-67) or the Oncotype DX® Genomic
Health recurrence score (GHI-RS) [82]

relapse as the primary end point. Cuzick et al. [§2] compara-
tively analyzed the performance of Oncotype DX RS and
IHC4 score (resulting from the immunohistochemical evalu-
ation of ER, PgR, HER?2, and Ki-67 integrated into the IHC4
score). The authors found that the information provided by
the THC4 score and Oncotype DX® were similar and that
little additional prognostic value was seen combining both
scores (Fig. 12.4).

Dowsett et al. [68] then compared the prognostic relevance
of PAMS50 ROR score with Oncotype DX RS and IHC4 in 940
ER-positive BC patients. The ROR score added significant
prognostic information for distant relapse in the whole popula-
tion (p < 0.001) and in HER2-negative/node-negative patients.
Likewise, PAM50 ROR provided additional prognostic infor-
mation beyond Oncotype DX® RS in the overall population
and within each subgroup. Interestingly, relatively similar
information was provided by ROR and IHC4 in all patients.
Buus et al. [83] recently compared the prognostic information
provided by Oncotype DX®, EP/EPclin, and clinical treatment
score (CTS, obtained by integrating the prognostic informa-
tion from nodal status, tumor size, histopathological grade,
age, and anastrozole or tamoxifen treatment) in 928
ER-positive, HER2-negative BC patients enrolled in the anas-
trozole and tamoxifen arms of the ATAC trial, with distant
relapse-free survival as the primary end point. In the overall
population, EP and EPclin provided substantially more prog-
nostic information than Oncotype DX RS, especially with
regard to the risk of late relapse and in node-positive patients.
In a prospective comparison study, conducted on 665 patients
with ER-positive, node-negative BC patients, BCI was com-
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pared with the Oncotype DX® 21-genes recurrence score.
Both the assays demonstrated significant prognostic ability for
early distant recurrence, while only BCI was significant for
late distant recurrence [84].

12.11 Concordance Among Gene
Expression Tests

It has been demonstrated that gene expression-based tests
show only moderate concordance. For example, Oncotype
Dx® and EndoPredict® had a 24% discordance in a study
reported by Dowsett et al. [83]. This level of concordance is
similar to that reported between Oncotype Dx- and Ki67-
based risk algorithms. The fact that even gene expression-
based tests show a nonnegligible discordance rate when ran
in a single patient, coupled with the reality of medical prac-
tice in countries where gene expression-based tests are not
affordable owing to high cost (in Italy, the out-of-pocket cost
for patients is >$4000), underlines the importance to limit
the use of gene expression tests to subgroups of ER-positive
BC patients and to put efforts to validate Ki-67 (as a surro-
gate of proliferation) as a predictive marker for CHT
benefit.

12.12 Toward a Rationale Use
of the Multigene BC Prognosticators

The aforementioned gene expression-based prognostic tests
are highly reliable in informing on ER-positive/node-negative
BC patients prognosis, and most of them achieved a level of
evidence 1B, being validated in samples retrospectively col-
lected within prospective randomized clinical trial.
Furthermore, MammaPrint® and Oncotype DX® have been
recently validated in prospective clinical trials using molecu-
lar data as a randomization factor. This notwithstanding, the
multigene tests are not widely used in the daily practice, espe-
cially for their high costs and the need of sample centraliza-
tion. A meta-analysis of BC microarray gene expression
profiling data [85] demonstrated that they are all basically
looking at the same process: tumor cell proliferation. In other
words, they essentially discriminate ER-positive BCs with
low proliferation (luminal A intrinsic subtype) and low clini-
cal risk, from ER-positive BCs with high proliferation (lumi-
nal B intrinsic subtype) and high clinical risk [85-87].
Multigene tests are used for assessing whether a patient with
an early ER-positive BC should receive CHT, and in this
regard they may be considered as a potential biomarker.
Although their analytical and clinical validity has been con-
vincingly demonstrated, uncertainties remain concerning
their clinical utility. A biomarker has clinical utility if its
application is associated with a significant survival benefit: it

should outperform preexisting clinicopathological indicators
or, alternatively, provide comparable information at lower
cost, less invasively, or with less morbidity. Nevertheless,
these advantages are still not enough for achieving clinical
validity: as stated by the recently issued ASCO guidelines for
the use of biomarkers in early BC [88], “the magnitude of the
benefit must be clinically meaningful and outweigh risks,
costs, and/or inconvenience associated with use of the test
and the degree of benefit required to recommend for or against
a treatment must be tempered with clinical judgment and
patient perspective.” For example, giving adjuvant CHT to
triple negative, node-positive BC patients is of clinical utility
beyond any doubt: the 10-year likelihood of incurable distant
recurrence in this setting would exceed 50% in the absence of
adjuvant CHT that indeed reduces the risk of recurrence by
30%, with a 15-20% absolute benefit and an odd of fatal, life-
threatening, or permanent life-changing toxicities accounting
for 2-3%. On the other hand, the 10-year risk of recurrence
for luminal A-like BC patients (ER/PgR highly expressed,
HER?2 negative, <20% Ki-67, and/or G1) does not exceed
10% with ET only. This means that adding CHT, that would
reduce the risk of recurrence by 30% in this setting as well,
would yield to a 3% absolute benefit, which is roughly the
same figure of patients potentially harmed. The 2015 St.
Gallen International Expert Consensus [12] recognizes that
luminal A-like BCs are less responsive to CHT and should be
therefore treated with ET only, with the exception of cases
with extensive (four or more lymph nodes) axillary involve-
ment. Oppositely, CHT in combination with ET is usually
recommended for luminal B-like BC patients, unless they are
bearing clinicopathological low-risk features, including T1
size, no or limited (1-3 nodes, pNla) nodal involvement,
absence of peritumoral vascular invasion, and very high ER/
PgR and/or low Ki-67 values, as well as multiparameter
molecular markers of favorable prognosis [12]. The fact that
these multigene tests have been validated only for node-
negative patients (with the exception of MammaPrint® that
has been used in 1-3 node-positive patients within the
MINDACT trial) is anything but trivial in the clinical prac-
tice. ET is usually delivered to patients with luminal tumors
characterized by favorable prognostic markers, including
high levels of ER/PgR immunoreactivity, small T size (T1/
T2), and absence of lymph node involvement, thus question-
ing the usefulness of running multigene tests in NO Iuminal
patients. Oppositely, patients with extensive lymph node
involvement usually receive CHT irrespective of the biology
of their tumor. As a consequence, multigene tests would be
clinically useful specifically in patients with 1-3 positive
lymph nodes. In this regard, Gnant et al. [§9] recently investi-
gated the prognostic role of PAMS50 ROR in 543 patients with
one to three node-positive BC treated with 5 years of adjuvant
ET only within two phase III adjuvant trials: ABCSG-8 and
ATAC. The authors found that the patients with one positive
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lymph node classified as low risk by PAM50 ROR had a 6.6%
risk of distant recurrence at 10 years (95% CI 3.3-12.8%). By
contrast, low-risk patients with two or three positive lymph
nodes nearly doubled the risk of distant recurrence to 12%
(95% CI 6.6-22.8%). Assuming that CHT could reduce the
risk of recurrence by 30%, these data prompt to speculate that
ROR low-risk patients should receive CHT when 2-3 lymph
nodes are involved, while the benefit of any further treatment
in patients with just one metastatic lymph node would be neg-
ligible. Interestingly, patients without any lymph node
involvement are more frequently classified as low risk by dif-
ferent multigene tests. Notwithstanding these data, the puta-
tive value of genomic tests in decision-making of luminal BC
patients with 1-3 node-positive disease remains to be estab-
lished. The MINDACT trial [30] reported that the 5-year rate
of survival without distant metastasis in the clinical high-risk/
molecular low-risk group was 94.7%, indipendently of the
occurrence of lymph node metastasis. There are three further
prospective phase III randomized trials (TAILORx and
RxPONDER using Oncotype DX® and ASTER 70s using
genomic grade) currently addressing the role of multigene
tests in predicting adjuvant CHT benefit also in patients with
up to three node-positive luminal BC, providing soon level 1
evidence on their clinical utility in daily practice. For the time
being, ASCO guidelines recommend not to use multigene
tests for ER-positive BC patients with lymph node involve-
ment [88].
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Giovanni Mazzarol and Sara Pirola

Introduction and Historical
Perspective

13.1

Since the early twenties of the past century, when according
to Dr. Borst only five breast tumor subtypes had been identi-
fied, the histopathological classification of breast carcinomas
has been profoundly modified, in order to refine its diagnos-
tic efficiency and to embody the results flourishing from
basic science [1, 48]. Histopathology has been therefore
relentlessly evolving for the accomplishment of two main
tasks: providing prognostic information and predicting the
response to surgical and medical treatments. In the early sev-
enties, Dr. Haagensen pointed out in his book entitled
Diseases of the Breast his ““...hope to sort out from among
them (breast tumors)..., additional characteristic types of
breast carcinomas,” in an attempt to ascertain their clinical-
pathological correlation. He emphasized the need to consider
in situ lesions as “fully malignant,” recommending the same
“drastic” surgical cure usually applied to invasive tumors [2].
This attitude clearly illustrates how physicians have been tai-
loring the treatment of breast cancer to histopathological fea-
tures since the beginning of modern oncology.

Pathologists have been deeply involved into breast cancer
care by then, developing the concept of invasive breast cancer of
special type, which carries obvious “useful clinical correlates
and prognostic implications” [3]. Along this line, Japanese
authors developed a morphological classification dissecting
tubule-papillary, solid-tubular, and scirrhous patterns according
to their private risk of relapse [4]. The painstaking evaluation of
tumor histology allowed the recognition of different coexisting
patterns [5]. In particular, combined features of special type car-
cinomas have been described in up to 30% of breast carcinomas
of NST (no special type). The frequent occurrence of morpho-
logical tumor heterogeneity prompted pathologists to recognize
mixed types of breast tumors, which may hinder the clinical
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relevance of histological classification. The overall percentage
of the special component has been described according to dif-
ferent series and authors, ranging from over 50% to at least 90%
[3]. Actually, the lack of agreement in the cutoff by which a
specific histological subtype should be considered as predomi-
nant has weakened the clinical impact of subgrouping breast
carcinomas [6, 7].

13.2 Mucinous Carcinoma

Mucinous carcinomas have pushing margins with typical
gelatinous, soft cut surface.

The neoplastic cells have intracellular mucin with solid,
micropapillary, cribriform, and tubular formations, floating
in pools of extracellular mucin. “Signet ring” cells may
also be present, rarely being the predominant feature [46].
Multiple sections are required in paucicellular form to
detect the neoplastic cells to establish the diagnosis.
Delicate bands of fibrovascular connective tissue can be
observed within the mucous lakes. This characteristic his-
tology should be present in at least 90% of the tumor.
Almost all tumors express strong ER and PgR and rarely
overexpress HER-2/neu oncoprotein. According to differ-
ent series, the frequency is up to 2%. They have excellent
prognosis with a 10-year overall survival up to 80—-100%
[8, 9] (Fig. 13.1a).

13.3 Tubular Carcinomas

They are ill-defined, usually small neoplasm with stellate
appearance. They are characterized by an irregular haphaz-
ard collection of angulated, oval, or elongated well-formed
tubules, with a central lumen; typically, they have a single
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Fig. 13.1 (a) Mucinous carcinoma shows neoplastic cells floating in
mucous lake. (b) Tubular carcinoma with angulated single layer glands
in desmoplastic stroma. (¢) Apocrine carcinoma with eosinophilic large

layer of small, monomorphic epithelial cells often showing
apical “snouts.” They show desmoplastic changes and/or
stromal elastosis. Tubular carcinoma shows low cytologic
atypia with rare mitoses. Calcifications are often present.
These features should be present in more than 90% of the
lesion. Conventional types of ductal intraepithelial neoplasia
(DIN) may be present, and coexistent columnar cell lesions
including flat epithelial atypia and lobular neoplasia are
common in the proximity of tubular carcinoma. They exten-
sively express ER and PgR and they do not overexpress
HER-2/neu oncoprotein. They account of less than 2% of
carcinomas, and the survival at 10 years is up to 99-100%
[6, 10] (Fig. 13.1b).

cytoplasm. (d) Negative estrogen receptor immunohistology in the very
same apocrine carcinoma depicted in (c)

13.4 Apocrine Carcinoma

They may show a brownish-tan cut surface. They have cyto-
logical features of apocrine cells, and two types of cells could
be observed: type A cells (large, with abundant eosinophilic
granular cytoplasm with enlarged rounded hyperchromatic
nuclei and prominent nucleoli) or type B cells with foamy
cytoplasm containing lipid droplets resembling histiocytes or
sebaceous differentiation. Tumor cells with bizarre, multi-
lobulated nuclei may be present. The apocrine morphology
needs to be seen in more than 90% of the cancer cells. An
intraepithelial apocrine component (DIN) with high nuclear
grade is often present. They typically express androgen recep-
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Fig. 13.2 (a) Cribriform carcinoma with typical fenestrated glands.
(b) Metaplastic carcinoma with direct transition from epithelial cells to
mesenchymal component (matrix-producing). (¢) Papillary carcinoma

tors and are triple negative, even though sometimes they may
overexpress HER-2/neu oncoprotein. According to different
series, they account to 1-4% of the carcinomas. The pure form
has a 10-year survival >95% [11, 12] (Fig. 13.1c, d).

13.5 Cribriform Carcinoma

They show angulated and fenestrated cribriform glands as in
ductal intraepithelial neoplasia (DIN) of cribriform type with
low or intermediate nuclear grade cellularity. Osteoclastic-
like giant cells have been reported in some cases. Mitosis is
rare. In the mixed cribriform carcinoma form, more than
50% show a cribriform pattern, but areas (10—49%) of non-
tubular less differentiated type are also present. In the vast

showing solid pattern with fibrovascular core. (d) Positive estrogen
receptor immunohistology in the very same papillary carcinoma
depicted in (c)

majority of cases, adjacent DIN with cribriform and micro-
papillary growth pattern is present. They express ER and
PgR but usually do not overexpress HER-2/neu oncoprotein.
In the pure form, they represent up to 4% of breast carcino-
mas, with a 10-year survival of 90-100% [6, 13] (Fig. 13.2a).

13.6 Medullary Carcinomas

They are well circumscribed, with a soft, gray/tan cut sur-
face. Medullary carcinomas have histologic circumscription
with pushing, expansive margins (smooth, rounded contour).
They grow in a syncytial pattern of solid clusters of tumor
cells forming anastomosing cords and sheets. Neoplastic
cells have severe nuclear atypia, prominent nucleoli, and
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indistinct cell borders with high mitotic count. The lympho-
plasmacytic infiltration (composed almost entirely of either
lymphocytes or plasma cells) is often present throughout the
tumor. They are triple-negative carcinomas with a good
prognosis if strict histologic criteria are accomplished (up to
95% survival) [14, 15].

intraepithelial component (DIN), often also demonstrating a
papillary architecture, is usually present. Neuroendocrine
features have been consistently reported. ER and PgR positiv-
ity and HER-2/neu negativity is the most frequent phenotype.
The prevalence varies according to different series from 0.04
to 2.7% with an overall survival of >90% at 5 years [19].

13.7 Metaplastic Carcinomas

They are carcinomas with a variable percentage of mesenchy-
mal differentiation. They could be subdivided in two categories:
carcinomas with squamous and/or spindle cell metaplasia (low-
grade adenosquamous carcinoma, fibromatosis-like metaplastic
carcinoma, squamous cell carcinoma, and spindle cell carci-
noma) and carcinomas with heterologous metaplasia.

Carcinomas with heterologous metaplasia are poorly dif-
ferentiated duct carcinomas associated with mesenchymal
elements, most commonly chondroid, osseous, and rhabdo-
myoid, but also lipomatous and angiomatous. The heterolo-
gous elements can be either well differentiated with minimal
atypia or sarcomatous as for tumors originating in soft tis-
sues. If there is a direct transition from epithelial to the mes-
enchymal components without an intervening spindle cell
component, the term “matrix-producing carcinoma” has
been used (Fig. 13.2b).

Metaplastic carcinomas are triple negative, although
occasional tumors with focal positivity for ER and/or HER-2/
neu are encountered in the mesenchymal component. The
frequency is up to 5% of the carcinomas, and the overall sur-
vival at 5 years is 18-81% according to stage at the presenta-
tion [16, 17].

13.8 Squamous Cell Carcinomas

Squamous cell carcinomas arising in the breast parenchyma
are exceedingly rare and usually represent metastatic squa-
mous carcinoma. In their pure form, they often appear as
cystic lesion with keratin debris, simulating necrosis.
Intercellular bridges and keratin pearls are observed and
spindle or acantholytic in appearance as well. They are
triple-negative carcinomas with a survival at 5 years ranging
from 81 to 46.9% if metastases (both regional and distant)
are absent or present at the time of diagnosis [18].

13.9 Papillary Carcinoma

Papillary carcinomas have a predominantly papillary mor-
phology (>90%) harboring papillae formed by malignant epi-
thelial cells and fibrovascular cores. If the individual papillary
fronds become crowded and are not separated by spaces, the
term solid papillary carcinoma is used (Fig. 13.2c, d). An

13.10 Micropapillary Carcinoma

Micropapillary carcinomas are arranged in micropapillary,
tubuloalveolar, or morular clusters and lie within optical clear
stromal spaces (shrinkage artifact), simulating lymphatic/vas-
cular spaces. They lack fibrovascular cores, sometimes con-
taining mucinous material. Typically, the cells have the apical
surface polarized to the outside, finely granular or dense
eosinophilic cytoplasm, and intermediate-to-high-grade
nuclei with frequent mitoses. The majority of tumors are
associated with an intraductal component of micropapillary
and cribriform patterns and show extensive peritumoral vas-
cular invasion paralleled by a prevalence of axillary lymph
node metastasis significantly higher than ductal carcinoma
NST. They variably express ER, PgR, and HER-2/neu [20].

13.11 Salivary Gland-Type Carcinomas

The most common subtype of salivary gland-type carcino-
mas is represented by adenoid cystic carcinoma. These
tumors are usually well circumscribed with small cystic
areas. They are formed by adenoid and basaloid cells form-
ing true glandular spaces and pseudo-lumina. Sebaceous
cells and squamous metaplasia of luminal cells may be pres-
ent. They grow with an irregular, infiltrating pattern showing
solid, cribriform, and trabecular-tubular arrangements, even
if a mixture pattern may often be observed. As for their sali-
vary gland counterpart, high-grade carcinomas have >30%
of solid growth, while well-differentiated forms show exclu-
sively a cyst and glandular appearance. Tumors with an inter-
mediate differentiation show <30% of solid pattern. Mitotic
count is usually low [21]. They are triple-negative carcino-
mas with an excellent prognosis when well differentiated (up
to 90%) at 10 years. The remaining subtypes of salivary
gland-type carcinomas, i.e., mucoepidermoid and acinic cell
carcinomas, are exceedingly rare and resemble morphologi-
cally their salivary gland counterpart.

13.12 Rare Types of Breast Carcinoma

Few cases of tubulo-lobular carcinoma have been reported.
These tumors are classic type of lobular carcinomas inter-
mingled with well-formed single layer glands. Other very
uncommon breast cancer subtypes are represented by lipid-
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rich carcinoma, which shows extensive foamy appearance
due to intracytoplasmic lipid accumulation, glycogen-rich
carcinoma, secretory and hypersecretory carcinoma, and
osteoclast-like giant cell carcinoma. Neuroendocrine small
cell carcinomas have morphological features similar to their
lung counterpart.

13.13 Non-epithelial Tumors

Primary mesenchymal tumor of the breast represents a het-
erogeneous group of neoplasm by far less frequent than pure
epithelial neoplasm. Non-epithelial neoplasm could be sub-
divided in mixed (fibroepithelial neoplasms) and in pure
mesenchymal form [22]. The most relevant entities of the
first group are fibroadenomas and phyllode tumors.
Fibroadenoma is a well-circumscribed biphasic (fibroepithe-
lial) neoplasm showing stromal proliferation around glands
(pericanalicular pattern) or compressing cleft-like ducts
(intracanalicular pattern). The ducts are lined by two cell lay-
ers of luminal epithelial cells and myoepithelial cells.
Fibroadenomas and phyllode tumors could be considered a
continuum degree of progressive malignancy of the stromal
component, which in the high-grade phyllode tumors is defi-
nitely sarcomatous (so-called cystosarcoma phyllodes). The
stroma is loosely cellular, with regular spindled cells and
collagen, and it may sometimes exhibit multinucleated giant
cells, extensive myxoid changes, or hyalinization [23].

Areas of stromal hypercellularity may be seen within a
fibroadenoma, leading to a diagnosis of cellular fibroadeno-
mas because the typical leaflike architecture of phyllode
tumors is absent or focal. Mitotic figures are uncommon. The
epithelial component of fibroadenoma can show varying
degrees of epithelial hyperplasia, particularly in young
women. Squamous or apocrine metaplasia may also occa-
sionally be observed. Whenever papillary apocrine changes,
cysts, epithelial calcifications, and sclerosing adenosis occur,
these tumors have been classified as complex fibroadeno-
mas. Rarely, atypical ductal hyperplasia, lobular neoplasia,
ductal intraepithelial neoplasia (DIN), or carcinoma may
occur within fibroadenomas [24].

Benign phyllode tumors resemble intracanalicular fibroad-
enomas, and the hallmark of the tumor is the formation of stro-
mal leaflike processes protruding into cystic spaces. Phyllode
tumors are classified as benign, borderline, and malignant. In
benign tumors, the mitotic count should not exceed 2 x 10
HPF. Borderline and malignant phyllode tumors are distin-
guished on the basis of the degree of stromal cellularity, stro-
mal atypia, stromal overgrowth, tumor borders, and mitotic
activity (3-9 x 10 HPF in borderline and >9 in malignant phyl-
lode tumors). Local recurrences can occur in all types of phyl-
lode tumors, with the highest prevalence for the malignant
type, and distant metastases have been reported almost exclu-
sively in malignant tumors [25, 26].

The second group of pure mesenchymal tumors mirrors
the morphological features of their counterparts primarily
arising in soft tissues [27]. Breast sarcomas must be differen-
tiated from metaplastic carcinoma, due to their different sur-
gical and clinical management. As a matter of fact, the
sarcomatous component of a triple-negative carcinoma with
extensive metaplastic features may outgrow the epithelial
component, thus leading to a misdiagnosis of primary pure
sarcoma. Therefore, focal remnants of carcinoma should be
scrutinized in tumors showing prominent mesenchymal
differentiation.

Vascular lesions include benign hemangioma and angio-
matosis, atypical vascular proliferations, and angiosarcomas.
Angiosarcomas may develop following radiation therapy for
breast cancer or, less commonly, as primary neoplasms aris-
ing in patients with no prior history of radiation [28-31].

Tumors showing adipocyte differentiation include lipoma,
a benign tumor composed of mature adipocytes without
atypia, sometimes incorporating small vessels (angioli-
poma), and liposarcoma that represents its malignant coun-
terpart [32].

Schwannoma and neurofibroma of the breast derive from
the sheath of peripheral nerves; most of them arise in the
mammary subcutaneous tissue, even if parenchymal lesions
have also been described [33].

Primary granular cell tumor of the breast is a benign neo-
plasm derived from Schwann cells of peripheral nerves and
composed of compact nests of cells with prominent eosino-
philic cytoplasmic granules, which are PAS positive and
strongly immunoreactive for CD68 and S100 protein [34].

Myofibroblastoma is a benign, well circumscribed, pseu-
doencapsulated mammary stromal spindle cell tumor with
prominent myofibroblastic differentiation, immunoreactive
for desmin, smooth muscle actin, and CD34. They show
broad bands of hyalinized collagen in the absence of any
mammary duct and lobules [35].

Desmoid-type fibromatosis of the breast is a locally infil-
trative, histologically low-grade proliferation of spindle cells
and collagen. It rarely occurs within the breast parenchyma,
frequently arising from the pectoral fascia [36].

Nodular fasciitis is a self-limiting, mass-forming fibro-
blastic/myofibroblastic proliferation. Inflammatory myofi-
broblastic tumor is a usually low-grade neoplasm composed
of myofibroblastic spindle cells with prominent admixed
inflammatory cells, most commonly plasma cells [37].

Pseudoangiomatous stromal hyperplasia is a benign dis-
ease in which the stromal cells form a complex pattern of
anastomosing empty spaces in a dense collagenous stroma
coexisting with duct and lobular epithelium. The spaces
rarely contain a few red blood cells. Myofibroblasts (usually
CD34 and calponin immunoreactive) line the slit-like spaces,
resembling endothelial cells [38].

Leiomyoma and leiomyosarcoma of the breast show dis-
tinct smooth muscle differentiation [39, 40].
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Pure rhabdomyosarcoma and osteosarcoma of the breast
are composed of cells showing varying degrees of skeletal
muscle differentiation or osteoid formation [41, 42].

Periductal stromal tumor is a rare lesion of low-grade sar-
coma behavior [43].

The most frequent subtypes of primary lymphomas of the
breast are diffuse large B-cell non-Hodgkin lymphomas, not
otherwise specified (DLBCL), extranodal marginal zone
lymphoma of mucosa-associated lymphoid tissue (MALT)
type, and follicular lymphoma. Rare cases of Burkitt lym-
phoma, lymphoblastic lymphoma of either B-cell or T-cell
type, and peripheral T-cell lymphomas have also been
reported. Hodgkin and non-Hodgkin lymphomas originating
from nodal sites may secondarily involve the breast [44].

Metastasis to the breast represents up to 1.3% of all mam-
mary malignant tumors, including melanoma and carcino-
mas of the lung, ovary, prostate, kidney, and stomach [45].
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Pathology After Neoadjuvant

Treatments

W.Fraser Symmans

14.1 Approach and Methods
14.1.1 Pathologic Examination of Post-
neoadjuvant Resection Specimens

The main objective is to accurately identify the sites of
primary tumor bed (that may or may not contain residual
cancer cells) and any residual lymph node metastases, so that
the extent of residual cancer can be measured and reported.
Of course, the tumor bed can become very subtle after effec-
tive neoadjuvant chemotherapy, and improving treatments
make this ever more likely. Posttreatment residual disease is
often detected by light palpation of the sliced breast speci-
men even more easily than it is observed by visual inspec-
tion. Sometimes that is in an area of ill-defined fibrosis.
Fortunately, the communication between pathologists, sur-
geons, and radiologists has greatly improved and, combined
with innovations in preoperative localization, has greatly
improved the precision of pathologic evaluation.

Recommendations from an international multidisci-
plinary committee describe the approach and methods in two
publications [1, 2]. For example, a current best standard
involves clinical communication through medical records
(electronic) to include radiologic reports; placement of
metallic clips in each site of primary disease and the biopsy-
proven positive lymph node prior to treatment, either a local-
ization wire or radioactive metal seed into the primary tumor
and clipped node; and sentinel lymph node biopsy proce-
dure. For example, placement of a radiologic clip in a posi-
tive axillary node before treatment increases the accuracy of
posttreatment sentinel node biopsy to a clinically acceptable
level (false-negative rate of 2%) [3, 4].

Each procedural advance enables pathologists to more
accurately identify and evaluate posttreatment specimens.

W. Fraser Symmans, M.D.

Department of Pathology, Unit 85,

The University of Texas M.D. Anderson Cancer Center,
1515 Holcombe Blvd, Houston, TX 77030-4009, USA
e-mail: fsymmans @mdanderson.org

© Springer International Publishing AG 2017

14

But their effectiveness requires that pathologists have access
to specimen radiography to locate metallic clips, coils, seeds,
or even calcifications within the specimen and in macro-
scopic slices of the specimen. Thus, the pathologists can dis-
tinguish contiguous from multifocal tumor bed and produce
a visual map of the sliced specimen to indicate the sites of
the disease and the locations of tissue sampling for histo-
pathologic sections on slides. Indeed, a visual map is critical
for accurate pathology, and this can take the form of radio-
graph, printed digital radiograph, photograph, or sketch
(with measurements annotated). The pathologist and techni-
cian can draw and label the site of each lesion of interest and
each tissue sample for histopathology directly onto the map
and then scan that image and save the file with the pathology
record. When the pathologist reviews the corresponding
slides days later, it will be obvious how any residual disease
in the slides relates to the original map. This critical step,
although simple, will greatly improve the accuracy of report-
ing the site, extent, and stage of residual disease. Often times
it will also decrease the number of tissue blocks and slides
for histopathology, thereby decreasing costs and time as it
concentrates the pathologist’s attention to the appropriate
areas of the specimen.

Typically, an intraoperative evaluation of the primary
resection specimen (presence of tumor bed and margins
assessment) will be requested. Accurate specimen radiogra-
phy available to the pathologist expedites this assessment,
when combined with gross examination of the sliced speci-
men, and reduces the need for frozen sections of margins.
Intraoperative evaluation of sentinel lymph nodes might also
be requested, and this can take the form of touch preparation
cytology or frozen section. There are pros and cons to either
approach. Each is accurate in practiced hands, and cytology
preserves all of the tissue for permanent histopathology sec-
tions, whereas frozen section allows for estimation of the
size of any metastasis. Molecular approaches to nodal assess-
ment are also possible, but have not been accurately cali-
brated to estimate the nodal burden of residual disease. If
immunohistochemistry for epithelial cells (cytokeratins) is
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to be performed on sentinel nodes, then it is better on the
permanent section. This can be helpful to identify remaining
tumor cells because cytoreduction can occur in metastases as
seen in primary disease.

Taken together, these methods increase the accuracy and
efficiency of pathologic evaluation and enable accurate
determination of the presence of any residual disease (versus
pCR), as well as its ‘yp’ stage and residual cancer burden
(RCB), as described in detail below. Moreover, the most
important part of pathologic assessment is the gross
pathologic-radiologic correlation and the resultant map of
tissue sections that occurs on the day of surgery. Therefore,
it is very helpful to familiarize the trainees and support tech-
nical staff who handle these specimens as to the objectives of
pathologic evaluation posttreatment, so that they understand
what is required from their work. Online videos of how
actual resection samples are handled can be found linked to
the following site: www.mdanderson.org/breastcancer/RCB
(Internet search terms: residual cancer burden breast) [5, 6].

14.2 After Neoadjuvant Chemotherapy

14.2.1 Prognostic Importance of Pathologic
Complete Response (pCR)

Pathologic complete response (pCR) after neoadjuvant che-
motherapy has been recognized since the earliest neoadju-
vant trials, to be an excellent response with favorable
prognosis. Furthermore, it can be inferred from reading any
standard pathology report and easily extracted from case
records. Thus, the pCR rate of a chemotherapy treatment is a
recognized benchmark of efficacy.

Prescient trials of neoadjuvant chemotherapy demon-
strated an increase in pCR rate from the addition of a taxane-
to anthracycline-based chemotherapy, also from weekly
paclitaxel treatment schedule (versus 3 weekly), and from
the addition of HER2-targeted treatment to chemotherapy
[7-11]. In each example, a subsequently reported adjuvant
trial, sufficiently large for survival analysis, demonstrated
improved survival outcomes for the treatment that had
increased the pCR rate [12-16]. Indeed, randomized neoad-
juvant chemotherapy trials have become accepted for clini-
cal development of new treatments for breast cancer, with
PCR as an endpoint for accelerated regulatory approval, but
still conditional on demonstrated survival benefit for full
approval of the treatment [6]. There is some controversy
about the prognostic meaning of observed differences in
pCR rate, but greater understanding of pathology, pheno-
type, and statistical issues will hopefully inform progress
[17-20].

One claim that most can agree on is that patients who achieve
pCR do have favorable prognosis. Clinical investigators

and members of the US Food and Drug Administration col-
laborated to compare the prognosis of pCR versus residual
disease (RD) in a meta-analysis that included the majority of
mature multicenter neoadjuvant trials [21]. The meta-analy-
sis clearly demonstrated that pCR afforded improved sur-
vival, no matter the treatment received. This result also held
in each of the main subtypes of breast cancer defined by hor-
mone receptor and HER?2 status, although there was not sig-
nificant prognostic difference in grade 1-2 HR+/HER2—,
and modest prognostic effect in HR+/HER2+ disease [21]
and the prognosis of pCR in HER2+ disease did not appear
to be as good as for other subtypes [21]. However, two
important points must be considered. Firstly, these neoadju-
vant trials evaluated the primary endpoint of response retro-
spectively during an era when the pathology community was
not broadly engaged in the clinical trial process, and proce-
dures for localizing treated tumor bed preoperatively and
standardized procedures for evaluating post-neoadjuvant
specimens were very uncommon. Secondly, the follow-up
was insufficient to observe long-term prognosis, since fewer
than 10% of subjects were remaining at risk beyond 5 years
of follow-up [22]. Nonetheless, this meta-analysis was criti-
cally important to demonstrate the global experience that
pCR is a surrogate endpoint for better prognosis [21].

14.2.2 Prognostic Tools to Categorize
Prognostic Risk of Residual Disease

There are two main prognostic tools based on an estimate of
the extent of residual disease: AJCC stage (‘yp’ stage catego-
ries) and residual cancer burden (RCB). There are also other
tools that combine the assessments of residual disease with
information about the disease before treatment began:
Miller-Payne system and the Neo-Bioscore (CPSEG) cate-
gories. Other systems also exist, but are used less
commonly.

14.2.2.1 Stage

The AJCC staging system after neoadjuvant chemotherapy
(‘yp’ stage) is generally similar to the usual ‘p’ stage of an
untreated resected breast cancer, except that it accounts for
cytoreduction of a tumor bed at the primary or metastatic site
by requiring that the tumor size be the largest residual focus
of invasive cancer—without intervening fibrosis. The new
8th edition retains this same definition for measurement
when determining ypT and ypN stage (in press). However, it
is unusual to have residual primary tumor without interven-
ing fibrosis between nests or masses of cancer cells, and
pathologists’ assessment of ypT size may vary based on this
interpretation. Nonetheless, the categories of ‘yp’ stage are
generally prognostic in breast cancer and within the major
subtypes [23, 24].
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14.2.2.2 RCB

The residual cancer burden (RCB) is an index score that is
derived from the two-dimensional measurements of the
extent of residual primary invasive cancer, the histopatho-
logic estimate of the proportion of that area that contains
residual invasive cancer, the number of positive lymph nodes,
and the size of the largest metastasis (Table 14.1). These
variables are entered into an online website to calculate the
score and resultant category. RCB scores are prognostic,
independent of ‘yp’ stage and pretreatment ‘c’ stage, and
exhibit good reproducibility between pathologists [5, 25]. So
too, the distribution of RCB index scores for residual disease
is also classified as minimal, moderate, and extensive RCB
(i.e., RCB-I, RCB-II, and RCB-III), and those RCB classes
are prognostic [5]. The RCB system has web-based proto-
cols, examples, and educational videos, in addition to the
calculator: www.mdanderson.org/breastcancer/RCB.

There are important differences between the ‘yp’ stage
and RCB system, particularly with respect to the measure-
ments recorded for primary tumor and lymph nodes. Tumor
size for ypT includes the largest continuous focus of residual
invasive cancer, without fibrosis. On the other hand, RCB
requires measurement of the extent of the residual invasive
cancer related to the tumor bed. This allows for multiple foci
of residual cancer in a tumor bed to be included as one over-
all tumor measurement. Of course, the estimate of cellularity
in that tumor area will correct for low cellularity or tracts of
fibrosis separating cellular foci. Therefore, we would expect
that largest dimension for RCB can be larger than the ypT
size, since many tumors regress in a nonuniform way
(Fig. 14.1).

The definition of metastatic size in nodes (e.g., to deter-
mine macro- versus micrometastasis or isolated tumor cells)
for ypN stage is also based on the largest contiguous tumor
focus. On the other hand, the size of the largest metastasis for
RCB allows intervening fibrosis within a residual metastasis.
So again, the metastasis size for RCB can be larger than the
size determination for ypN stage, since residual metastases
can have nonuniform distribution of cancer cells within the
metastatic site.

Lymphovascular emboli are sometimes the only identifi-
able residual primary cancer, and this can lead to confusion.
Firstly, it should be distinguished from intraductal cancer.
Secondly, it should be considered to be residual invasive dis-
ease. The staging system does not directly address this issue,
but the case should not be defined as pCR. The RCB system
considers this to be invasive disease and recommends the
extent be estimated as if it were invasive disease. This can be
problematic if there are only rare isolated foci scattered in
the breast. In that setting, it can be reasonable to use the larg-
est focus. But if there are multiple foci, then it is better to
estimate the overall area involved and a very low percent cel-
lularity in that area.

IR

b3

.

Fig. 14.1 Illustration of the different criteria for measuring residual
invasive cancer size for ypT versus extent of residual invasive cancer for
calculation of RCB. This same difference in approach also applies to
the measurement of nodal metastases

The most common challenges for pathologists using the
RCB system are (1) failure to realize that the primary tumor
bed area for RCB is defined from the combined information
from gross examination of the specimen and subsequent his-
topathologic study of the corresponding slides and (2) over-
estimation of the average cancer cellularity within the area of
the primary tumor bed. As with any resected tumor, the mac-
roscopic measurements are preliminary results that may be
revised after review of the corresponding microscopic find-
ings. Thus, the tumor bed for final measurements in the RCB
formula and for assessment of cancer cellularity is ultimately
defined from the histopathologic assessment (Fig. 14.2). The
RCB website contains pictures and videos to prime patholo-
gists as to how to assess average cellularity across an area,
and these are helpful to avoid the mistake of taking cellular-
ity estimates only within concentrated foci of cancer cells in
the tumor area—since that approach would not provide the
average cellularity. Hence, the average cellularity of residual
invasive cancer in the tumor bed for RCB can be lower than
the cellularity of the most concentrated tumor focus that one
might record for genomic testing, and it represents cancer
cellularity per area rather than cancer cellularity per nucleus.

Overall, the RCB has been independently validated, pro-
vides prognostic information that is independent of ‘yp’
stage, and is relevant within each phenotypic subtype
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Fig.14.2 Schema for
mapping gross and
histopathologic findings from
the largest residual primary
tumor bed to define the
dimensions and average
cellularity of the residual
invasive tumor bed for
calculation of RCB
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(reported in abstract by Symmans et al. San Antonio Breast
Cancer Symposium 2013, manuscript under review). Its
greatest potential for use within clinical trials has barely
been tested: to compare the distributions of RCB index
scores between experimental and control populations from a
randomized trial. That would enable every participant in the
trial to contribute relevant information about response and
prognosis.

14.2.2.3 Miller-Payne

The Miller-Payne system compares the cellularity of the
residual invasive cancer to the cellularity of the cancer in the
pretreatment core biopsy. The five categories of relative
cytoreduction are prognostic [26]. Although residual tumor
size and nodal status are not considered, there is correlation
between lesser stage and cytoreduction [27]. This system has
not been evaluated compared to stage or within the pheno-
typic subtypes of breast cancer.

14.2.2.4 Neo-Bioscore (CPSEG)

The CPSEG system is a nomogram that adds risk integer
scores (0-2) for the following individual criteria: clinical
stage (cT, cN) before treatment, pathologic stage after treat-
ment (ypT, ypN), estrogen receptor status, and histopatho-
logic grade before treatment, to produce 7 prognostic groups
(Table 14.2) [28]. This system has been independently vali-
dated as prognostic [29, 30]. Recently, the system was
revised to include HER2-positive status as a favorable prog-
nostic criterion because response and survival has been
improved by addition of HER2-targeted therapy to chemo-
therapy and renamed as Neo-Bioscore [31]. The advantages
of CPSEG/Neo-Bioscore are that the system uses existing

standard data and is readily accessible to retrospective data-
bases. However, it is broadly relevant to breast cancer, and
the prognostic meaning of some of these variables included
in Neo-Bioscore might vary according to the subtype of
disease—particularly as practice approaches to neoadjuvant
therapy and types of treatment used are becoming more sub-
type specific. Indeed, the subtype specificity and applicabil-
ity to new treatment paradigms will be a challenge for all of
the prognostic tools.

14.2.3 Cellular and Molecular Characteristics
of Residual Disease

It would seem likely that the biological characteristics of
residual disease would add clinically relevant information
to the extent of residual disease. For example, response
(RCB) and predicted endocrine sensitivity (SET index)
appear to independently influence the prognosis after
sequential neoadjuvant chemotherapy followed by adju-
vant endocrine therapy, possibly with interactive synergy
[32]. Also, the residual proliferation index after chemo-
therapy can add to the prognosis of RCB [33]. Also, the
presence of abundant lymphocytes associated with resid-
ual cancer imparts a more favorable prognosis when there
is more than minimal residual disease [34]. Descriptive
studies have also identified mutations within posttreatment
residual disease (e.g., JAK2 mutations in triple-negative
cancer) [35, 36]. So there is some precedent to pursue
these associations further. However, one does need to be
aware that low cellularity can influence the accuracy of
molecular testing. The key questions for progress will be
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to identify when additional cellular or molecular charac-
teristics of residual disease add meaningful information to
the extent of disease, to avoid strongly correlated variables,
and to specifically identify phenotype-specific indications
for this approach.

Another consideration is whether to repeat routine
molecular tests on residual disease. Certainly, a reason-
able case can be made to repeat hormone receptor and
HER?2 tests if the original results before treatment were
negative and there is reasonable suspicion that there might
be positive receptor status. One can argue that the poten-
tial benefit from adjuvant treatment, when a false-negative
original result is corrected, far outweighs the expense of
repeat testing—so long as clinical-pathologic judgment is
used to select cases where the overall picture raises suspi-
cion for false-negative result. On the other hand, there is at
least one study describing worse prognosis when the
residual disease turned HER2 negative after neoadjuvant
chemotherapy with HER2-targeted therapy [37]. However,
there is no clinical justification for withholding adjuvant
HER2-targeted therapy from these patients. Generally,
retesting should be considered when original results were
negative and a false-negative result is possible, but other-
wise not.

14.3 After Neoadjuvant Endocrine Therapy

Neoadjuvant endocrine therapy is considerably less com-
mon than chemotherapy, but there are several trials that
have utilized this approach, and several conclusions can be
made based on current knowledge. The principles of speci-
men evaluation (described above) apply equally to any
post-neoadjuvant specimen. Unfortunately, clinical trials
have not directly compared different prognostic pathology
tools (described above) after months of neoadjuvant endo-
crine therapy, although it might be reasonable to assume
that those tools would be informative. However, the main
finding from studies to date is that pharmacodynamic sup-
pression of proliferation (e.g., Ki67 immunostain) after
exposure to endocrine therapy is a hallmark of tumors that
have sensitivity to endocrine therapy. Consequently, the
preoperative endocrine therapy prognostic index (PEPI
score) is currently recommended as the best prognostic
tool for pathologists to use after neoadjuvant endocrine
therapy [38]. PEPI is a nomogram that adds the scores for
posttreatment ypT, ypN, ER status, and the percent resid-
ual cancer cells that express Ki67 (Table 14.3). The total
score (0—12) is summarized into three prognostic groups:
PEPI score 0, PEPI scores 1-3, and PEPI scores >4 [38].
There has not been independent validation of prognostic
validity of PEPI yet, but we expect that those results will
be reported soon.

14.4 Novel Treatments

It is reasonable to expect that the principles of specimen
evaluation after neoadjuvant treatment will apply to novel
treatments and that additional biological information might
become useful. However, one cannot assume that the defini-
tions of response won’t improve or become specific to classes
of treatment or that differences in response rates will neces-
sarily predict differences in survival. We have already
observed this: the prognosis relating to residual disease is
influenced by sensitivity to other adjuvant treatments after
surgery in relevant subtypes of breast cancer [32]. So the
efficacy of novel treatments can be assessed within the neo-
adjuvant model, and we can also learn of the effects on
tumors, but fundamental principles must still apply: prospec-
tive clinical trials, randomization, and obtaining subsequent
follow-up for survival.

Some novel treatments are being evaluated as adjuvant
treatment after neoadjuvant treatment and surgery, wherein
patients become eligible based on an estimate of their residual
prognostic risk. That is largely defined by the extent of resid-
ual cancer and the disease subtype. Such studies should not
naively expose patients with minimal residual disease to the
risks of experimental treatments, if the defined minimal dis-
ease has excellent prognosis. Also, such studies should collect
detailed pathology information from standardized pathology
methods, so that the investigators can determine whether
pathology findings after neoadjuvant treatment can identify
the patients who would benefit from the post-neoadjuvant
novel treatment.

14.5 Summary

Neoadjuvant treatment has become increasingly popular as a
standard treatment, and in clinical trials, it becomes increas-
ingly obvious that the prognostic pathologic information from
residual disease outweighs the information from untreated
disease. However, pathologists may be unaware that a patient
received neoadjuvant treatment, ill-equipped to identify and
map the extent of residual disease, have limited experience
with such specimens, or simply be reluctant to change their
practice to support clinical trials. Thus, global standards are
needed to the methods of pathology evaluation of specimens
after neoadjuvant treatment. Indeed, an international commit-
tee, representing clinical trial groups, already recommended
that all cases should report the necessary information to report
the following after neoadjuvant chemotherapy:

1. pCR (ypTOf/is, ypNO or ypTO, ypNO) versus residual
disease

2. AJCC stage (ypT, ypN)

3. residual cancer burden (RCB) [1, 2]
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If neoadjuvant endocrine therapy was administered, then
PEPI index should also be reported. These information pro-
vide important prognostic information, and pathologists
should adjust their practice to report them for clinical trials
and routinely. Furthermore, use of a standardized method for
pathologic evaluation is reproducible, adds no cost to patient
care, and is usually more efficient of time and costs. However,
the accuracy and efficiency of this approach does require
modest support from hospitals to enable specimen radiogra-
phy and to provide resources to image and create a map of
where tissue sections relate to macroscopic findings in the
specimen, and that also requires the support from the multidis-
ciplinary breast cancer team to garner the necessary resources.
Finally, posttreatment residual disease should sometimes be
retested for standard molecular markers, if there is reasonable
suspicion that the pretreatment result might have been a false-
negative result, or to evaluate pharmacodynamics changes in
levels of ER or Ki67 after neoadjuvant endocrine therapy.
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15.1 Introduction

Recent large-scale next-generation sequencing (NGS) studies
defined the landscape of genomic aberrations in breast can-
cer. Copy number variations, missense mutations, and small
insertion/deletions of certain genes can be associated with
carcinogenesis and tumor progression. These so-called can-
cer drivers supposedly confer either growth advantages or
protection from therapeutic stress.

Some of these genomic alterations can be inherited, but
the vast majority occurs in somatic cells by stochastic events
in DNA editing/repair and environmental mutagens.

In primary breast tumors, the most frequently altered
genes are TP53, PIK3CA, MYC, CCNDI1, PTEN, ERBB2,
ZNF703/FGFRI locus, GATA3, RB1, and MAP3K]1 [1]. This
scenario, however, can change in the metastatic setting and/
or in tumors subjected to pharmacological pressure. An
archetypal example of this divergence is the mutation rate of
ESRI, the gene encoding for estrogen receptor alpha
(Fig. 15.1). While mutations in this gene are found in less
than 1% of primary tumors, up to one-third of patients relaps-
ing from anti-endocrine therapy have tumors harboring ESR/
mutations [2].

Adding another layer of complexity, it is now possible to
use mathematical approaches to define mutational signatures
associated to specific genomic rearrangements, gene expres-
sion patterns, or clinical features [3, 4]. Although these sig-
natures may define more precisely the genomic status of the
tumors and can provide some prognostic information, their
exploitability in the clinic is debatable.

In this chapter, I will focus on the possibilities that prac-
tice oncologists currently have to offer rational therapeutic
options based on genomic analysis.
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15.2 Change in Mentality

It is generally thought that genomic testing is appropriate
only for patients who have exhausted standard therapy or
have orphan tumors that lack a standard therapy. However, I
contend that with the current possibilities of analyzing tumor
samples by targeted exome sequencing (see below), each
patient with advanced disease or with high-risk prognostic
situations should at least be given the opportunity of being
informed about genomic approaches other than following the
standard protocols. Not having genomic infrastructures or
not being a recruiting center for clinical trials is not a valid
argument to refute this possibility. As I will describe below,
anybody can easily submit ordinary formalin-fixed paraffin-
embedded (FFPE) samples to certified companies that can
sequence the tumor DNA in matter of weeks. Although the
cost of this procedure can be burdensome, it may be afford-
able for the majority of the patients.

Patients should at least be informed about this possibility,
explaining very clearly that this analysis will not provide a
“magic pill,” but it can potentially uncover genomic vulner-
abilities in the tumor, and in turn help in choosing the spe-
cific targeted therapies. Obviously, the oncologist also has to
explain that, should this be the case, the matching therapeu-
tic option may be either available as standard of care or, con-
versely, part of experimental studies that are not necessarily
available in the same geographic area. The patient has to
decide whether undertaking this path is worthwhile, with
very little influence from the treating physician.

No real advances in medicine (or in science in general)
have ever been made by just following the existing para-
digms and not thinking outside the box. The word “conven-
tional” in medical care is a very dangerous one. Without
reaching “Newtonian” extremes, I believe there is a need for
aradical change in the way cancer patients are managed and
treated. The gap between the first lines of research and the
current clinical practice is too wide and too often is seen as
the difference between science fiction and the real world.
This has to change.
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15.3 What We Can Realistically Do

The genome of the tumors can be analyzed in several ways.
Whole genome sequencing (WGS) provides a detailed map
of single nucleotide variations (SNVs), insertions and dele-
tions (indels), gene translocations, and copy number changes.
WGS is certainly the most complete approach, but has a
number of important caveats. It generates an enormous
amount of information, but most of it is of unknown clinical
importance. It requires a relatively high amount of tissue, not
always available from tumor biopsies. Moreover, besides the
still prohibitive costs for its standard application in the clini-
cal setting, WGS entails complex informatics analysis and
big data storage. Whole exome sequencing (WES) provides
the same map of genomic aberrations (with the exception of
gene translocations) present in the genes that are expressed
in mRNA. WES requires less material and cost is lower com-
pared to WGS, but, although the amount of information gen-
erated is also reduced, it still involves a level of analytical
work not wanted (and not needed) in the clinical practice. A
more targeted approach to sequence the genome seems to be
more reasonable for the widespread clinical implementation
of this technology.

The field started with the detection of single gene muta-
tions that allowed some patient stratification for certain ther-
apies (e.g., KRAS detection in colon cancer) or the detection
of germinal alterations linked to increased risk of developing
cancer (e.g., BRCA1/BRCA2 mutations in both ovarian and
breast cancer). Subsequent advances included the detection
of well-known gene mutations (so-called hotspots) associ-
ated with tumor onset and/or resistance to therapy. Although

20 40 60

Percentage of matched cases with mutations

merely diagnostic, these tests were useful to better stratify
patients for clinical trials testing novel targeted agents.

The real revolution in the field was the development of
targeted (or capture-based) exome sequencing platforms, in
both research and clinical settings. From ~200 ng of DNA or
less it is now possible to gather genomic information that is
easily interpretable and can strongly influence the practice of
treating medical oncologists. This technology does not
require specific sample preparation and is commercially
available and usually friendly to order online. Samples can
be shipped at room temperature, and results are returned in
the form of an easily interpretable report in 4—-6 weeks.

This approach ensures deep exome sequencing (high-
gene coverage) of a selected number of genes (usually a
few hundred) considered important for tumor progression
and resistance to therapy. A comprehensive analysis of the
coding sequences of these genes may inform on the intrin-
sic genomic vulnerabilities of the tumor and therefore its
possible sensitivity toward a given targeted therapy (e.g.,
PIK3CA mutations for PI3K« inhibitors or BRCAI/BRCA2
mutations for PARP inhibitors). Moreover, targeted exome
sequencing can in some instances inform on the genomic
instability of the tumor, perhaps rendering it more likely to
respond to DNA-damaging agents or provide prognostic
information (e.g., TP53 mutations). Moreover, thanks to
the quantification of the allele frequencies of each mutated
genes, it can reveal the presence of different subclonal pop-
ulations within the tumors and roughly estimate the level of
tumor heterogeneity. Similarly, targeted exome sequencing
can estimate the mutational load of the tumor, based on the
number of driver and passenger mutations, especially when
associated with mutations of genes involved in DNA repair.
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Fig. 15.2 MSK-IMPACT targeted exome sequencing platform. DNA is extracted from either tissue or blood and only protein-coding exons of

410 cancer-associated genes are sequenced

Not ignorable is also the possibility to uncover possible
not-so-obvious drivers present at a relatively low frequency.
Two valid examples in breast cancer are HER2 and AKT1
mutations, which strongly predict for response to pan-HER
kinase inhibitor neratinib [5] and AKT kinase inhibitors
[6], respectively.

In addition to Clinical Laboratory Improvement
Amendments (CLIA)-certified companies that provide this
service, several cancer centers worldwide have developed
their in-house platforms. One of the most successful exam-
ples is the MSK-Integrated Mutation Profiling of Actionable
Cancer Targets (MSK-IMPACT), a targeted exome sequenc-
ing platform developed at Memorial Sloan Kettering Cancer
Center (MSKCC) [7, 8]. The MSK-IMPACT platform has a
track record of performing in small FFPE biopsies and cell
blocks and ensures a deep sequencing coverage of 410 key
cancer-associated genes (Fig. 15.2). To date, more than
10,000 patients (more than 1000 breast cancer patients) had
their tumor sequenced with this platform at MSKCC, with
~60% of the cases having metastatic disease. Thanks to this
effort, an unprecedented percentage of patients are entering
in clinical trials and being treated with rationale-based tar-
geted therapies. Some of these patients are experiencing
exceptional responses unlikely to be seen with “canonical”
therapies.

The accumulation of sequencing reports from breast can-
cer patients also allows identifying novel correlations
between certain genomic alterations and sensitivity to given
therapy. Moreover, this high number of cases permits to
uncover new hotspot mutations and/or new drivers of
disease.

15.4 Tumor Heterogeneity

Most tumors are thought to originate from a parental clone
that accumulates genetic aberrations during carcinogene-
sis. As a result, these aberrations are present in the majority
of, if not all, tumor cells in the neoplasm. During tumor
progression, however, spatially distinct subclones charac-
terized by heterogeneous somatic mutations and chromo-
somal imbalances may arise from the parental clone [9].
The aberrations that arise during subclonal evolution are
thought to be the result of the selective pressure exerted by
the tumor environment and/or as an adaptive response to
antitumor therapy.

It is widely accepted that the sensitivity to a given drug
depends on tumor heterogeneity. The proportion of tumor
cells that express the target of interest or harbor the mutation
determinant of sensitivity may vary among the different met-
astatic sites (inter-tumor heterogeneity) or within single
lesions (intra-tumor heterogeneity). Therefore, tumor het-
erogeneity can predict the degree of drug sensitivity and pos-
sibly the selection of resistant clones.

Such heterogeneity of subclones within the primary tumor
or metastases represents a major challenge in the manage-
ment of cancer for a number of reasons. Tumor biopsies are
invasive procedures and may be associated with complica-
tions [10] and significant costs. Additionally, a single biopsy
may be subject to tumor sampling bias and thus fail to cap-
ture the therapeutically relevant mutations [9, 11, 12].
Furthermore, in those tumors with several metastatic sites,
the sampling bias is surely amplified as there is well-
described genomic branching of the tumors [9, 11-15]. As a
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result, intra-tumoral heterogeneity may explain the difficul-
ties encountered in the validation of oncology biomarkers
and for prediction of therapeutic resistance.

A number of studies have shown that ctDNA may be iso-
lated from blood [16—18]. Early studies of ctDNA demon-
strated that polymerase chain reaction (PCR)-based assays
could accurately detect the mutations that have already been
identified in the tumor bulk [19-24]. In preliminary studies it
has been shown that targeted and genome-wide NGS of
ctDNA is a feasible approach and can be employed to iden-
tify genomic alterations in the ctDNA [20, 25-30]. NGS
ctDNA assays can potentially provide an easily obtainable
and minimally invasive surrogate for tumor tissue biopsies
that will markedly facilitate identifying potential targets to
guide treatment decisions. It may also provide a potentially
sensitive and specific biomarker that can be monitored in real
time during therapy.

Collectively, understanding the extent to which the
genetic heterogeneity among subclonal populations in the
same patient converges to a similar and targetable phenotype
may contribute to more rationale-based therapeutic
approaches.

15.5 Sequencing to Understand Drug
Resistance

Resistance to therapy can be pre-existing (intrinsic) due to
the presence of concurrent aberrations. In breast cancer the
presence of certain genomic aberrations can predict the
response to given therapeutic agents. HER2 amplification,
for example, is a determinant of sensitivity to drugs such as
trastuzumab, pertuzumab, lapatinib, or trastuzumab emtan-
sine (T-DM1). The presence of PIK3CA-activating muta-
tions, on the contrary, is associated with resistance to these
agents (with the exception of T-DM1 [31]). However, har-
boring these PIK3CA mutations is required to respond to
PI3K p110a inhibitors [32, 33].

More frequently, drug resistance can arise upon therapeu-
tic pressure via either loss of the therapeutic target [34] or
positive selection of resistant clones [35, 36]. In fact, the
constant pharmacological pressure may favor the fitness of
tumor cells harboring certain genomic features and result in
acquisition of drug resistance.

This occurrence is very well known, for example, in
EGFR-mutant lung cancer, where the acquisition of the
T790M gatekeeper mutation in EGFR or the amplification
of other receptor tyrosine kinases such as MET or HER2
represents the majority of the mechanisms of resistance to
the anti-EGFR molecule erlotinib. In breast cancer, several

genomic mechanisms of acquired therapy resistance have
been recently validated in the clinic. The selection of cells
harboring ESRI mutations following endocrine therapy in
ER-positive tumors is perhaps the most obvious example
[2]. There are also evidences that the regeneration of a
functional BRCA2 upon therapy with PARP inhibitors
leads to emergence of drug resistance [37]. Another exam-
ple is the discovery of parallel genomic evolution occur-
ring in patients treated with a PI3K p110a inhibitor where
PTEN expression was lost over time via six different
genetic mechanisms [12]. In this work, we discovered that
different genomic aberrations but leading to the same con-
vergent resistance phenotype can coexist in different meta-
static lesions. The tumor genomic evolution during
pharmacological stress was studied in a patient with meta-
static breast cancer treated with the PI3Ka inhibitor
BYL719 achieving a lasting clinical response, after which
drug resistance emerged and died shortly thereafter. A
rapid autopsy was performed and a total of 14 metastatic
sites were collected and sequenced. When compared to the
pretreatment tumor, all metastatic lesions had a copy loss
of PTEN, and those lesions that became refractory to
PI3Ka inhibition had additional and different PTEN
genetic alterations (either copy number loss or missense
mutations), resulting in the loss of PTEN expression
(Fig. 15.3). Acquired biallelic loss of PTEN was found in
one additional patient treated with BYL719, whereas in
two patients PIK3CA mutations present in the primary
tumor were no longer detected at the time of progression.
These findings were functionally characterized in the labo-
ratory using both in vitro and in vivo preclinical models
that confirmed the causative role of PTEN knockdown in
inducing resistance to PI3Ka inhibition.

This work is an archetypical example that access to meta-
static lesions of patients who initially responded and then
progressed to a given targeted therapy is crucial to elucidate
the role of tumor heterogeneity and genetic evolution in the
acquisition of drug resistance. Moreover, it also underscores
the power of rapid autopsies of particularly informative
patients (e.g., exceptional responders—see below) in uncov-
ering novel genomic aberrations associated with drug
sensitivity.

Without relying on these extreme cases, however, it is rea-
sonable considering to re-biopsy at disease progression for
genomic sequencing. In addition to confirm the origin, mor-
phology, and the HER2/ER status of the tumor, this practice
can inform of genomic vulnerabilities lost or gained during
the treatment. This is of pivotal importance as it may uncover
mechanisms of acquired resistance to therapy and set the
stage for the next therapeutic option.
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Fig. 15.3 Convergent evolution resulting in genomic loss of PTEN in metastatic lesions from a breast cancer patient treated with a

selective PI3K« inhibitor

15.6 Exceptional Responders

Among the population of patients treated with either che-
motherapy of targeted agents, there are rare cases that,
unpredictably, show much higher-than-expected (or lower-
than-expected) clinical responses. Examples of excep-
tional responders can be HER2-positive metastatic breast
cancer patients that respond to trastuzumab-based therapy
for a decade or show durable pathological complete
response to trastuzumab without concomitant chemother-
apy [38] or triple-negative breast cancer patients with met-
astatic disease that show durable response to cytotoxic
chemotherapy. But perhaps the best examples are those
patients that already progressed to every standard of care
options but still achieve dramatic and/or durable response
to investigational agents.

The tumors from these patients are likely to have particu-
lar molecular/genomic characteristics that render them
exquisitely sensitive to the therapy. Samples obtained from
patients catalogued as exceptional responders (or excep-
tional resistant) represent an invaluable source of material to
study the intrinsic determinants of drug sensitivity and/or
tumor evolution upon therapeutic pressure. These samples
should be analyzed as thoroughly as possible, with all the
available resources. In some of these cases, oncologists
chose (wisely) to collaborate with academic centers that
have the possibility to perform both WES and WGS. Besides
mutations or changes in gene copy numbers, these tumors
may harbor gene rearrangements or alterations in noncoding

DNA (e.g., gene promoters, enhancers). If tissue procure-
ment is not a limiting factor (i.e., surgical removal of the
primary tumor or distant metastases), RNA sequencing or
other platforms that consent to evaluate the gene expression
profile of these lesions are strongly advised. Results from
these analyses can potentially identify genomic or transcrip-
tomic markers of response (or resistance) that, if confirmed
in larger cohort of patients, will allow a more rational patient
stratification.

Unfortunately, also exceptional responders may recur
to therapy and develop drug resistance. As mentioned
above (and if the onset of a different tumor is discarded),
these lesions are likely to be the results of a selection of
cells bearing genomic aberrations that confer fitness under
the pharmacological pressure. Thus, they should be ana-
lyzed as deeply as possible and confront their genomic
landscape with the one of the matched therapy-sensitive
tumors. Each individual case may indicate possible mech-
anisms of drug resistance that can be confirmed using
publicly available data and/or by testing the hypotheses in
the laboratory.

15.7 Therapeutic Plan of Action

Once we have gathered the sequencing data of our tumor
samples, we need to interpret the results and explore possible
therapeutic options. The ability to identify patients with
tumors harboring specific genomic vulnerabilities and match
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them to the most appropriate therapy is central. At least four
different scenarios may be in front of us:

1. We discover genomic aberrations that are targetable and
for which there are FDA-approved drugs for that indica-
tion. This is obviously the best possible situation.

2. The genomic alterations present in our tumor sample
indicate that one or more FDA-approved agents may be
effective in this particular case but these agents are not
registered for their use in breast cancer patients. In these
circumstances it is generally feasible to ask for compas-
sionate use of these drugs. This requires some extra work
and ultimately depends on the positive response of the
pharmaceutical companies, but it would be unethical not
to attempt it.

3. The sequencing results uncover actionable mutations or
gene amplifications that would justify the inclusion of the
patient into an existing clinical trial testing the activity of
a compound still under investigation. This scenario is
likely the major deterrent for the broad use of genomic
testing as routine diagnostic practice. As a matter of fact,
one common argument made against the genomic charac-
terization of tumor samples is the lack of available clini-
cal trials in the geographic area of interest. In other words,
the oncologist may wonder why the patient should be
sequenced if there are no options to offer a therapeutic
strategy based on the genomic data. This point deserves
some considerations. First of all, it is very unlikely that
every oncologist is aware of every clinical trial open and
enrolling at a given time in their geographic area.
Secondly, the term “geographic area” is very subjective.
Some patients may be intimidated of traveling hundreds
of kilometers or even consider a clinical study abroad, but
some others may think that the chance of receiving a
rationale-based therapy is worth the hassle.

4. The last scenario is the most frustrating. Actionable
genomic aberrations are identified, but only experimental
drugs under investigation for other tumor types could
potentially be used to achieve clinical benefits.

Despite these premises, it is undeniable that a major limi-
tation in developing precision medicine approaches is the
fact that only few cancer drivers are represented at a rela-
tively high frequency. As a matter of fact, we calculate that
85% of all hotspot mutations affect <5% of any cancer type
in which they are found [39]. This problem can be partially
overcome by enrolling patients based on genomic alterations
rather than tumor type, following the concept of the “basket”
clinical trial. This formula consents to test investigational
drugs to a variegated patient population harboring the same
genomic aberration. An example is the recently published
results from patients with BRAF-mutant solid tumors treated

with the small molecule BRAF inhibitor vemurafenib [40].
In this study, they found that the BRAF V600 mutation is a
targetable oncogene in several cancer types other than mela-
noma. Dramatic responses were observed in cancers that
would have had no therapeutic options if the patients were
not part of this study. A patient with a rare case of BRAF-
mutant breast cancer, for example, could be treated with
vemurafenib by either compassionate use or by being
enrolled in such trial (scenario n. 2). Similarly, breast tumors
with a NTRK fusion (rare but often extremely dependent on
this gene translocation) could be treated with NTRK inhibi-
tors as part of an existing basket trial testing these com-
pounds (scenario n. 3 or 4).

Other examples are the ongoing clinical trials testing the
activity of the pan-HER inhibitor neratinib and the AKT
inhibitor AZD5363 in HER2-mutant and AKTI-mutant
tumors, respectively. Recent large-scale NGS studies have
revealed recurrent activating ERBB2 (the gene-encoding
HER?2) mutations across a wide variety of cancer types. In
breast cancer, these activating mutations are relatively rare
(~2%) and typically mutually exclusive with amplification
of the gene [41]. These patients, therefore, are excluded
from receiving conventional anti-HER?2 therapy. Similarly,
AKTI E17K mutations arise in ~3% of breast cancers, and
despite compelling preclinical data that supports a central
role for oncogenic AKT1 in the pathogenesis of many can-
cers, it remains unknown whether mutant AK7/ is a ratio-
nal therapeutic target. In both cases, heavily pretreated
metastatic breast cancer patients are experiencing impres-
sive responses to inhibitors of these kinases are given in
combination with the ER degrader fulvestrant. These stud-
ies are currently being carried out only in selected institu-
tions, but they represent proofs of concept that targeted
therapies based on genetic characterization may provide
clinical benefit even in patients that exhausted any other
therapeutic options. The long-term objective is to expand
these studies to more hospitals and bring these targeted
agents to early-phase treatments in selected patient
populations.

A parallel approach to predict the most effective therapy
based on genetic data is the use of patient-derived xenografts
(PDX5s) harboring the same genomic aberrations found in the
analyzed tumor. In some cases the xenograft model may be
derived from the same tumor lesion that has been sequenced.
Although this practice is widely used in translational research
in cancer centers via academic collaboration, it is not as dif-
fused in the clinical practice. It is, however, possible to ship
fresh tumor samples to specialized companies that can pro-
vide this service. The use of PDXs is particularly useful in
those cases where the rationale for the use of a given drug is
not very strong or there are multiple therapeutic options
available.
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Fig. 15.4 Personalized medicine approach. Tissue from either primary
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Conclusions

Increased accessibility to targeted platforms and the
expansion of clinical studies that enroll patients based on
the genetic vulnerabilities will be key to move toward per-
sonalized medicine. An interesting pilot experiment to
increase the number of patients undergoing genetic testing
followed by matched targeted therapy is the Spanish study
AGATA (NCT02445482). To be enrolled in this study,
patients belonging to a defined geographic area have to
consent that a committee of both clinical and translational
investigators will suggest their enrollment in the most
appropriate clinical studies based on their sequencing
data. In principle, the more participating centers, the more
available clinical trials that can recruit these patients.
Moreover, this approach may speed the accrual of many
of these studies with patients that, supposedly, are more
likely to respond to the investigational therapies.

Another benefit of genomic sequencing that should not
be underestimated is the detection of gene aberrations
predictive of lack of response to given therapies. Perhaps
the genomic results will not identify an actionable gene or
pathway, but will indicate which compound should not be
chosen for that patient, avoiding the toxicity and eco-
nomic burden of treatments that will most likely fail.
KRAS mutations, for example, are well known to limit
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next-generation sequencing. In parallel, preclinical models from the same
samples can be established to test rationale-based therapeutic options

the sensitivity to cetuximab in colon cancer. In breast can-
cer, the presence of ESR/ mutations is indicative of resis-
tance to tamoxifen and/or aromatase inhibitors [2], the
loss of PTEN is sufficient to discourage the therapy with
specific PI3Ka inhibitors [12], and the loss of RB renders
CDK4/6 inhibitors ineffective [42].

It is tempting to imagine that soon every breast cancer
patient will have their tumor DNA sequenced, perhaps
multiple times, in order to monitor disease progression,
thus enabling a rational use of molecularly guided thera-
pies (Fig. 15.4). Similar to the antibiogram that is nor-
mally done for bacterial infection to choose the most
effective antibiotic, the genomic aberrations of each
tumor may one day be used to routinely indicate the most
appropriate antitumor therapy for each patient.
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16.1 Introduction

An accurate pathological assessment of core biopsies or
resection specimens provides important information on the
major features of breast cancer, such as tumor type, size, bio-
logical characteristics, lymph node status, stage, and extent
of residual disease in case of neoadjuvant chemotherapy, and
is crucial for ensuring an appropriate patient management. In
the era of molecular medicine and tailored therapies, the
pathologic assessment of primary tumor still represents an
essential guide for oncologists and surgeons to inform the
choice of the best treatment options available for individual
patients. Therefore, the management of patients with breast
cancer detected through imaging or symptomatic presenta-
tion depends heavily on the quality of the pathology service.

Pathologists deal routinely with breast cancer samples,
either as surgical resection specimens (both intraoperatively
and after fixation and embedding) or as core biopsies and
fine needle aspiration cytologies for the preoperative diagno-
sis of primary tumor or of distant metastases. The foremost
means of communication with treating physicians, surgeons,
radiologists and radiotherapists (and ultimately the patients)
is represented by the pathology report.

Pathology reports may look different in appearance, at the
discretion of each specific pathologist, taking into account cli-
nician preferences, institutional policies, and individual prac-
tice, but it is mandatory they provide all clinically relevant
information. An accurate and detailed pathology report of
breast cancer, in addition to the histopathological diagnosis,
must include all the prognostic parameters derived from the
morphological examination and the immunohistochemical
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and molecular assessments and the predictive parameters use-
ful for evaluating the efficacy of local and systemic treat-
ments. In this regard, several guidelines for pathological
reporting have been issued in the past years, and the most
widely used are those of the Association of Directors of
Anatomic and Surgical Pathology (ADASP), the College of
American Pathologist (CAP), and the Royal College of
Pathologists (RCP). These recommendations are drafted as a
sort of checklist, a framework to assist pathologist in the com-
pletion of an exhaustive pathology report, encouraging health-
care professionals to use common terminology and definitions
for breast diseases, and to harmonize the way of classifying
breast cancer. In the following sections we will discuss gen-
eral principles of specimen handling and sampling, as well as
all principal parameters to be included in the pathology report,
focusing on prognostic and predictive markers.

16.2 Pathology Request Form

An efficient multidisciplinary approach to patient care
implies a precise exchange of information among different
health-care professionals. Therefore, after the diagnostic pro-
cedures or the surgical intervention, any individual specimen
submitted to the pathology laboratory should be accompa-
nied by a comprehensive request form, providing the pathol-
ogists with all clinically relevant information, inclusive of:

e Patient personal data and demographic information,
including name, surname, date of birth, sex, and ethnicity.

e Type of specimen, such as fine needle aspiration cytol-
ogy; core biopsies; vacuum-assisted biopsy (VAB);
lumpectomy and mastectomy, with or without locore-
gional lymph nodes; and number of specimen containers
submitted, identifying each separately.

e Date and time of surgery.

e Clinical history and previous findings, including breast
laterality, number and size of lesions, location within the
breast, imaging data (mammography, ultrasound, MRI),
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history of previous malignancies, neoadjuvant therapy,
including comments on clinical or radiological response.
Drawings can be very helpful.

e Previous biopsy or cytology results for each lesion, with
relevant details and laboratory of origin, whenever
available.

* Method of localization used.

* Inresected specimens, drawings or description indicating
the position of the orientating clips/sutures. Surgeon
should orientate all breast cancer resection specimens.
Each breast unit should establish a code of orientation,
using either different lengths or number of sutures and/or
metal clips or ink. The code should be anatomically rele-
vant and assist in accurate evaluation of the specimen and
its margins.

e Whether any relevant marker (most frequently microcal-
cifications) was identified on imaging of the specimen, if
performed.

* For axillary specimens: whether a sentinel lymph node
(specifying if an intraoperative assessment is requested or
a routine analysis on formalin-fixed, paraffin-embedded
sections), a lymph node sampling or a completion axillary
dissection (indicating levels dissected) is submitted for
pathological examination.

16.3 Specimen Handling and Sampling

Surgical specimens must be handled to ensure good preser-
vation of all the morphological and biological characteristics
of the tumor cells. Inadequate fixation may cause extensive
morphological artifacts, loss of tissue antigenicity, and deg-
radation of nucleic acids (especially mRNA), making speci-
men not suitable for a reliable assessment of prognostic and
predictive parameters (i.e., hormone receptors, HER2, Ki-67
labeling index, and molecular analysis).

After surgical removal, specimen should be sent immedi-
ately to the pathology lab. According to local policies,
pathologists may dissect the specimens either on fresh state
or after formalin fixation, but in any case a prompt and accu-
rate fixation must be ensured, thus preventing tissue autoly-
sis. In case of delayed sampling, the specimens should be
immediately placed in an adequate volume of fixative, at
least ten times that of the specimen, and cut through the
tumor from the fascial plane toward the surface of the sam-
ple, to ensure adequate penetration of fixative into the tumor
tissue, especially in large and fatty mammary glands.
Refrigeration and vacuum packing may also be helpful in
delaying autolysis. The American Society of Clinical
Oncology/College of American Pathology (ASCO/CAP)
guidelines advocate promptly placing the breast specimens

into fixative within 1 h after surgical removal to minimize
cold ischemia time and maintaining the samples in 10% neu-
tral buffered formalin (NBF) for 6 h to 72 h, for ensuring best
preservation of tissue antigenicity for assessment of HER2
and hormone receptor status [1, 2].

In samples of non-palpable lesions, intraoperative radiog-
raphy of the specimen or macroscopic examination by a
pathologist is particularly useful to confirm the success of
the excision procedure. This is also highly recommended for
wide local resections (quadrantectomies or lumpectomies),
to allow confirmation of the presence of the abnormality and
of its location in the specimen, thus facilitating immediate
re-excision if the lesion is close to or involving a margin.

Once received in the laboratory, pathologists should
examine the specimen, recording the type of excision, its
dimensions along the three spatial axes, the presence or
absence of skin, and/or nipple and axillary tissue. Relevant
surgical margins or the entire specimen surface should be
inked so that the margins of excision can be easily deter-
mined histologically. Therapeutic surgical procedures, as
quadrantectomy or mastectomy, according to Surgical
Guidelines for the management of breast cancer, usually
require tissue removal from the subcutis to the pectoral fas-
cia, which are considered anatomical planes rather than sur-
gical margins. However, in case of central excision, breast
tissue remains at the superficial (close to the nipple-areola
complex) surface, requiring careful margin assessment.
Therefore, it is important for the pathologist to be aware of
the type of excision, in order to manage surgical margins
properly.

Afterward, pathologist should slice the specimen at
intervals of approximately 3—5 mm, preferably along sagit-
tal planes, enabling easy X-ray mapping of the specimens
in case of non-palpable lesions with calcifications or tissue
distortion, in order to ensure high-confidence localization.
The sampling technique, however, may vary according to
the type and size of the samples and also according to local
protocols or pathologists’ preferences; therefore, some
degree of flexibility is allowed. The number of blocks of
invasive tumors to be prepared for microscopic examina-
tion can vary with tumor size, but it is usually of at least
three blocks per tumor nodule. The peritumoral tissue
should also be submitted for histology to identify associ-
ated DCIS, peritumoral lymphovascular invasion, and to
allow surrounding normal breast tissue to be used as an
internal immunohistochemical control for the assessment
of hormone receptor and HER2 status. It may be possible to
sample the lesion and its adjacent radial margin in one
block in case of very small lesions, but in the vast majority
of the cases, resection margins must be examined in several
blocks. Particular attention must be paid to the areolar mar-
gin, due to high gland density and possible tumor extension



16 The Pathology Report

159

in lactiferous ducts, particularly for DCIS. In mastectomy
specimens, sagittal sections of the nipple should be taken to
exclude Paget’s disease, while a coronal section of nipple
and retro-areolar tissue is recommended to assess possible
nipple duct involvement by DCIS.

For DCIS specimens, the number of blocks sampled is
variable according to the size of the specimen and of the
lesion. For small specimens, especially when radiologic
assessment is unavailable, sampling of the entire tissue is
recommended. For larger specimens, the pathologist should
sample representative blocks (at least one block for each cen-
timeter of the lesion) from the entire involved area, to scruti-
nize the sample for any possible area of invasive carcinoma,
and including the site of any previous core biopsy.

Ultimately, details of the macroscopic features of the
specimen must be recorded, especially tumor size and dis-
tances to all margins. In the presence of multiple tumors, the
distance between tumors themselves and between each
tumor and resection margins should be recorded. It is recom-
mended to sample the tissue between tumor nodules, to
ascertain if the neoplastic foci are truly separated (multifocal
or multicentric tumors) or instead interconnected. The axil-
lary tail of the specimen should be inspected for the presence
of intramammary or low axillary lymph nodes.

Neoadjuvant systemic therapy is frequently administered
to patients with large, locally advanced, or inflammatory
breast cancers, with the aim to reduce the tumor size allow-
ing breast-conserving surgery and tumor downstaging. It
also provides the opportunity to assess response to treatment
after a reasonably short time of exposure to the treatment
(see related chapter). However, significant difficulties and
variability exists in methods for pathologic assessment of
response to neoadjuvant therapy. Recently guidelines issued
by the Breast International Group-North American Breast
Cancer Group (BIG/NABCG) [3, 4] recommend practical
methods for a standardized pathologic assessment of the
breast specimen following neoadjuvant therapy. Briefly, it is
mandatory to identify macroscopically the tumor bed before
any sampling and to record the two axes of the largest cross
section of the entire area involved. Obvious remaining tumor
should also be measured. It is strongly recommended that an
image of the sliced specimen be taken (photograph or draw-
ing) and then used to create a map of the carefully oriented
tissue blocks collected. This will allow pathologists to obtain
an accurate and comprehensive histological image of resid-
ual tumor, ultimately assuring a precise assessment of resid-
ual disease and staging. Extent of sampling should be
determined by the pretreatment tumor size; an entire cross
section of the tumor bed taken for each cm of the pretreat-
ment tumor size (for a total number of approximately 15
blocks in most cases) should be sufficient to reliably docu-
ment the pathological response.

16.4 The Pathology Report: A Synopsis

The following are the main parameters that should be care-
fully evaluated and clearly reported in the pathology report.
Their assessment methods and clinical relevance will be
briefly discussed.

16.5 Tumor Type

Breast cancer is considered a heterogeneous disease, made
up of several different subtypes with variable morphological
and biological features, different prognosis and response to
systemic therapy. WHO histopathologic classification is
based on characteristics seen upon light microscopy of
biopsy specimens [5]. Two most common histopathological
types collectively represent approximately 70-80% of breast
cancers, namely, invasive ductal carcinoma, no special type
(IDC NST) or invasive lobular carcinoma (ILC).

Among less common tumor histotypes, some “special”
tumor types are per se associated with intrinsically peculiar
prognostic profile. Tubular and cribriform carcinomas, for
example, are characterized by an almost indolent clinical
course with an extremely good overall survival [6], and the
adenoid cystic carcinomas carry a very favorable prognosis
in the vast majority of the cases [7]. On the contrary, meta-
plastic carcinomas are associated with significant worse
clinical outcome then the IDC NST [8].

The fact remains, however, that for the vast majority of
breast cancer (IDC NST and ILC), morphological classifica-
tion is unable to meaningfully reflect the vast heterogeneity
in terms of biological features, prognosis and response to
systemic therapy, failing to assist the oncologist in planning
adequate systemic treatment. It is also arguable if IDC and
ILC do actually reflect clinical differences, and whether ILC
per se constitutes a prognostically favorable group [9, 10].

16.6 Tumor Size

An accurate measurement of tumor size is mandatory, as it
represents the first parameter of breast cancer staging. TNM
classification still represents one of the most powerful prog-
nosticators in breast cancer [11], being statistically corre-
lated with risk of recurrence, metastatization, and overall
survival. Identification of the tumor edge is also a prerequi-
site for a reliable assessment of resection margin status.

The maximum dimension of invasive tumors should be
measured macroscopically, paying attention to irregularly
shaped or multi-lobulated lesions. When tumor measurement
is not feasible, then the tumor size identified by imaging,
based on ultrasound, mammography, or MRI, should be used
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Measurement of carcinomas with an invasive component

| = invasive tumour measurement

W = whole tumour measurement

»

In a, b and c, examples of straightforward measurment of invasive tumour size.
In d and e, multiple invasive foci being 5 mm or more distant should be considered as a multifocal tumour,

and the size of the largest focus is given.

In f, the best estimate of the total size of the invasive component is given.

Fig.16.1 Illustrations of how to measure invasive and whole tumor sizes in various scenarios [12]

as the best available record of true tumor size, replacing path-
ological size assessment. In case of discrepancy between the
macroscopic and the microscopic size occurs, then the latter
should be recorded, provided that the plane of the maximum
dimension of the lesion has been included in the slide. The
assessment of the whole tumor size including in situ carci-
noma should be recorded, reporting also relative percentages
of invasive tumor and DCIS. In tumors composed predomi-
nantly of DCIS but with multiple foci of (micro)invasion,
measurement of the invasive tumor should correspond to
maximum axis of the area occupied by invasive foci, as
shown in Fig. 16.1, along with other frequent scenarios.

On rare occasions, pathologists may find it challenging to
determine whether two adjacent tumor foci represent satel-
lite foci or one lesion mimicking this process due to plane of
sectioning. In this regard, the presence of intervening normal
tissue and increasing distance between foci are features sug-
gesting that these are more likely to be multiple foci than a
single process. A distance of 5 mm or greater is often used to
define separate foci. In case of clear-cut distinct multiple

tumor masses, pathologists should record if the neoplastic
foci are in the same breast quadrants or at a distance of less
than 5 cm (multifocal tumors) or in different quadrants or at
a greater distance (multicentric tumors).

16.7 Histological Grade

Invasive carcinomas are routinely graded, and grade is now
widely recognized as a powerful prognostic factor, signifi-
cantly associated with clinical outcome [13-15]. Assessment
of histological grade has become more objective with modifi-
cations of the Patey and Scarff [16] method first by Bloom and
Richardson [17] and more recently by Elston and Ellis [18].
Histological grading involves the assessment of three compo-
nents of tumor morphology: tubule/acinar formation, nuclear
atypia/pleomorphism, and number of mitoses. Each parameter
is scored from 1 to 3, and the sum gives the overall histologi-
cal grade as follows: Grade 1 (well differentiated) = scores of
3 to 5, Grade 2 (moderately differentiated) = scores of 6 to 7,
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and Grade 3 (poorly differentiated) = scores of 8 or 9. Below
are briefly discussed criteria involved in tumor grading:

e Tubule/acinar formation: all tumor area should be scanned,
assessing semiquantitatively the proportion occupied by
tubule formation. This assessment is generally carried out
during the initial low-power scan of the tumor sections.
Tumors showing >75%, 10-75%, or <10% of tubule for-
mation are scored 1, 2, or 3, respectively.

* Nuclear atypia/pleomorphism: assessed comparing tumor
nuclear size and shape with normal luminal cells. This is
the parameter mostly affected by interobserver variabil-
ity; breast specialist pathologists seem to report higher
grades than nonspecialists [19].

e Mitoses: accurate mitotic count requires optimally fixed and
processed specimens. Mitoses should be counted in ten high-
power fields (40x objective). The mitotic score is dependent

* on the high-power field diameter; in this regard tables of
conversion with different scoring tiers according to the
actual field diameter of the microscope are available. At
least ten fields should be counted at the periphery of the
tumor, where it has been demonstrated that proliferative
activity is greatest [20, 21]. If there is variation in the
number of mitoses in different areas of the tumor, the area
with the highest mitotic count should be taken into
account. If the mitotic score falls very close to a score cut
point, additional ten high-power fields should be evalu-
ated, assigning the highest score.

In core biopsies, notwithstanding paucity common low
cellularity of the samples, assessment of grade is recom-

Fig.16.2 An example of
lymphovascular invasion

mended, especially if the patient is a candidate to neoadju-
vant treatment. There is about 70% agreement of grade on
core biopsy with the corresponding surgical specimen [22,
23]. If both core biopsy and surgical specimen are available,
grading should be scored on the latter. Assessment of grade
in the surgical specimens after neoadjuvant systemic therapy
may be unreliable, due to the effect of the cytotoxic drugs on
the morphology and the mitotic index of the tumor cells.

16.8 Peritumoral Lymphovascular Invasion

Lymphovascular invasion (LVI) mirrors the ability of cancer
cells to invade lymphatics and blood vessels, and it is corre-
lated to a higher likelihood of nodal or distant metastases. LVI
in a peritumoral location is unanimously regarded as an
important prognostic factor in patients with lymph node-
negative invasive breast cancer, providing independent infor-
mation about both local recurrence and survival [24-26]. It is
therefore important to record in the pathology report whether
or not it is present. Given the difficulties in the morphological
distinction between lymphatics and blood vessels, findings
should be categorized as “lymphovascular spaces” rather than
as specific channels. This is supported by evidence identifying
that most tumor emboli are present in lymphatic channels.

At the microscopic level, stromal retraction artifact
around neoplastic cell nests can mimic vascular invasion;
therefore, a clear rim of endothelium should be identified.
Other clues in recognizing lymphovascular invasion is the
presence of nearby vascular channels or the location of tumor
cells within spaces with erythrocytes and/or thrombi
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(Fig. 16.2). In difficult cases immunohistochemistry can be
of help to identify the endothelial lining (CD34, CD31, and
D2-40 antibodies) [27].

16.9 Surgical Margins Status

Breast-conserving surgery (BCS) in combination with adju-
vant local and systemic therapies has become the standard of
care for early small tumors, thus reducing physical and psy-
chological morbidity. Despite these advantages, BCS has a
higher risk of local recurrence than mastectomy [28-33].
The strongest predictor of local recurrence is surgical margin
status [34-36].

According to the number of positive margins and the
remaining amount of breast tissue, positive margins are man-
aged with re-excision or mastectomy, eventually resulting in
poor cosmetic outcome and high medical cost. Since early
invasive cancer and DCIS nowadays represent a significant
fraction of breast surgical specimens, the pathologic assess-
ment of surgical margins is crucial, requiring close correla-
tion between the surgical procedure and pathological
examination. In particular, pathologists should be aware of
the depth of tissue excised and whether the surgeon has
excised all the tissue from the subcutaneous to the pectoral
fascia. All distances between invasive cancer and DCIS
should be recorded or, at least, the closest ones. According to
current recommendations, margins are considered free of
invasive tumor when the ink does not touch the tumor. For
DCIS, margins are considered free when the closest tumor
nest is 2 mm away from the surgical margin.

As previously mentioned, careful orientation of the surgi-
cal specimen is mandatory, as this prevents discordance with
postoperative margin orientation, which occurs in 31% of
surgeries [37]. In comparison to permanent histopathologic
staining, intraoperatory pathological assessment of surgical
margins may result in significant decrease of re-excisions. In
particular, macroscopic examination, frozen section analysis,
and imprint cytology have been demonstrated to be associ-
ated with re-excision rate of 3—11%, against an average 35%
rate for permanent histopathologic staining-surgical margin
assessment [38, 39].

16.10 Nodal Status and Sentinel Lymph
Node Biopsy

Axillary node status is the most important prognostic indi-
cator in breast cancer. Therefore, careful assessment of
nodal status is mandatory. If axillary dissection has been
performed, all lymph nodes must be carefully dissected and
examined histologically. Pathology report should include
the total number of lymph nodes identified and the number

of involved lymph nodes, specifying whether macro- or
micrometastases. Of note, nodes with isolated tumor cell
only (<0.2 mm) are not considered positive for metastasis
[40, 41].

However, axillary dissection is not infrequently associ-
ated with side effects, such as arm lymphedema, paresthesia,
pain, and motor deficit. Moreover, with the implementation
of screening programs, an increasing number of patients
with node-negative early breast cancer were subjected to
unnecessary axillary dissection. Hence, the need for a diag-
nostic procedure capable of discriminating patients for
whom completion axillary dissection could be avoided.
Sentinel lymph node biopsy (SLNB), a technique initially
devised for penile cancer and melanoma, relies on the
assumption that lymphatic spread of cancer cells occurs
orderly and sequentially along the lymphatic drainage;
hence, there must be a lymph node supposed to be the first
metastasis recipient and from which the disease can subse-
quently spread to the remaining lymph nodes. Phase III clini-
cal trials by Veronesi’s and Giuliano’s groups convincingly
demonstrated that breast cancer patients with a negative
SLNB could safely avoid axillary dissection [42—44]. Since
these seminal works, SLNB entered the clinical arena, and
pathologists put their efforts in defining the most accurate
way for SLNB analysis, leading to a surprisingly variegated
panorama, with no universally accepted protocols. Some
institutions adopted an intraoperative frozen section assess-
ment, to avoid a second surgery in case of a positive SLNB,
using different protocols with regard to the number of sec-
tions examined and the cutting intervals; others adopted
assessment of lymph node status on permanent sections, also
using immunohistochemical stains, with the goal of achiev-
ing high sensitivity. More recently, intraoperative molecular
assessment, using reverse transcription-PCR assays for cyto-
keratin-19 (one-step nucleic acid amplification, OSNA),
entered the clinical practice [45—47]. The obsession to look
for even minimal sentinel lymph node involvement, how-
ever, was eventually challenged by the evidence that patients
with isolated tumor cells or micrometastasis only in the sen-
tinel lymph node could be safely spared completion axillary
dissection without any adverse effect on outcome [48]. This
led to questioning the need for axillary dissection also for
patients with small and clinically node-negative breast
cancer, but histologically positive sentinel node. The
ACOSOG Z0011 trial randomized 891 patients with clini-
cally T1-2, breast cancer, and histologically positive SLNB,
to undergo axillary dissection or not. When the ACOSOG
Z0011 was initially reported with a median follow-up of
6.3 years, regional recurrence after SLND alone for women
with 1 or 2 positive sentinel lymph nodes was surprisingly
low (0.9%), and completion axillary dissection did not sig-
nificantly reduce regional recurrence or improve survival
[49, 50].
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Further data analysis, with nearly 10 years of median
follow-up, still showed a remarkably low regional recurrence
rate of 1.5% for SLND alone [51].

Following the report of these results, completion axillary
dissection is no longer recommended for patients with small
early breast cancer undergoing breast-conserving surgery
and whole breast irradiation, even in case of metastasis to
one or two sentinel lymph nodes.

16.11 Biological Features of Breast
Carcinoma

Adjuvant systemic therapy of breast cancer is mainly
informed by the biological characteristics of the primary
tumor, including hormone receptor and HER?2 status, and the
assessment of the proliferation fraction [52]. It is therefore
mandatory that the final pathological report includes an
accurate evaluation of these parameters.

As previously mentioned, a reliable assessment of these bio-
logical features requires an optimized pre-analytical phase, with
proper fixation of the specimen. One of the most important steps
for optimal testing is the choice of the block to be submitted for
the assays: it should be taken at the invasive edge of the lesion,
including normal breast parenchyma, and must be representa-
tive of the invasive component of the tumor. In bilateral breast
cancer, samples from both tumors should undergo biological
characterization, given the high frequency of phenotype discor-
dances in bilateral cancer; for multifocal or multicentric disease,
ideally all the different foci should be evaluated, but in the vast
majority of cases they exhibit similar morphological and bio-
logical phenotype. A reasonable approach would be to assess
first whether the different tumor foci show the same morpho-
logical features (i.e., tumor type and grade) or they are different.
In the former case, it may be acceptable to assess hormone
receptors, HER2 and proliferative index in only one nodule,
whereas in the latter it is recommended to test all the foci that
are morphologically different. In multifocal or multicentric dis-
ease, in case the nodule assessed for biological characteristic
shows a triple negative phenotype, it is highly recommended to
test further foci, seeking for clones with different biological fea-
tures amenable to hormonal or targeted therapy.

[53]. ER status has been shown to be the major determinant
of breast cancer molecular subtype by gene expression pro-
filing studies [54]. ER-positive tumors comprise up to 75%
of all breast cancer patients [55] and are largely well differ-
entiated, less aggressive, and associated with better outcome
after surgery than the ER-negative ones [56, 57]. ER has
been considered as the most powerful single predictive factor
identified in breast cancer [58-60], given the fact that
approximately 50% of patients with ER-positive disease
benefit from endocrine therapy [61].

The panelists of the St. Gallen Consensus in 2009 sug-
gested to consider positive for ER and progesterone receptor
(PgR) those tumors showing at least 1% immunoreactive cells
[62]. This definition has been subsequently endorsed by the
ASCO/CAP guideline recommendations for ER and PgR
immunohistochemical testing [63]. Reporting the actual per-
centage of neoplastic cells showing definite nuclear immuno-
reactivity has also been recommended, because the higher the
number of positive cells the larger is the expected benefit from
endocrine therapies. Scoring system taking into account also
the staining intensity (like the H-score or the Allred score) is
considered optional. The ASCO/CAP guidelines covered
technical aspects of the pre-analytical and analytical steps of
the immunohistochemical, interpretation, scoring, and report-
ing of the results, aiming to increase accuracy and reproduc-
ibility. One of the most useful recommendations to avoid
false-negative results in ER testing is to evaluate systemati-
cally the immunoreactivity of the nonneoplastic breast tissue
surrounding the tumor. Ductal and lobular luminal cells are
invariably heterogeneous for ER and PgR immunoreactivity,
whereas myoepithelial and stromal cells are invariably nega-
tive thus providing a built-in positive and negative control of
the sensitivity and the specificity of the reaction (Fig. 16.3).

While in certain subsets of cases ER-positive tumors may
be negative for PgR, conferring lower sensitivity to anti-
estrogen therapy, especially in the metastatic setting, the
reversed phenotype (ER negative and PgR positive) is very
rarely true. Almost all the cases with such an aberrant pheno-
type are due to a false-negative assay for ER or, less frequently,
a false-positive assay for PgR, and the pathologists should be
encouraged to repeat the test, possibly on a different block
before rendering this unusual report.

16.12 Estrogen and Progesterone Receptor
Status

ER plays crucial roles in breast carcinogenesis; it was first
identified in the 1960s and used in breast cancer clinical
management since mid-1970s. It is universally considered
one of the most important biomarkers for breast cancer clas-
sification, as a primary indicator of endocrine responsive-
ness, thus guiding oncologist in planning patient treatment

16.13 HER2

Human epidermal growth factor receptor 2 (HER2)-positive
[1] breast cancer (BC) accounts for 15-20% of early breast
cancer, and it is characterized by an aggressive behavior and
poor response to conventional chemotherapy (CHT) [64, 65].
HER?2 drives tumorigenesis mostly through protein overex-
pression in his wild-type form and pathway hyperactivation.
Cancer promotion by HER2 kinase domain activating
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mutations has been rarely (3%) reported in the absence of
protein overexpression [66—68]. The development and the
clinical use of HER2-targeted therapies (antibodies and tyro-
sine kinase inhibitors) [69] led to a dramatic improvement of
the outcome for patients with HER2-positive (HER2+) breast
cancer [70-75]. HER2 pathways may be even more effi-
ciently inhibited by combination therapies (dual blockade), as
demonstrated in the metastatic and neoadjuvant setting [76—
79], and currently tested within phase III randomized trials in
the adjuvant setting [80]. Despite the efforts for standardizing
HER? testing, its reproducibility still represent a significant
issue: central pathology review of locally assessed samples
collected within prospective clinical trials reported concor-
dance rates in the assessment of HER?2 status by immunohis-
tochemistry or in situ hybridization assays ranging from 77.5
to 96% [81-83]. In this regard, guidelines describing how to
optimally perform the immunohistochemical (IHC) and in
situ hybridization (ISH) assays for assessing HER?2 status and
evaluate and score the results have been issued and regularly
updated [1]. Briefly, the 2013 ASCO/CAP guidelines define
HER2-positive (score 3+) breast carcinoma as tumors con-
taining more than 10% of cells with complete and intense cir-
cumferential membrane staining by IHC. ISH-positive breast
carcinoma is defined as showing an average HER2 copy num-
ber >6.0 signals/cell or average HER2 copy number >4.0 sig-
nals/cell and a HER2 to chromosome 17 centromere (CEP17)
ratio >2.0. Cases presenting weak to moderate circumferen-
tial membrane staining in more than 10% of tumor cells, or
intense, complete and circumferential membrane staining in
less than 10% of tumor cells should be classified as equivocal
(score 2+) by IHC, while cases presenting HER2 to 17 centro-

mere (CEP17) ratio <2.0 with an average HER2 copy num-
ber >4.0 and <6.0 signals per cell are considered equivocal by
ISH. Equivocal cases require further assessment with the
alternative assay or re-testing with the same assay of different
tumor blocks or synchronous nodal metastases if available.
Incomplete, faint, or barely perceptible membrane staining in
more than 10% of tumor cells (score 1+) and no staining
observed or incomplete, faint, or barely perceptible mem-
brane staining in less than 10% of tumor cells (score 0) would
confidently classify breast cancers as HER2 negative by IHC,
while ISH-negative cases are characterized by a HER2 to
chromosome 17 centromere (CEP17) ratio <2.0 with an aver-
age HER2 copy number <4.0 (Fig. 16.4).

16.14 Ki-67 Labeling Index

Tumor proliferation is one of the most powerful tools in breast
cancer prognostication. The protein identified by the Ki-67
antibody is expressed in all proliferating cells during late G1,
S, G2, and M phases of the cell cycle, peaking in the G2-M
phases. In clinical practice, tumor proliferative fraction is most
commonly assessed by the immunohistochemical staining of
the Ki-67 antigen, using the MIB-1 monoclonal antibody [84].

The prognostic and predictive value of tumor prolifera-
tion has been extensively investigated in both the neoadju-
vant and adjuvant settings [85, 86] and has been corroborated
by gene expression analysis and molecular prognostic signa-
tures, whereby the identification of intrinsic breast cancer
molecular subtypes (i.e., Luminal A vs. Luminal B) or the
distinction between aggressive or more indolent tumors
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Fig.16.4 Immunohistochemistry for HER2. Score 1+ (a); score 2+ (b); score 3+ (¢)
relies mainly on proliferation-related genes [54, 87-92]. HER2 negativity, and <14% Ki-67 labeling index.

Therefore, accuracy of Ki-67 scoring is still a crucial issue,
and huge efforts had been spent in improving consistency
and in identifying the ideal cutoff value.

In 2010, the panelists of the International Ki-67 in Breast
Cancer Working Group met in London and issued comprehen-
sive recommendations aiming to achieve a harmonized, repro-
ducible, and accurate methodology. Substantially, they
suggested to assess Ki-67 labeling index on full-face sections,
in at least three high-power (x40 objective) fields after an initial
overview of the whole section, scoring at least 500 malignant
invasive cells, preferably at the invasive edge of the tumor [93].

In their pivotal study, Cheang and colleagues [94] showed
that a 14% cutoff was reliably able to discriminate tumors
belonging to the Luminal A and Luminal B molecular sub-
types. They found a Luminal A prevalence among ER-positive
samples of approximately 60%. On the contrary, applying this
same cutoff, other authors found an opposite prevalence of
Luminal A and Luminal B cases. Consequently, at the 2013
St. Gallen Conference [95], the 14% cutoff for Ki-67 was
challenged, and the majority of the panelists proposed to raise
it to 20% for a better subclassification of luminal tumors. At
the same time, Prat and colleagues [96] suggested to include
high PgR expression (>20%) as an additional parameter for
identifying the Luminal A subtype, along with ER positivity,

Maisonneuve et al. tested these new parameters in 9415
ER-positive and HER2-negative early breast cancer patients,
treated between 1994 and 2006 and followed up at the
European Institute of Oncology in Milan [97]. According to
the 2011 St. Gallen criteria (Ki-67 cutoff of 14%), they found
that 33% of the tumors would have been classified as Luminal
A and 66% as Luminal B. Using the 2013 criteria (Ki-67 at
20% and adding PgR with the 20% cutoft), 43% of the tumors
qualified for Luminal A and 57% for Luminal B. Interestingly,
distant disease-free interval of the patients with low-proliferat-
ing tumors (Ki-67 < 14%) was not affected by PgR. Conversely,
patients with tumors showing an intermediate Ki-67 labeling
index (between 14 and 19%) had a significant different out-
come according to PgR status, suggesting to classify as
Luminal A tumors with either low (<14%) Ki-67 labeling
index or with an intermediate labeling index (14—19%) and
PgR of >20%. Luminal B tumors would be defined by either
high Ki-67 labeling index (20% or more) or an intermediate
Ki-67 and PgR _20%. Using this definition, 52% of the 9415
tumors qualified for Luminal A and 48% for Luminal B, with
a significantly different clinical outcome of the patients (HR:
1.75, 95% CI: 1.42-2.11), after adjustment for clinicopatho-
logical variables including pT, pN, tumor grade, peritumoral
vascular invasion, menopausal status, and systemic therapy.
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16.15 Epilogue

The histopathological and biological characteristics of breast
carcinoma are essential parameters to inform the choice of
the systemic treatments. Hence, the pathology report of
breast cancer must be complete and accurate, and include all
the relevant features of the tumor. Recommendations have
been issued by several national and international organiza-
tions on how to best evaluate and report these features and
are continuously updated. It is the responsibility of each indi-
vidual pathologist to follow all the available recommenda-
tions and guidelines strictly. The role of the pathologists in
the multidisciplinary approach to breast cancer patients can-
not be overemphasized, and the pathology report is their
most important contribution.
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Abstract Mammography screening is one of the revolutionary
advances in the fight against breast cancer, alongside breast-
conserving surgery. Few medical interventions have been so
extensively evidence-based and yet subjected to persistent
critiques. The clear scientific evidence of the efficacy of
screening in reducing breast cancer mortality is discussed.
Benefits provided by screening are substantial, well above any
negative effect. In the age of modern treatment, early detection
still contributes to breast cancer mortality reduction.

A full appreciation is advocated for organized screening
programs and the added value they provide in terms of high
quality, equitable health service, and as the optimal environ-
ment where best capitalize on the new advances in treatment.
Future evolution might include (a) tailored, risk-based proto-
cols, in the first place extending the age range of offered
screening; (b) new imaging tools; and (c) optimization of
existing programs, through better monitoring, training, and
research—always abiding by the big caveats: evidence of
efficacy, incremental cost-effectiveness, and sustainability.
Both screening and treatment have merits in achieving mor-
tality reduction. It would be clever to recognize their mutual
enhancing power and devote resources to a very appropriate
topic for research: how early detection might or should
change the treatment of breast cancer.
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17.1.1 Introduction

Breast cancer (BC) has been a curse for women’s health
since historical records exist, back to the ancient civilizations
thousands of years ago. Our generation has had the privilege
to witness the first real breakthrough in a long-standing story
of sufferance and defeats. It was only the final decades of the
twentieth century that brought about decisive innovations, in
both diagnosis and treatment of this ominous disease. New
medical therapies were introduced, and radiation oncology
was developed, both attaining a relevant role in treatment
protocols, especially so in their adjuvant capacities.

However, the two major advances came (a) with the intro-
duction of breast-conserving surgery and (b) with the prospec-
tive, randomized controlled trials (RCT) that demonstrated for
the first time in history the possibility to reduce BC mortality
through early diagnosis, by the systematic application of
mammography screening (MS).

The therapeutic equivalence of quadrantectomy to mas-
tectomy in the treatment of small cancers, originally sug-
gested and then scientifically demonstrated by Veronesi and
others [1, 2], presented women with an amazing chance to
avoid the traditional, mutilating, standard treatment of the
last century, namely, Halsted’s radical mastectomy.

Almost at the same time, population-based radiological
(mammographic) screening was proposed and validated as a
major health achievement that made it possible to decrease
BC mortality by treating the disease when it was still local-
ized in the breast.

Indeed, these two major innovations enhanced each oth-
er’s benefits, as early mammographic diagnosis provided
surgeons with more and more small cancers, which could be
a candidate for the new breast-sparing surgery. Early detec-
tion allowed also for the adjuvant therapies, both medical
and radiation-based, to achieve extraordinary results in dis-
ease control. Through this mutual support, early diagnosis in
conjunction with more effective treatment opened the way to
a new era in the fight against BC.

It is ironic that in recent years, it was just this enhancing,
synergic action that offered one of a series of spurious argu-
ments to discount the value of early detection as a powerful
measure to control BC mortality, in this epoch of developing
new therapeutic regimens. Such argument has given support
to a great deal of data misinterpretation and a long sequence
of futile controversies.

The present pages shall try to summarize and highlight
the clear, overwhelming scientific evidence on the efficacy of
MS in reducing BC mortality and the importance of building
and keeping up large population-based screening programs
as a needful strategy in order to best capitalize all the treat-
ment advances that have been and are being developed.

It will be shown how current estimates of benefits
achievable through MS are substantially undervalued, and
it will also be suggested that the future evolution of BC

management should strive to include an innovative
rethinking of some concepts that form the basis of patho-
logical representation, description, and classification of
breast diseases, taking into consideration many new pieces
of knowledge derived from the screening experience. This
new perspective could bring about a change in the funda-
mental concepts of BC treatment, at least when the tiny,
screen-detected cancers are involved. New tailored treat-
ment protocols, based on a full appreciation of different
parameters of tumor characterization, should be devel-
oped. These in turn would make it negligible the concern
that has been raised on the overdiagnosis at screening (and
the ensuing overtreatment) of a proportion of indolent can-
cer cases.

In the near future, alongside some anticipated technology-
based modifications of the protocols (the subject of subse-
quent chapters in this book), the evolution of MS will have to
consider many different ways of customizing the screening
intervention, according to various risk factors, in order to
maximize the cost-effectiveness of the system.

17.1.2 The Evidence

Few medical procedures and interventions have been so
extensively studied, proven effective, thoroughly evidence-
based as MS, and yet discussed and subjected to persistent
critiques and unrelenting, often specious attacks.

Since the pioneering New York Health Insurance Plan
(HIP) project [3], a wealth of studies, trials, and service pro-
grams formed the basis for hundreds of publications that
have been dedicated to MS, so that an exhaustive bibliogra-
phy is practically impossible to collect and report. It is wor-
thy of note and almost a paradox that the prospective,
randomized controlled trials (RCTs) where we base the core
of our knowledge have been subjected to far more analyses
and meta-analyses than the original number of trials.
Therefore, references at the end of this chapter should be
considered as a very selective choice of relevant contribu-
tions. A comprehensive list of references (up to year 2012),
as well as a very knowledgeable analysis of their contents,
may be found in the special supplement issue of the Journal
of Medical Screening edited by Paci and reporting the efforts
of the Euroscreen Working Group in providing in-depth,
expert discussion of the literature on MS, as well as precious,
recent data from many European countries [4]. It is conve-
nient to remark at this point that from the immense database
accumulated through the screening experience, the best
researchers have been able to draw illuminating concepts on
the natural history of BC [5].

It was just this incredible number of publications, com-
bined with the substantially variable quality among them and
with the extreme complexity of the subject matter, that in the
first place made it possible and then immensely contributed
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to the diffusion of a still unending trail of largely futile con-
troversies. However, a portion of the conflicting views on
MS may in fact derive from different ways of expressing the
same results, rather than from substantial disagreement on
the data available.

It is still unfortunate that what has been opportunely
defined as “an active anti-screening campaign [...] based on
erroneous interpretation of data from cancer registries and
peer-reviewed articles” [6] has been kept alive over the last
two decades to this day, with a disconcerting pattern of fol-
lowing waves. This process may be described as a “provoca-
tive sequence’ of:

(al) Main question

(a2) Scientific proof provided

(a3) Evidence questioned on poor or unsubstantiated terms
(a4) Evidence (to some extent) conceded, but then

(bl) New question set forward

(b2) Scientific proof provided - etc, through (d4)

According to this pattern, the subsequent questions and
critical waves against MS can be summarized as follows (a
discussion of these points and relevant references are given
below):

(a) Can MS reduce BC mortality?—the efficacy issue:
(al) evidence provided by the big RCTs; (a2) evidence
questioned, most pugnaciously by the Nordic Cochrane
Centre; (a3) evidence eventually (to some extent) con-
ceded in subsequent articles; and (a4) new issue set for-
ward about effective reproducibility of trial results into
public health practice.
Can MS service programs reproduce the results of the
RCTs and actually save lives in a sustainable way in the
context of the health-care system?—the effectiveness
issue: (bl) evidence provided by a large number of
observational studies; (b2) evidence questioned, mostly
on the basis of methodologically poor “ecological”
studies, lacking information about actual exposure of
women to MS; (b3) evidence eventually conceded in
subsequent articles; and (b4) new issue set forward
about “harms” of screening surpassing the possible
benefits.

(c) Are the benefits provided by MS more substantial than any
unwanted effect that it may produce?—the harm/benefit
balance analysis of MS: (c1) evidence of a favorable bal-
ance provided by many researchers and prominently in the
Euroscreen Working Group analysis; (c2) evidence ques-
tioned, especially on the basis of grossly inflated estimates
of overdiagnosis; (c3) evidence conceded, most authora-
tively by the UK Independent Panel [7], the “Marmot
report;” (c4) new issue set forward about any remaining
significance of the role of early detection in the new age of
effective cancer treatment.

(b)

(d) Even after MS was proved valid and effective by RCTs
and even conceding that its side effects could be minor in
respect to the potential benefits, does early detection
through MS still hold its meaning in the new era where
very effective new treatments for BC have become avail-
able? Is it not the case that most of the BC mortality
reduction that has been recently observed should be cred-
ited to treatment rather than MS?—the “‘expired valid-
ity” issue of MS: (dl) evidence has been provided
confirming a substantial net benefit of screening on top of
the achievements of treatment and (d2) discussion on this
point (d3—-d4) will be commented in the following pages.

It might reasonably be argued that the above sequence
respects the very basics of scientific debate. This would be
certainly true, if such sequence was not undermined, as in this
case, by an almost breathtaking, unrelenting introduction of
methodologically weak or clearly erroneous arguments.

Then, for all these questions, is there any real room for
genuine controversy?

The clear, plain answer has to be no.

It is soundly proved that MS substantially does reduce BC
mortality and is effective in actual health-care practice; the
benefits produced by MS are large and substantial, well
above any negative effect.

MS does still substantially contribute to BC mortality
reduction even in the age of modern treatment.

The exception where there is indeed space for further
analysis is overdiagnosis which, although well compensated
for by the mortality reduction benefit, is an extremely com-
plex topic that deserves a more thorough discussion.

In the above series, one more argument has been pur-
posely skipped that had at one point been raised to fuel the
debate, namely, the lack of evidence about MS reducing gen-
eral (all-cause) mortality in the population. This appears the
most specious in a series of largely specious arguments. As
clearly stated in the Marmot report, reducing BC deaths by
20% in ages 55-79 years would yield a 1.2% reduction in
all-cause deaths. The RCTs were not designed for and “are
not of sufficient size to allow such small reductions to be
reliably estimated. Hence, a statistically non-significant
effect for all-cancer or all-cause deaths in the trials cannot be
interpreted as evidence against a reduction in BC deaths™ [7].

Rather, two key points deserve to be highlighted already
at this point, as central in the debate:

1. The quality evaluation of the studies considered has to be
factual and circumstantial, i.e., their internal validity must
be convincingly proven.

2. The importance of very long follow-up times. These are
imperative as we aim at the precise estimate of the bene-
fits involved with the early detection of a group of dis-
eases like BC, which are characterized by a variable,
often very long natural history.
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Of the above sequence, issue (a) will be discussed at this
point.

Issues (b—d) will be the subject of paragraph three (ser-
vice screening).

17.1.2.1 The Efficacy Issue

MS involves an active intervention on large populations over
extended times, i.e., huge numbers of study subjects, observed
for very long study and follow-up periods, with many parame-
ters to consider, subjected to a number of possible biases. The
rationale for screening is advancing the time of diagnosis in
order to improve prognosis through earlier treatment. Thus, the
apparent incidence of BC has to increase at the start of the pro-
cess. Also average time from diagnosis to death will increase,
introducing a powerful bias (lead-time bias). This might induce
erroneous estimates of benefits and harms of MS, when not
judiciously taken into account. However, MS efficacy can be
stated with great confidence, thanks to available scientific data
of the best quality in order to overcome lead-time bias, as mor-
tality data from RCTs are available to support it.

The wealth of evidence provided by a number of excel-
lent, more recent observational studies will also be consid-
ered and highlighted in the next paragraph.

The story itself of MS was in fact born with a randomized
study. It originated from a brilliant idea back in the 1950s—1960s,
when the new technical tool of mammography was suggested
[8] and then put to test in New York City in a prospective, ran-
domized trial of annual invitation to mammography plus physi-
cal examination vs. current clinical practice in the HIP project.
The statistically significant mortality reduction from BC in the
study vs. control group [3, 9] was confirmed by further updates
of the HIP data [10], as well as by a number of subsequent
RCTs set up in the period 1976-1991.

Upto 14 RCTs [11] could be considered, the total number
depending on counting trials with two parts (Malmoe,
Swedish Two-County, Canada I and II) as separate studies or
not and on exclusion criteria for one or more trials on differ-
ent motivations, either of design or of their quality. As a con-
sequence, meta-analyses and systematic reviews of RCTs,
the most common gold reference for directing decisions on
screening policies, may vary in their conclusions mainly due
to the quality criteria for selection of trials to be included in
the review process. More commonly, eight big RCTs are
considered, and seven are actually included [7, 11], since all
reviews agree to discard the Edinburgh trial on major unbal-
ances in the randomization process [12].

The seven trials considered are the HIP study, started in
1963; the Malmoe trial I, started in 1976; the Swedish Two-
County (STC) study (Kopparberg arm, started in 1977, and
Ostergotland arm, started in 1978); the Canada I and II
(CNBSS), started in 1980; the Stockholm trial, started in
1981; the Gothenburg trial, started in 1982; and the UK Age
trial, started in 1991.

It is remarkable that, beyond all the many differences
among the trials in design, technicalities (e.g., number of
mammographic views), intervals between screening rounds,
age groups involved, duration of follow-up, etc., meta-
analyses tend to converge on an estimate of around 15-20%
relative risk (RR) reduction in BC mortality for women
invited to MS vs. the non-invited.

The Marmot report [7] may rightly be considered as the
most balanced among the recent highest profile reviews, with
regard to the MS debate, coming from a group of indepen-
dent experts, selected and nominated by the UK authorities
on the basis of their knowledge and on the absence of any
personal involvement in the dispute. These authors recognize
a 20% mortality reduction from BC associated with invita-
tion to screening. They summarize their findings in a table
that we reproduce in a simplified form as in Table 17.1, for
ease of reference and discussion.

On the other hand, one might regard the series of meta-
analyses from the Cochrane Collaboration, as the most pug-
naciously critical of MS. Originated from a commission
back in 1999, they were first published in 2001 and revised a
number of times to the latest review in 2013, to which we
now refer as the Nordic Cochrane review (NCR) [11]. These
authors consider that the only three trials with “adequate ran-
domization,” i.e., Canada, Malmoe, and UK Age trials, did
not show a significant reduction in BC mortality, with a RR
of 0.90 (95% CI: 0.79-1.02). They recognize that the other
four trials that they considered of “suboptimal randomiza-
tion” showed a significant RR reduction of 0.75 (95% CI:
0.67-0.83). It must be remarked though that the quality eval-
uation as proposed by the NCR has been substantially sub-
verted by the more balanced review of the UK Independent
Panel [7]. The RR for all seven trials in the NCR was statisti-

Table 17.1 Breast cancer mortality reduction in RCTs of mammogra-
phy screening

Study, date of start ~ Age group RR  95% CI Weight (%)
New York, 1963" 40-64 0.83 0.70-1.00 16.9
Malmoe I, 1976 45-69 0.81 0.61-1.07 9.5
Kopparberg, 1977 38-75 0.58 0.45-0.76 10.7
Ostergotland, 1978  38-75 0.76 0.61-0.95 13.0
Canada I, 1980™ 40-49 0.97 0.74-1.27 10.2
Canada II, 1980™ 50-59 1.02 0.78-1.33 10.2
Stockholm, 1981" 39-65 0.73 0.50-1.06 6.0
Gothenburg, 1982 39-59 0.75 0.58-0.98 10.7
UK age trial, 1991"  39-49 0.83 0.660-1.04 12.8
Overall 0.80 0.73-0.89

A meta-analyses after 13 years of follow-up, based on the Cochrane
[11] and Marmot reviews [7] (modified)

RCT randomized controlled trial, RR relative risk, CI confidence
interval

“Studies falling short of statistical significance and/or RRs between
0.80 and 0.90

“Studies with no statistical significance and RRs beyond 0.90
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cally significant at 0.81 (95% CI: 0.74-0.87). The NCR con-
cludes that assuming a 15% reduction in BC mortality with
MS, one would need to invite 2000 women throughout
10 years to save one life.

Duffy et al. [13] argue that the number needed to invite is
not the proper measure, since it will be heavily influenced by
the attendance rate of the population; they recommend the
number needed to screen (NNS) to prevent 1 BC death, as a
more adequate measure of MS benefit. They work on this and
make assumptions about a UK scenario. After correction for
the actual participation rate to the UK screening program of
77%, starting from the Cochrane value of 15% mortality
reduction in the invited women, they come to an estimate of
257 NNS in 10 years to prevent 1 BC death, as compared to
the 2000 needed to invite in the Cochrane estimate. It is
opportunely remarked that the very low estimate of absolute
benefit in the Cochrane review derives from unduly restrict-
ing the benefit analysis to a 10-year period and from their
selection of trials dominated by the younger (below 50) age
group, which has considerably lower absolute mortality.
Applying the same reasoning, corrections and NNS to another
major recent review by the US Preventive Services Task
Force (USPSTF) [14], Duffy et al. come to a similar result of
193 NNS to prevent 1 BC death. They insist that expressing
results relative to the same denominator, with the same fol-
low-up lenght, referring to absolute mortality rates, and
applying them to different published reviews - we end up with
absolute measures of benefit of the same, relevant order of
magnitude. This supports the concept that the so-called con-
troversy on BC screening is to a large extent an artificial one.

The NNS idea refers to the underlying problem of trials
reporting benefits of invitation (intention to treat analysis),
rather than an actual screening. Higher mortality reductions
are expected in women actually attending screening; still it is
difficult to say by how much, since different background
risks may be involved due to selection bias. Women who
attend screening are as such representative of a health-aware
portion of the population that might gain extra benefits
(beyond those conferred by MS) from the attitude that makes
them keen to seek medical support, whenever needed.

One way to tackle this theme would be to consider the
RCT evidence as the extremely reliable proof on which to
base health policies and screening recommendations. It
should be reminded though that the trials tested the impact of
invitation to screening on BC mortality. As for the benefit
expected for a woman actually attending screening, RRs
should be best derived from service screening mortality esti-
mates of attenders vs. nonattenders (see next paragraph).

It is also interesting to consider the USPSTF meta-
analysis stratified on different age groups. The USPSTF esti-
mates BC mortality reductions of 15% in the 3949 age
group, of 14% in the 50-59, and of 32% in the 60—-69. One
might consider that these differences could be determined by

the well-known detection limitations of mammography in
the denser breasts of younger women. Yet, it is worthy of
note that the USPSTF estimates of the two younger age
groups very closely resemble the Cochrane analysis of the
so-called “adequately randomized” trials, among which only
the smaller Malmoe trial includes a portion of women over
59 years old. In fact, it is the relative weight of the Canadian
data that do not include the over 60 age group, to introduce a
powerful bias.

At this point, some special remarks are warranted on the
disgraceful impact of the Canadian National Breast Screening
Studies (CNBSS) I and II on the screening debate.

The Canadian Contamination

The CNBSS was set up in 1990 as a thoroughly designed,
ambitious project, into which enormous energy, resources,
and good will were invested. It ended up as a huge amount of
significantly flawed data that should not be considered any
more in meta-analyses of screening trials. The fact that these
data [15, 16] and one recent update of the same, based on a
25-year follow-up [17], have been widely considered in
reviews and referred to contributed extensively to building
up and maintaining the artificial controversy on MS. This
process may be defined “the Canadian contamination.”
Instead, it has to be clearly stated that these Canadian results
lack methodological value and should not be relied upon for
evidence-based conclusions [18]. A quick glance at
Table 17.1 suffices to show the CNBSS trials as the flagrant
outlayers, showing no hint of benefit, as compared to the
other seven studies, whose RRs range from 0.57 to 0.83. It is
sadly ironic that the outlayer studies, with a flawed evidence
base, should have cast their shadow on a wealth of scientifi-
cally sound data from so many other researchers.

It was immediately after their original publication in 1992
that a flourish of critics exploded in the scientific literature.
These have obviously been resparkled after the Canadian
follow-up article was published in 2014 [17]. In a recent
paper by Heywang-Kobrunner et al. [18]—to which we refer
the reader for an extremely detailed analysis of the debate
and for punctual references—a systematic search on this
topic yielded close to 300 articles, 70 of which were deemed
of special interest. These articles split in two similar parts of
33 “defending” papers, mostly authored by the original
directors of the study vs. 37 “critical” articles by a much
wider, representative group of researchers.

The long series of critiques to the Canada trials fall in two
main fields:

(a) Technical/clinical quality issues
(b) Methodological/management issues

Both are extensive; however, the methodological/man-
agement points are overwhelming.
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Group (a) critiques were mainly on the quality of mam-
mography. Quality of images (low contrast resolution, insuf-
ficient sharpness, and over- and underexposure) and of
positioning was so heavily questioned that many external
expert reviewers resigned from their position in the trial on
claims of unacceptably poor standards and of their corrective
measures not being taken into proper consideration. Also the
interpretation of films was criticized as some readers had
insufficient training and many obvious cancers were missed.
Although quality issues must have played a role in the final
results, the core reason why the CNBSS trials should not be
considered eligible to be reckoned in meta-analyses of RCTs
has to be found in the other group of arguments.

Group (b) issues (the methodological/management prob-
lems) are indeed conspicuous. The study design has often
been described (most prominently by its authors) as ideal,
due to randomization being carried out at the individual
level. Conceding that, in principle, individual randomization
would be preferable over cluster randomization, what in fact
matters is the quality of the process. Most reviewers, among
them the UK Independent Panel, recognized that cluster ran-
domization produced significant biases in the Edinburgh
trial, and on that basis, they excluded it from meta-analyses,
but not in the STC trials, where cluster randomization did not
result in relevant unbalances, so that the same reviewers
agree to consider this study as soundly evidence based, eli-
gible to be included in reviews.

On the other hand, the randomization process blatantly
failed in the Canadian trials, as so apparently shown by the
disproportionately large number of participants with late-
stage cancer in the mammography arm at the first round
[17-19]. Indeed, soon after the first CNBSS publication, the
observation of the heavily unbalanced distribution of
advanced cancers in young women was supported by a series
of reports [20-23] on various contradictions to the initial
study design. It was reported that randomization was per-
formed at certain sites after a clinical breast examination,
blinding was not consistently warranted, and various easy
possibilities of subversion existed and could be done in prac-
tice. The motivation for this would have been—in good faith
and with no fraudulent intention—to guarantee that signifi-
cantly symptomatic women would be offered a mammo-
gram. It is a recognized fact that at one time the coordinator
of one unit was removed because of suspected subversion of
the randomization.

The weak defense of the CNBSS investigators has eventu-
ally to face the striking fact that among the first round of
younger women, 19 advanced cancers were allocated to the
screening arm vs. five in the control arm. Also, eight women
in the screening arm vs. one in the control arm had previous
history of BC. It is clearly preposterous on the investigators’
side to argue that a long list of other variables was perfectly

balanced in the two study arms, when the most clinically sig-
nificant variable, i.e., late-stage BC at first round, was so
heavily unbalanced.

The Canadian update itself [17] that has been widely
publicized to the scope of discrediting the benefits of MS
does in fact supports the contrary view. In that paper, deaths
from BC detected at year 1 of the study were double (52 vs.
26) in the mammography arm vs. control arm, a fact that is
the obvious consequence of flawed randomization, as shown
by the exceedingly unbalanced number of late-stage
cancers.

It is telling to quote the authors’ own words: “it has been
suggested that women with a positive physical examination
before randomization were preferentially assigned to the
mammography arm. If this were so, the bias would only
impact on the results from BC diagnosed during the first
round of screening ... However, after excluding the prevalent
BC from the mortality analysis, the data do not support a
benefit for MS (HR = 0.90, CI 0.69-1.16).”

This passage is so important as (1) it implicitly concedes
that preferential assignations might indeed have happened
within the trial organization and (2) recalculates HRs for
only incident rounds of the trial demonstrating a clear drop
in HRs. At this point, the authors, rather than expressing this
as it should be, i.e., as a shocking 50% difference from the
infamous HR value of 1.47 in the prevalent round of the trial
(explainable only by subverted allocation) to a promising
HR of 0.90 for incident rounds, prefer to highlight the fact
that this value still shows a benefit of no statistical signifi-
cance. The point is that it does suggest a benefit that might
have been significant (a) in a high-quality screening service,
as compared to the low mammography quality documented
in the trial setting, and (b) in a more powerful study design or
within a proper meta-analysis that should exclude the biased
prevalent round data of CNBSS.

It is beyond the scope of this chapter to further discuss a
number of questionable points in the CNBSS studies that
contribute to make their results definitely not applicable to
quality-assured screening programs. Just in passing, these
other objections include the following: the studies included
palpable, symptomatic cancers; these were in fact not
blindly allocated to the two arms; long-term mortality
reduction was calculated from a mixed trial participation of
one to five rounds during up to 5 years, thus diluting enor-
mously the benefit that would be possibly demonstrated,;
and recommended biopsies were not systematically
performed.

The crucial point is that using these Canadian data, “evi-
dence in the field of BC screening has systematically been
omitted, distorted or inappropriately used over the last
decades” [18]. Instead, CNBSS data are not applicable to
evidence-based results of modern MS.
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The Follow-Up Factor

One should regard BC as a group of many different diseases,
with an average long natural history. Even back when MS
and modern therapies were not available, median survival
times for BC patients used to be several years. This explains
the fact that no screening trials can show a mortality benefit
in the first 2-3 years after their start and also that most ben-
efit has to be reckoned only after many years of follow-up.

Screening could be then compared to an excellent mix of
financial investment products. The investor may cash some
short-term dividends, i.e., from lives saved after 3-5 years,
due to the timely detection of very aggressive, Grade 3 can-
cers. Most profits will come in the middle term, these being
lives saved 6-10 years after detection of Grade 2 cancers,
while some long-term returns should be expected from lives
saved 11-20 years after the detection of slowly growing
cancers.

This consideration justifies the extra mortality reduction
that is still evident in RCTs, after the moment when the con-
trol group is offered MS: a fact that puzzled many critics of
MS, as in the original Cochrane reviews. This phenomenon
is particularly well represented in the 29 years of follow-up
publication of the Swedish Two-County trial [24] where
most of the prevented BC deaths were those that would have
occurred over 10 years after the start of screening, from can-
cers diagnosed in the first 7-8 years of the study, since after
that time the control group was exposed to screening.

This supports the principle that in MS, as is the case with
other primary and secondary prevention activities, consider-
able long-term follow-up is necessary for a full appreciation
of the benefits involved. In a RCT setting, most benefit is to
be expected more than 10 years after the trial starts, from
cancers diagnosed in the first 5-10 years (recruitment
period), depending if and when the control group is offered
screening after the study recruitment phase.

Failure to fully appreciate this concept has led to many
inconsistent or weak analyses and meta-analyses and to a
substantial undervaluation of the merits of screening.

The importance of prolonged follow-up times will be
shown for the observational studies, in the following para-
graph. As to RCTs, implications are also important, e.g.,
when one considers the latest updates of the UK Age and
Gothenburg trials [25, 26], both showing significant benefits
from screening after follow-up times extended to 17 years,
also in younger women (and provided one restricts the UK
analysis to cases diagnosed in the intervention phase).

A similar pattern was demonstrated in an overview of the
Swedish RCTs [27] that, restricting the analysis to women
randomized when 40—44, demonstrated a 15% reduction in
BC mortality at long-term (over 14 years) follow-up. In this
overview, benefit increased up to 12 years after randomiza-
tion and was then maintained.

Conclusive Remarks on the Efficacy Data from RCTs
When all the evidence in favor of MS is considered and duly
recognized, screening opponents come up with another argu-
ment (issue d—in the above “provocative sequence”),
namely, that RCT results are too old to maintain their valid-
ity in the modern setting. This is largely objectable, and we
shall come back to this in paragraph three. However, this
point could be considered more appropriate for trials where
the quality of mammography technique was grossly anti-
quated with respect to modern standards. If this is probably
true for the CNBSS studies that are to be excluded anyhow
on other more weighty considerations, it is certainly the case
with the HIP study conducted in the 1960s, where the quality
of mammography (combined for that trial with clinical
examination) did succeed in reducing cause-specific mortal-
ity mainly staging BCs down from the big lumps that were
the usual case pattern of the time (often T3+ cancers), to
some relatively “earlier” cases, but still typically in the T2+
TNM size category. These, as well as the average cancer size
of close to 20 mm in the CNBSS studies, are not representa-
tive of the practice of modern MS, where a great majority of
cases are below the 15 mm size threshold and many within
the 10 mm limit.

What is difficult to perceive, and is thus totally unappreci-
ated by non-radiologist, is that the amazing results of the
Kopparberg arm in the STC trial gained one special contribu-
tion from the extremely high quality of mammography that
the lead scientist of the trial, Laszlo Tabar, could achieve in
the late 1970s. That is attested by the fact that the standard
textbook on mammography remains to date the teaching
atlas that Tabar published some 30 years ago and that in its
latest edition of 2011 is still based on the original mammo-
graphic films of the late 1970s [28]. That quality was already
representative of the good results that modern MS programs
can attain.

To sum up the substantial evidence on MS efficacy as
derivable from many sound RCTs, one could start from the
table derived from the UK Independent Panel review
(Table 17.1) and adapt it based on the above discussion
(Table 17.2)—excluding the New York and the Canada trials
and substituting the latest publications of the UK Age trial
and of the Gothenburg trial [26, 27], since these capitalize on
longer follow-up periods, which were not available at the
time of the Marmot report.

In this updated Table 17.2, most trials show a consistent
BC mortality benefit for women invited to screening, in the
very narrow range of 0.70-0.76, the two slight outlayers
being Malmoe (RR = 0.81) and Kopparberg at the other end
(RR = 0.58). In this updated prospect, studies of borderline
significance (marked with asterisk (*)—in Tables 17.1 and
17.2) account for only one quarter of the review material vs.
two thirds in the Marmot meta-analysis.
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Table 17.2 Breast cancer mortality reduction in RCTs of mammogra-
phy screening, revised and updated

Study, date of start ~ Age group RR 95% CI ~ Weight (%)
Malmoe I, 1976" 45-69 0.81 0.61-1.07 15.2
Kopparberg, 1977 38-75 0.58 0.45-0.76 17.1
Ostergotland, 1978 38-75 0.76  0.61-0.95 20.7
Stockholm, 1981" 39-65 0.73  0.50-1.06 9.6
Gothenburg, 1982 39-59 0.70  0.53-0.93 17.1
UK age trial, 1991 39-49 0.75% 0.58-0.97 204

Data derived from the Cochrane and Marmot reviews [7, 11], applying
a restricted selection of trials (see text) and substituting the latest
updates of the UK Age trial and of the Gothenburg trial [26, 27]

RCT randomized controlled trial, RR relative risk, CI confidence
interval

“Studies approaching statistical significance and RRs between 0.80 and
0.90

SRR for cancers diagnosed during the recruitment period of trial (see
text for discussion)

Weight was recalculated as a proportion from Table 17.1

In conclusion, the evidence from many RCTs supports a
significant BC mortality reduction from invitation to MS
consistently in the range of 20-30%, for women aged 39-75.

17.1.3 Service Screening

While well-conducted RCTs provide the most reliable infor-
mation about the efficacy of MS (issue a), being subjected to
fewer biases than observational studies, many questions have
been and are still raised about a number of other points
including the actual effectiveness of MS in real practice, the
potential harms of screening, and a diminished role for MS
in the age of modern treatment: these points (issues b—d) will
be discussed in the present paragraph.

17.1.3.1 The Effectiveness Issue
Almost immediately after the initial publication of the HIP
results in 1971 [3], not only other RCTs were launched in
different countries, but also service programs were set up,
and their number increased exponentially following the sub-
sequent publications of the newer studies’ results. This has
led to the present situation where, in many countries, large
screening programs have been implemented on a population
base as a core component of systematic national health poli-
cies for cancer prevention. This is the case for many European
nations [29]. Also outside Europe, more and more nations,
from Canada to Australia, are already managing, while oth-
ers are in the phase of starting organized MS projects. In
many other places, like the USA, screening mammography
is extensively employed outside the organized setting, in a
form that has been defined “spontaneous” or “opportunistic”
screening.

The diffusion of large population-based MS programs
provided researchers with the incredible opportunity to pro-

duce observational studies that, when thoroughly conducted,
i.e., with a special attention to a long series of methodologi-
cal traps, brought a wealth of new evidence to support the
validity of MS in practice. Observational studies are gener-
ally more recent than RCTs and can thus reinforce estimates
of the effects of screening, offering a robust sense of closer
comparability to actual practice, in the present era of con-
tinuing developments in diagnostic imaging and clinical
care.

If this is certainly the case, one has to be warned that
especially the harsher critics of MS suggest to consider
observational studies as more relevant than the RCTs. Such
assumption allows them to allege biases and problems of
interpretation as a polemists’ weapon and offers a chance to
come up with unfocused analyses of population data, in
order to diminish the rigorous efforts of many other research-
ers. The fine details of methodology are beyond the scope of
these pages, and we again refer the reader to the References
for comprehensive discussions and especially to the very
knowledgeable, large reviews of pertinent literature as may
be found in the Euroscreen supplement publication of 2012
[4, 30-32] and in the Marmot report of 2013 [7].

Yet it is crucial to remark that with observational studies,
it is fundamental to stick to the polar star that helps to iden-
tify the immensely useful, valid publications, namely, the
availability of sufficient longitudinal, individual data, i.e.,
very long follow-ups (ideally beyond 10-15 years) with the
possibility to link a woman’s screening history to her cause
of death. Articles falling short of these requisites should be
considered with the utmost caution, if not discarded alto-
gether, even when published in highly regarded scientific
journals. A firm warning has to be made about this continu-
ous flow of articles where all the basic methodological pre-
requisites are not met. Whenever reading observational/
ecological/trend publications that lack individual data and/or
long-term follow-up, one should be aware that these papers
actually use invalid material to fuel the artificial debate on
MS [33-36]. Based on conjectures and extrapolations rather
than facts, there is obviously not much chance that the ben-
efit of MS can be fully appreciated. In Broeder’s words [30]:
“Much of the current controversy on breast cancer screening
is due to the use of inappropriate methodological approaches
that are unable to capture the true effect of mammographic
screening.”

In brief, we may consider among the observational studies:

1. Trend Studies

This would be the weakest group [7, 31], comparing BC
mortality trends with regard to the availability of MS on a
population as a whole rather than on an individual basis.
Methodological difficulties are overwhelming with these
studies. Problems include the impossibility to attribute BC
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deaths to cases diagnosed before or after the screening activ-
ity started, to the possible relevant contamination from
opportunistic screening even prior to the introduction of
screening [37]. Some studies attempted to include more
detailed analyses, fine corrections for various confounding
factors, and extended follow-up [38, 39] and still estimate
MS mortality benefits in a relatively wide range. In general,
these methods should be considered of limited value for
assessment of screening activities and have in fact been con-
sidered not reliable by the UK Independent Panel.

2. Case-Control (CC) Studies

This is the best known methodology, apart from RCTs,
comparing the history of screening exposure between
women dying of BC and live controls. Such a design yields
estimates of relative mortality in compliers to screening
invitation vs. non-compliers. This produces the main, well-
known problem of self-selection bias, since compliers and
non-compliers may differ a priori in their risk of dying from
BC [7]. Therefore, researchers typically have to introduce a
correction for this bias, whose adequacy may be questioned
by critics. The Euroscreen review and selection of the best
European CC studies, with exclusion of overlapping data,
confirm a reduced mortality benefit of 31% in invited
women (OR =0.69; 95% CI 0.57-0.93) and 48% in women
screened (OR = 0.52; 95% CI 0.57-0.83), after adjustment
for self-selection.

3. Incidence-Based Mortality (IBM) Studies

In IBM studies all BC deaths in a population are consid-
ered if the corresponding BC diagnosis occurred in a time
window when the woman had the opportunity to be screened,
due to eligibility and invitation [7]. These BC deaths are then
compared with corresponding BC deaths from women not
having the chance to be invited on geographical (region with
no screening program) or chronological (historical, pre-
screening data) basis. A meticulous selection of the studies
with the strongest design [30, 32] and excluding overlapping
publications demonstrated a mortality reduction for women
invited to screening of 25% (RR =0.75; 95% CI1 0.68-0.91).
When women actually attending screening were considered,
the benefit estimate was 38% (RR = 0.62; 95% CI 0.56—
0.69). The huge amount of valuable data involved should be
emphasized, as well as the substantial homogeneity of the
results across the studies under review.

The Euroscreen estimates, as derived from the detailed
analysis of a wealth of evidence-based data of service screen-
ing studies and on the most scrupulous methods [30-32],
show a BC mortality reduction of 25-31% for women invited
to MS and 38-48% for women actually screened. These fig-
ures reaffirm the large benefit demonstrated by the “old”

RCTs also in the more recent, real-life situations of service
screening.

To further stress the extreme importance of these service
screening studies and the powerfully distracting capacity of
those studies that do not comply with the basic methodologi-
cal prerequisites (individual data/long-term follow-up), we
shall now analyze a few instances in some more detail.

As a paradigmatic example, let us consider the Norwegian
Breast Cancer Screening Programme (NBCSP) that was
launched in 1996 and what different studies have published
about its impact on BC mortality.

Kalager et al. [34] in 2010 on the basis of aggregated
screening data, and a maximum follow-up time of only
8.9 years, with an IBM approach, conclude that in Norway
the availability of MS was associated with a 28% reduction in
BC mortality in the screening group as compared with the
historical preceding 10-year period. Since a similar, although
lower, reduction of 18% in BC mortality was observed also in
the non-screening group vs. the historical comparison group,
they conclude that only a third of the total reduction could be
attributed to screening, the remaining benefit being inter-
preted as a result of improved treatment within an interdisci-
plinary team. As is commonly the case, the role of the
organized MS experience of the 1980s—1990s in building up
the concept of the specialized interdisciplinary,
collaborative management of BC that has recently led to the
institution of the Breast Units system as an international stan-
dard of care is not remarked.

In 2013 Olsen et al. [40] still based on aggregated data and
an IBM approach, with a maximum follow-up of 13 years, try
to improve on some aspects of Kalager’s work, in order to cor-
rect possible underlying temporal changes in BC mortality.
They conclude that the implementation of the Norwegian-
organized screening program was associated with a nonsig-
nificant decrease in BC mortality of 11%. There is again a
misleading message in this apparently disappointing summary
conclusion. In the first place, it should be emphasized that this
result does not represent the impact of MS on BC mortality,
i.e., this is not a comparison of screening vs. no screening.
Rather, it depicts the impact of building an organized MS pro-
gram on top of existing widespread spontaneous mammogra-
phy. In Norway, this was estimated by the authors at around
40% prior to the program. Eventually, one might read the con-
clusions of this study either in an erroneously diminishing
fashion as a “nonsignificant effect of MS” or—more oppor-
tunely—as a coherent, promising observation of an ‘“extra
effect on mortality from organized screening,” as compared to
a similar, widespread, non-organized mammography coverage
of the population, and this extra effect is perceivable even at
relatively short follow-up, still in the recent era of modern
treatment. This makes altogether a different picture.

Conversely, the first report of the Norwegian program,
which was based on the access to individual screening data



180

A. Frigerio et al.

[41] with a maximum follow-up of 15 years, shows a signifi-
cant, conspicuous 43% mortality reduction from BC
(RR =0.57; 95% CI 0.51-0.64) associated with attendance,
after adjusting for several factors, most notably for self-
selection bias.

After the previous discussion of the serious perturbation
of scientific evidence associated with the publicity of the
Canadian trials, it seems relevant at this point to emphasize
the results of an excellent analysis of BC mortality in a ser-
vice MS situation published in 2006 by Coldman et al. [42]
on data of the Screening Mammography Program of British
Columbia (SMPBC) established in 1988 in Canada. The
authors show that MS significantly reduced BC mortality at
all ages between 40 and 79. Mortality reduction was 40% for
all ages combined (RR =0.60; 95% IC 0.55-0.65). In women
entering screening at age 40-49, the reduction was 37%,
after exclusion of mortality associated with cancers diag-
nosed after age 50. Even after correction for self-selection
bias, the mortality reduction was 24% for all ages.

In Italy, a series of valuable publications have been pro-
duced over the years by the IMPACT study project, a national
research task force based on an extensive database linking
BC cases in areas covered by cancer registries to individual
screening files. In the IMPACT project, all cases are classi-
fied by cause of death and detection method (screen detected,
interval cases, never respondent, diagnosed before invita-
tion). From this material, a case-control study [43] assessed
BC mortality reduction associated with MS exposure at 45%
(OR = 0.55; 95% CI 0.36-0.85), over and above the back-
ground access to mammography, thus confirming the impor-
tant impact of service screening in the Italian health situation.
The OR associated with invitation was also significant at
0.75 (95% CI: 0.62-0.92).

In 2013, the IMPACT Working Group produced another
study of outstanding importance demonstrating a significant
decrease of advanced-stage cancers after the introduction of
organized screening in Italy [44]. This represents a central
issue in the ongoing evaluations of screening programs in
practice and is based on an early indicator derived by the
data of the STC trial. As back as in 1989-1992, Tabar et al.
[45] showed that the incidence of stage II and greater cancers
started to decrease 5 years after randomization and this
decrease paralleled quite neatly the decreasing mortality
curves in the study, with a substantially stable 30% reduction
from 8 years onward. This proves that early diagnosis does
interrupt the natural history of BC, and this has led to the
proposal of the incidence of late-stage BC as one powerful
surrogate indicator of a MS program effectiveness.

Many studies have aimed at assessing this parameter, with
conflicting results, some confirming the reduction in advanced
cancers [46-50], while others showing stable rates over time
[51-54]. The IMPACT Working Group study of 2013 [44]
adopts a sophisticated approach in order to tackle the subtle

methodological traps that are hidden in a service situation,
especially from subgroups of the dynamic target population.
In this, at any point in time, there are always subgroups of
women whose screening exposure is so short as to have no
measurable impact, thus causing a dilution of the screening
benefit (in part again a consequence of working with insuffi-
cient follow-up times). Among the solutions adopted in this
study, there was the exclusion from analysis of women aged
50 to 54 because of screening exposure necessarily below
5 years and reference to pathological tumor size (beyond
2 c¢m) to define advanced cases, rather than the pN data, in
consideration of the substantial stage migrations observed in
recent years after the introduction of sentinel node biopsy and
improvements in the pathological study of lymph nodes. This
study, based on a total of 14,447 incident cancers, was able to
show a significant and stable decrease in the incidence of late-
stage BC from the third year of screening onward. Incidence
rate ratio was 0.81 at years 3—4, 0.79 at years 5-6, and 0.71 at
years 7—8. This result is consistent with an effect of MS in
reducing advanced cases (which anticipates the effect on
mortality) around 20% in the first 3—4 years after the screen-
ing starts, increasing to some 30% in the medium term
(5-8 years), showing a consistent effect in a real-life situation
with data of a screening population of 700,000 women,
55-74 years old, from 700 Italian municipalities.

To further stress the importance of extended follow-up
times, one cannot leave unmentioned one large Swedish
experience of service screening, where an earlier assessment
based on mean follow-up of 8 years [55] yielded a nonsig-
nificant impact of MS on BC mortality of younger women
(40-49 years old) with a RR of 0.91 (95% CI: 0.72-0.95),
while a subsequent publication on the same material [56],
but with follow-up extended to 16 years, gave a strong, sig-
nificant 38% mortality reduction in the same age group
(RR =0.62, 95% CI: 0.42-0.91).

Another study that deserves a special mention was pub-
lished in 2011 [57] and represents one among many out-
standing contributions from a research group based at the
Dutch National Reference Centre for Screening in Nijmegen
(in this case, as a joint effort with UK experts). This study
investigates the impact of screening from the start of the
Nijmegen service screening program in 1975 up to 2008.
With a case-referent approach [58], BC death rate was 35%
lower in the screened women, in the complete period. What
is new to this study is the demonstration of a favorable trend
of increasingly strong reduction in mortality over time,
attributable to MS, from 28% in the period 1975-1991 to
65% in the years 1992-2008 (OR =0.35; 95% CI = 0.19—
0.64). The authors consider the probable role of improve-
ments in the quality of service screening in achieving these
results, not only from a technical point of view (i.e., avail-
ability of more modern technologies) but also from progres-
sions in quality assurance and special training of dedicated
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personnel. Also, the multidisciplinary management of BC
and a greater combined effect of modern treatment and early
detection are highlighted, as possible causes of this progres-
sively increasing benefit.

17.1.3.2 The Overdiagnosis Issue
and the Balance Sheet

Given the massive high-quality data in favor of a relevant
positive effect of MS on BC mortality, such as to be eventu-
ally conceded even by the harsher opponents, the last decade
has seen a new outburst of objections, focused on the alleged
harms of screening potentially surpassing the possible bene-
fits. In other words, the question is whether the benefits pro-
vided by MS are more substantial than any unwanted effect
that it may produce.

This debate has often taken the form of a “balance sheet”
of screening benefits vs. the potential side effects of the orga-
nized intervention. The major potential harms that are taken
into account are false-positive recalls and overdiagnosis.

Other negative effects are generally agreed to carry a neg-
ligible weight. These would include the risk of X-ray-
induced cancer, estimated at 1-10 per 100,000 in a recent
review [59], and the false reassurance, which might entail a
delay in BC diagnosis after a negative screening result; this
is also considered to have minimal effects [60]. When per-
forming the balance sheet exercise, depending on a series of
assumptions and on the reference value considered, as appar-
ent from the simple comparison of Tables 17.1 and 17.2, the
final picture can be very different. All in all, the Euroscreen
publication of 2012 [61] provides the best reference demon-
stration to date of a well-devised scenario based on a reason-
ably weighted evidence base.

Overdiagnosis
Central to this field of dispute, the argument of overdiagnosis
has been fueled by many in these last years and has in fact
been at the basis of the institution of the special panel of
experts in the UK that eventually produced the “Marmot
report” [7]. To this, the reader is once more referred for an
extensive, knowledgeable coverage of this particular argu-
ment, and its many methodological implications, although
some caveats, will be discussed in this paragraph.

Overdiagnosis is indeed a momentous subject in screen-
ing research and evaluation. It refers to the possibility that
anticipating the time of diagnosis before clinical symptoms
are apparent will result in a number of cancers diagnosed,
which would not have provoked harms in the woman’s life-
time, if not detected by screening. The two crucial aspects
are the quantification of overdiagnosis and the impact on the
woman’s well-being of an overdiagnosed cancer.

The major methodological difficulty in estimating overdi-
agnosis lies in the ability of recognizing the excess incidence
due to lead time and separates this from that due to overdiag-

nosis. The excess “lead time” incidence is in fact a requisite
of MS, necessary to allow for early diagnosis and effective
treatment. In the absence of overdiagnosis, this increase in
BC incidence as women enter the screening program would
be balanced by a similar decrease in cancers among older
women exiting the program at the upper age limit: this phe-
nomenon has been defined as the “compensatory drop” [62].
Again, this requires either a very long follow-up time in
order to be fully accounted for or some well-devised statisti-
cal adjustment. The UK Independent Panel, recognizing the
utter difficulty of the estimate, takes a conservative position,
based on data from only a few RCTs (Malmoe plus the
Canadian trials), and considers overdiagnosis at about
5-15% from the population perspective and 15-25% from
the individual woman’s perspective.

The Euroscreen Working Group [61] starting from a
focused review of the literature [63—67] concludes on a more
substantiated estimate of overdiagnosis in the range from 1
to 10%.

A recent work by Duffy and Parmar [68] reinforces the
need for observations up to 10 years beyond the upper age
limit for screening (which means up to 30 years of complete
follow-up) in order to compensate for lead time and nullify
the pseudo-excess of overdiagnosed cases. This represents
one further and very strong caveat against all studies that fail
to take into account the very long natural history of BC and
the related lead time required in order to cash the screening
benefit: such studies would produce inconsistent conclusions
if based on nonindividual data and/or too short observation
times. Also the need for correcting for underlying incidence
trends independent of screening requires estimates and
extrapolations. This adds to the difficulties and has been
taken by some as an excuse to ignore a problematic issue, in
fact ending up with even less reliable estimates. Duffy and
Parmar convincingly conclude that previous measures of
overdiagnosis are likely to be overestimates. They point to
further empirical evidence that overdiagnosis is a smaller
problem than generally thought, as can be derived from the
TCS, where at 29 years the cumulative incidence was identi-
cal between study and control groups [69].

However, they also admit that their estimates include only
the invasive cancers, while a substantial part of the overdiag-
nosis debate involves the possibility that MS could detect a
vast number of preinvasive lesions that might never evolve
into clinically significant cancers. One very recent study [70]
shows that this assumption—and the idea that large numbers
of invasive BC would never progress in the absence of treat-
ment—might have no actual evidence base. In this paper, an
analysis of data from over 5 million women in the UK
screening program showed an inverse correlation between
invasive interval cancers and DCIS detected at screening.
This association suggests that detection and treatment of
DCIS at MS effectively prevent invasive disease.



182

A. Frigerio et al.

The balance sheet

The Euroscreen Working Group [61] has created a decision-
making scenario where the essential components of the harm/
benefit balance could be fitted and discussed in a way that
could be effectively communicated to the population involved
[71]. Such a setting would also allow for the possibility that
updated figures could be inserted and worked up as new evi-
dence should be made available. This scenario considers 1000
women entering MS aged 50-51 and screened biennially until
69 and followed until 79 years (a substantial observation time
of 30 years). Based on evidence from European service screen-
ing programs, results are expressed as a number of women that
need to be screened (NNS) in order to achieve any specific
outcome. With this framework, estimates are of 125 NNS to
save one life (benefit) vs. 250 NNS to have one overdiagnosed
BC and 33 NNS to have one invasive assessment (harms). These
results represent a brilliant, honest, scientifically sound collec-
tion of data that are intended as a tool that will help a woman
who is invited to screening to make an informed personal choice
about the implications of participating. To such scope, a narra-
tive was also created to help explain a complex situation, like
screening actually entails [61]. Two small European cities are
described, with 1000 female residents aged 50-51, where only
one city invites women to an organized MS. This results in the
outcomes outlined in Table 17.3: over 20 years, there will be
eight fewer deaths from BC at the cost of four overdiagnosed
cases and a considerable number of false-positive assessments.
In this narrative, it is stated that “most of the women participat-
ing in screening will have only negative mammograms and,
therefore, will have no benefits other than a reassurance about
their health status, and only short-term harms from service
screening (discomfort, anxiety).”

Arguably, this last point may be considered as a diminish-
ing appreciation of the importance of regular, true reassur-
ance about individual women’s health status, with regard to
such a high incidence disease as BC. At a closer survey, the
picture delineated in the Euroscreen narrative shows some
weakness in its aiming at a faithful representation of the
health-care scenario in the absence of organized MS. Indeed,
BC expected in the population with no organized MS should
not be considered to come at no cost, be it financial or from
side effects. In the absence of an organized program, women
still have breast symptoms; besides that, some of them do
have tests in a “spontaneous” screening fashion.

Organized MS involves setting up multidisciplinary spe-
cialized units, staffed by dedicated personnel, with special
training. It also requires regular quality assurance proce-
dures, monitoring, and evaluation of ongoing activities.
Screening guidelines and protocols pay close attention to
specificity and require that screening cases come to a defi-
nite conclusion after each episode, discouraging short-term
repeat examinations, as is common practice in many clini-
cal settings.On the other hand, areas not covered by orga-

Table 17.3 Harm/benefit balance sheet for organized mammography
screening of 1000 women® from the Euroscreen Working Group 2012
[61], modified and expanded

For every 1000 women

Outcome screened for 20 years  NNS
Number of BC diagnosed 71 14
BC mortality reduction 8 125
Over-diagnosed BC 4 250
False-positive (FP) tests, of which: 200 5
— FP recalls, with non-invasive 170 6
assessment
— FP recalls, with invasive 30 33
assessment (biopsies)
Reassurance of true negative cases 729 1.4
(all rounds)®
Equity of access to high quality 1000 1

health care®

BC breast cancer, NNS number needed to screen

“Women entering screening at age 50, screened biennially until 69 and
followed until 79

Mortality reduction was adjusted for self-selection bias

"Original entries

nized screening tend to be served by non-breast dedicated
clinicians, resulting in a higher number of unnecessary
examinations, inconclusive test, and less straightforward
protocols. This is represented in the comparison of the UK
organized screening vs. the performance of spontaneous
screening mammography in the USA, as detailed in a study
by Smith-Bindman et al. in 2005 [72]. This showed that a
slightly higher cancer detection rate in the USA was
obtained at the expense of more than double recall rates and
surgical biopsy rates. These results are fitted in a scenario
similar to the one in the Euroscreen balance sheet. A face-
to-face comparison (see Table 17.4) immediately shows
that it is totally unfair to suggest that the city with orga-
nized MS produces 200 false-positive recalls, thus causing
more psychological harms than in a neighboring city with
no such program.

A possibly more faithful narrative—to accompany and
illustrate a revised form (Table 17.5) of the balance sheet—
may be the following:

Consider two small towns where an important group of dis-
eases, namely, breast cancers, because of their clinical impli-
cations and very high incidence, cause per se a large burden of
anxiety in the female population. In one city an organized,
controlled, specialized program offers women the continuing
reassurance of well-managed periodic tests, significantly cut-
ting back the mortality rate from the disease, at the cost of a
limited number of overdiagnosed cases. Participating in such
program would also confer these women a reduced burden in
terms of false-positive assessments, less psychological harms
from too frequently repeated examinations with no conclusive
diagnosis, as compared to the neighboring city where such
program and all the related skills, organization, protocols, and
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Table 17.4 Harm/benefit balance sheet for mammography screening
of 1000 women over 20 years in an organized European setting com-
pared to a US estimate for spontaneous screening, modified and
expanded from [61, 72]

For every 1000 women
screened for 20 years

Outcome Euroscreen [61]  US [72]
Number of BC diagnosed 71 55
BC mortality reduction 8 &
Overdiagnosed BC 4 42
False-positive (FP) tests, of 200 694
which:
— FP recalls, with 170 553
noninvasive assessment
— FP recalls, with invasive 30 142
assessment (biopsies)
Reassurance of true negative 729 306
cases (all rounds)
Equity of access to high- 1000 Not applicable

quality health care

*Mortality reduction and overdiagnosis arbitrarily assumed to be of the
same magnitude as in the Euroscreen estimate
BC breast cancer

Table 17.5 Harm/benefit balance sheet for organized mammography
screening of 1000 women® (current proposal)

For every 1000 women

Outcome screened for 20 years NNS
Number of BC diagnosed 71 14
BC mortality reduction 8 125
Overdiagnosed BC 4 250
Reassurance of true negative cases 729 1.4
(all rounds)

Equity of access to high quality 1000 1

health care

“Women entering screening at age 50, screened biennially until 69 and
followed until 79

BC breast cancer, NNS number needed to screen

Mortality reduction adjusted for self-selection bias

quality assurance are not available. The point suggested in the
present pages is that the false positives of organized MS should
in fact be considered as a protection conferred by screening,
being largely inferior in number when compared to a setting of
spontaneous, low-specificity clinical and preventive medicine.
Hence, balance sheets of harm/benefits of organized screening
should not register the false-positive recalls as screening
harms. Instead, the true reassurance conferred to the majority
of the population, again and again over many years, by an
organized program and the equity of access to highly special-
ized medical care that service screening provide, should stand
out among the major benefits of MS alongside the topmost
target achievement of reduced BC mortality (Table 17.5). So,
the above-quoted statement might be reworded as most of the
women participating in screening will have only negative
mammograms and, therefore, will have the continuing, long-

term benefits of a reassurance about their health status and
only short-term harms from service screening (discomfort,
anxiety). A valuable communication of benefits and harms of
screening to decision-makers, to women, and to the scientific
community itself [71] should consider alongside the effective-
ness and the limitations of the procedure and the relevance of
such factors as trust, gratitude, and convenience that may play
an important role in the informed choice to participate. It
should be explicit that balance sheets (Tables 17.3 and 17.5)
are the product of dedicated professionals. They are bound to
set up effective health initiatives and on this basis produce
communication tools that can be transparent and honest, but
that cannot be neutral. There are other historical merits to be
credited to MS. The leading role of the organized MS experi-
ence of the 1970s—1990s in building up the idea that there was
a need for dedicated professionals with specific education,
training, and expertise in BC diagnosis and treatment is rarely,
if ever, remembered. The importance of interdisciplinary, col-
laborative management of BC by experts in senology has been
advocated by the screening guidelines, at a time where senol-
ogy was hardly recognized by most physicians as a field of
specialization in its own right. This awareness has greatly con-
tributed to the institution of the Breast Units system as an
international standard of care. An important concluding rec-
ommendation would then be, when reminding potential harms
of attending screening, to give a proportionate emphasis also
to harms entailed by not attending the program: larger tumors,
worse stage at diagnosis, more systemic treatment, and worse
survival.
17.1.3.3 Inconsistency of the “Expired Validity”
Issue

It has been shown that RCTs and service screening data
proved that MS is valid and effective and that its side effects
would be minor with respect to the potential benefits. At this
point, the question has been arisen whether early detection
through MS still holds its meaning in the new era where very
effective treatments have become available and if most of the
mortality reduction from BC that has been recently observed
should be credited to treatment, rather than screening. This is
a reasonable question in itself, but once again the answer is
clear: there is substantial evidence that MS still plays an
important role in BC management and cause-specific mortal-
ity reduction.

Some of this evidence has been already discussed in the
above paragraphs. Of special relevance to this point are the
service screening studies performed in the last 15 years [30—
32, 40-43, 56, 57]. These do show net benefits for women
attending MS compared to nonattenders, who still have
potentially access to all the advanced treatments available in
the regional health-care system. One publication [57] has
brilliantly shown that screening not only retains its effec-
tiveness in the recent years of sophisticated oncological
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treatment, but in fact it contributes a favorable trend of
increasingly strong reduction in mortality over time. This
reminds that alongside advancements in therapy, improve-
ment of radiological techniques also come into the picture,
enhanced by the virtuous setting of quality assurance, dedi-
cated training, and interdisciplinary collaboration in a new
Breast Unit arrangement that organized MS contributes to
develop.

The intuitive concept that even in an epoch when sophis-
ticated systemic therapies are available, small, node-negative
BC as those detected at screening still carry a significant sur-
vival advantage, has been confirmed by many.

Of special interest, and largely unappreciated by many
physicians, is the demonstration [5] that screening detection
of small tumors not only reduces the incidence of lymph
node metastases but also prevents the worsening of their
malignancy grade.

An Ttalian service screening study [73] showed an
improvement in survival rates by before-after invitation
period in an intention to treat analysis addressing the fact
that screening changed the pattern of tumor characteristics in
the population. Within the same tumor characteristic sub-
groups, survival was comparable, supporting the hypothesis
that the difference in prognosis observed was due to early
diagnosis rather than differential treatment or access to
treatment.

Other experiences [42] support the idea that notwith-
standing the advances of modern systemic therapy, large dif-
ferences persist in prognosis by extent of disease at diagnosis.
One paramount confirmation is from the Swedish experi-
ence, where individual counties had the possibility to choose
40 or 50 years as the lower age of screening. This gave the
chance to measure the impact of screening in a population
aged 40-49 including over 16 million women-years with
16 years of follow-up. The significant 29% decrease in BC
mortality that was demonstrated for women who attended
screening (RR 0.71; 95% CI 0.62-0.80) occurred in a coun-
try with uniform treatment guidelines. This proves that this
mortality reduction was achieved in addition to the benefits
of modern therapeutic advances [74].

It is clear that both early detection and modern treatment
have merits in achieving the long-awaited for reduction in
BC mortality: it would then probably be a much better way
to look into the future to recognize the mutual enhancing
power of the two, as early detection allows for more refined
treatment options and for the adjuvant therapies, both medi-
cal and radiation based, to achieve extraordinary results in
disease control. In other words, rather than keeping up a long
sequence of futile controversies, it could be more
advantageous to devote resources to a very appropriate topic
for research: how early detection might or should change the
treatment of some subgroups of BC.

17.1.4 Evolution

A positive evolution of BC screening has to build on the clear
appreciation of what can already be achieved through the
“classical” population-based programs. Physicians, health-
care providers, and the population alike have to understand
that MS contributes a significant reduction in BC mortality
and represent a major achievement and a public health inter-
vention of demonstrated feasibility and cost-effectiveness.
Future developments of screening should prove not only
their absolute efficacy but also their feasibility and sustain-
ability in terms of incremental cost-effectiveness, in order to
guarantee that the new policy should not put at risk the regu-
lar management of the existing MS programs.

To date, screening has been implemented on the two
strongest risk factors for BC, i.e., sex and age. However, in
this epoch of personalized medicine, the concept of tailor-
ing BC screening to different levels of risk has gained
increasing interest. Mammography has been regarded as
the most suitable test for screening, due to the evidence
available, its reasonably high sensitivity and specificity,
and low cost. It is important though to be aware of the limi-
tations that a single screening tool entails and that while
alternative breast imaging techniques have been around for
decades, recent advances in digital-based diagnostic
devices and information technology (IT) have widened the
spectrum of imaging possibilities.

Keeping in mind the big caveats regarding (1) evidence of
efficacy, (2) incremental cost-effectiveness, and (3) sustain-
ability, one might think about screening evolution, apart
from the special policies already envisaged for the popula-
tion at the highest risk (the theme of the following chapter)
according to the three main pathways:

(a) Tailoring the screening process on the basis of different
levels of risk (low to intermediate)

(b) Introducing new screening tools
evolution)

(c) Increasing the effectiveness through improvements in
the overall quality of the process

(technological

17.1.4.1 Tailored (Risk-Based) Screening
This involves the idea of offering customized screening poli-
cies on factors influencing the risk and/or the performance of
the intervention, such as (1) age, (2) breast density, and (3)
other personal risk factors. The assumption is that benefits
and harms/limitations of screening vary according to BC
risk, so that such tailoring of interventions may optimize
their balance.

(1) Age—Besides sex, age has always been identified as
the main risk factor for BC. All MS projects have been tar-
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geted to those age groups where the general consensus rec-
ognized the optimal cost-effectiveness balance; these are
most commonly the 50-69 years old women.

Younger and older women have always represented a sub-
ject for discussion, and in the past, there was a major debate
over the appropriateness of offering MS to women in their 40s.

Arguments against screening the 40—49 years old included
the lower incidence (and mortality) and the predictable lower
efficiency of the screening test due to the limitations of mam-
mography in denser breasts, both of which contributed to the
lower mortality reduction observed in the RCTs. Recent data
have clearly demonstrated a relevant impact on mortality
also in these younger women, when offered MS. This is
unequivocal in studies that can provide extended follow-up
[56, 74, 75]. As to incidence, the major, abrupt increase in
most western countries is obviously at the 40-44 age group,
when incidence exceeds 100 cases per 100,000 women per
year. Women diagnosed with BC when 40-49 account for a
significant proportion of the BC mortality, in fact similar to
that attributable to 50-59 and 60-69 years old women [76].
This leads to the conclusion that there is no scientific reason
to exclude this age group from a screening program, beyond
issues related to resources and feasibility.

Another important point to consider is that life expec-
tancy at birth has in many countries surpassed 80 years for
the female population, and for women aged 69 (the upper
age target for most programs), life expectancy may exceed
15 years. This implies that stopping invitation after 69 is no
longer adequate. Since diagnostic capabilities of mammog-
raphy in older women are particularly good, and screening
efficacy up to age 74 was proven by RCTs, also the optimal
upper age limit for screening should be carefully discussed.
In 2007, the Italian Society for Breast Cancer Screening
(GISMa) produced a consensus document [77] that envis-
aged the possibility to extend screening to age groups 40—49
and 70-74, where sufficient resources were available. This
has in fact been implemented in some Italian regions. A sim-
ilar strategy of extended screening beyond age 70, based on
self-referral of women interested, is in practice in the
UK. Sweden, the home to most of the historical RCTs, has
been and probably still is the country with the widest age
span covered by screening: women aged 40-74 years are
offered screening in many Swedish counties as opposed to
50-69 years of age in most other nations.

Another aspect strictly connected to age is the interval
between screening rounds. The evidence base for current
protocols lies mainly in the results of the RCTs. Considering
the high proportional incidence of interval cancers in the
second year after screening in the age subgroup 50-54, the
Swedish option of screening ages 40-54 every 12—18 months
and switching to the 18-24 months interval for ages 55-74 is
arguably a better solution than the 24 months interval, start-

ing at age 50 that is adopted by most screening guidelines
worldwide. Availability of financial resources still remains
one background decisive factor in determining these
policies.

(2) Breast density—Breast density, being both a risk fac-
tor and a determinant of lower performance for mammogra-
phy, has been the most discussed criteria to develop
customized screening strategies. Many studies and proposals
have been produced on this subject, actually resulting in very
limited practical achievements until very recently. The sub-
ject remains extremely complex, and some issues are still to
be clearly defined. Different patterns and composition of
breast densities exist; the relation between density and can-
cer risk needs to be further understood, although it is clear
that high mammographic density decreases sensitivity and
the positive predictive value (PPV) of mammography, result-
ing in more interval cancers.

The introduction of digital mammography has already
modified this situation to some extent, although the major
advances are expected from the introduction in screening
protocols of more modern, tomographic imaging techniques,
like digital breast tomosynthesis (DBT) and automated
whole-breast ultrasound (AWBU).

In recent years, modern digital technology has also made
available softwares that can automatically calculate breast
density values; these softwares may contribute to higher
reproducibility in the classification of density levels. These
measures are then used alongside personal risk factors in the
definition of statistical models of BC risk. However, a pre-
cise definition and a consensus on optimal thresholds and
statistical models are still lacking. In the USA, a specific leg-
islation has made it mandatory to inform women about their
breast density and the limitations of mammography in dense
cases, so that women may decide to have additional exami-
nations. From an organized screening perspective, before
additional diagnostic techniques or modified protocols do
not prove cost-effective, it would be questionable to stress
communication on this issue, which is also generally exag-
gerated by the use of relative rather than absolute risks.

(3) Other risk factors—Other personal risk factors have
been considered, including personal history (previous BC
diagnosis or atypical hyperplasias), family history of BC,
socioeconomic status (SES), comorbidities, etc. More
recently, milder degrees of hereditary susceptibility to BC
have been considered, as those related to the study of single
nucleotide polymorphism (SNP) [78, 79].

As the overall risk cannot be calculated as a mere sum of
different risk factors, it will be essential to develop and validate
efficient prediction models. The availability of more sophisti-
cated IT support will probably provide powerful tools and play
a decisive role in the advancement of this line of clinical
research, also through sophisticated modeling that may con-
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tribute to the design of risk-stratified forms of screening, where
a better balance between costs, harms, and benefit could be
achieved offering adapted programs to different groups of
women [80, 81]. In this framework, costs and harms may be
contained also reducing screening offer to women at lower risk.

In summary, risk-based tailored evolutions of MS are at
hand where revision of the age limits and frequency (1) of
screening are concerned. As for factors in points (2) and (3),
the general situation is that offering more intensive (or also
less intensive) screening, based on one or a combination of
the above factors, might indeed result in a qualified improve-
ment in the risk/benefit balance. However, more research and
clear data are warranted, as the underlying concept states that
marginal gains in effectiveness have to be proven, and the big
caveat remains about creating increasing motives of com-
plexity that could eventually detract from the practical man-
agement of the screening system.

One major challenge for the future would be to devise

strategies where risk-stratified screening would be offered in
combination with primary prevention measures, targeting
modifiable risk factors, like obesity, through interventions on
diet, lifestyle, etc.
17.1.4.2 Introducing New Screening Tools
(Technological Evolution)
This is the most promising pathway for BC screening evolu-
tion, given the development over the last decade of very
promising, new imaging tools, sharing two common denomi-
nators: digital framework and tomographic technology.
Indeed, tomography-based imaging ideally represents the
optimal solution to overcome limitations of mammography
in dense breasts. These techniques are (1) magnetic reso-
nance (MR), (2) digital breast tomosynthesis (DBT), and (3)
automated whole-breast ultrasound (AWBU). Since these
are the subjects of the following chapters in this textbook, to
these the reader is referred for extensive discussion and rel-
evant references. At this point, only a very essential-focused
comment will be given.

1. MR is by far the most powerful instrument in this series,
combining excellent morphologic, three-dimensional
representation with functional data. At this moment, how-
ever, its use in screening has to be limited to the very
high-risk patients, mainly on cost considerations.

2. DBT has the widest literature as a potential new screening
instrument. Being in fact a modified version of mammog-
raphy, its introduction in the screening organization is
relatively simple, and a number of studies have proven its
ability to increase cancer detection rates in screening
settings [82, 83]. Data on specificity are less uniform, yet
promising as well. Concerns about the higher radiation
dose delivered to the population will be probably over-

come by technical developments and especially by the
introduction of synthetic 2D images. These should dis-
pense with the need to obtain a double exposure in order
to have 2D and 3D images available for the same woman.
The main research topic for DBT in MS remains the dem-
onstration of a significant impact on the interval cancer
rate. Cost issues are mainly related to the prolonged read-
ing times of the tomographic sequence, rather than to sig-
nificant modifications in the patient workflow. In fact, the
extremely promising diagnostic data and its minor impact
on the screening organization have led to DBT being
already introduced in some screening programs, within
randomized trials or pilot demonstration studies.

3. Automated whole-breast ultrasound (AWBU) takes into
the diagnostic field a brilliant combination of the superior
ability of sonography to read through the denser portions of
the breast with the advantages of an automated procedure
that is able to guarantee a more standardized coverage of
the breast volume. Due to the superior sonographic poten-
tial in dense tissues (at no radiation costs) and hence also a
powerful integration with mammography, this technique
carries the potential for a more relevant diagnostic contri-
bution than DBT. However, a few studies available to date
in the screening setting, while confirming the expected
very promising detection gain, show a substantial increase
in false-positive values [84]. Moreover, the introduction of
this technique in the screening context appears to be more
demanding, not only for the extended radiological reading
times but mainly in terms of radiographers’ working time.

Another important contribution to be expected in the near
future is the development of dedicated CAD (computer-
assisted diagnosis) systems that will reduce the costs involved
with the reading times of long series of tomographic images,
be it DBT or AWBU.

17.1.4.3 Optimizing Existing Programs

It has been strongly represented how MS produces substan-
tial benefits to the population in terms of cause-specific mor-
tality reduction, and it has been discussed in the harm/benefit
paragraph that an organized screening program provides sig-
nificant advantages in terms of cost-effectiveness as com-
pared to a spontaneous setting [72]. This reinforces the idea
that optimization of the available system would be a reward-
ing field of evolution. Also in this field, the digital revolution
of the past decades offers a number of new, interesting
possibilities.

A recent, extremely detailed comparison of the costs
involved by an organized service screening system [85] dem-
onstrated significant savings both for the health system as a
whole and from the women’s point of view. The cost of
mammography in a non-organized setting was more than
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double compared to the organized program. Outside orga-
nized MS, social costs would also be higher, as those related
to time lost from work, travel to the screening unit, telephone
calls, administration costs, etc.

Moreover, the practical support provided to the female
population by the organized setting, from the letter of invi-
tation onward, contributes to its capacity to reach women in
the lower socioeconomic categories, thus reducing inequal-
ities in breast cancer survival. In one study [86] the lower
survival rates in less-educated women before the launch of
the organized MS disappeared completely in the age group
invited to screening. The current design of MS has one
major strength in the availability of a complex organization
that embraces such aspects as detailed shared protocols and
guidelines, quality assurance and audit systems, continuous
evaluation, and feedback on the results to stakeholders.
This is typically represented in the European Guidelines for
Breast Cancer Screening [87] and in similar documents
produced at the national or regional level in many
countries.

Some crucial points that might be developed (and greatly
gain from the introduction of digital mammography and the
IT support) include:

1. Expanding the monitoring system, from the general pro-
gram/unit level to the level of the individual operator,
with regular personalized feedback on professional
screening performance (e.g., recall rates, cancer detection
rates), in order to allow for timely educational refresh-
ments where needed. It is important that among the many
performance indicators [87, 88] the most relevant will be
selected for their special value. Interval cancers, repre-
senting a failure of the procedure, should be fully moni-
tored to evaluate screening performance. The radiological
revision of pertinent mammograms is a valuable tool of
internal audit and a valuable occasion for training and
continuing education of the screening radiologists.
However, complete data on interval cancers may be diffi-
cult to collect. Large cancers (20 mm or more, i.e., T2+)
that are screen detected at subsequent rounds represent an
equally strong indicator of screening performance and
(when combined with the T2+ interval cases) are the best
early surrogate indicator of screening impact [5]. Screen-
detected T2+ cancers are immediately available at the
screening unit, so that their radiological revision would
be more easily feasible than reviewing interval cancers—
while also their educational value would be substantially
similar [89]. As to the evaluation of screening perfor-
mance and impact, analysis of the pathological size distri-
bution of all BC in the population exposed to screening,
expressed as absolute rates rather than percentages,
should be regarded as a cornerstone.

2. Recognizing an enhanced role for dedicated education,
investing on specialized courses and practical training of all
the professional figures involved in the screening process,
with a special emphasis on radiographers, radiologists, and
pathologists. Specialized education is in many countries
largely neglected, while it may probably result in the most
rewarding field of investment in order to optimize screening
cost-effectiveness. This process should routinely envisage
the funding of National or Regional Reference Centres for
Quality Assurance and Training for Breast Cancer
Screening. The importance of having access to Expert
Screening Training Centres is confirmed by the long-lasting
experience of the Dutch National Training Centre in
Nijmegen, as well as by the Swedish experience. This is
effectively represented in one service screening study [90],
where organized programs conducted in dedicated centers
could consistently achieve mortality reductions at least as
high as those observed in the RCTs. This achievement was
built on the cooperation of screening centers in seven coun-
ties across Sweden, with the expert support of the leading
researcher of the STC trial. Expert Reference Centres would
represent the ideal site to set up and coordinate relevant
research, as the Nijmegen (NL) and Falun (Sweden) experi-
ences confirm.

3. Promoting innovative research taking advantage of the
multidisciplinary context of screening. Research should be
focused on the key issues of screening evaluation and risk
customization. Besides that, it would be most appropriate
to exploit the screening setting to foster research based on
a radio-pathological cooperation. Improved standard
pathologic techniques are to be implemented in order to
create a better mutual understanding of the clinical signifi-
cance of screen-detected lesions. Large-format histologic
sections have already proven their value [91, 92] and sup-
ported the need for improved pathologic terminology that
should reflect the site of origin of the lesions [93]. The inte-
gration of imaging morphology into the TNM classifica-
tion of the in situ and 1-14 mm invasive tumor size range
would represent a major advance. There is a considerable
potential of mammographic tumor features alongside clas-
sical pathological and modern molecular prognostic factors
to improve the outcome prediction of BC subgroups [94,
95]. Such radio-pathological synergy could enable the mul-
tidisciplinary team to better distinguish the less frequent
subgroups with the highest fatality [94] among the small
invasive cancers, thus allowing for setting up clinical trials
that may identify the more successful, targeted treatment.
For the majority of screen-detected, monofocal, small inva-
sive cases that belong to the better mammographic and
pathological prognostic groups [96, 97], the current use of
adjuvant treatment might be reevaluated through more per-
tinently designed trials. This research cooperation may
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eventually enable many women to forego some of the cur-
rent adjuvant therapeutic regimens, without compromising
their survival and avoiding the hazards of overtreatment.
Finely tailored treatment protocols, based on a fuller appre-
ciation of different parameters of tumor characterization,
should make negligible any concern over the overdiagnosis
of the more indolent cancer cases.

17.1.5 Discussion

The clear scientific evidence on the efficacy of MS as deriv-
able from RCTs and its effectiveness in reducing BC mortal-
ity as confirmed by more recent studies conducted in the
routine service screening situation have been reviewed and
highlighted.

It has been shown how benefits achievable through MS
are substantially undervalued.

This is not only the case with a number of skeptical
authors, often on the basis of methodological flaws in their
arguments. Also some screening advocates appear at times
not to fully appreciate the size of the benefits entailed by
organized screening. This can derive from:

1. The unjustified consideration paid by many to some large
yet scientifically unsound studies.

2. The incomplete appreciation of many experts of the clinical
peculiarities of breast tumors: especially their wide inter-
and intra-tumor heterogeneity, extremely long natural his-
tory of many cases, and the concept of progressive
dedifferentiation of BCs. Hence, it is not fully appreciated
how MS benefits cumulate over very long times. Some
screening dividends of lives saved are cashed as soon as
3—4 years after the timely detection at screening of aggres-
sive cancers, while dividends of lives saved from more indo-
lent cancers might still be cashed 1015 years after screening
detection. The most recent updates of the well-conducted
observational studies of screening service, with the longest
follow-up times, are wanted to gauge the full effect of MS on
mortality (the screening dividend) and should be given
prominent attention in the scientific debate. The same applies
to the long-term follow-up of the best RCTs.

3. Screening harms related to false-positive recalls are
unduly emphasized. It has been illustrated that the limited
rate of false-positive recalls in population-based, orga-
nized screening is in fact a protection vs. the much higher
rates observed in non-organized settings.

4. Neglect of the immense human and social value of MS
and the diffuse, continuing real psychological reassur-
ance it provides to the vast majority of true negative
women.

5. Insufficient appreciation of the value of equity in the
high-quality health-care access provided by organized
MS.

It is important to state at this point one rarely, if ever
remembered merit of screening. This is the leading role of
the organized MS experience of the 1970s—1990s in building
up the idea of a need for dedicated professionals, with spe-
cific education, training, and expertise in BC diagnosis and
treatment. The importance of interdisciplinary, collaborative
management of BC by experts in senology has been advo-
cated by the screening guidelines at a time when senology
was hardly recognized by most physicians as a field of spe-
cialization in its own right. This awareness has greatly con-
tributed to the institution of the Breast Units system as an
international standard of care.

There are also important, well-known limitations of can-
cer screening with mammography.

The lower sensitivity of mammography in dense breasts
and—more generally—the traditional use of a single diag-
nostic tool for the early detection of a complex variety of
clinical entities are obvious weaknesses. Although the use of
a single test is motivated by evidence of impact, practical
feasibility, and competitive cost-effectiveness, intelligent
research has to be promoted to open the way to new proto-
cols that take advantage of complementary imaging meth-
ods. The recent availability of such sophisticated technologies
as DBT, AWBU, and MR will definitely accelerate this evo-
lutionary process. The combination of the newest imaging
methods with the powerful support provided by the modern
IT systems is due to create a winning environment. Specially
developed new CAD systems will help tackle problems
related to the longer interpretation times implied by the
tomographic techniques. The digital support will also play a
role in the form of improved monitoring, evaluation, and
educational tools, e.g., mammography test sets for training.
Given the limitations of its current format, MS will have also
to consider risk-based, customized screening policies, in
order to maximize the cost-effectiveness of the system and
the harm/benefit balance of the procedure.

So, future evolution of screening should be built on the
organized setting of MS: introducing new diagnostic tech-
nologies, improving on the stratification of women and the
way screening is offered (tailoring), making the most profit
from modern IT technology support (simulation models,
CAD, etc.), and threading along the main road of the special-
ized multidisciplinary units, where different specialties work
together to optimize the synergies of diagnosis and treat-
ment. Evaluation could be optimized, working on the most
significant early indicators of performance (as T2+ cancer
rates), refined to the individual operator level, and combined
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to a more efficient system of feedback. Optimization should
also be pursued of the information provided to physicians
and the population and the communication tools.

The prominent importance of dedicated, specialized edu-
cation, training, and research should be recognized and ade-
quate resources provided. The organized screening
framework represents an exceptional resource for producing
applied research of the utmost scientific level, at competitive
costs. One foremost topic of integrated research would be the
innovative rethinking of the pathological classification of
breast diseases, to be built on a strict collaboration of breast
pathologists and screening radiologists. This new perspec-
tive could bring about a change in the fundamental concepts
of BC treatment, making it negligible the concerns about
screening overdiagnosis.

Conclusion

Implementing, expanding, and keeping up large, high-
quality, population-based screening programs should be
considered a needful strategy in order to best capitalize on
modern treatment advances. In the future context of pre-
ventive medicine, innovative strategies may be devised
aimed at combining risk-stratified screening with actions
of primary intervention targeting modifiable risk factors.
Futile controversies on the respective roles played by early
detection vs. modern treatment should be abandoned, in
favor of a shared awareness that these two major innova-
tions enhance each other’s benefits and of research proj-
ects on the theme of how early detection through screening
might and should change the treatment of breast cancer.

17.2 High-Risk Population
Francesco Sardanelli, Franca Podo

Abstract Although breast cancer (BC) is mainly a sporadic
disease, about 15% of cases are clustered in families at increased
incidence. Gene mutations with autosomal dominant inheritance
confer a 50-85% cumulative lifetime risk (LTR) and account for
about 5% of BCs; about 50% of hereditary BCs are associated
with BRCA1/2 mutations. In high-risk (HR) women,
mammography has a too low sensitivity (29-50%) to be used
alone as a screening tool. Nonrandomized studies showed that
contrast-enhanced magnetic resonance imaging (CE-MRI)
largely outperforms mammography and/or ultrasound in
detecting asymptomatic BCs in HR women, reaching a sensitivity
higher than 90% and a positive predictive value higher than 60%.
In 2007, the American Cancer Society issued recommendations
in favor of MRI as an adjunct to mammography for screening

women with 20-25% or greater LTR, including those with a
strong family history of BC or ovarian cancer or previously
treated with chest radiation therapy (CRT). Recommendations in
favor of MRI screening for HR women were also issued by other
institutions and medical bodies. Studies suggested that MRI
screening of BRCAI1/2 mutation carriers should not be
discontinued over 50 and that an MRI alone strategy could be
adopted, also considering the higher sensitivity of these mutation
carriers to ionizing radiation. Although randomized controlled
trials are not allowed for ethical issues, evidence exists in favor
of MRI screening to improve patient outcome. In cases of
previous CRT, mammography as an adjunct to MRI is
recommended, because a high incidence of ductal carcinoma in
situ with microcalcifications and low neoangiogenesis limits
MRI sensitivity.

17.2.1 Introduction

Exactly 30 years ago, in 1986, Sylvia H. Heywang and
coworkers reported the first experience about contrast-
enhanced magnetic resonance imaging (CE-MRI) of the breast
[98]. Notably, only some months before, in 1985, the same
author concluded a paper about unenhanced (non-contrast)
MRI [99] saying that “possible future indications are sug-
gested for selected cases,” an elegant way to state that non-
contrast breast MRI had no real clinical perspective.
Conversely, when, for the first time, a gadolinium-based con-
trast material had been intravenously injected, “all carcinomas
enhanced” and the authors concluded that “preliminary results
indicate that MR imaging of breast using Gd-DTPA may be
helpful for the evaluation of dense breasts and the differentia-
tion of dysplasia and scar tissue from carcinoma’ [98].

This was a turning point which opened a window for
breast MRI to enter the clinical practice. At the beginning,
even after the introduction of contrast injection, radiologists
who pioneered the use of this technology (a name for all,
Werner A. Kaiser, who firstly showed the value of dynamic
scan for CE-MRI [100]) faced difficulties and distrusts from
the established medical community working on breast can-
cer (BC). Even breast radiologists, who were in those days
highly confident with the so-called triple assessment com-
posed by mammography, ultrasound (US), and needle sam-
pling, were not so favorable to MRI. Although mammography
was still in the era of film-screen, US B-mode images were
distant from today’s quality, and needle sampling was mainly
fine-needle aspiration, surprisingly breast CE-MRI did not
receive a good acceptance.

Breast MRI investigators highlighted that the new method
allowed BC identification thanks to its ability to visualize neo-
angiogenesis associated with tumor progression, a completely
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new functional imaging approach intrinsically different from
the only morphologic evaluation of mammography and
US. Physically speaking, two completely different pieces of
theory are involved: differences in photon attenuation as an
effect of electronic 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 CE-MRI side.
Unfortunately, the reference to tumor-associated neoangio-
genesis was reminiscent of the old thermography, an approach
leading to a false hope for BC diagnosis as it was burdened by
a high rate of false negatives and positives,' although it is still
sometimes represented as a new method [101].

The main criticisms against breast MRI were based on
high cost, need of 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 [102].
Thus, every contrast-enhancing breast finding could at that
early stage be considered as suspicious, with the result that
small studies often reported low specificity values.
Unfortunately, those small studies became the reference
against breast MRIL.

One clear example of this misleading use of published
data is given by the comparison of two papers published in
1993-1994.2 In 1993, a small breast MRI study from the
USA [103], conducted on 30 breasts with 47 malignant and
27 benign lesions, reported a 94% sensitivity and a 37% (!)
specificity; these data were included in the Abstract. A year
after (1994), a group from Germany, guided by Werner
A. Kaiser, reported 2053 cases, 766 with histopathological
verification within 2 weeks (n = 766) or follow-up control up
to 7 years [104]. The title was “False-Positive Results in
Dynamic MR Mammography: Causes, Frequency, and
Methods to Avoid.” Sensitivity was 98%, specificity 97.4%,
and PPV 81%. Unfortunately, these results were not reported
in the Abstract, thus leading to a strong underestimation of
the value of the paper [105]. Looking at the number of cita-
tions through Scopus® [106], up to April 26, 2016, the small
US study [103] had 580 citations, while the huge German
study [104] had only 56 citations. For decades, when

'Notably, some new currently emerging technologies such as optical
imaging and opto-acustic 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, for example, Sella T,
Sklair-Levy M, et al. (2013) A novel functional infrared imaging sys-
tem coupled with multiparametric computerised analysis for risk
assessment of breast cancer. Eur Radiol 23:1191-1198.

2This comparison was firstly reported in Amsterdam by Pascal Baltzer
during the ceremony for the EUSOBI (European Society of Breast
Imaging) 2014 Gold Medal to the memory of Prof. Werner A. Kaiser
(*05.10.1949, §27.12.2013).

researchers reported a range for breast MRI, specificity val-
ues, this notorious 37%, the lowest range limit, drew the
reader’s attention. Bad news have better legs than good news.

However, 1993 was also the year of the first report on
tumor suppressor BRCA1 gene conferring a high BC risk to
women carriers of a deleterious mutation [107]; the identifi-
cation of a similar role for BRCA?2 followed very soon [108].
This relevant new knowledge created the possibility to iden-
tify not negligible populations of women having a clearly
higher risk of developing BC during their lifetime.

As a consequence, teams of breast radiologists, mostly in
cooperation with geneticists, physicists, and other professionals,
initiated studies in order to compare the diagnostic performance
of CE-MRI with that of conventional imaging (mammography
and/or US) for screening high-risk populations. In Italy, we
started the discussion in the late 1990s under the coordination of
the Istituto Superiore di Sanita, organ of the Italian Ministry of
Health, in Rome. For more than 10 years, we guided the High
Breast Cancer Risk Italian (HIBCRIT) study for the compara-
tive evaluation of CE-MRI vs. mammography and US for early
BC diagnosis among women at high genetic/familial risk. The
initial results of this study were published in 2002 [109] and
contributed to the initial body of evidence considered by the
American Cancer Society for the first recommendation in favor
of MRI as an adjunct to mammography for screening women
with 20-25% or greater lifetime risk [110]. Interim [111] and
final [112] results of the HIBCRIT study further contributed to
support the use of CE-MRI for screening women with heredi-
tary BC predisposition.

In this chapter, the high-risk screening issue is placed in the
larger context of the screening debate, and then the evidence in
favor of MRI screening protocols for women at hereditary
high risk is summarized in terms of superior diagnostic value,
including the MRI alone concept, and in terms of patient out-
come. Thereafter, the special case of high risk from previous
chest radiation therapy (CRT) will be considered.

17.2.2 The Context: Population-Based
Screening Programs

Mammography, notwithstanding its intrinsic limitations in
terms of sensitivity and specificity, remains the basic tool for
population-based mass screening, being demonstrated to be
effective in reducing mortality and allowing for conservative
therapy [113]. The stage of BC at diagnosis significantly
impacts on overall survival even in recent years, when effec-
tive systemic therapies are applied. In other words, early
diagnosis remains crucial. This concept has been recently
confirmed by a population-based study from the Netherlands
Cancer Registry 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%, in 2006-2012, mortality still increased with progress-
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ing tumor stage, significantly for Tlc vs. Tla and indepen-
dently from nodal status [114].

The International Agency for Research on Cancer (IARC)
recently summarized the evidence in favor of screening
mammography [59, 115]. The estimated reduction in BC
mortality is 40% for those women aged 50-69 who take up
the invitation and 23% when also including those not accept-
ing the invitation. A mortality reduction has been also esti-
mated for women aged 40-49 and 70-74, though with
“limited evidence” [59]. In addition, we must note that
screening mammography allows for both downscaling of the
clinicopathological features of invasive BCs and reducing
locoregional and adjuvant treatments [51, 116-118].

A good news of the last years is the end of confusion, as
appropriately stated by the Society of Breast Imaging about
harms from screening mammography [119]. This is a hot
topic, in particular for false-positive rate and overdiagnosis.
In Europe, the average risk for a false-positive recall is lim-
ited to 20% for women aged 50-69 who have ten screens in
20 years; the probability of false-positive needle biopsy is
<1% per round [59]. A low rate of overdiagnosis has been
calculated by the IARC working group [59], from 1 to 10%
or from 4 to 11%, according to different estimation methods.
Notably, overdetection (a radiological issue) has to be distin-
guished from overdiagnosis (which implies also an essential
role of pathologists) [120], while more efforts should be
dedicated to the reduction of overtreatment.

However, one weak point of current population-based
screening programs remains the omne-size-fits-all rule: in
Europe, mammography every 2 years (every 3 years in the
United Kingdom) from 49 to 69 years. Some change has
been introduced when also women from 40 to 49 (mostly
from 45 to 49) are invited: the periodicity is commonly
reduced to 1 year only. During the last three decades, organi-
zational issues and other factors worked against the idea to
stratify the screening strategy according to the risk level and
breast density. The latter factor is relevant: even though den-
sity as an independent risk factor is commonly overestimated
[121], its masking effect results in a relevant reduction in
mammography sensitivity [122]. An organized screening
strategy tailored for the woman’s individual risk, also con-
sidering breast density, is a hope for the future.

Coming to the crucial point, it was clear that the diagnos-
tic performance of mammography in high-risk women was
inadequate. The sensitivity ranged 29-50%, the interval can-
cer rate 35-50%, and the metastatic nodal involvement at
diagnosis 20-56% [123]. Something different had to be pro-
posed. A new screening strategy to be implemented had to
consider four elements:

1. The need to start very early in the high-risk woman’s life,
accounting for the early disease onset

2. The need for closer screening events, accounting for the
fast BC growth in these women

3. Independence of the screening tool from breast density,
accounting for the woman’s young age and for the higher
breast density in high-risk women

4. Possible avoidance of ionizing radiation exposure,
accounting for the higher sensitivity to radiation of BRCA
mutation carriers (as explained in detail below)

This was the scenario when the first studies on MRI-
including screening programs were initiated. The only change
in those years and during the first decade of 2000 was the slow
but progressive transition from film-screen to digital mammog-
raphy, without any substantial impact for high-risk women.

17.2.3 High-Risk Screening with MRI:
From a Mission Impossible to a Large
Body of Evidence

To explore the diagnostic power of CE-MRI in a screening
setting was initially a mission impossible. The typical objec-
tion was the following: MRI specificity is too low, and you
will be flooded by a deluge of false positives. However, as
stated by Thomas Kuhn [124], scientific research is attractive
also due to “the excitement of exploring new territory, the
hope of finding order, and the drive to test established
knowledge”.

Thus, different groups started to verify the hypothesis that
CE-MRI could be useful for BC screening. For epidemio-
logical reasoning, women at increased BC risk, especially
those with hereditary predisposition, were the natural candi-
dates for these projects. A greater expected incidence would
have resulted into a higher positive predictive value (PPV) of
screening modalities and a smaller sample size needed to
evaluate the differences in diagnostic performance among
the modalities [125]. This was also a way to begin to dis-
mount, from the side of high risk, the one-size-fits-all rule.

In fact, breast radiologists had to get at least a basic
information about familial/genetic predisposition to BC
[126]:

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

* BRCA1/2 mutations explain only about 40% of autoso-
mal dominant inherited BCs (other genes such as TP53,
STK11, PTEN, NF1, CHEK?2, ATM, BRIPI1, and PALP2
explain about 10%), while the remaining 50% has no
gene mutation clearly identified. BRCA1/2 deleterious
mutations confer a 50-85% LTR.

e Most BCs in very young women are associated with a
BRCA1 mutation, a condition which may also show asso-
ciation with ovarian cancer.

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



192

A. Frigerio et al.

This body of knowledge allows radiologists, who have the
possibility to deal with a large number of women on the
occasion of screening and diagnostic imaging, to identify
those women whose family history indicates the possible
presence of an inherited BC predisposition. Software can be
used for a preliminary risk evaluation, such as that based on
the Tyrer-Cuzick model [127, 128]. Anyway, radiologists
(or other professionals who suspect a BC genetic predisposi-
tion) have to refer the woman suspected to be at high risk to
a specialized department/center for genetic counseling to
define the possibility of genetic testing. Importantly, in the
case of strong family history of BC and/or ovarian cancer
without identification of known gene mutations in the family,
genetic testing is defined as inconclusive and the case is
labeled as BRCAX [129]. Finally, for different reasons,
including unsuitable psycho-oncologic condition, many
women with strong family history prefer not to perform any
genetic testing.

Thus, since the mid-1990s, the context has been enriched
to comprise three basic concepts:

1. Mammography, the only established method for BC
screening in general, was not working properly for screen-
ing women at high genetic/familial risk.

. Identification of high-risk populations could be based on
clearly established criteria to assess/estimate a BC genetic
predisposition.

. There was a need for several years of clinical experience
with CE-MRI of the breast in the diagnostic setting,
acquired in academic centers and great hospitals, to par-
ticipate in suitably designed screening programs.

The first report was published by Christiane K. Kuhl in
2000 [130]. Fifteen cancers were detected in 192 women

Table 17.6 Multicenter breast MRI studies from 1997 to 2014

proven or suspected to be carriers of a BC susceptibility
gene. Sensitivity was 33% for mammography, 33% for US,
44% for mammography and US combined, and 100% for
CE-MRI; PPV 30%, 12%, and 64%, respectively. A number
of studies were followed, and the body of evidence grew up
in the last 15 years. When the sample size of high-risk
women, the number of screening events, and the number of
centers involved increased, the sensitivity of MRI slightly
decreased, as expected, but the general trend for a huge dif-
ference in diagnostic power, especially in sensitivity, between
MRI and the other imaging modalities was confirmed not
only in terms of efficacy but also in terms of large-scale
effectiveness.

High-risk screening has been the prominent application
for breast MRI multicenter studies in the last 15 years,
involving 7690 women who performed 18,307 MRI exami-
nations (Table 17.6).

The evidence from prospective studies about MRI includ-
ing screening protocols was summarized in 2014 [131].
Overall, nine studies [111, 132-139] enrolled more than
5500 women. A total of 392 BCs were diagnosed. Of them,
45% had a diameter < 10 mm (95%; confidence interval
[CI], 39-51%), 77% were invasive (95% CI 73-81%), and
52% were G3 invasive (95% CI 46-58%). Of the invasive
cases with explorable axilla (not previously treated for BC),
23% had nodal metastatic involvement (95% CI 18-28%).
Study-by-study details are reported in Table 17.7.

All these studies contributed to build the body of evi-
dence in favor of the use of CE-MRI for screening women
at high BC risk. National and international recommenda-
tions and guidelines accepted this indication on the basis of
the superior sensitivity of breast MRI, including not only
professional and scientific societies such as the American
Cancer Society (already mentioned) [109], the American

Patients MRI exams Centers Papers Journals Papers per country
Min Min Min Europe
Study type  Studies Total ~ Max Total Max Total Max Imaging Other Europe and USA USA Asia
High-risk 10 24%) 7690 93 18,307 171 157 4 29 (43%) 10 19 26 2 1 -
screening 2500 7500 30
Diagnostic 14 (33%) 3989 63 5026 63 158 3 18 27%) 15 3 9 4 5 -
performance 969 1652 25
and contrast
materials
MR-guided 6 (14%) 2069 132 33,386 132 51 3 6 (9%) 3 3 5 1 0 =
biopsy/ 821 1029 20
localization
Preoperative 6 (14%) 2784 90 2030 90 76 2 7(10%) 1 6 6 0 0 1
1623 761 45
NAT effect 6 (14%) 1029 89 3300 46 34 3 7(10%) 0 7 3 0 1 -
evaluation 746 746 15
Total 42 (100%) 20,348 63 32,049 46 476 2 67 (100%) 29 38 49 7 7 1
2500 7500 45 (43%)  (57%)

USA United States, NAT neoadjuvant therapy
Data from PubMed/Medline, accessed on December 22, 2014
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College of Radiology [140], the European Society of Breast
Imaging [141, 142], or the multidisciplinary European
Society of Breast Cancer Specialists (EUSOMA) [143] but
also governmental bodies such as the National
Comprehensive Cancer Network [144] in the USA and the
National Institute for Health and Care Excellence [145] 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 USA and higher (30% or more)
in some European guidelines. However, in all guidelines
MRI is proposed for screening high-risk women. Key recom-
mendations issued by EUSOMA in 2010 [143] are summa-
rized in Table 17.8.

Table 17.7 Prospective studies on MRI including screening of women with increased familial BC risk

MRI-detected Invasive Metastatic
First author year, study MRI MRI invasive cancers Invasive grade 3/all  nodal
name country Subjects  sensitivity specificity <10 mm in cancers/all ~ DCIS/all invasive involvement/all
[Reference] enrolled (%) (%) diameter cancers cancers cancers invasive cancers
Warner 2004, Canada Mut 77 95 9/16 (56%) 16/22 (73%) 6/22 (27%) NR 2/15 (13%)
[132]
Kuhl, 2005, Germany Fam/Mut 91 97 NR 34/43 79%)  9/43 21%) 11/24 (46%) 5/31 (16%)
[133]
Leach 2005, MARIBS Fam/Mut 77 81 13/29 (45%) 29/35 (83%) 6/35 (17%)  19/29 (66%) 5/26 (19%)
UK [134]
Hagen 2007, Norway Mut 86 NR 8/19 (42%) 21/25 (84%) 4125 (16%)  13/21 (62%) 6/20 (30%)
[135]
Riedl 2007, Austria [136] Fam/Mut 86 92 8/16 (50%) 16/27 (59%) 11/27 (41%) 6/16 (38%)  2/16 (13%)
Rijnsburger 2010, The Fam/Mut 71 90 30/74 (40%) 78/97 (80%) 19/97 (20%) 28/72 (39%) 22/72 (31%)
Netherland [137]
Kuhl 2010, EVA Fam/Mut 93 98 9/16 (56%) 16/27 (59%) 11/27 (41%) 6/16 (38%) NR
Germany [138]
Sardanelli 2011, Fam/Mut 91 97 15/39 (38%) 44/52 (85%) 8/52 (15%) 28/44 (64%) 11/39 (28%)
HIBCRIT, Italy [111]
Evans 2014, MARIBS Fam/Mut  93-100 63 24/47 (51%) 47163 (75%) 16/63 (25%) 29/47 (61%) 8/47 (17%)

UK [139]

MRI magnetic resonance imaging, DCIS ductal carcinoma in situ, Fam women at elevated familial risk of breast cancer, Mut women proven to
carry a deleterious mutation in a breast cancer susceptibility gene (M), M mutation carriers only, NR not reported (From Santoro et al. 2014 [131],

modified, with permission)

Table 17.8 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); and 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 the 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 (reevaluation 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, and lobular intraepithelial neoplasia, when not associated with other risk factors, do not confer an increased risk

that justifies MRI screening

BC breast cancer, LTR lifetime risk, MRI contrast-enhanced magnetic resonance imaging, US ultrasound. From Sardanelli et al. [142], modi-
fied. Notably, the EUSOMA recommendations include also women who underwent chest radiation therapy, here discussed in the section

17.2.6.
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Secondary evidence in terms of systematic reviews were
published, generally confirming the introduction of annual
CE-MRI for high-risk screening in terms of both diagnostic
performance [146—148] and cost-effectiveness [149].

One relevant contribution came from an individual
patient data meta-analysis [150], authored by a team
including authors of six original studies. It was demon-
strated that the addition of MRI to mammography for
screening BRCA1/2 mutation carriers aged >50 improves
screening sensitivity by a similar magnitude to that
observed in younger women. This means that those guide-
lines which limit screening MRI in BRCA1/2 mutation
carriers only up to 50 years of age should be updated to
this new evidence.

17.2.4 Radioprotection Issues and the MRI
Alone Approach

The idea of avoiding mammography in carriers of gene
mutations conferring an increased BC risk is not new. It was
related to the well-known role of oncosuppressor genes such
as BRCA1 and BRCAZ2. Studies on animal model had shown
that BRCA?2 protein interacts with the DNA repair protein
Rad51, explaining a higher radiation sensitivity [151]. Thus,
also from our side [152], we suggested the possibility to
abstain from doing mammography at least up to age 35, tak-
ing into consideration that, on the basis of available studies,
the rate of undetected BCs was only 4%, limited to only duc-
tal carcinoma in situ (DCIS).

This view was subsequently confirmed by statistical mod-
eling of the risk of radiation-induced BC from mammo-
graphic screening for young BRCA mutation carriers [153]
and by the empiric demonstration of more DNA double-
strand breaks induced by mammographic exposure in human
mammary epithelial cells sampled from patients with high
than with low family BC risk, with a dose-effect exacerbated
in cells from high-risk women [154].

Moreover, mammography could be avoided also from the
viewpoint of a limited diagnostic performance. This was very
clear especially after the results of the EVA study conducted in
Germany [138] and of the HIBCRIT study conducted in Italy
[111]. The EVA study, based in four academic institutions,
included 687 asymptomatic women with familial high risk
(LTR >20%) who underwent 1679 annual screening rounds
composed by clinical breast examination (CBE), mammogra-
phy, US, and MRI; in a subgroup of 371 women, additional
half-yearly ultrasound and CBE were performed in more than
869 rounds. Of 27 BCs diagnosed (11 DCIS and 16 invasive),
3 (11%) were node positive. After a mean follow-up of
29 months, no interval cancers occurred; no cancer was identi-
fied by half-yearly ultrasound examinations. No significant
difference in detection rate was observed between US (6.0%)

and mammography (5.4%), with a not significant increase to
7.7% for both modalities combined. MRI alone had a signifi-
cantly higher detection rate (14.9%), unchanged by adding US
and not significantly increased by adding mammography
(MRI plus mammography, 16.0%) , and not changed by add-
ing ultrasound (MRI plus ultrasound, 14.9%). The PPV was
39% for mammography, 36% for US, and 48% for MRI.

Similar results were obtained by the HIBCRIT study
[111], based in 18 cancer centers, universities, and general
hospitals. We enrolled 501 asymptomatic women aged >25
who were BRCA mutation carriers, who were first-degree
relatives of BRCA mutation carriers, or women with strong
family history of BC or ovarian cancer, including those with
previous personal BC. A total of 1,592 rounds were per-
formed; 49 screen-detected and 3 interval cancers were diag-
nosed: 44 invasive and 8 DCIS; and 4 being pT?2 stage, 32 G3
grade. Of 39 patients explored for nodal status, 28 (72%)
were negative. Incidence per year-woman resulted signifi-
cantly higher at >50 years of age (5.4%) than at <50 years of
age (2.1%), 3.3% overall, significantly higher (4.3%) in
women with previous personal BC than in those without
(2.5%). The diagnostic performance of CBE, mammogra-
phy, US, and their combinations is reported in Table 17.9.

Atreceiver-operating characteristic analysis, MRI showed
a superior diagnostic performance than mammography or
US (0.82), while MRI combined with mammography and/or
US did not overrun MRI alone (Fig. 17.1). Of 52 cancers, 16
(31%) were diagnosed only by MRI. An example of the
superior sensitivity of MRI is shown in Fig. 17.2.

Both the German and the Italian studies showed that MRI
largely outperforms mammography, US, and their combina-
tion. While the EVA trial added the relevant information that
US, even when performed every 6 months, does not add sen-
sitivity, the HIBCRIT study demonstrated the effectiveness
of an MRI including screening protocol on the large scale of
18 centers. The PPV values were about 50 and 60% for the
two studies, respectively, a certainly good metrics in a
screening setting. Of note, specificity of MRI was obviously
very high in both studies, as of course expected when the
probability of the true negative is overwhelming. However,
only very recently the mantra about the low specificity of
breast MRI has begun to reduce its credibility.

The key point of the superior sensitivity of MRI is due to
the high detection of small cancers. In the HIBCRIT study,
the sensitivity for pTla—b BCs was 10/20 (50%) for mam-
mography plus US vs. 95% for MRI. Moreover, in an explor-
ative analysis, we also showed no gain in sensitivity as an
effect of the transition from film-screen (17/31, 55%) to digi-
tal mammography (8/19, 42%) [112].

This new MRI alone paradigm, i.e., the absence of addi-
tional diagnostic power by adding other imaging modalities
after a negative MRI, is due to the very high sensitivity and
specificity of the method. For statistical reasons, it is quite
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Table 17.9 Diagnostic performance of the different modalities in the HIBCRIT study

Modality Sensitivity (%) Specificity (%) PPV2 (%) NPV (%) LR+ LR—
Clinical breast examination 17.6 99.4 60.0 96.1 30.9 0.83
Mammography 50.0 99.1 73.5 97.6 58.1 0.50
Ultrasound 52.0 99.2 76.5 97.7 66.0 0.48
MRI 91.3* 97.4 61.8 99.6* 35.1 0.09*
Mammography + ultrasound 62.5 98.4 65.2 98.2 39.0 0.38
MRI + mammography 93.2 97.0 58.6 99.7 31.5 0.07
MRI + ultrasound 93.3 97.1 60.0 99.7 32.0 0.07

PPV?2 positive predictive value 2 (needle biopsy prompted), NPV negative predictive value, LR+ positive likelihood ratio, LR— negative likelihood
ratio, MRI contrast-enhanced magnetic resonance imaging. * indicates that the MRI value is signficantly better than each of the the other modality

or their combinations.
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Fig. 17.1 Receiver-operating characteristic analysis of diagnostic perfor-
mance of mammography (XM), ultrasound (US), MRI, and their combina-
tion for screening high-risk women. 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. HIBCRIT study [111]

unlikely that any other technique can add significant diag-
nostic gain, unless a huge sample size is considered.

This approach has been reinforced by the results of a
number of subsequent studies. A study from Ontario,
Canada, reported on the initial evaluation of 2207 high-risk
women [156]: of 35 BCs detected, none was identified by
mammography alone. A study from the Netherlands consid-
ering only BRCA1 mutation carriers [157] reported on 82
invasive BCs and 12 DCIS during the study. They had four
interval cancers (all invasive): MRI missed only 2 DCIS that
were detected by mammography (2/94, 2%). An update
from the Austrian study [158] showed that of 40 BCs 18
(45%) were detected by MRI alone and only two by mam-
mography alone (a DCIS with microinvasion and a DCIS

with <10 mm invasive areas), without leading to a signifi-
cant increase in sensitivity vs. MRI alone; no cancers were
detected by US alone.

Finally, an individual patient data meta-analysis including
six high-risk studies [159] recently showed that in BRCA1/2
mutation carriers, adding mammography to MRI did not sig-
nificantly increase sensitivity. However, the increase was
3.9% in BRCA1 but reached 12.6% in BRCA2 mutation car-
riers. In women with BRCA2 mutation younger than
40 years, one third of BCs were detected by mammography
only. We should consider here that the inclusion of only six
studies, based on the voluntary contribution of the individual
patient data by the authors of the original researches, did not
allow for including data from some other studies which
could have reduced the rate of BCs detected on mammogra-
phy only.

At any rate, due to the very low, if any, contribution of US
and the low contribution of mammography when compared
to MRI for screening a high-risk population, we can propose
the following simple recommendations:

1. MRI alone up to 35 years of age for all high-risk women

2. MRI alone for BRCA1 and p53 mutation carriers without
age limitations

3. Mammography as an adjunct to MRI for BRCA2 muta-
tion carriers after 35 years of age

Thus, the paradigm MRI as an adjunct to mammography
has been reverted into its contrary. 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 mediolat-
eral oblique one [160].

17.2.5 Impact on Patient Outcome
If the principles of evidence-based medicine [161] are

applied to screening programs, a high detection rate or a very
good diagnostic performance of a screening tool should not
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Fig. 17.2 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, underwent 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

be considered per se as a sufficient reason to implement this
screening tool in practice. Randomized controlled trials
should be performed to take into account lead time bias,
length bias, and overdiagnosis, finally evaluating whether
the screening under consideration has a significant impact on
mortality and patient outcome overall.

This rule should be theoretically also applied to high-risk
population. However, ethical issues make this approach (i.e.,
to obtain information from randomized controlled trials) no
longer possible for what we are considering in this chapter.
The demonstrated gap in sensitivity between MRI and mam-
mography and/or US is too high to propose a randomization
to a BRCA or p53 mutation carrier. We are convinced that no
ethics committee would approve such a protocol.

Therefore, we had to refer to an indirect evidence. On the
one side, an impact of the anticipated diagnosis obtained
with MRI in a high-risk population can be inferred consider-
ing the impact of screening mammography on the general
female population [114]. On the other side, relevant informa-
tion began to come from the cohorts included in the above-
mentioned high-risk studies.

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 invasive ductal carcinoma (6 mm in diameter) (From Podo
et al. 2016 [155], with permission)

Rijnsburger et al. [137] reported a 5-year cumulative
overall survival higher in the prospective MRI screening
patient series of the Dutch MRISC study (93%) than in insti-
tutional historical unselected controls, as well as in 26 pub-
lished series. This result was associated with a more favorable
tumor stage, particularly in a moderate-risk group.

Mgller et al. [162] reported on survival of patients with
BRCAIl-associated BCs diagnosed in an MRI-including
screening program. The 5-year BC-specific survival for
women with cancer was 75%, and the 10-year survival was
69%. The 5-year survival for women with stage 1 BC was
82% compared to 98% in the general population. The authors
commented that these survival rates were less than antici-
pated and the benefit of annual MRI surveillance on reducing
BC mortality in BRCAI mutation carriers remains to be
proven.

We argue that one key point is the historical context of
the cohorts of screened women, i.e., the associated effect of
early diagnosis combined with that of modern treatment
protocols to better exploit the advantage of an early MRI
detection. When Evans et al. [139] compared three cohorts
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Fig. 17.3 Kaplan-Mayer analysis of overall survival of high-risk
women affected with triple-negative breast cancers (TNBC) or non-
TNBC during the HIBCRIT study [111] (with permission)

of high-risk women who had no screening, mammography
or an MRI including program, a clear advantage of mam-
mography vs. no screening and MRI vs. mammography or
no screening is visible. However, these three cohorts are
not concurrent, but subsequent and their survival should
have been influenced by the progressive improvement of
therapies [131].

Our contribution has been to compare phenotype features
and survival of triple-negative BCs (TNBCs) vs. non-TNBCs
detected during the HIBCRIT study [155], on the basis of a
median of 9.7-year follow-up. The 44 invasive BCs (41
screen-detected and 3 BRCA1-associated interval TNBCs)
comprised 14 TNBCs (32%) and 30 non-TNBCs (68%),
without significant differences for age at diagnosis, meno-
pausal status, prophylactic oophorectomy, or previous
BC. Of 14 TNBC patients, 11 (79%) were BRCA1; of the 20
BRCAI patients, 11 (55%) had TNBC; and of 15 patients
enrolled for family history only, 14 (93%) had non-TNBCs.
TNBC patients had more frequent ipsilateral mastectomy,
contralateral prophylactic mastectomy, and adjuvant therapy.
The 5-year overall survival was 86% + 9% for TNBCs vs.
93% + 5% for non-TNBCs; 5-year disease-free survival was
77% = 12% vs. 76% + 8%, respectively, without significant
differences (Fig. 17.3). We are aware that the detection of
TNBCs in BRCA (especially BRCA1) mutation carriers
could have been responsible for the selection of more drastic
therapies vs. those decided for noncarriers, so that the rela-
tive contribution of MRI and systemic therapies is not easily
discernible [163]. At any rate, the relevant clinical message

here is that, in high-risk women, by combining an MRI-
including annual screening with adequate treatment, the
usual reported gap in outcome between TNBCs and non-
TNBCs could be reduced.

17.2.6 The Special Case of Previous Chest
Radiation Therapy

Women who underwent chest radiation therapy (CRT) during
pediatric/young-adult age (typically those treated for
Hodgkin’s lymphoma) have an increased BC risk, in particu-
lar those who received mantle CRT with high doses. The
cumulative BC incidence from 40 to 45 years of age in these
women is 13-20%, higher than that observed in the young
female general population and similar to that of BRCA muta-
tion carriers. The risk is higher for high doses delivered
between 10 and 16 years of age. The BC is diagnosed on aver-
age about 15 years after CRT at about 40, to be compared
with a mean age of about 61 in the general female non-
exposed population [164, 165]. These BCs are similar to
those encountered in the general female population in regard
to histopathologic subtype, receptor status, lymphatic inva-
sion, and nodal involvement. Of note, BCs in women who
underwent CRT exhibit a preferential localization at upper
external quadrants more extreme than that observed in women
with hereditary predisposition (67% vs. 48%, respectively);
moreover, in these women the possibilities of treatment of BC
mostly exclude radiation therapy and chemotherapy with
doxorubicin [166].

For women who underwent CRT, guidelines [109, 143,
167] recommend annual mammography and CE-MRI, start-
ing from 25 years of age or, for those women who had CRT
before 30, 8 years after the end of treatment. The rationale is
the similar BC incidence in the young age for women who
had CRT and women with hereditary predisposition associ-
ated with relatively lower sensitivity of mammography, also
related to the need to start at a young age, and higher sensi-
tivity of MRIL.

In the USA, a study published in 2009 [168] reported that,
of 551 women with previous CRT, 47% of those with
25-39 years of age never had a mammogram and only 37%
had biannual screening mammography, the same percent-
ages 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.

Before the MRI introduction, the breast surveillance of
women with previous CRT included annual physical exam-
ination and mammography [169]. This protocol allowed for
detecting 60% of BC in the preinvasive phase or at T1 stage
[170-174]. Two prospective [175, 176] and two retrospec-
tive studies [177, 178] compared mammography and
MRI. Sensitivity ranged from 67 to 70% for mammogra-
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phy, from 63 to 80% for MRI, with a 92% sensitivity
reached only in one retrospective study, with a very small
sample size for MRI [178]. Importantly, in women who
underwent CRT, MRI sensitivity is relatively lower (63—
80%) and that of mammography is relatively higher (67—
70%) than those observed in women with hereditary
predisposition, due to a higher incidence of DCIS with
microcalcifications [179] and low neoangiogenesis. A sen-
sitivity close to 95% can be obtained only using mammog-
raphy as an adjunct to MRI.

An expert panel [180] recently compared the recommen-
dations proposed by the following working groups: North
American Children’s Oncology Group (COG), Dutch
Childhood Oncology Group (DCOG), Scottish Intercollegiate
Guidelines Network (SIGN), and UK Children’s Cancer and
Leukaemia Group (UKCCLG). As a result of this compari-
son, a series of “harmonized recommendations” were
provided: physicians, health-care providers, and women who
had CRT should be informed on the treatment-related BC
risk (strong recommendation); the surveillance is recom-
mended for doses >20 Gy (strong recommendation); the sur-
veillance is reasonable for doses between 10 and 19 Gy,
taking into account the clinical context and further risk fac-
tors (moderate recommendation); the surveillance may be
reasonable for doses between 1 and 9 Gy, taking into account
the clinical context and further risk factors (weak recommen-
dation); the surveillance implies annual check from 25 years
of age or, at least, § years after CRT up to 50 years of age
using mammography, MRI, or both of them (strong recom-
mendation); and physical examination may be reasonable in
countries where only clinical surveillance is available (weak
recommendation).

Considering the available evidence, women who under-
went CRT before 30 receiving a cumulative dose >10 Gy
should be invited after 25 (or, at least, 8 years after CRT) to
attend the following program [181]:

1. Dedicated interview about individual risk profile in order
to define the potential of different breast imaging modali-
ties in this specific setting

2. Annual CE-MRI using the same protocol recommended
for women with hereditary predisposition

3. Annual bilateral two-view full-field digital mammogra-
phy or digital breast tomosynthesis (DBT) with synthetic
two-dimensional reconstructions

When reaching the age for entering population screening
program, the individual risk profile should be discussed with
the woman to opt for the only mammography/DBT screen-
ing or for continuing the intensive protocol including MRI.

Conclusions

More than 20 years after the identification of BRCA
gene mutations and 20 years after the introduction of
CE-MRI, evidence has been accumulated in favor of

MRI-including screening programs for high-risk
women. In some conditions, especially for BRCAI1
mutation carriers, MRI alone can be proposed.
Importantly, in the case of previous CRT, mammography
as an adjunct to MRI is always recommended as a high
incidence of DCIS with microcalcifications and low
neoangiogenesis limits MRI sensitivity.

The challenge for public health programs is to inte-
grate these protocols for high-risk women into the gen-
eral screening organization as models for a future
stratification of BC screening protocols on the basis of
different risk classes, up until a modulation based on the
individual risk estimate will be possible, including a
possible reduction of screening invitation to very low-
risk women.
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18.1 Mammography and Tomosynthesis

Rumana Rahim and Michael J. Michell

Abstract X-ray mammography remains the most effective
technique for routine breast cancer screening and plays a
key role in imaging the breast in symptomatic patients aged
from 40 years. The quality of mammography images has
improved significantly during the last decade with the
introduction of full-field digital mammography. However,
although it is the most acceptable and effective technique
used for population-based screening with reported breast
cancer mortality reductions of up to 20%, the sensitivity
and specificity of mammography are limited particularly in
younger women and in those with dense glandular breasts.

In modern practice, mammography is complimented by
other imaging modalities to improve lesion detectability and
characterisation and establish disease extent. These tech-
niques include ultrasound and contrast-enhanced MRI as
well as newer mammographic techniques including digital
breast tomosynthesis and contrast mammography.

R. Rahim * M.J. Michell (><)

Breast Radiology and Kings National Breast Screening Training
Centre, Kings College Hospital NHS Foundation Trust,
London, UK

e-mail: rumana.rahim @nhs.net; michael.michell @nhs.net

V. Londero (0<) » C. Zuiani ®* M. Zanotel * M. Bazzocchi
Department of Medical and Biological Sciences, Institute of
Diagnostic Radiology, University of Studies of Udine, Azienda
Ospedaliero Universitaria di Udine,

Ple S.Maria della Misericordia, Udine 33100, Italy

e-mail: viviana.londero@asuiud.sanita.fvg.it

C.K. Kuhl (P<)

University Hospital of Aachen, Rheinisch-Westfilische Technische
Hochschule, Aachen, Germany

e-mail: ckuhl@ukaachen.de

© Springer International Publishing AG 2017

In this chapter, we discuss the strengths and limitations of
mammography in the diagnosis of breast disease and the role
of advanced techniques in both diagnosis and screening
practice.

18.1.1 Mammographic Technique

Full-field digital mammography is now the standard of care,
and the optimisation of technical factors including auto-
matic exposure control, contrast to noise ratio, detail detec-
tion, and radiation dose is required for the detection of
subtle signs seen with early breast cancer. Breast composi-
tion can vary significantly between normal individuals with
differing proportions of fat, glandular, and stromal tissue.
The correct equipment and technique should allow for the
wide variation of patient build, breast size, as well as varia-
tions in anatomy.

Careful and skilled positioning of the breast including
keeping the patient at ease is essential. Firm and even com-
pression of the breast improves contrast by reducing radia-
tion scatter, improves resolution by reducing tissue overlap;
allows for reduced dose, uniform density and minimises both
geometric and movement unsharpness. This is essential for
the detection of both fine microcalcification and subtle soft
tissue signs, for example, distortion.

Standard mammography includes two views of each
breast. These are the medio-lateral oblique view and the cra-
niocaudal view (Fig. 18.1). The medio-lateral oblique
(MLO) view is performed by angulating the X-ray tube
between 30 and 60° depending on patient build, often 45°.
The nipple should be in profile, and the anterior surface of
the pectoralis major should be visible to the level of the
nipple. The inframammary skinfold should be visible with
no superimposed skinfolds on the breast. This projection
demonstrates more breast tissue than any other projection.
The aim of this view is the complete visualisation of breast
parenchyma and the retromammary fat as well as low axil-
lary nodes. Review of the area anterior to the pectoralis
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Fig. 18.2 (a) and (b) are Eklund projections which improve the visualisation of breast tissue in women with implants. (¢) and (d) are standard cc
projection mammograms in a woman with implants

muscle and in the immediate retroareolar region is impor-
tant for the detection of small breast cancers. An important
area of the breast not consistently well demonstrated on the
MLO projection is the upper inner quadrant which is better
demonstrated on craniocaudal (CC) view. The craniocaudal

view is performed with a vertical X-ray beam. The nipple
again should be in profile with as much breast parenchyma
as possible visualised, particularly that in the retroareolar,
medial and lateral aspects of the breast as well as the retro-
mammary fat.
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In addition to the standard views, supplementary views
can be used to improve the visualisation of abnormalities
or areas of the breast. Medially or laterally extended cra-
niocaudal views can be performed by rotation of the
patient. Fine-focus magnification views increase resolu-
tion and are used for the improved visualisation and char-
acterisation of microcalcification. Focal compression
views can be used to improve the characterisation of soft
tissue densities, asymmetrical densities as well as distor-
tions by displacing the overlying tissues. The Eklund tech-
nique is a modified compression view for patients with
breast augmentation (Fig. 18.2). The implant is displaced
toward the chest wall with anterior traction of the breast
tissue to improve visualisation.

18.1.2 Anatomy

The female breast typically has 12—15 lobes which contain
terminal ductal lobular units (TDLU). The TDLU consists of
acini and lobules which are constantly changing in size and
number according to hormonal status. The lobes are variable
in size, and the anatomical boundaries of these lobes are not
restricted by the quadrants often used to describe disease
location in radiology. The shape and contour of the breast are
also influenced by supportive fascia and Cooper’s ligaments.
The wide spectrum of appearances seen on a normal mam-
mogram is reflective of the heterogeneity in breast composi-
tion. The parenchymal subtypes were described in the
original classification system by Wolfe [1] to enable the rec-
ognition of normal mammographic structures.

Breast density is an important descriptor in the interpreta-
tion of mammograms. It has significant effects, both on
sensitivity and specificity. The mammographically dense
breast is an independent risk factor for breast cancer. Breast
density is determined by genetic factors and is influenced by
age, weight, pregnancy/lactation, medication including
exogenous hormones (inhibitors) and breast disease, for
example, inflammation. Breast density can be assessed sub-
jectively by the radiologist, but quantitative systems, for
example, Volpara and Qantra, provide more accurate, repro-
ducible data. The most widely used classification system in
current practice is the BI-RADS (Breast Imaging-Reporting
and Data System).

BI-RADS 1: The breast(s) is almost entirely adipose with
<25% glandular tissue (Fig. 18.3).

BI-RADS 2: The breast(s) has scattered fibro-glandular
tissue occupying 25-50% of the breast (Fig. 18.4).

Fig. 18.3 (a-b) MLO projection mammograms demonstrate the
BI-RADS classification of mammographic breast density. BI-RADS 1

Fig. 18.4 (a-b) MLO projection mammograms demonstrate the
BI-RADS classification of mammographic breast density. BI-RADS 2

BI-RADS 3: The breast(s) has heterogeneously dense
fibro-glandular tissue ranging between 50 and 75%
(Fig. 18.5).

BI-RADS 4: The breast(s) has extremely dense 75-100%
glandular tissue (Fig. 18.6).
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Fig. 18.5 (a-b) MLO
projection mammograms
demonstrate the BI-RADS
classification of
mammographic breast
density. BI-RADS 3

Fig. 18.6 (a-b) MLO projection mammograms demonstrate the
BI-RADS classification of mammographic breast density. BI-RADS 4

18.1.3 Indications

18.1.3.1 Symptomatic Patients

The triple assessment approach to patients in diagnostic clin-
ics includes clinical breast examination, imaging and biopsy,
if required. This ensures an efficient diagnostic process
which results in a definitive diagnosis of normal physiologi-
cal change, benign or malignant disease. Mammography is
routinely used in symptomatic patients who present to the
breast clinic and are aged 40 years or over. Mammography
should also be considered in those below 40 years presenting
with signs and symptoms suspicious for breast cancer and in
the investigation of male patients over 50 years with a unilat-
eral firm subareolar mass. Standard two-view mammogra-
phy in symptomatic patients may be complimented with
supplementary mammographic views or digital breast tomo-
synthesis for further characterisation of mammographic fea-
tures. Ultrasound should be carried out for any patients with
breast lumps, persistent focal lumpiness, change in breast
size with signs of oedema, change in breast contour, skin
tethering or skin dimpling and women with implant-related
symptoms as described by Willet et al. [2].

18.1.3.2 Population Screening

Screening mammography is the modality of choice for routine
population screening and has been shown to reduce the mortal-
ity rate in those invited to breast screening by approximately
15-20%. A meta-analysis of screening trials by Tabar et al. [3]
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demonstrated an overall reduction in breast cancer mortality of
22% with an invitation to breast cancer screening. The paper
showed a strong relationship between decreased rates of
advanced stage (stage II and higher) tumours and lower breast
cancer-specific mortality. The mortality benefit from mammo-
graphic screening continues following screening as shown on
follow-up data from the Swedish randomised control trials
published by Tabar et al. [4].

A screening programme must be underpinned by robust
quality assurance and measurements of performance to
ensure high quality. Mammographic screening should
include MLO and CC projections of each breast. The most
common age range for routine screening is 50-70 years. The
UK age extension trial is a multicentre trial examining the
effect of screening in women aged 47-50 and 70-73 and is to
report in 2022-2026. Over 2 million women have been
recruited with over 200,000 screens to date. Moser et al. [5]
reported the age extension pilot results which showed a 0.5%
cancer detection rate in those 4749 years and 1.1% in those
71-73 years with recall rates 2.5 times higher in those
47-49 years compared with the 71-73 years group. The US
Preventive Services Task Force published recommendations
in 2009 [6] of biennial screening for women 50-74 years for
general population breast screening and no screening for
those aged 40—49 years except on an individual case basis.
The effectiveness of mammographic screening of women
aged 4049 is less certain than for those over 50 years.

The frequency of mammography is variable dependent on
individual risk and the screening programme. Intervals vary
from 1 to 3 years. The UK programme invites women trian-
nually. However, Dibden et al. [7] demonstrated 44% of
interval cancers in this programme to be in the third year
following negative screen, suggesting that 3 years is too long
an interval for screening. Biennial screening has been sug-
gested as optimal for normal population screening.

Women of greater than average population risk of breast
cancer can be categorised as moderate or high risk. The UK
categorises women at high risk if they have a lifetime risk of
30% and moderate risk between 17 and 29%. The European
Society of Breast Cancer Specialists recommends high-risk
screening for women with a lifetime risk greater than
20-30%, and the American College of Radiology recom-
mends high-risk screening for those with a lifetime risk of
>20%. Moderate risk is classified in Europe and the USA as
a lifetime risk of >15%. There are a number of risk calcula-
tion tools including the Claus model, Gail model and
BOADICEA (Breast and Ovarian Analysis of Disease
Incidence and Carrier Estimation Algorithm). The
BRCAPRO and Manchester scoring system are used specifi-
cally for the assessment of BRCA mutations.

Mammographic screening is the mainstay in women with a
moderate lifetime risk with annual mammograms. Moderate-
risk women may have a family history without known genetic
mutations. Other risk factors include women with a personal
history of breast cancer; benign conditions like atypical ductal
hyperplasia (ADH), atypical lobular hyperplasia (ALH), and
lobular carcinoma in situ (LCIS); and dense breasts. Women
with a previous personal diagnosis of breast cancer have a
5-10% risk of recurrence in the first 10 years. The mammo-
graphic sensitivity is compromised in women who have had
breast conservation therapies. Houssami et al. [8] reported
sensitivities of 65% vs 76% in those with a personal history of
breast cancer vs. those without, with only 25-45% of recur-
rences detected on mammogram overall. Distortion from sur-
gery and increased density from radiation therapies can affect
the detectability of an early breast cancer.

Women of higher risk develop cancers at an earlier age,
perhaps in denser breasts with tumours with atypical mor-
phological mammographic features and a faster tumour
growth rate. Mammographic screening is often performed
annually from a younger age and is enhanced with magnetic
resonance imaging in higher-risk women due to the reduced
mammographic sensitivity reported in these women. MRI
screening studies report sensitivities of 77-100% vs. mam-
mographic sensitivities of 23-50% (Kuhl et al. [9], Kriege
etal. [10], Leach et al. [11], Sardanelli et al. [12] and Warner
et al. [13]). Women who have a high breast cancer risk due to
TP53 mutations or Li-Fraumeni or A-T homozygotes should
not undergo routine mammographic surveillance due to
increased radiation sensitivity.

18.1.4 Limitations

2D mammography has limitations. The advent of digital
mammography and full-field digital mammography has
improved the visualisation of breast disease in comparison to
film screen, especially in denser breasts; however, there has
not been the improvement in cancer detection as had initially
been hoped. In the DMIST study, Pisano [14] studied cancer
detection in digital vs. film-screen mammography in 49,528
women in a multicentre, multivendor trial and found digital
mammography to be more accurate in women <50 years
with dense breasts or who were pre-/perimenopausal. The
superimposition of structures can lead to the under-detection
of breast malignancy. Fifteen to thirty percent of cancers
may not be detected by screening mammography and present
as interval cancers, between screens.

Interval cancer rates can be used as a measure of the
effectiveness of a screening programme. It is not only a key
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quality indicator of a screening programme but allows for the
surveillance of individual radiologist performance and edu-
cation. Interval cancers tend to be larger in size at presenta-
tion compared to screen-detected tumours and are more
likely to have nodal metastasis. They tend to be invasive
tumours with less than 5% of interval cancers being due to
ductal carcinoma in situ (DCIS) in a study by Bennett et al.
[15]. In a review, Housammi et al. [16] report that interval
cancers have a prognosis similar to that of other symptom-
atic cancers. The review found approximately 25-45% of
interval cancers were due to a false-negative read, i.e. a per-
ception or misinterpretation error. These errors are usually
minimal signs, where perception errors may be improved
with double reading or CAD. In those cases clinically
assessed, the errors may possibly be reduced by assessment
guidelines and improved clinical decision making. True
intervals, with no findings on the screening mammogram,
account for 18-63% of cases. These cancers are hard to min-
imise except for the consideration of enhanced screening
techniques or shorter screening intervals where feasible.
Mammographically occult tumours at diagnosis account for
8-12%.

Studies have reviewed the characteristics of undetected
and missed cancers (Table 18.1). Birdwell et al. [22] reviewed
the data used in the Warren Burhenne et al. [20] study above
to demonstrate 30% of the missed cancers were microcalci-
fications and 70% were masses (28% were spiculate or irreg-
ular). They reported breast density to be the second most
common cause for missing a breast cancer (34% of cases)
following a distracting lesion as the most common cause

(44%). Bird et al. [18] also demonstrated missed cancers
were less likely to have microcalcifications and more likely
to be an increasing opacity in denser breasts.

Elmore et al. [23] report the overall sensitivity for screen-
ing mammography to be 75% with a specificity of 92.3%.
The accuracy of mammography is variable, being limited by
breast density and symptoms. Sensitivity and specificity in
fatty breasts are as high as 87% and 97%, respectively.

The sensitivity of mammography is reduced in situations
where the breast tissue may be obscured or distorted includ-
ing cosmetic techniques as well as following breast-
conserving treatments (Fig. 18.7). Heterogeneously and
extremely dense breasts are an independent risk factor for
breast cancer. Boyd et al. [24] discussed the increased risk
of breast cancer in women with dense breasts to be four- to
sixfold. The reasons for this are likely multifactorial, not
only due to the reduced sensitivity of mammography which
is only a “masking effect” but the increased volume of tissue

Table 18.1 Table of interval cancer studies with undetected and
missed cancer analysis

Interval % with (actionable)
cancers signs on previous

Author Year reviewed mammogram

Ikeda et al. [17] 1992 96 32

Bird et al. [18] 1992 320 24

van Dijck et al. [19] 1993 84 38

Warren Burhenne 2000 427 27

et al. [20]

Brem et al. [21] 2003 377 32

Fig. 18.7 (a-d) Silicone prevents the optimal visualisation of breast tissue reducing the sensitivity of the mammogram in the detection of early
breast cancers
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that may potentially undergo malignant change and possible
underlying genetic predisposition. Dense breasts are associ-
ated with epithelial proliferation and stromal fibrosis. The
review also looked at the effect of age, family history, diet,
alcohol consumption, exercise and race on breast density
and suggested age to have the strongest effect. Berg et al.
[25] reported a sensitivity of 45% for the detection of malig-
nant lesions in patients with extremely dense breasts. The
study also examined cancer detection by tumour type. The
sensitivity for invasive ductal cancer was 81% but 34% for
invasive lobular cancer.

Mammographic sensitivity can be affected by a number
of factors. The mammographic breast density and lifestyle
factors affecting this, patient age, and reader experience
affect the sensitivity (Banks et al. [26], Britton et al. [27]).
Patient age has been shown to be a significant factor in
mammographic sensitivity by multiple study groups. Kolb
et al. [28] showed the sensitivity in younger women with
dense breasts (<49 years) to be significantly lower than in
older women with dense breasts. The mammographic accu-
racy may be affected by the context in which it is performed,
as the reader may look for an abnormality on mammogra-
phy to explain a presenting clinical symptom. Kavanagh
et al. [29] reviewed 106,826 women presenting for routine
screening and compared asymptomatic women to those
with symptoms. The sensitivity in those with breast-specific
symptoms was 80.8% vs. 75.6% in those asymptomatic but
with significantly lower specificities of 73.7% and 94.9%,
respectively.

The sensitivity of mammography is improved by double
reading which may be carried out by two readers indepen-
dently or together. This is common practice in the UK and
other European countries. A systematic review by Taylor and
Potts [30] has shown a significant increase of approximately
10% in cancer detection rate with double reading. Published
data shows a variable effect on recall rate. In most studies
specificity is not compromised. In cases where there is dis-
cordance between reader 1 and reader 2, the process of arbi-
tration or consensus is used. Arbitration is performed by a
single reader and consensus is by a panel. Duijm et al. [31]
have shown the process of consensus and arbitration to be
effective in recalling the majority of cases with cancer while
minimising the recall rate.

Increasing the recall rate reduces the positive predictive
value and the cost-effectiveness of mass screening. Schell
et al. [32] performed a study of 1,872,687 mammograms in
the USA and concluded recall rates between 6.7 and 10%
(incident and prevalent screens) were optimal. Europe recall
rates are between 3 and 10%. Smith-Bindman et al. [33]
reported the average recall rate in the USA to be double that
of the UK with no difference in cancer detection rates. This
was explained in the study by multiple variations in screen-
ing practice between the UK and the USA. The UK national
programme has robust radiology quality assurance in place

including a minimum reading volume of 5000 mammograms
per year per radiologist. The balance of sensitivity vs. speci-
ficity depends on multiple factors. It may be affected by liti-
gation concerns; if the aim is to detect all cancers, i.e.
maximise sensitivity, this will increase recall rates and
reduce specificity.

The use of computer-aided detection (CAD) may opti-
mise cancer detection by one reader where double reading is
not available. The Computer-Aided Detection Evaluation
Trial IT (CADET II) compared single reader with CAD with
double reading to show cancer detection/sensitivity between
the two arms was similar, 87.2% and 87.7%, respectively
(James et al. [34]). The specificity of double reading was
higher at 97.4% in comparison to 96.9% with CAD which
also resulted in a higher recall rate. There was no statistical
difference between cancer subtypes although the CAD arm
detected more in situ disease and smaller, higher-grade
invasive disease. Pooled estimates from two meta-analyses
of 27 studies with CAD by Taylor and Potts [30] concluded
with the same results for cancer detection rates between
CAD and double reading but a lower recall rate with double
reading. It is reported that radiologist productivity was unaf-
fected by CAD, perhaps due to radiologist experience in the
final decision as to whether or not to recall (Brem et al. [21]).
In addition to this, Freer and Ullissey [35] reported CAD not
to affect the positive predictive value for biopsy.

CAD has been shown to be particularly effective in the
detection of microcalcification clusters. The detection of
microcalcification does not appear to be affected by breast
density (Brem et al. [36], Birdwell et al. [22]). Distortions
are the third most common mammographic sign for breast
cancer and can be very subtle with appearances often mim-
icking overlapping tissues. Baker et al. [37] reviewed the
performance of CAD on benign and malignant architectural
distortions. In this study, CAD was not sensitive to subtle
signs, detecting <50% of the cases. Among the cancers not
detected by CAD, studies have shown a posterior location is
more common; however, quadrants are equal.

CAD is a sensitive system; however, mammographic
reading also requires the expertise of an experienced radiolo-
gist who is able to distinguish correctly between true-positive
and false-positive prompts, ensuring that the correct areas
are recalled without compromising specificity (Azavedo
et al. [38]).

The positive predictive value (PPV) of mammography for
malignancy and that for biopsy varies widely according to
the mammographic sign, between 15 and 75%. The mam-
mographic signs with the highest predictive value for malig-
nancy are masses with a spiculated margin or irregular shape
and linear microcalcifications in a segmental or linear distri-
bution (Liberman et al. [39]). Lazarus et al. [40] reviewed the
PPV by BI-RADS category with BI-RADS 4 and above rec-
ommended for biopsy and reported a PPV between 6% for
BI-RADS 4a and 91% for BI-RADS 5 lesions.
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The recall rate following screening reflects the specificity
of mammography. The UK National Health Service Breast
Screening Programme (NHSBSP) screened 2.08 million
women in 2013-2014, detecting 8.6 cancers per 1000
screened of which 39.9% were 15 mm or less. The prevalent
and incident screen recall rates were 7.9% and 3%, respec-
tively. The false-positive rate in mammographic screening is
a limitation which has significant morbidities related to anxi-
ety and biopsy.

Screening is performed in otherwise (breast) healthy
women; the harm vs. benefit must therefore be addressed.
The Marmot review [41] of the benefits and harms in popula-
tion mammographic screening reported for every life saved
with breast screening, 180 women are screened or 235
women are invited to screening for 20 years. Screen-detected
disease that may not otherwise have resulted in harm to the
patient in her lifetime is known as overdiagnosis. The review
estimated that 19% of screen-detected cancers are due to
overdiagnosis or for each breast cancer death prevented,
three women are overdiagnosed.

Overdiagnosis may include the detection of small low-
grade invasive tumours and DCIS. The detection of DCIS
has significantly increased with the advent of screening
accounting for approximately 20% of screen-detected malig-
nancy. The benefit of detecting DCIS against harm has been
questioned. This is partly related to the very different natural
history of low-grade DCIS in comparison to high-grade
DCIS within the same disease category and the uncertainty
about the progression of disease. A review of over 5.2 mil-
lion screened women by Duffy et al. [42] provided evidence
that the diagnosis and treatment of DCIS in screening are
worthwhile and suggested that one less invasive interval can-
cer occurred for every three cases of DCIS detected.

The recognition of the variable sensitivity and specificity
of mammography dependent on patient factors has led to the
development of new techniques which enhance lesion detec-
tion compared with conventional mammograms. We discuss
digital breast tomosynthesis and contrast-enhanced digital
mammography.

18.1.5 Digital Breast Tomosynthesis (DBT)

DBT, sometimes called 3D mammography, provides the
reader with images of the breast in thin slices and overcomes
many of the interpretation problems of 2D DM due to over-
lapping normal tissue, sometimes referred to as “anatomical
noise”. The mammographic signs of breast cancer may be
obscured, particularly in women with dense fibro-glandular
breast tissue (Al Mousa et al. [43]), resulting in delay in the
diagnosis of cancer. The UK national interval cancer data
shows that up to 4000 women per annum (2.88 per 1000
screened) are diagnosed with breast cancer in the interval

between screens (Offman and Duffy [44]). Conversely,
superimposition of normal tissues may produce features on
mammography which are suspicious for cancer and lead to
unnecessary recall for further diagnostic tests. UK national
screening data for 2012/2013 show that of 2.3 million
women screened, 79000 (3.4%) without breast cancer were
recalled to specialist diagnostic assessment clinics for fur-
ther tests (Centre for Cancer Prevention [45]). DBT has
been incorporated into the routine for further mammo-
graphic investigation of breast lesions in many centres
replacing conventional spot compression views. Some cen-
tres in North America and Europe are already using DBT in
addition to conventional 2D mammography to screen
asymptomatic patients.

18.1.5.1 Technique

Tomosynthesis involves the movement of the X-ray tube in
an arc during which data from multiple low-dose projection
images are acquired. Between 9 and 25, low-dose projec-
tions are taken over an angular range of 15-50 degrees
depending on the manufacturer. Images for viewing are
reconstructed using either a filtered back projection or itera-
tive method from the low-dose projection image data and are
typically displayed as 1 mm thickness in-focus planes. The
images may be viewed singly or as a series, similar to view-
ing a CT scan. The total dose is comparable to that of con-
ventional full-field 2D digital mammography but depends on
the manufacturer. Certain systems can also produce a recon-
structed or synthetic 2D image from the tomosynthesis
images which can reduce the total dose further by avoiding
the need for conventional FFDM (Fig. 18.8).

18.1.5.2 Indications

This technique has been demonstrated to show increased
accuracy in comparison to film-screen and full-field digital
mammography (FFDM). This is particularly the case in the
characterisation of soft tissue abnormalities. There does not,
however, appear to be an advantage of DBT in the assess-
ment of microcalcification (Spangler et al. [46]). The
TOMMY trial (TOMosynthesis with digital MammographY)
reported DBT specificity was highest for distortions and
lower for microcalcifications (Gilbert et al. [47]). Michell
et al. [48] demonstrated an accuracy of 97% when interpret-
ing using DBT in comparison with 90% with 2D
FFDM. Cancer visibility has been shown to be superior with
DBT. Studies have shown single-view MLO projection DBT
to be more accurate in the detection of tumours than two-
view DM (Andersson et al. [49], Svahn et al. [50]).

The improved visibility of the margins of circumscribed
soft tissue lesions may enable readers to predict the likeli-
hood of malignancy as presented by Wasan et al. [51]. The
addition of DBT improves lesion conspicuity, margin analy-
sis and the detection of additional abnormalities.
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Fig.18.8 (a—c) a
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The role of DBT in the diagnostic workup of soft tissue
masses, distortions and asymmetrical densities is established.
The reported advantage is the improved ability to predict
malignant lesions without increasing the false-positive rate

(Morel et al. [52] and Zuley et al. [53]). Studies have shown
fewer benign biopsies and short-term follow-up are recom-
mended with the use of DBT. This results in a significant
improvement in the accuracy of diagnostic assessment. There
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are further advantages to using this technique over coned
compression views as visualisation of the whole breast
improves detection of multifocal disease.

Gur et al. [54] demonstrated an improved performance
with DBT including demonstrating lesion location and mul-
tifocal lesions; however, this was at the cost of an increased

Fig. 18.9 (a—d) DBT increases the conspicuity of a lesion enabling a
sign change in this case from a circumscribed mass to a spiculate mass.
This case is a screen-detected lymph node negative 12 mm grade 2 inva-
sive lobular carcinoma recalled to assessment on the (a) LMLO and (b)

Fig. 18.10 (a) LMLO 2D FFDM, (b) LCC 2D FFDM, (¢) LMLO
DBT, (d) LCC DBT, (e) left lat magnification view and (f) left CC mag-
nification view. The 2D FFDM screening mammograms (a, b) demon-
strate microcalcification which underwent supplementary views. DBT

false-positive rate which was justified by the increased true
positives (Figs. 18.9, 18.10, 18.11, 18.12, 18.13).

18.1.5.3 Potential Use in Screening
A topic which is of interest in research at the time of writing
this chapter is the possible use of DBT in the routine

LCC 2D FFDM, which demonstrated a circumscribed mass in the lower
outer breast. (¢) LMLO (d) LCC DBT demonstrates a spiculate lesion
improving reader confidence and BI-RADS 5 score from the initial
BI-RADs 4a based on the 2D images

(¢, d) demonstrates a spiculate mass which is occult on the 2D. The
magnification views (e, f) demonstrate the microcalcification and subtle
increased density. Final pathology demonstrated a grade 2 invasive duc-
tal carcinoma with axillary lymph node involvement
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Fig.18.10 (continued)

Fig. 18.11 (a) RMLO 2D FFDM, (b) LMLO 2D FFDM, (¢) LMLO
DBT and (d) RMLO DBT. The 2D FFDM demonstrates bilateral breast
cancers. The left breast cancer was a grade 2 invasive ductal carcinoma
with spread into the axillary lymph nodes. The right breast cancer was

screening of women for breast cancer. The radiation dose of
DBT is similar to that of established 2D DM which invites
the possibility of this technique being used for population
screening. Studies of DBT used in addition to 2D DM have
shown a significant increase in invasive cancer detection
rates with no significant effect on DCIS. Further prospective

a grade 2 invasive lobular carcinoma. However, the extent of the breast
tumour is more clearly appreciated with the DBT especially the right
breast tumour

trials are underway in North America (TMIST), Norway
(Oslo trial), Italy (Storm trial), Sweden (Malmo trial) and the
UK (PROSPECTS).

The Malmo Breast Tomosynthesis Screening Trial
(MBTST) showed an increase in sensitivity in cancer detec-
tion with single-view DBT vs. two-view mammography. This
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Fig. 18.12 (a) LMLO 2D FFDM, (b) LCC 2D FFDM, (¢) LMLO
DBT, (d) LMLO DBT and (e) LCC DBT. (a-b) 2D FFDM images of
the left breast demonstrate BI-RADS 3 breast density with a nodular
parenchymal pattern and multiple densities with partial visualisation of

the margins. (c—e) DBT images enable clear visualisation of 100% of
the margins of these multiple lesions which were biopsy-proven fibro-
adenomas. The DBT images enable confident diagnosis of benign
lesions which would require no further investigation
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Fig. 18.13 (a) RMLO 2D FFDM, (b) RMLO 2D FFDM, (¢) RMLO
DBT, (d) RMLO DBT, (e) RCC DBT, (f) axial 1 min post-contrast MRI
and (g) axial 1 min post-contrast MRI. This case illustrates the detec-
tion of multifocal disease in a screen-detected multifocal grade 2 inva-
sive lobular carcinoma. The asymptomatic woman was recalled for a
new central irregular-shaped mass on routine 2D screening mammo-

gram (a—b). DBT at the time of assessment demonstrated the central
mass as two spiculate lesions on (¢) RMLO DBT and (e) RCC
DBT. Further to the recalled lesions is a distortion in the right upper
outer breast not appreciated on 2D FFDM but detected on the (d)
RMLO DBT and (e) RCC DBT. Post-contrast MRI images (f-g)
illustrate the three tumours
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study design takes into account the practical issues of increased
radiation dose and radiologist reading time, increased costs
and increased data storage by the use of a single MLO DBT
view as opposed to two-view DBT. This may enable DBT to
be more feasible in the context of mass screening (Table 18.2).

A further area of interest is the reconstruction of tomo-
synthesis images into a synthetic 2D mammogram which
may be comparable to conventional 2D FFDM (Fig.
18.14). The clear advantage is the dose reduction as a result
of not needing to perform conventional 2D digital mammog-
raphy. Skaane et al. [58] demonstrated cancer detection using
conventional 2D FFDM vs. reconstructed synthetic 2D
imaging showing no statistical difference when using the
most current software. They also reported that a single read
of synthetic 2D with DBT detected more cancer than double
read FFDM.

DBT may demonstrate subtle lesions which are not visi-
ble using conventional 2D mammography or ultrasound.
DBT-guided biopsy/intervention is now available. This
technique can be used not only for the biopsy of subtle
lesions seen on DBT alone but also for the same indications
as stereo-guided biopsy or wire insertion.

There are challenges and some uncertainties related to the
implementation of DBT in routine screening. There is a
continued requirement for 2D or synthetic 2D mammogram
images. There is uncertainty about the continued effect of
DBT on sensitivity and specificity following the first
“prevalent” DBT screen.

There are mixed results from studies for recall rates as
well as a possible increase in single reader/discordant cancer
detection. This would imply there is a learning curve with
the perception and interpretation of tomosynthesis images. It
is also possible that DBT may further increase overdiagnosis
rates. The Oslo Tomosynthesis Screening Trial showed
increased cancer detection with biologically significant dis-
ease and no increase in the detection of DCIS. The improved
performance of DBT was seen in all breast densities includ-
ing fatty breasts.

There may be increased costs associated with the tech-
nology, image data storage and longer reading time

(Bernardi et al. [59]). The increase in radiologist reading
time which may improve with experience; however, this
may limit reading volumes possible by a reader as well as
have cost implications. The Oslo screening study estimated
a reading time of 45 s for 2D and 91 s with DBT. It is pos-
sible that reading times are longer than this depending on
experience, equipment and hanging protocols. The quality
assurance workload for radiographic and physicist staff is
increased as is the time to perform studies. This again has
implications for a high volume screening workloads and
cost. The Oslo study estimated an increase of 10 s per view
for an experienced mammographer to perform DBT in
combination with the 2D DM. A centre using tomosynthe-
sis will also consider the increase in data storage capacity
required (an approximation of 20 MB for 2D vs. 2000 MB
for DBT).

CAD may play a role in DBT screen film reading. This is
being investigated in an arm of the Oslo trial; however,
Kilburn-Toppin and Barter [60] have suggested CAD would
remain a supplementary tool only and will not substitute
radiologist reading.

18.1.6 Contrast-Enhanced Spectral
Mammography

This new technique has been described as a more accessible
breast MRI study. Contrast-enhanced spectral mammogra-
phy (CESM) utilises tumour angiogenesis in a similar way to
contrast-enhanced breast MRI (CE-MRI). CE-MRI is cur-
rently accepted as the most sensitive imaging technique for
detecting and staging breast cancer.

18.1.7 Technique

There are two recognised techniques used in CESM: tempo-
ral subtraction and dual energy. Both techniques involve the
administration of iodinated contrast at a rate of approxi-
mately 3 mL/s.

Table 18.2 Table of prospective DBT Breast cancer screening studies with double reading

Cancer detection  No. of cancers/1000

Study No. of patients ~ Design Recall False-positive rate  rate 2D vs. 3D(+2D)
Oslo 12,621 2 view (V) 2D vs.  Increase 32% Decrease 13% Increase 31% 6.1 vs. 8.0
(Interim results: 2V2D+2V3D

Skaane et al. [55])

Malmo 7500 2V2D Increase 43% Increase 43% 6.3 vs. 8.9

Lang et al. [56] vs. 1 V3D

STORM 7292 2V 2D Decrease 17.2% Increase 51% 5.3 vs. 8.1
(Interim results: VS.

Ciatto et al. [57]) 2V2D+2V3D
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Fig. 18.14 (a—c) Images courtesy of Hologic, Inc. This is a case of invasive ductal carcinoma seen as an architectural distortion with associated
microcalcification seen on the 2D, DBT and reconstructed 2D
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Temporal subtraction acquires images with the patient’s
breast held in a single light compression which limits move-
ment and minimises compression of the blood vessels. A
pre-contrast image is taken and contrast is administered via
power injector. Multiple high-energy images are taken over
several minutes. The pre-contrast image is subtracted from
the post-contrast images. Software enables the kinetic analy-
sis of a lesion as with CE-MRI. A single contrast dose is
required for each analysis with one breast in one projection.

In the dual-energy technique, images are acquired using high-
and low-energy exposures following contrast administration via
a power injector. A subtraction technique is then used to suppress
the background of fibro-glandular tissue and fat, enabling clear
demonstration of enhancing tissue. The light compression used is
to avoid motion but enable blood flow. The shorter time to acquire
the images in this technique limits motion artefact compared with
the temporal subtraction technique. Images in MLO and CC pro-
jections of both breasts can be taken with a single contrast injec-
tion over 5—10 min. The dose is between 20 and 50% higher than
that of a single mammographic view. Kinetic analysis is not pos-
sible with this technique (Fig. 18.15).

18.1.8 Possible Indications

This technique is predominately used in the research setting
at the time of writing this chapter, although some centres
have begun using this technique in diagnostic clinics and
possibly in the screening of high-risk patients. It is proposed
this technique can be used with similar clinical indications as
CE-MRI, although this has yet to be established. These
include:

e The staging of diagnosed breast cancer particularly in
women with dense breasts or distracting benign lesions.
This includes evaluating disease extent as well as multifo-
cal disease and contralateral disease which may be mam-
mographically occult.

e The investigation for equivocal breast lesions.

e An alternative to CE-MRI for the screening of high-risk
family history screening.

e The detection of a primary tumour in patients with posi-
tive axillary lymph nodes and negative standard mam-
mography and ultrasound.

* The potential evaluation of treatment response for breast
tumours undergoing neoadjuvant chemotherapy or pri-
mary hormonal therapy.

e The investigation of recurrent disease where posttreat-
ment changes may make mammographic interpretation
challenging.

The sensitivity of CESM has been proven to be compa-
rable to that of CE-MRI in the detection of index tumours.
Jochelson et al. [61] demonstrated CESM and CE-MRI to
both exhibit a sensitivity of 96% in detecting the index
tumour (81% with conventional mammography) using the
dual-energy technique. However, CE-MRI was significantly
more sensitive in the detection of multifocal and multicen-
tric additional ipsilateral disease than CESM (56% vs. 88%,
respectively). CESM has been shown to give an accurate
size measurement/disease extent compared with the final
histology (Dromain et al. [62] and Jochelson et al. [61]).

The improved sensitivity of CESM in comparison to non-
enhanced mammography is seen in all breast types
(Diekmann et al. [63]). The higher spatial resolution of
mammography to MRI enables a more critical analysis of
lesion morphology as well as the visualisation of microcalci-
fication, not visible with CE-MRI. This is evident by the high
rates of specificity reported with CESM than with
CE-MRI. Jochelson et al. [61] reported a PPV of 97% for
malignancy with CESM compared with 85% for
CE-MRI. The improved specificity with CESM may reduce
the false-positive findings and benign biopsies secondary to
CE-MRI as well as avoiding the practical limitations of
scheduling the study by the woman’s menstrual cycle, which
does not affect CESM. Studies using the temporal subtrac-
tion technique have shown very variable kinetic analysis
curves for malignant lesions that do not reflect those seen
with CE-MRI. However, the enhancement patterns and dis-
tribution seen with CESM may mimick those seen with
CE-MRI. Jong et al. [64] describe rim-like enhancement,
irregular masses and inhomogeneous and linear enhance-
ment of malignancies using a temporal subtraction
technique.

CESM would be more cost-effective and time efficient in
the diagnostic clinic setting where it may be performed along
with standard mammography and ultrasound. CESM may
also enable a more accessible means to biopsy and localise
disease occult by conventional imaging methods.

The limitations of CESM include the contraindications
for contrast administration which are documented contrast
allergy, renal insufficiency and the relative contraindications
of pregnancy and lactation. Similarly, potential complica-
tions include those of intravenous access and contrast
reactions. Tumour conspicuity may be affected by the
possible reduced blood flow and hence subsequent
enhancement from compression of the breast, the reduced
contrast resolution and the effect of enhancing overlying
fibro-glandular tissue. The limitations of this technique in
enhanced high-risk screening instead of CE-MRI would be
secondary to the ionising radiation dose.
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Fig. 18.15 (a-h) Images courtesy of Dr. Sarah Tennant, Nottingham  This area of increased density may easily be overlooked on 2D DM. The
University NHS Hospital and the Nottingham Breast Institute. (a—d) are  post-contrast subtracted images (e-h) clearly demonstrate two grade 3
the low-energy images of BI-RADS 4 dense breasts. The smaller invasive ductal cancers measuring 19 and 13 mm on final histology
tumour is seen on the (b) LMLO 2D FFDM with only a subtle increased ~ without overlapping breast tissue or distracting lesions

density seen within the upper breast representing the larger tumour.
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18.2 Ultrasound

Viviana Londero, Chiara Zuiani, Martina Zanotel, and
Massimo Bazzocchi

Abstract Breast ultrasound (US) is an indispensable tool in
breast imaging, and, thanks to advances in US technology, its
role is currently not limited to distinguish cystic from solid
masses. In fact, a variety of new technical developments, the
use of high-resolution probes and the application of a
standardised BI-RADS US lexicon have improved
characterisation of solid breast masses.

The authors provide an overview of recent advances in
US technology, highlighting the applications of breast US in
clinical practice. A description of BI-RADS US lexicon and
the semiotic of cystic and solid breast lesions will also be
presented.

Keywords Breast ultrasound ¢ BI-RADS US e Breast
disease * Colour Doppler ¢ Elastography « 3D US « ABUS

18.2.1 Introduction

Breast ultrasound (US) has become an indispensable tool in
breast imaging, usually complementary to mammography and
magnetic resonance (MR) imaging. Although is under discus-
sion the use of whole-breast US as supplement screening tool
in women with dense breasts, its primary and routinely role is
the characterisation of lesions detected at mammography, MR
imaging or clinical breast examination [65].

The first clinical applications of breast US in the 1960s
exploited the ability of US to distinguish cystic from solid
masses, with the result that cystic benign lesions did not
require further workup [66]. However, the poor image con-
trast and fair resolution of the first US machines did not
allow further differentiation among solid breast masses
[65]. Over the next decades, the advances in US technology,
the development of high-frequency US transducers and the
application of a standardised BI-RADS US lexicon allowed
to obtain more detailed information about shape, orienta-
tion, margins, lesion boundary, echo pattern and posterior
acoustic features of breast lesions, with the result to improve
lesion conspicuity in the background of surrounding paren-
chyma and to improve characterisation of solid breast
masses.

The US semiotic was subsequently ameliorated after the
publication of Stavros’ landmark study in 1995 [67], demon-
strating that high-resolution greyscale US imaging could
accurately distinguish benign from malignant lesions. In par-
ticular, Stavros et al. [67] developed a classification system
for solid breast masses that achieved a 98.4% sensitivity and

a 99.5% negative predictive value for malignancy. Among
benign US features, the author included ellipsoid shape, gen-
tle bi- or tri-lobulations, a thin echogenic capsule and a
homogeneously echogenic echotexture [67]. Malignant US
features included spiculated or angular margins, “taller-than-
wider” orientation, marked hypoechogenicity, posterior
acoustic shadowing and microcalcifications [67].

These important results were confirmed by other authors
[68, 69], and the “Stavros’ sonographic features” or “Stavros’
criteria” are currently considered the cornerstones in the US
assessment of breast solid lesions. Nowadays, these US signs
(“descriptors™) are widely illustrated and validated by the
ACR BI-RADS US (Breast Imaging-Reporting and Data
System) [70].

18.2.2 Conventional 2D Ultrasound,
Compound Imaging and Harmonic
Imaging

In addition to traditional greyscale US examination
(B-mode), complementary tools now available in almost US
units include compound imaging and harmonic imaging that
can be used to ameliorate image contrast and resolution.
Colour Doppler and power Doppler (more sensible to low-
flow vessels) analysis allows to assess vascular architecture
of the lesion and of surrounding breast tissue.

18.2.3 Compound Imaging and Harmonic
Imaging

High-quality 2D US in combination with a precise examina-
tion technique, including radial and anti-radial scanner
movements and a moderate tissue compression, is the basis
for improving lesion conspicuity and for detecting small
breast lesions and early-stage breast cancers.

Compound imaging and harmonic imaging represent 2D
US technical advances introduced to ameliorate the image
contrast and resolution, and these tools should be routinely
used during US examination in order to optimise image qual-
ity. Compound imaging, with the use of an electronic beam
steering, allows to acquire multiple US images from differ-
ent angles, providing in real time a single final image that
represents the average of these multiple images [71, 72]. The
main advantage of compound imaging is that returning
echoes from real structures are enhanced, with improved
contrast resolution, resulting in a better definition of lesion
margins, echogenic halos, posterior and lateral borders and
better visualisation of microcalcifications and subtle archi-
tectural distortions [72]. Therefore, compound imaging is
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able to reduce some advantageous artefacts such as artefacts
behind Cooper’s ligaments, but, at the same time, some help-
ful artefacts typically used as semiotic signs to differentiate
cystic from solid nodules (such as posterior acoustic enhance-
ment or shadowing) can be eliminated. Therefore, caution is
necessary when applying this technique to lesion analysis.

Another modern algorithm, called “speckle reduction
imaging” (SRI), that can be used simultaneously with com-
pound imaging can help to enhance contrast and to optimise
image quality during US examination.

To explain harmonic imaging, we have to consider that
when US pulses travel along breast tissue, they can be

distorted, creating harmonic frequencies [72]. The return-
ing US signals may therefore contain both the original fun-
damental frequency and its multiples or harmonics. In
harmonic imaging, the higher harmonic frequencies are
filtered and used to create the greyscale US image with
improved contrast, whereas lower-frequency artefactual
internal echoes (typical of fluid components) are elimi-
nated. As a consequence, the harmonic technology pro-
vides a better characterisation of simple cysts (especially if
small) (Fig. 18.16) and a better definition of subtle lesions.
Harmonic imaging also improves lateral resolution and
assessment of lesion margins (Fig. 18.17).

Fig. 18.16 Harmonic imaging. Solid hypoechoic lesion (fibroadenoma). Harmonic imaging (right figure) shows more accurately lesion margins

and allows a significant increase of signal to noise ratio

Fig. 18.17 Harmonic imaging. Hypo-anechoic lesion in woman with previous quadrantectomy; harmonic imaging (right figure) highlights with
greater accuracy the oval morphology and partially circumscribed margins defining the cystic nature of the lesion (liponecrosis)
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18.2.4 Colour Doppler and Power Doppler

With improvements in breast US technology, colour Doppler
and power Doppler have become complementary tools to
greyscale breast ultrasound, giving information about vascularity
of solid lesion and of surrounding breast tissue. Power Doppler
has been seen to be more sensible to low-flow vessels typical of
breast lesions that, generally, require a moderate tissue com-
pression in order to prevent occlusion of vessel lumen.

First applications of colour Doppler in the mid-1990s and
early 2000s demonstrated that the presence of increased vas-
cularisation within a solid breast mass could raise the suspi-
cion of malignancy. In fact, Cosgrove et al. [73] in 1993 found
that 99% of malignant lesions exhibited significant vasculari-
sation at colour Doppler compared to only 4% of benign
lesions. Sehgal et al. [74] found that benign lesions were two
times more vascular than the surrounding tissue, compared to
five times higher vascularity of malignant lesions.

Further studies in subsequent years did not confirm these
initial promising results and concluded that colour Doppler
should not be considered a reliable tool in the assessment of
breast disease, because it could not accurately differentiate
benign from malignant lesions [75, 76]. Although consensus
has not been reached on usefulness of Doppler analysis,
nowadays these vascular tools should be an integral part in
every breast ultrasound practice.

In Gokalp’s study [76], power Doppler criteria predictive
of malignancy included hypervascularity, penetrating vessels
within a solid mass and neovessels with branching-disordered
course; however, the authors did not find any contribution to
BI-RADS US, with the addition of power Doppler ultraso-
nography and spectral analysis.

Thanks to higher sensitivity to low-flow vessels, power
Doppler may be useful in distinguishing a “centripetal”” vascu-
lar pattern, generated by anomalous neovessels in malignant
lesions, from the “centrifugal” vascularity (with a parallel
artery and vein in the periphery or inside a lesion), predomi-
nantly associated with benign lesions (such as fibroadenomas)
or with anatomic structures (such as lymph nodes). In particu-
lar, lymph nodes can be easily recognised because they exhibit
a rich hilar vascularisation, also if small sized. Therefore,
power Doppler, when used in addition to B-mode US, may
reinforce the benign or malignant suspicion of a solid mass
and can help to improve BI-RADS assessment category.

Assessment of lesion vascularity is recommended but is
not considered mandatory in the BI-RADS US lexicon [70]
that includes three descriptor choices ((a) absent, (b) internal
vascularity, (c) vessels in rim). In the US section of the new
BI-RADS fifth edition [70], the special category has been
expanded with the additional terms of arteriovenous malfor-
mations and Mondor disease.

In addition to all potential uses above described, the
application of colour Doppler may be helpful during breast

interventional procedures, in order to avoid hitting great vas-
cular structures with the risk of bleeding and obscuring the
target lesion (particularly frequent in lesions of small dimen-
sions or located deep in the breast). Besides, a biopsy marker
clip may create a twinkle artefact, best appreciable with
colour Doppler.

18.2.5 US Elastography

US elastography has the ability to measure tissue stiffness, in
a similar manner of palpation during physical examination.
Two types of elastography are available today: strain and
shear wave.

Strain elastography requires gentle compression with US
probes that results in a tissue displacement (or strain), usu-
ally inversely correlated with tissue stiffness [77]. This tech-
nique provides qualitative information, in a colour-scale
image, although the strain ratio, comparing the strain of
lesion to the surrounding breast tissue, can be calculated [78,
79]. Stiff malignant masses usually exhibit higher strain ratio
in comparison with benign lesions.

In shear-wave elastography, the US probe generates tran-
sient, automatic pulses that induce transverse waves in the
tissue. The US system measures the speed of these waves,
which travel faster in hard tissue compared with soft tissue
[80]. A quantitative information, represented by the tissue
elasticity and measured in KPa or m/s, can be calculated.

Therefore, some parameters obtained with elastographic
analysis such as strain ratio, shape, homogeneity and maxi-
mum lesion stiffness (Fig. 18.18) can enrich the conventional
sonographic features, improving specificity in the diagnosis
of breast lesions.

On elastography, malignant lesions typically appear more
irregular, heterogeneous and larger compared with greyscale
B-mode examination [81, 82]. Moreover, although malig-
nant lesions exhibit maximum stiffness greater than
80-100 KPa [82, 83], a variability among lesions and among
elastography techniques may exist [82].

Some papers found that high stiffness, measured at shear-
wave elastography, is highly correlated with more aggressive
behaviour tumours, including high-nuclear-grade, large-
sized lesions and early lymphatic and vascular invasion [84].

Despite these initial promising results about usefulness of
elastography in clinical practice, some limitations exist such
as differences between the two methods (strain and shear
wave) and among different US machines and the presence of
inter- and intra-observer variability, affected by degree and
method of compression, although shear-wave technique
seems to be less operator dependent [85]. In addition, one
must be aware that elastographic assessment is less accurate
in lesions deeper than 2 cm and that soft cancers or hard
benign lesions may exist.
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Fig. 18.18 Elastography. Hypoechoic circumscribed lesion (fibroadenoma) that is predominantly elastic, depicting the typical mosaic pattern of

green and blue (BI-RADS US 2) on elastography (right image)

Fig.18.19 3D ultrasound.
Invasive ductal carcinoma
grade 1. Images of 3D US are
presented in three planes
(“multiplanar display mode”).
The coronal plane allows a
better evaluation of tumour
margins and distortion type of
growth pattern, typically
associated with malignant
lesions

18.2.6 Advances in US Technology

New technical developments such as 3D ultrasound, dedi-
cated CAD (computer-aided diagnosis) and automated
whole-breast ultrasound (ABUS) are promising methods
suitable for the future clinical practice [65, 72, 86].

18.2.7 Three-Dimensional (3D) Ultrasound

3D ultrasound has been recently developed, and high-resolution
linear 3D transducers are available in new US machines for a
new multidimensional breast imaging. 3D US technology, with

a single pass of the ultrasound beam, allows the acquisition of
a volume data set, from which the static 3D information will be
reconstructed. In 3D US, reconstructed 3D sonographic images
are displayed in a “multiplanar display mode” allowing the rep-
resentation of breast lesions and of surrounding breast tissue in
three spatial planes (coronal, sagittal, and transverse plane) [86,
87] (Fig. 18.19). The system allows to navigate through the
entire volume, performing parallel movements through the
image slices in the three orthogonal planes.

Compared to standard 2D US, 3D images provide a more
accurate assessment of tumoural margins and of surrounding
breast tissue; moreover, the multiplanar representation is
available for a double reading.
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Fig. 18.20 3D Ultrasound.
Invasive ductal carcinoma
grade 2 with intraductal
component, with lesion’s
volume calculation. 3D US
can easily obtain calculation
of tumour volume (cm?) by
the VOCAL software (“virtual
organ computer-aided
analysis”)

In particular, Rotten [87], by using 3D US, described two
main peritumoural tissue patterns, particularly visible in the
coronal plane, corresponding to “compressive pattern”, typi-
cally associated with benign lesions, and “converging or stel-
late pattern”, associated with malignant lesions. By using
these criteria of peritumoural tissue pattern, the authors [87]
achieved a 91.4% sensitivity, a 93.8% specificity, an 86.9%
positive predictive value and a 96% negative predictive value
in the differentiation between malignant and benign lesions.

Moreover, 3D US has a potential role in the assessment of
tumoural response to neoadjuvant chemotherapy, offering a
precise and reliable volume calculation with VOCAL software
(“virtual organ computer-aided analysis™) [86] (Fig. 18.20).
3D US can also be used for the volumetric assessment in the
preoperative evaluation of breast lesions [88].

A future application of 3D technology should include 3D
ultrasound guidance during breast needle biopsies, with the
goal of reducing sampling errors due to “partial volume
effect”, especially with small-sized breast lesions.

18.2.8 Automated Whole-Breast Ultrasound
(ABUS)

ABUS is a new technological advance in which breast scan-
ning is performed automatically by using a curved transducer
that is larger compared to traditional handheld (HHUS) probe

Vol.: 314 emd

and is similar, in size and shape, to a mammography compres-
sion paddle. This automated transducer is placed over the
breast using a moderate tissue compression, with patient lying
supine on the table, and allows to scan the whole breast auto-
matically. Usually, three acquisitions (AP, lateral and medial)
for each breast are needed, which may increase to four or five
acquisitions in women with larger breasts. On average, total
acquisition time is 15 min, with medium-sized breasts [89].

All imaging data obtained during scanner acquisition are
processed and stored on a computer hard drive and finally
can be visualised on a standard workstation during reporting
and interpretation session. On workstation screen, ABUS
images can be displayed in the transverse, coronal or sagittal
plane (Fig. 18.21), typically not available with traditional 2D
US imaging. In particular, the coronal view is particularly
helpful in detecting areas of architectural distortions, which
may be difficult to appreciate on standard axial images [90]
(Fig. 18.22). ABUS offers also the possibility to visualise
real-time images at the time US examination is performed, in
a similar manner of HHUS examination.

Automated US offers several advantages over traditional
HHUS scanning, such as higher reproducibility, less opera-
tor dependence and less physician time for image acquisi-
tion. In fact, the physician time required by ABUS includes
only time for interpretation, approximately 3 min to read a
negative examination, whereas time for image acquisition
has been now eliminated [89].
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Coronal reconstruction

Sagittal reconstruction

Fig. 18.21 ABUS. Invasive lobular carcinoma. Hypoechoic lesion with indistinct margins and posterior shadowing artefacts (BI-RADS US 5)

shown in axial, sagittal and coronal planes

There are some limitations in automated US technology,
which are the presence of shadowing artefacts in the sub-
areolar region (that may obscure actual lesions or create
unreal findings) and the incomplete assessment of breast tis-
sue, being the axillary region not included in the automatic
scanning [89]. Some authors [91] report that ABUS is a
promising diagnostic tool with a good interobserver agree-
ment, comparable to that of HHUS, on lesion characterisa-
tion and on final category assessment.

One topic of interest is the potential application of ABUS,
as a promising screening tool in adjunct to mammography,
for examining radiologically dense breasts [89]. In the large
observational study of Brem [92], the addition of ABUS to

screening mammography in women with dense breast tissue
has resulted in an increase of cancer detection rate (1.9 addi-
tional cancers per 1000 screened women) but also in an
increase of false-positive results. In fact, 552 additional nee-
dle biopsies were performed to identify 30 cancers detected
with ABUS alone (most of these were invasive clinically
important cancers). This high false-positive rate inducing to
perform unnecessary biopsies should be however overtook
with higher operator experience and higher diagnostic confi-
dence. Some recent works have demonstrated an equivalence
in lesion detection [93] and an equivalence or, in some cases,
a superiority in lesion characterisation in the comparison
between ABUS and HHUS [94, 95].
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Coronal reconstruction

Sagitial reconstructon

Fig. 18.22 ABUS. Invasive ductal carcinoma. Hypoechoic lesion with vertical growth and irregular margins (BI-RADS US 5) shown in axial,

sagittal and coronal planes

18.2.9 Breast Ultrasound in Clinical Practice

Breast ultrasound (US) is the modality of choice for differen-
tiating cystic from solid breast masses, and its primary role is
the characterisation of lesions detected at mammography, at
MR imaging, or at clinical breast examination [96].

Current indications for breast ultrasound, as recom-
mended by the ACR Practice Guidelines [96], include the
evaluation and characterisation of palpable masses or other
breast symptoms and the evaluation of abnormalities
detected with other imaging modalities, including the role
of targeted US after a contrast-enhanced breast MR exami-
nation to find an ultrasound correlate. US can also be used
as first-line imaging modality for palpable masses in
women under 30 years and in lactating and pregnant women
and for evaluation of breast implants. In addition, US can

be used as guidance for breast biopsy or other interven-
tional procedures, including biopsy guidance of abnormal
axillary lymph nodes [96]. The use of bilateral whole-
breast US, in women with dense breast tissue, as an adjunct
to screening mammography, is a topic of discussion and
debate [89, 96].

18.2.10 ACRBI-RADS US

In light of the widespread use and implementation of breast
US in clinical practice, a standard lexicon for sonography
was initially developed in 2003 by the ACR in order to pro-
vide a standardised lexicon for sonographic reporting, to
facilitate final category assessment and to validate manage-
ment recommendations. The correct adherence to BI-RADS
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US lexicon can improve differentiation between benign and
malignant lesions and potentially reduce the number of
unnecessary biopsies [97].

The BI-RADS sonographic categories include size, shape,
orientation, margins, echogenicity, lesion boundary, attenua-
tion features, special cases, vascularity, and surrounding tis-
sue [70]. In the last BI-RADS fifth edition [70], new terms
have been added to the US lexicon to simplify reporting and
to reflect technologic advances (such as the addition of elas-
tography). In particular, a new section, including “elasticity
assessment” with three descriptor choices ((a) soft, (b) inter-
mediate, (c) hard), has been added. The ACR recommends
the use of these elasticity descriptors instead of the colour
scale, not yet standardised.

Some authors report an interobserver variability with the
use of BI-RADS US lexicon comparable to that for mammog-
raphy. Abdullah et al. [98] found a fair interobserver agreement
(k= 0.30) in the final BI-RADS category, in particular in final
BI-RADS 4 a, b, and ¢ subcategories (k = 0.33, 0.32 and 0.17,
respectively), reflecting difficulties of radiologists to indicate a
degree of suspicion. Promising results were obtained by Heinig
et al. [99] that reported malignancy rates in BI-RADS US cat-
egory 3,4 and 5 similar to those of mammaography (1.2%, 17%
and 94%, respectively), underlying the usefulness of BI-RADS
US descriptors to obtain a final degree of suspicion.

18.2.11 Sonographic Findings of Cystic

and Solid Breast Masses

Thanks to its ability to differentiate cystic from solid masses
and to state a suspicion degree among solid masses, breast
US is usually complementary to mammography in the char-
acterisation of breast lesions, characterisation that some-
times may appear difficult if lesion is small (<5 mm) or
located deep in the breast [100, 101].

The traditional sonographic signs used in breast US
reporting refer both to the “Stavros’ sonographic criteria”
[67], which represent a landmark in this context, and to the
US descriptors illustrated and validated by the ACR
BI-RADS US [70].

1. Cysts

Simple cysts are defined as well-circumscribed,
anechoic masses, with posterior acoustic enhancement.
Complicated cysts are hypoechoic masses, not vascularised
at colour Doppler analysis, that may contain internal
echoes or exhibit indistinct margins. Complicated cysts are
benign findings, typically associated with low malignancy
rate (0-0.08%) [102]; however, when associated with a
mammographic correlate or with a palpable mass, they
should be classified as BI-RADS 3, and a short follow-up
or an US-guided aspiration should be recommended.

“Complex masses” present a heterogeneous echo
pattern with an anechoic (liquid) component and a
hypoechoic (solid) vascularised component; sometimes
mural nodules, thick walls or irregular internal septations
may coexist. In relation to their high malignancy rate
(23-31%), these complex masses should be assessed as
BI-RADS 4 and should require further characterisation
with US-guided needle core biopsy.

The application of harmonic imaging can improve
characterisation of simple cysts (particularly if small
sized), allowing the elimination of artefactual internal
echoes, whereas the application of elastography is useful
in improving the specificity of lesions assessed as BI-
RADS 3 or BI-RADS 4a, including complicated cysts,
with the result of reducing the need of unnecessary
biopsies [82].

. Solid Breast Masses

(a) Sonographic criteria of benignity

The benign sonographic features described by Stavros
[67] and later confirmed by Hong [103], typically associ-
ated with a low risk of malignancy, include ellipsoid or oval
shape (negative predictive value, 84%), circumscribed
margins with gentle bi- or tri-lobulations (90%), the
“wider-than-taller” appearance with parallel orientation
(78%), as well as the absence of any malignant features.

Lesions with these sonographic benign findings are
typically fibroadenomas that may be managed with a
short-term imaging follow-up, even if the mass is palpa-
ble [97, 104].

However, considerable overlap between benign and
malignant US features exists; therefore, a careful correla-
tion with mammography is essential, keeping in mind that
an US benign-appearing solid mass requires biopsy if it
exhibits any suspicious mammographic features.

(b) Sonographic criteria of malignancy

Sonographic findings predictive of malignancy include
spiculated (positive predictive value, 86%) or angular
(60%) margins, irregular shape (62%), the “taller-than-
wider” appearance with antiparallel orientation (69%),
posterior acoustic shadowing (52%) and echogenic halo
(70%), expression of peritumoural desmoplastic reaction
[67, 103]. Other sonographic Stavros’ criteria predictive
of malignancy include marked hypoechogenicity, micro-
calcifications, duct extension, branch pattern and the
presence of microlobulated margins [67].

Among US descriptors, Lazarus [40] found a good
agreement for lesion orientation, shape and boundary
(k=0.61, 0.66 and 0.69, respectively), a moderate agree-
ment for margins and posterior acoustic shadowing
(k = 0.40, for both) and a fair agreement for lesion echo
pattern (k= 0.29) and final assessment category (k= 0.28).

In addition to sonographic signs, the value of these
criteria in distinguishing benign from malignant solid
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Fig. 18.23 Invasive ductal
carcinoma grade 2.
Hyperechoic lesion, with
irregular morphology and
indistinct margins (US signs
suspicious for malignancy)—
BI-RADS US 4b

1.35cm

Dist
Dist 0.751 cm

lesions is affected also by lesion size, with improving
accuracy of breast US when evaluating lesions greater
than 7 mm [105].

3. Hyperechoic Breast Masses

Although lesion hyperechogenicity is considered the
benign feature with the highest (100%) negative predictive
value for malignancy [67, 103, 105], hyperechogenicity at
US alone does not exclude malignancy, and uncommon
hyperechoic malignancies may exist [106, 107].

When evaluating a hyperechoic lesion, suspicious
sonographic features that should help to avoid misdiagno-
sis include the presence of focal hypoechoic areas within
the hyperechoic lesion, non-parallel orientation, non-
circumscribed margins, posterior acoustic shadowing and
rich internal vascularisation at colour Doppler examina-
tion (Fig. 18.23). In addition, correlation with clinical his-
tory and with mammographic appearance should be
recommended.

4. Ductal Carcinoma In Situ and Microcalcifications

Ultrasound is considered to have a marginal role in the
evaluation of ductal carcinoma in situ (DCIS), in relation
to the poor demonstration of microcalcifications, particu-
larly when located in a dense breast parenchyma.

The advances in US technology with the use of high-
frequency transducers (high-resolution sonography) and
with improved spatial and contrast resolution allow a better
depiction of microcalcifications, particularly when they
form large (>10 mm) clusters or when they are located in
solid hypoechoic masses, highly suspicious for malignancy.

US features associated with DCIS usually include
hypoechoic masses, intracystic masses, and architectural

distortions [108, 109]. In Moon’s study [108, 110], a
microlobulated mass, with mild hypoechogenicity, ductal
extension and normal acoustic transmission, was the most
common US finding of DCIS.

Some studies [108—110] have investigated the poten-
tial roles of US in the evaluation of DCIS, including those
without calcifications; in particular, (1) US can be used to
visualised large (>10 mm) clusters of microcalcifications,
suspicious for malignancy; (2) US may be helpful in
detecting DCIS without calcifications and in evaluating
disease extent; and (3) US may reveal mammographically
occult DCIS in dense breasts.

Another main benefit of US detection of DCIS is to iden-
tify the invasive component and to guide interventional
procedures that are usually more comfortable and less time-
consuming compared with stereotactic breast biopsies.

18.2.12 Conclusions

Breast ultrasound has become an indispensable tool in breast
imaging, and, thanks to technological advances, its role is
currently not limited to distinguish cystic from solid masses
and to characterise solid breast masses but also to identify
small malignancies in mammographically dense breasts or to
detect abnormalities in patients with breast implants or breast
reconstruction.

Re-evaluation of the breast with US targeted upon the site
of a suspicious MRI-detected lesion (“second-look US” or
“targeted sonography”) offers the possibility to identify a
correlative lesion on ultrasound so that needle core biopsy
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may be obtained using sonographic guidance (as an alterna-
tive to MR-guided biopsy).

Finally, US can be used to guide interventional breast pro-
cedures (such as needle core biopsies or preoperative needle
localisations), with several advantages compared with ste-
reotactic guidance.

18.3 MRI
Christiane K. Kuhl

Abstract Magnetic resonance imaging (MRI) is one of the
fastest developing fields in contemporary diagnostic
radiology. Within the field of breast MRI, there are currently
two major research directions. One direction is to increase the
complexity of image acquisition methods in order to further
improve our ability to characterise disease, i.e. to distinguish
nonproliferative changes, changes with atypias, preinvasive
and invasive cancer as well as for improved prognostication,
prediction and response assessment, according to the concept
of “multiparametric breast MRI”. The other direction is to
reduce the complexity and facilitate image acquisition as well
as interpretation, according to the concept of “abbreviated
breast MRI”. These two research directions are complemented
by the development of new methods for MR-guided biopsy
and MR-guided surgery. This chapter reviews the current
status of the three development directions.

18.3.1 More Technology for Better Answers:
Why We Strive to Improve Breast
Cancer Imaging Methods

Today, breast cancer is understood as an entire group of dis-
eases that exhibit significant biological differences in terms of
their clinical course and outcome [111]. Former breast cancer
classification systems that relied mainly on morphological fea-
tures have been refined or replaced by classification systems
that are determined by the cancer’s variable molecular features.
Improved knowlegde of these features and their role in cancer
progression is not only useful for prognostication, but opens up
the possibility to exploit these features for targeted therapies.
However, heterogeneity is not only observed between cancers
but also within a given cancer [112]. Based on current oestro-
gen receptor, progesterone receptor or human epidermal
growth factor receptor 2 (HER2) and Ki-67 classification sys-
tems, it is possible that the majority of individual cells within a
given cancer exhibit features that are inconsistent with the
assigned overall classification. Such intra-tumoural variations
are even more important on a genomic or proteomic level.

Yet the more targeted breast cancer therapies become, the
more important will be the issue of intra-tumoural heteroge-

neity as a source of tumour resistance. The overall clinical
course of a given patient may be driven by a relatively small
subset of primary tumour cells—the primary cancer and its
metastases may thus exhibit different types of receptor status.
Accordingly, during the course of disease, targeted therapies
may need adjustment to account for secondary mutations and/
or compensatory pathways that may yield resistant tumours.
This, in turn, has sparked interest in the development of
advanced imaging methods that help demonstrate intra-
tumoural heterogeneity, depict and quantify response or
depict resistance to treatment.

Currently, information on a cancer’s biological potential is
mainly obtained from histologic, immunohistochemical and
molecular biological/genomic processing of cancer tissue that
needs to be retrieved from invasive methods, i.e. image-guided
biopsy. In patients undergoing novel adaptive neoadjuvant
therapies, such biopsies may have to be done even repetitively
over the course of treatment in order to monitor treatment-
related changes. Research on risk stratification of breast can-
cerrelies on such tissue-based markers that provide information
on molecular biology, i.e. genomic and proteomic alterations
found in cancer. These techniques have been readily integrated
into clinical decision making. A possible shortcoming of this
focus on tumour genomics and proteomics is the fact that suc-
cessful tumour growth does not only depend on a tumour’s
genomic toolbox but also on its microenvironment, i.e. fea-
tures of the tissues that host the cancer [113].

Noninvasive, “functional” in vivo imaging tests such as
multiparametric MRI refer to the acquisition of information
on tissue microstructure and tissue metabolic homeostasis
through the use of advanced and increasingly complex MR
imaging methods such as higher magnetic fields (3.0-7.0 T
systems), improved surface coil technology, improved digiti-
sation of signal transduction, new pulse sequence approaches
or hybrid imaging, i.e. a combination of MRI with positron-
emission tomography, among many other approaches.
Functional imaging helps assess the interaction between a
cancer and its microenvironment and the degree to which a
cancer is successful in shaping its environment to sustain its
growth. Growth pattern, cellular turnover, cellularity, degree
and type of vasculature and immune cell infiltrate have an
impact not only on clinical behaviour but also on presenta-
tion in imaging, i.e. yield the “imaging phenotype” of can-
cers. Accordingly, functional MR imaging methods provide
in vivo imaging biomarkers that correlate with, and, thus,
provide surrogate markers of, cancer biology. Such imaging
methods therefore promise to provide further independent
diagnostic and prognostic information that will add to our
understanding of a cancer’s ability to grow and metastasize.

Established and new ‘“functional” MRI pulse sequence
approaches discussed in the following are diffusion-weighted
imaging and its derivatives: diffusion tensor and diffusion kur-
tosis imaging (DTI and DKI) and “intravoxel incoherent
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motion imaging” (IVIM); dynamic contrast-enhanced (DCE)
MR imaging including its many varieties and kinetic analyses;
blood oxygenation level-dependent imaging (BOLD); and
MR spectroscopy (MRS) and spectroscopic imaging (MRSI)
of proton (1H) or phosphorus (31P) nuclei—all of which can,
in principle, be combined into so-called “multiparametric”
breast MRI protocols (mp breast MRI). Moreover, there are
completely new pulse sequence approaches such as MRI fin-
gerprinting and chemical saturation transfer or CEST imaging
which will probably be used for advanced non-invasive breast
cancer phenotyping in the foreseeable future.

Currently, the commonest way to use MRI for breast can-
cer detection, staging, and classification is by exploiting the
angiogenic activity of breast cancers. We identify enhance-
ment, i.e. a signal intensity increase, in images obtained early
after intravenous injection of an intravenously administered
contrast agent [114, 115]. Tissues that accumulate the injected

Fig. 18.24 DCE-MRI for response assessment: Note strong and early
enhancement with washout time course at baseline and slow enhancement

contrast agent appear bright on so-called T1-weighted post-
contrast MR images. To track the enhancement of lesions,
clinical breast MRI protocols always consist of a so-called
dynamic series. This means that a stack of cross-sectional
images is obtained before and then repetitively after the i.v.
bolus injection of the contrast agent. Cancers are character-
ised by fast and strong enhancement that is observable already
on early post-contrast images, usually followed by a washout
of signal intensity. Benign changes and the normal fibro-glan-
dular tissue exhibit less and usually only slowly progressive
enhancement over time. Since angiogenic activity is the main
driver of enhancement, all regular clinical breast MR proto-
cols will reflect this activity (Figs. 18.24 and 18.25).
Accordingly, even the most basic breast MRI study will con-
tain “functional” information on pathophysiological changes
that are implicated in carcinogenesis and metastatic growth
[116]. Moreover, MRI depicts these changes by true 3D

with flattened enhancement curve after the first cycle. Tumour size is still
unchanged. (a) Before chemotherapy, (b) after first cycle of chemotherapy
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Fig. 18.25 Colour coding can be used to depict within-tumour hetero-
geneity of enhancement kinetics and the change of enhancement after
neoadjuvant chemotherapy. Left image, enhancement map of the cancer
at baseline, before treatment. Right image, enhancement map of the

cross-sectional imaging—unlike, e.g. breast tomosynthesis
that provides planigraphic images that are not true, but only
“quasi” cross-sections—similar to conventional tomography
used before the advent of CT. In contrast, breast MRI allows
the depiction of tumour margins and internal architecture
with very high spatial and contrast resolution. The assessment
of such morphological details is usually best possible in
images obtained early after contrast injection, i.e. at a time
when the signal intensity difference (i.e. the contrast) between
the enhancing cancer and the progressively enhancing adja-
cent fibro-glandular tissue is maximal.

Diffusion weighted imaging (DWI) is based on the
Brownian molecular motion of free (interstitial) water. The
distance over which an interstitial water molecule can travel
depends on its microenvironment. The smaller the interstitial
space, and/or the more cell membranes build barriers against
free diffusion, the slower will water diffuse, and the shorter
is the distance water can travel within a given period of time.
The concept of diffusion-weighted imaging is to “label”
water molecules and, after a specific waiting time, sample
their response. The more diffusion is restricted, the more
molecules will stay in place and be able to contribute to the
MR signal [117]. Diffusion is restricted in tissues with
increased intracellular, and thus, reduced interstitial space,
either due to cell swelling, e.g. in the context of hypoxia, or
due to increased cellularity of tissue, e.g. in the context of
cancer. DWI can thus be used as a noninvasive measure of
the cellularity, to serve as surrogate marker of the prolifera-
tion fraction of cancer [118]. Tumours with high Ki-67 levels
are hypercellular compared with surrounding normal breast
tissue, which translates into restricted diffusion of free water
molecules on DWI. It has been shown that tissue apparent

Scb/12

FEEPI/M

cancer after the first cylce of neoadjuvant chemotherapy. Note that the
size of the cancer is unchanged, but the enhancement pattern has
changed towards slowly-progressive enhancement

diffusion coefficient or ADC values correlate with prolifera-
tion rates in luminal-B cancers [119, 120]. Another impor-
tant clinical application of diffusion-weighted imaging is
assessing response of breast cancer to neoadjuvant chemo-
therapy (Fig. 18.26).

Diffusion tensor imaging and diffusion kurtosis imaging
investigate not only the mobility of water but also its direc-
tionality [121]. Diffusion might be directed, i.e. facilitated
in specific directions, and impeded along other directions of
tissue, depending on the microstructure of tissue.
Accordingly, DTI as well as DKI can be used to demon-
strate tumour ultrastructure and infiltrative growth way
beyond the resolution of regular structural MR imaging
[118, 122]. IVIM is increasingly used as a non-contrast
means to depict perfusion of tissue, again on a microstruc-
tural, i.e. capillary level [123, 124].

MR spectroscopy is a well-established technology that has
been in use for decades for analytical tests in biochemistry. It
interrogates noninvasively the (quantitative) distribution of
specific metabolites in a given probe. The underlying princi-
ple is the fact that the Larmor (resonance) frequency of a
given nuclide, usually proton or phosphorus, depends on (a)
the respective type of nuclide and on (b) the individual mag-
netic field in which the nuclide resides. The magnetic field
experienced by a given water or phosphorus nucleus will
depend on the individual molecular environment of that
nuclide, because there will be shielding of the magnetic field
by different neighbouring atoms. The individual, specific
structure of molecules will thus modulate the magnetic field
experienced by a proton or phosphorus nuclide. Thus, nuclei
bound in different molecules will be exposed to a slightly dif-
ferent magnetic field. Since there is a direct correlation
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Fig. 18.26 Use of diffusion-weighted imaging for response assess-
ment. (a) Baseline, (b) Mid-treatment and (¢) After treatment. Note on
(a) the bright signal on DWI at baseline, due to diffusion restriction
secondary to the high cellularity of cancer. At mid-treatment (b), the
cytotoxic effects lead to reduced cellularity of the tumor, such that

between the magnetic field and a proton’s resonance fre-
quency, protons or nuclei located in different molecules will
exhibit slightly different resonance frequencies. Magnetic
resonance spectroscopy displays the distribution of resonance
frequencies and, thus, of different metabolites or molecules in
a given probe. For in vivo MR spectroscopy of the breast,
most experiences exist with proton MRS. Compared with
ex vivo biochemistry measurements, many effects such as
field inhomogeneity and low SNR lead to the fact that the
spectral resolution that is attainable in patients is not as high
as in ex vivo MRS of biochemical probes. Thus, the individ-
ual resonances of individual molecules are broadened; the
observable spectral peaks usually comprise several different
resonances (and, thus, metabolites). For IH MR spectroscopy
of the breast [125], detection of protons bound in choline
compounds has been found to be clinically useful [126]. The
detectable choline peak represents proton bound in free cho-
line, in phosphocholine and in glycerophosphocholine. Other
constituents will be phosphoethanolamine and myo-inositol.
Cellular turnover, either anabolic or catabolic, may increase
the contribution of phosphocholine to the observable choline
[127, 128]. 1H MRS has been shown to help discriminate
breast cancer from benign enhancing lesions and as a prog-
nostic marker to assess cellular (i.e. membrane) turnover.
Especially rapidly growing tumours will lead to a detectable
choline peak (tCho). Moreover, MR spectroscopy is useful to
demonstrate early response to neoadjuvant chemotherapy.
Reduction of total choline helps distinguish between respond-
ers and nonresponders after two treatment cycles (PPV and
NPV of 89% and 100%); with current technology, it is, how-
ever, limited to the analysis of larger tumours, i.e. locally
advanced breast cancer [127-130].

Tumours need to maintain growth by increasing their local
supply with oxygen and nutrients. This is achieved by releasing
peptideslike VEGF thatinduce local angiogenesis. Angiogenesis

diffusion of free water is improved, and the DWI signal drops. At con-
clusion of treatment, the diffusion of free water is back to normal; the
DWI signal is isointense to normal tissue. Histology confirmed com-
plete pathological response (pCR)

leads to a fundamental change of a tumour’s microvascular
architecture, with sprouting of existing vessels as well as devel-
opment of de novo formed vessels, usually with fenestrated ves-
sel wall linings that go along with increased vessel permeability.
The increased metabolic turnover leads to an increased amount
of toxic waste products that are removed through dilated drain-
age veins. The increased perfusion leads to the well-known
strong and early enhancement in DCE-MRI, and the increased
permeability, together with the efficient venous drainage, causes
the washout time course that is characteristic for breast cancer
[131]. It has been shown that DCE-derived enhancement kinet-
ics correlate with estrogen receptor status, HER2 status, nuclear
grade/Ki-67 and EGFR expression.

The increased permeability leads to leakage of larger mol-
ecules such as proteins from the intravascular to the interstitial
space, which will increase the oncotic (colloid osmotic) pres-
sure within the cancer—a fact that drags water from the intra-
vascular into the interstitial space and thus increases the
interstitial water volume fraction. This, in turn, will correlate
with a cancer’s signal in T2-weighted imaging. If angiogene-
sis fails, or is insufficient to reach the innermost cell layers of
a cancer, then hypoxia will occur, again detectable through the
tumour’s internal architecture of enhancement in DCE-MRI
(rim enhancement) or through BOLD contrast MRI [132].

The abovementioned functional MR imaging methods are
thus used to depict tissue features on a microstructural level.
The respective pulse sequences are usually associated with
borderline signal to noise ratio (SNR). To improve SNR, the
use of higher magnetic fields such as 3.0 T or, more recently,
even 7.0 T promises an even more accurate and extensive
assessment of tumour biology [127, 133, 134].

Functional imaging methods can be used for classification
of enhancing lesions seen in breast MRI, i.e. for the further dif-
ferentiation of benign, high-risk and malignant lesions in breast
MRI. The combination of high-resolution cross-sectional
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morphological information, enhancement kinetics and lesion’s
signal in T2-weighted images and in diffusion-weighted
images yields a high specificity and positive predictive value of
contemporary breast MRI protocols. Even the most basic,
1.5 T dynamic contrast-enhanced breast MRI protocols are
inherently “multiparametric” compared with, e.g. mammogra-
phy or DBT. The diagnostic accuracy achieved with such pro-
tocol is sufficient to be used for so-called problem-solving.
Accordingly, and in contrast to currently held beliefs, we
have recently shown that breast MRI can indeed be used defi-
nitely to settle screen-detected mammographic or ultrasound
findings and thus help avoid unnecessary biopsies [135].
More importantly, functional imaging methods provide
additional, independent diagnostic information that adds
to our understanding of a cancer’s ability to sustain its

Fig. 18.27 Utility of DCE-MRI vs. structural breast imaging. Patient
with triple-negative breast cancer. Incomplete response was suggested
based on breast ultrasound and mammography, with residual diameter
of 1.7 cm. This residual mass is also visible on pre-contrast T1-weighted
imaging of her breast MRI study (right column). However, after con-

growth and/or its propensity to metastasise. Multiparametric
MRI techniques can therefore be used to investigate a
tumour’s aggressiveness and its biologic and prognostic
importance or its response to systemic treatment [120,
123, 136-140].

In the neoadjuvant situation, the local breast cancer serves
as an in vivo marker to rate the efficacy of systemic treatment
protocols. Since even regular, clinical breast MRI studies
provide functional information on tissue perfusion, it is pos-
sible to depict response to treatment earlier than what is
achievable by imaging methods that rely on tumour size esti-
mates only such as radiographic imaging methods (digital
mammography, digital breast tomosynthesis) or ultrasound-
based methods (Figs. 18.24, 18.25, 18.26, 18.27, 18.28,
18.29 and 18.30; Table 18.3) [141-146]. Results on the use

trast injection, DCE-MRI (middle column, post-contrast source images;
left column, corresponding subtracted images) reveals absence of
enhancement in the remaining tumour, suggesting presence of scar for-
mation. Complete pathologic response with fibrotic tumour remnants
without vital tumour cells was found at histology
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Fig. 18.28 Patient with residual disease after neoadjuvant chemother-
apy. Minimal residual mass visible but with strong enhancement.
Histology confirmed presence of a 9 mm residual vital tumour. Upper

of more advanced functional imaging methods or “multipa-
rametric MRI” for this purpose are emerging [141]. For
instance, diffusion-weighted imaging and DKI are candidate
methods to further improve assessment of response; an
increase in mean tumour ADC (apparent diffusion coeffi-
cient) of over 20% from baseline is predictive of response in
triple-negative and HER2-enriched cancers (Fig. 18.30)
[143, 146, 147]. Similar results have been obtained for the
detection of changes as early as a couple of days after even a
single administration of chemotherapy by proton spectros-
copy [128, 140, 146-151].

Another task in the neoadjuvant setting is to identify resid-
ual disease. Since there can be scar tissue formation at the site
of the previous tumour, this is a difficult task with imaging
methods that rely on depiction of structure alone. Since regu-

row, MRI before chemotherapy. Middle row, MRI at mid-treatment.
Bottom row, MRI after conclusion of neoadjuvant chemotherapy

lar DCE-MRI, but even more so advanced multiparametric
MRI provides information beyond structure, it is much more
accurate than, e.g. mammography or ultrasound for this pur-
pose. Marinovich et al. provided an excellent review on the
evidence of using regular clinical breast MRI for predicting
response to neoadjuvant chemotherapy. They reported on 13
different studies, comprising 2549 patients who underwent
DCE-MRI before and after one to two cycles of neoadjuvant
treatment. They found that the accuracy for prediction of
response is highest in studies that evaluated enhancement
kinetics and found a mean accuracy of 88% [142].

The next step now is to use the plethora of imaging fea-
tures provided by multiparametric breast MRI to describe
“MR imaging phenotypes” of breast cancers. Modern meth-
ods of machine learning (“‘deep learning”) can then be used
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Fig. 18.29 Prediction of
PCR based on DCE-

MRI. Pre-contrast images
(right column) to provide
structural information and
post-contrast subtracted
images (left column) to
demonstrate enhancement.
Already at mid-treatment
(middle row), there is almost
complete loss of enhancement
at the site of the cancer.
Absence of enhancement was
noted at completion of
neoadjuvant treatment (lower
row). Pathological complete
response was found. The focal
black spot at the site of the
cancer corresponds to the clip
inserted after US-guided
biopsy

to correlate different MR imaging phenotypes with patient
outcomes, similar to the way genomic typing has been cor-
related with outcomes to establish their prognostic utility. It
is to be expected that such “radiomics” will be helpful to
amend the predictive and prognostic information derived
from genomic and proteomic studies.

18.3.2 Keep It Simple and Short: Abbreviated
Breast MRI for Cancer Screening

Although there has been a decline in breast cancer mortality
over the last two decades, breast cancer continues to repre-
sent the first (Europe) or second (USA) leading cause of can-
cer death in the female population. Notably, several decades

of mammographic screening programmes have not changed
this situation. Since there is a close correlation between dis-
ease stage (i.e. the size and stage distribution of cancer) at
the time of diagnosis and ultimate survival of an individual
woman, the persistently high mortality rates indicate that
there is room and need for improved methods of early diag-
nosis of breast cancer. Interval cancer rate, i.e. the number of
cancers that occurs in women who did participate in mam-
mographic screening, but are not diagnosed by mammogra-
phy, compared to the number of cancers that are
mammography detected, ranges between 30% and 50%.
These interval cancers are associated with adverse biologic
profiles and poor prognosis compared to screen-detected
cancers. Accordingly, the current scientific evidence sug-
gests that mammographic screening is associated with a
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Fig. 18.30 Utility of diffusion-weighted imaging to complement
DCE-MRI for response assessment. Upper row, baseline study. Lower
row, study after completion of neoadjuvant treatment. Left column, pre-
contrast T1-weighted images. Middle left column, contrast-enhanced
subtracted images. Middle right column, corresponding DWI at b = 800.

Right column, corresponding time/signal intensity curves. Note that
there is still questionable enhancement at the site of the index cancer.
DWI supports the diagnosis of incomplete response or presence of
residual disease, with still visible diffusion restriction. Note the clip that
marks the centre of the index cancer in the images after treatment

Table 18.3 Published meta-analyses on using breast MRI for predicting pCR after neoadjuvant chemotherapy

Author
Yuan et al. [144]

Journal No. of studies
Am J Radiology 2010 25

Wu et al. [3] Breast Cancer Res 34

Treat 2012

Marinovich et al. [142] J Nat Cancer Institute 44

2013

Lobbes et al. Insights Imaging 2014 35

significant underdiagnosis of breast cancer, that is to say,
mammography fails to pick up cancers that are prognosti-
cally relevant [152, 153].

In addition, mammographic screening has been associ-
ated with overdiagnosis of breast cancer. Overdiagnosis
relates to the fact that cancers that are picked up by mam-
mography may be biologically unimportant. Some breast
cancers can exhibit rapid growth and become life-threatening
and difficult to treat; others are relatively slowly growing.
Some cancers, especially many screen-detected DCIS, may
indeed prove self-limiting and will not progress to a life-
threatening disease, even if left undiagnosed and thus left
untreated [154, 155].

DWI: 93% (82-97%)
DCE-MRI: 89-92%

Correlation between
residual disease on

No. of patients Sensitivity for pCR Specificity for pCR

1213 DCE-MRI: 63% DCE-MRI: 91%
(55—70%) (91-92%)
DCE-MRI: 68% DCE-MRI: 91%
(57-77%) (87-94%)

DWI: 82% (70-90%)
DCE-MRI: 83%

Overall accuracy:
88%

pathology and MRI:
0.698

An important reason for overdiagnosis is a well-
established effect referred to as “length-time bias”. Women
whose cancers were screen detected, i.e. women whose can-
cers were mammography detectable, enjoy a better prognosis
than women whose cancers were not screen detected, i.e.
mammographically occult. In short, mammography-
detectable cancers are associated with a better prognosis than
cancers that are occult on mammography. This, in turn, is
attributable to the fact that for diagnosis of breast cancer,
radiographic breast imaging methods (mammography or
also tomosynthesis) rely on the depiction of regressive
changes such as calcifications, architectural distortions and
fibrosis, i.e. pathophysiological processes that are associated
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with slowed growth, with tissue hypoxia or with frank tissue
necrosis. Overdiagnosis is length-time bias put to an extreme.
Overdiagnosis causes a huge financial burden to the society;
most importantly, however, it leads to unnecessary anxieties
and morbidity in women who are stigmatised as “cancer
patient” and treated as such, without benefit for the involved
women.

In summary, mammographic screening is associated with
both significant underdiagnosis of prognostically important
breast cancer and overdiagnosis of prognostically unimport-
ant, i.e. self-limiting breast cancer, or rather pseudo-disease.

Magnetic resonance imaging (MRI) has been used to
diagnose breast cancer over the last three decades; it is in use
for screening for 15 years. Over and over again, it has been
shown that contrast-enhanced MRI is by far the most accu-
rate imaging method to diagnose invasive as well as intra-
ductal breast cancer and primary as well as recurrent cancer,
irrespective of breast density [9-13, 156—162]. In view of the
important discussion around overdiagnosis, the most
important feature that makes breast MRI an attractive screen-
ing tool is its sensitivity profile. The sensitivity of breast
MRI increases in parallel with the prognostic importance of
breast cancer. It is exceedingly high in rapidly growing,
heavily perfused disease, and it is desirably lower than that
of mammography for low-grade DCIS. Thus, MRI is associ-
ated with a “reverse length-time bias”. This, together with
the fact that MRI works without ionising radiation, makes
MRI the most promising screening tool that is currently
available.

A screening trial completed in our department suggests
that MRI screening is not only beneficial in high-risk women
but also in average-risk women. The gradient between the
diagnostic sensitivities of MRI, compared to that of mam-
mography or even the combined use of mammography and
ultrasound, appears similar, more or less independent of the

Fig. 18.31 Utility of abbreviated breast MRI, and un-enhanced
diffusion-weighted imaging in a 52-year old woman at average risk
undergoing MRI screening; her mammogram was normal. (a) First
post-contrast subtracted or FAST image, generated by subtracting the
image obtained within 60 s after contrast injection from the pre-contrast

respective lifetime risk of women [163]. We found that if
MRI is used in women at average risk, the interval cancer
rate drops down to zero—which compares to an interval can-
cer rate, i.e. missed cancer rate, of around 30-50% for
quality-assured European mammographic screening pro-
grammes. Since interval cancer rates are the single most
important driver of mortality rates, there is good reason to
assume that using MRI instead of mammography for breast
cancer screening would allow a substantial further reduction
of breast cancer mortality. Also the positive predictive
value—a major driver of costs associated with screening—is
similar for mammographic and MRI screening, suggesting
that the previously held belief of the low specificity of MRI
has been overcome with growing clinical experience with
screening breast MRI.

The single main reason why MRI is not used on a broader
scale is the cost associated with this method. Therefore, in
2014, our group inaugurated the concept of “abbreviated
breast MRI” (AB-MRI) [164]. We were able to demonstrate
that MRI, due to is high-contrast images, can be completed
within a magnet, i.e. examination time of only 3 min, and,
most importantly, can be read by radiologists within a few
seconds. The superior diagnostic accuracy and cancer yield
that is afforded by MRI was preserved also for these abbrevi-
ated protocols. A group of 443 women with mildly increased
risk of breast cancer and with normal screening mammo-
grams and normal screening ultrasound underwent 606
screening MRI studies with abbreviated and full protocol.
Abbreviated MRI detected a total of 11 cancers that had been
occult on the respective digital mammograms and screening
ultrasound studies, for an additional cancer yield of 18.2 per
1000 (Fig. 18.31a). The examination time of the abbreviated
protocol had been 3 min, and the average radiologist reading
time to establish absence of breast cancer had been 2.8 s. For
comparison, even batch reading of a screening mammogram

image, for a total acquisition time of 2 minutes. Note the multifocal
breast cancer visible in the right breast and absence of cancer in the left
breast. Note that similar information is provided by the diffusion-
weighted image, which was obtained prior to contrast injection
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usually takes over 60 s, and the acquisition of the four views
that constitute a screening mammogram takes well over
4 min. For screening ultrasound, the reading and/or scanning
time takes about 20 min on average, i.e. takes far more radi-
ologist time and is thus far more expensive—and far less sen-
sitive or specific than breast MRI. Abbreviated breast MRI
has sparked great interest in the broader use of breast MRI
for breast cancer screening. Several studies have meanwhile
been published that confirm the high accuracy of abbreviated
protocols. The ECOG/ACRIN (Eastern Cooperative
Oncology Group/American College of Radiology Imaging
Network) has launched a multicentre prospective randomised
trial (EA1141) that will investigate not only the cancer yield
but also the type of cancers detected by abbreviated breast
MRI compared with contemporary, digital breast tomosyn-
thesis [165]. Several countries have started their own abbre-
viated breast MRI screening studies.

Moreover, there is evidence to suggest that abbreviated
protocols could even work without injection of contrast
agents. By using diffusion-weighted imaging with back-
ground suppression (DWIBS), cancers are detectable and
correctly classifiable with an image acquisition time of only
a couple of minutes and very short radiologist reading times
(Fig. 18.31b) [166-168].

To fully exploit this for improved breast cancer screening,
it would be important to develop dedicated breast MRI sys-
tems that are optimised for imaging the breast and optimised
to support the fast throughput that is required for broader
screening applications. Very similar to the development of
dedicated X-ray machines for imaging the breast (i.e. mam-
mography systems) back in the 1940s, this could be done for
MRI scanners.

18.3.3 Advances in MR-Guided Interventions

Breast MRI studies are done to obtain information on pres-
ence and extent of breast cancer beyond what is available
through radiographic or ultrasound imaging. If this is
achieved and breast cancer is identified or suspected on MR
imaging, it is important to offer noninvasive means to
retrieve tissue from the suspected area. No breast radiolo-
gist would ever offer a breast imaging service without being
able to also offer mammography and ultrasound-guided
needle localisation and (vacuum) biopsy—but it seems to
be quite popular to run a breast MRI service without such
interventional capacities. This is increasingly inacceptable,
regarding the fact that equipment for MR-guided vacuum
biopsy and MR-guided needle localisation and bracketing
is commercially available and has been commercially
available for almost two decades now. Accordingly, the
American College of Radiology requires availability of

such equipment or proof of an established collaboration
with sites that offer these interventions in order to receive
an accreditation for breast [169].

Recently, we inaugurated the concept of MR-guided
vacuum-assisted large-volume biopsy (VALB). For this
intervention, we collect larger amounts of tissue than
what is usually retrieved during mammography or
MR-guided vacuum biopsy procedures, i.e. between 24
and 60 samples with a 9G needle. Such MR-guided VALB
was done on a cohort of 1414 consecutive MR-only visi-
ble lesions with a false-negative rate, i.e. a rate of missed
lesions, of 0.3% (4/1414), all four discovered immedi-
ately after the procedure due to an obvious radiologic-
pathologic mismatch. The cohort consisted of target
lesions with an average size of 9 mm for mass enhance-
ment, and 23 mm for non-mass enhancement, found in
small to very large breasts and located in all locations,
including far dorsal, far medial, far lateral or immediate
retroareolar locations. The results suggest that MR-guided
VALB helps avoid previously reported causes of technical
failures of MR-guided biopsies. Moreover, we could show
that MR-guided VALB procedures are very well tolerated,
with a complication rate (major complications) of 0/1414
(Fig. 18.32) [170].

Reoperation rates tend to be high for breast cancer sur-
gery, especially if a high rate of breast conservation is
attempted. A recent editorial published in the New England
Journal of Medicine was entitled Re-excision—The Other
Breast Cancer Epidemic [171]. There are numerous reports
that consistently show that MRI is more accurate than
mammography or ultrasound for demonstrating the extent
of a given cancer. If MRI is done for this purpose, how-
ever, it is of utmost importance to help the surgeon trans-
late the imaging information into the operating theatre.
Only if this is achieved, it is possible to actually exploit the
diagnostic advantage afforded by MRI compared with
mammography or ultrasound. If one strives to reduce the
number of surgical procedures, it is of course important to
use nonoperative, nonsurgical biopsy methods to obtain
histologic proof of presumed additional disease compo-
nents prior to surgery. We have used MRI, followed by
MR-guided vacuum biopsy, and MR-guided bracketing of
the disease extent if needed (Fig. 18.33), in a cohort of 600
women with biopsy-proven breast cancer. We found that
this led to a positive margin rates below 4%, which was
achieved at a very high breast conservation rate of close to
90%. These data suggest that, if MRI is combined with
contemporary methods of MR-guided biopsy, as well as
methods to guide surgery, the improved diagnostic infor-
mation provided by MRI do indeed translate into improved
surgical results, low reoperation rates and very low mas-
tectomy rates [172].
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Fig. 18.32 MR-guided vacuum-assisted large-volume breast biopsy
(VALB). (a) FAST image that highlights a small enhancing lesion in the
upper inner quadrant, 4 mm in longest diameter. (b) Corresponding
T2-weighted structural image. (¢) T1-weighted image prior to contrast
injection during the intervention. (d) Corresponding post-contrast sub-
tracted image reveals the target lesion. (e) T2-weighted image after

completion of vacuum-assisted large-volume breast biopsy, with the
biopsy needle still in place. The yellow line encircles the biopsy cavity
that includes an air bubble (black signal inside the cavity). Note that the
biopsy cavity includes the entire lesion, plus safety margin. (f) Removed
tissue volume during MR-guided VALB. Histology confirmed pTla;
subsequent surgery proved absence of residual tumor

Fig. 18.33 MR-guided surgery. (a) Patient with MRI screening
detected non-mass enhancement suggestive of DCIS. MR-guided
biopsy (not shown) confirmed presence of high-grade DCIS. Patient
underwent MR-guided bracketing of the two poles of the enhancing

segment. (b) Mammogram obtained after MR-guided bracketing dis-
plays the guide wire position in the breast and absence of any correlate
of the DCIS on mammography. MR-guided surgery was done and
revealed a 3 cm high-grade DCIS, resected with free margins (RO)
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19.1 The Radio-Guided Occult Lesion
Localization (ROLL)

G. Paganelli and F. Matteucci

19.1.1 Introduction

The most important goal of modern surgical oncology is to
utilize the less aggressive methods while maintaining radi-
calism. The evolution of imaging techniques and the option
of using screening tests more and more reliable and effective
have permitted an increasingly early diagnosis, identifying
malignant lesions of ever smaller dimensions. This is par-
ticularly common in the case of breast cancer, where clini-
cally occult lesions are diagnosed with increasing frequency,
now represents approximately 25-35% of all breast cancers
diagnosed in developed countries [1, 2].

Numerous techniques have been used to localize non-
palpable lesions, but there is no international consensus
about which technique combines the best conditions and
should be considered the gold standard.

The wire-guided localization (WGL) is currently the loca-
tion method most commonly used in many centers. [3-5].
This technique, however, has some disadvantages, due to
various factors: in general there is a difficulty of the wire
positioning in the dense breasts; a dislocation of the wire
once it has been positioned is rather frequent [6] resulting in
excessive volumes of tissue removed. Finally, thread breaks
or dislocations can lead to complications and inconvenience
for patients [7, 8].
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In 1996 at the European Institute of Oncology in Milan,
the ROLL technique (ROLL: radio-guided occult lesion
localization) was introduced for the first time, gaining popu-
larity because of the many benefits associated with the abil-
ity to center with greater precision the lesion within the
surgical sample, thus reducing the volume of the breast
removed with consequent best aesthetic results [9-11].

Moreover, feasibility studies have shown that the tech-
nique is simple, rapid, and precise; furthermore, the method
is intuitive, and necessary skills are easily acquired [12].

Recently a cost-benefit analysis published by Postma
et al. [13] in a randomized controlled trial (RCT) found no
difference considering both economic costs associated with
morbidity and reoperation.

Retrospective and prospective studies performed on very
large populations have shown that the ROLL procedure
allows the surgeon to make a precise removal of non-palpable
lesions of the breast thus overcoming most of the disadvan-
tages of the previous techniques.

19.1.2 Technique

The day before surgery, a dose of human serum albumin
macroaggregates (MAA), with particles of diameter between
10 and 150 pm, labeled with 7-10 MBq of Tc-99m is injected
in correspondence of the central portion of the lesion. The
tracer preparation mode as well as the quality controls on the
dose must be carried out by following the instructions from
the product package insert.

In the presence of microcalcifications, opacity, or distor-
tions highlighted with mammography but not visible in ultra-
sound, it is necessary to use the mammographic apparatus
incorporating a computerized stereotactic  system
(Fig. 19.1a), while in the presence of lesions visible by ultra-
sound, the radiopharmaceutical is injected under guide ultra-
sound (Fig. 19.1b).

247

U. Veronesi et al. (eds.), Breast Cancer, DOI 10.1007/978-3-319-48848-6_19


mailto:giovanni.paganelli@irst.emr.it

248

G. Paganelli et al.

Fig. 19.1 Injection of 99mTc-MAA under (a, ¢, d) stereotactic or (b) ultrasound guidance

For lesions visible by both methods, the tracer is preferen-
tially injected under ultrasound guidance, which allows for
greater precision in locating the lesion. Once injected of the
dose, the site of inoculation is indicated on the skin with a
skin marker pen, so as to serve as a guide both for the next
scan and that for surgery.

The control of the exact site of inoculation can be per-
formed by introducing a minimum amount of radiopaque
solution within the lesion, immediately after the radioac-
tive substance, and performing a radiological control
(Fig. 19.2).

19.1.3 Scintigraphy

Scintigraphic images are acquired usually about 10 min after
injection of the tracer in the front and lateral projection. A
cobalt-57 source (point source or flexible wire) is used to
outline the contour of the breast during the acquisition and to
facilitate the viewing of the site of inoculation.

Scanned images must highlight the presence of a focal
spot of the tracer accumulation with well-defined margins,
without contamination of the skin or spreading in the neigh-
boring locations to the lesion (Fig. 19.3).
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Fig. 19.2 Radiological
verification of the exact site of
inoculation, immediately after
MAA and radiopaque
solutions’ administration

Lateral view

Fig. 19.3 Scintigraphic images of the right breast in frontal and lateral
projection performed after injection of 9mTc-MAA. The contour of the
breast is outlined by a thread-flexible 57Co source. A hot focal spot is pres-
ent in the upper quadrants. The cross indicates the position of the nipple

In the event of contamination, the acquisition must be
repeated after properly cleaning the skin with a decontami-
nant substance; in the case of spread of the uptake to the
surrounding breast parenchyma, it is necessary to repeat the
location of the lesion using a different method.

19.1.4 Surgery

During surgery, the lesion is localized by using a gamma
probe, wrapped in a sterile sheath (Fig. 19.4): the surgeon
provides then to remove the “hot spot,” and the edges of the
excision are defined as the locus of points surrounding the

hot spot where radioactivity falls off sharply. All of the area
of the tissue with a higher radioactivity count compared to
the background is removed.

Once the lesion has been removed, it is therefore neces-
sary to verify whether radioactive tracer is still on the operat-
ing table: when noted, it is necessary to extend the resection
until the complete disappearance of the counting rate.

19.1.5 Results

In 2010, Veronesi and coworkers published a work which
analyzed the characteristics and prognosis in 1258 women
with a primary clinically occult carcinoma operated at the
European Institute of Oncology between 2000 and 2006
[14].

The results obtained, after an average follow-up of
60 months, showed a low rate of local events (1.5%), of
regional events (1%), and occurrence of distant metastases
(1.6%), with a high rate of 5-year overall survival (98.6%).
The authors therefore concluded that the radio-guided sur-
gery was able to identify the occult lesions, allowing to make
an efficient and safe breast resection with good margins of
normal tissue around the primary lesion.

In a review, published in 2011, Lovricks et al. [15] analyzed
87 studies comparing WGL and ROLL.: the results showed that
the ROLL technique had a lower rate of positivity of resection
margins, resulting in reduction of reoperation rate (combined
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Fig. 19.4 (a) Lesion’s localization using a gamma probe, wrapped in a sterile sheath; (b) lesion’s counting after removal

odds ratio (OR) of 0.367 and 95% confidence interval (CI) 0277
to 0487 (p < 0.001) for margin status and OR 0.347, 95% CI
0.250 to 0.481 (p < 0.001) for reoperation rates).

Postma et al. [16], in a multicenter randomized controlled
trial, compared the radio-guided occult lesion localization
(ROLL) with respect to wire-guided localization (WGL),
enrolling 314 patients (162 were assigned to the radio-guided
localization and 152 for WGL), by analyzing primary out-
comes as the percentage of complete tumor excision, the pro-
portion of patients in need of re-excision, and the volume of
the removed tissue. The authors concluded that the two
procedures are comparable in terms of complete tumor exci-
sion and re-excision rates, but ROLL leads to excision of
largest volumes of tissue and therefore concluded that it can-
not replace WGL as the standard of care.

In evaluating the results of this study, it is necessary to
consider that the radio localization method used differs from
that described by the IEO group to some key features: firstly
the choice of a different tracer (99mTc-nanocolloid vs.
99mTc-MAA) with a volume and a higher dose. The use of
albumin nanocolloids can in fact be reflected in a larger share
of lymphatic drainage and therefore in a subsequent spread-
ing of the radioactive dose with necessity of extending the
limits of the resection [17].

Recent studies have compared the ROLL with the local-
ization method which involves the use of a titanium seed
containing iodine-125 (RSL), implanted in the tumor before
surgery under stereotactic or ultrasound guidance [18].

The retrospective study comparing RLS and ROLL in
non-palpable breast lesions showed margin status and re-
excision rates are comparable.

The RSL allows to improve the logistics for both the
patient and the surgical department: in fact, in relation to
long half-life of the radioactive tracer used (about 60 days),

it is possible to position the seed even at a distance of time
from the intervention.

Recently, Chan et al. [19] have published a review,
which has considered 11 randomized controlled trials
(RCTs) to assess the therapeutic outcomes of a new form of
guided surgical intervention for non-palpable breast lesions
against WGL, considered as the gold standard. The authors
concluded that ROLL demonstrated favorable results in
successful localization (RR 0.60, 95% CI 12:16 to 2:28),
positive tumor margins (RR 0.74, 95% CI 12:42 to 1.29),
and reoperation rates (RR 0:51, 95% CI 12:21 to 1:23) ver-
sus WGL, although the results were not statistically
significant.

The authors conclude that today the WGL is still the
approach most widely adopted in the location of non-
palpable lesions for breast surgery. The review of the litera-
ture indicates that the ROLL can be used in clinical practice
as it has proved to be a safe method, thus constituting a valid
alternative to WGL with the added advantage of being able
to highlight the sentinel node simultaneously.

19.2 The Sentinel Node Biopsy (SNB)

G. Paganelli

19.2.1 Introduction

The introduction of the sentinel node technique in clinical
practice has resulted in a significant change in the treatment
of early breast cancer, becoming the standard of care and
thereby reducing the number of unnecessary axillary
dissection.
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The concept of “sentinel lymph node” is connected
with the idea that the metastatic spread of cancer through
the lymphatic follows an orderly and predictable pattern
[20-22]. On the basis of this hypothesis, the histological
evaluation of the “sentinel node,” which is the first lymph
node that drains fluid directly from the primary tumor,
allows to exclude the presence of malignant cells in other
lymph nodes. Therefore, the status of the sentinel node is
able to accurately predict the pathological state of the suc-
cessive lymph node stations.

During the 1990s, the concept of sentinel node showed
its potential role in the surgical treatment of breast cancer
[23-25]. Since then, lymphoscintigraphy has increasingly
emerged as a reliable method for detecting sentinel lymph
node showing success rates higher than the method so far
used (blue dye). These studies started with the work pub-
lished in 1993 by Alex and Krag [26] on melanoma and
breast cancer to reach the optimized approach developed by
our group at IEO in 1995-1996 [27] and then applied in
thousands of breast cancer patients in Europe.

The first randomized trial comparing total axillary dissec-
tion versus the only sentinel lymph node biopsy was per-
formed by Veronesi and colleagues [28], which randomized
516 patients with breast tumors smaller than 2 cm.

The study had planned to recruit 1000 for each experi-
mental arm, but after the known preliminary results, the
patients randomized to axillary dissection arm refused treat-
ment. These results confirmed those of the NSABP B-32
study [29, 30] that showed how the sentinel node biopsy is
predictive of axillary nodal status with great accuracy
(96.9%), with a low false-negative rate (8.8%). In addition,
the postoperative comorbidities were much less frequent in
the sentinel node group.

19.2.2 Methodological Aspects
of Lymphoscintigraphy

Despite its spread, there is no consensus on the methodologi-
cal aspects of the sentinel lymph node procedure: there are
still many controversies regarding the type of tracer to be
used (different between the USA and EU), the method of
injection, the type of images to perform (planar, SPECT),
and the subsequent revelation in the operating room.

19.2.3 Radiotracers

The perfect radiopharmaceutical for sentinel lymph node
biopsy should be easily drained from the administration area
on the first node, accumulating preferentially only at this
level and limiting the drainage toward the subsequent lymph
node stations.

The intranodal retention is due to macrophages that line
the sinusoidal spaces of the lymph nodes, whose main func-
tion is to filter the lymph-rich particulates, on the basis of an
active phagocytosis [31].

After administration, the colloidal particles pass into the
lymphatic circulation with a speed that is inversely propor-
tional to particle size [32, 33].

In our experience, the ideal tracer is composed of particles
with sizes between 100 and 200 nm, in order to obtain the best
compromise between speed of drainage and accumulation in the
sentinel node. In fact, tracer colloidal particles with sizes less
than 50 nm in the lymphatic vessels drain very quickly but also
pass in the lymph nodes of the second and third level (Fig. 19.5).
On the other hand, the tracers consisted of too large particles
(diameter >300 nm) that accumulate only in the sentinel lymph
node, but with a speed of migration excessively slow.

Unfortunately the tracer colloidal particles with a diame-
ter between 100 and 200 nm are not commercially available;
currently the most widely used radiopharmaceutical in the
USA is the technetium-labeled sulfur colloid in a nonfiltered
(with particles ranging from about 15 to 50 nm) or filtered
form, whereas in Australia and in Canada, antimony trisul-
fide is used (range, 3-30 nm). Many European researchers
use human serum albumin particles with diameters between
40 and 100 nm (95% < 80 pm).

In our first series of 240 consecutive patients, the mean
number of lymph nodes visualized using a radiocolloid par-
ticles with sizes ranging between 15 and 50 nm was equal to
2.1 (SD 1.1), while it was 1.6 (SD 0.8) for the tracer particles
up to 80 nm and 1.3 (SD 0.5) with larger particles [24].

19.2.4 Injection

The optimal injection approach has been much debated in
the last 20 years. The different proposed methods can be
summarized into two main categories: deep injection (intra-
tumoral, peritumoral) or superficial (intradermal, subcutane-
ous, or periareolar).

Several studies have been carried out to compare the
results obtained with the various methods of injection. So
far, only two prospective randomized clinical trials have
been published [34, 35], and the results are not quite clarifi-
ers. In fact Povoski et al. have shown that the rate of identifi-
cation of the SN is greater when the injection is made
intradermally, while Rodier and colleagues have shown that
the most effective route of administration is the periareolar
that obtains an SN detection rate of 99.11%.

Data from a study of our group [24], using both injection
intradermally and peritumoral, showed no significant differ-
ences in the identification rate of sentinel node. The only dif-
ference is related to a time delay in the display of the sentinel
lymph node when using the administration by peritumoral.
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Fig. 19.5 (a) Scintigraphic image in the right anterior oblique projec-
tion obtained after subcutaneous injection of 99mTc-labeled sulfur col-
loid antimony in the upper outer quadrant of the right breast: multiple
uptake areas in the ipsilateral axillary level are highlighted. (b)
Scintigraphic image in anterior oblique projection right after subcuta-

Superficial injection has the advantage of being an
extremely easy method to perform, not requiring an ultra-
sound or stereotactic guidance for its execution also in the
presence of non-palpable tumors, instead necessary in the
case of peritumoral injection.

We believe that both deep and surface approach injection
techniques are valid and are often complementary; the com-
bination of both injection techniques (both peritumoral
injections and retroareolar/areolar [36] or subcutaneous/per-
itumoral injection [37]) can improve the detection accuracy
and decrease the false-negative rate (FNR). This is also
supported by a study on the anatomy of the breast, lymphatic,
which has shown that in some cases there are different lym-
phatic drainage ways, although most of the superficial lymph
vessels converge in the same sentinel node [38]. Our current
approach is to prefer the hypodermic injection in superficial
tumors and to reserve the peritumoral administration in deep
tumors.

19.2.5 Imaging

The execution of lymphoscintigraphy in the afternoon
before surgery (15-18 h before surgery) is both logistically

neous injection of 99m Tc-labeled albumin (particle diameter com-
prised between 100 and 200 nm) in the inferior-inner quadrant of the
right breast: it shows the presence of a single spot of uptake correspond-
ing to the sentinel lymph node in the ipsilateral axilla

convenient for the routine in nuclear medicine and consis-
tent with the pathophysiology of lymphatic drainage for
radiocolloids with any particle size. However, when radio-
colloids with small particle size are used, it may be prefer-
able to perform the imaging 2—4 h before the surgery in
order to avoid the uptake of multiple lymph node stations.

Generally, the acquisition of lymphoscintigraphy for
identifying the sentinel node is performed using a large field
gamma camera equipped with a high-resolution collimator.
The patient should be placed in a supine position, with the
arm above the head to allow placement of the gamma cam-
era’s head as close to the axilla.

The acquisition may be carried out in dynamic scan to
highlight the route of drainage and then followed by the
static acquisitions placing the gamma camera in anterior
oblique position (+45°). Once the lymph node is displayed, it
is necessary to mark the skin projection of the sentinel lymph
node in the axilla using a permanent marker, positioning the
arm at 90° with respect to the body in the same position of
the intervention.

It seems rather unclear the added value of SPECT/CT for
visualization of sentinel nodes: some authors have proposed
its use especially when there is evidence of an extra-axillary
drainage [39], but at present it is of little use.
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19.2.6 Intraoperative Gamma Probe Counting

The intraoperative localization of sentinel nodes involves the
use of a gamma probe sensor, wrapped in a sterile sheath: the
sequence can vary according to the surgeon’s habits, being
able to perform before the removal of the primary tumor and
then the sentinel node or vice versa. In patients where the
primary tumor is located in the upper outer quadrant, it may
be possible to use a single incision to remove the tumor that
is the sentinel node.

The location of the sentinel lymph node with the gamma
probe is based on the detection of a focal spot of radioactiv-
ity accumulation in the draining lymph node/s. Once the
sentinel lymph node/s are localized and excised, a further
search of the tracer accumulation areas must be performed
to highlight the possible presence of other “hot” lymph
nodes. The complete removal of the sentinel node/s is con-
firmed by the reduction of the rate in the axilla to back-
ground levels.

In the most recent series, the overall success rate of lym-
phoscintigraphy in the identification of the sentinel lymph
node is very high, about 97%, higher than that of the colori-
metric technique with the vital blue (mostly around 75-80%).

19.2.7 Results, Clinical Indications,
and Controversies

Sentinel lymph node localization and biopsy (SLNB) rep-
resents the “standard of care” for the assessment of axil-
lary lymph nodes in patients with breast cancer. This
procedure has completely replaced the axillary lymph
node dissection (ALND), in women with breast cancer in
stages I and II with no clinical evidence of metastasis to
the axilla [24, 40, 41].

Currently, in patients with negative sentinel node biopsy,
the axillary dissection is not performed, regardless of the
type of tumor present.

Axillary dissection remains, however, the standard treat-
ment for patients with axillary metastases.

SLNB has undergone changes and improvements over the
years, and the procedure is routinely performed in many situ-
ations that were considered as contraindications only a few
years ago.

19.2.7.1 Minimal Lymph Node Involvement

One aspect not entirely clarified is the meaning of microme-
tastases and isolated tumor cells (ITC) in sentinel lymph
node. Micrometastases are defined as a tumor deposit greater
than 0.2 mm and/or more than 200 cells, but less than
2.0 mm, while the ITC are groups of cells not exceeding
0.2 mm or less than 200 cells [42].

Between 2001 and 2010, the International Breast Cancer
Study Group (IBCSG) 23-01 recruited women from 27 insti-
tutions with breast cancer, with tumor size of <5 cm, and
with micrometastases in the sentinel node, randomizing into
two arms which included SLNB or standard treatment with
ALND. After a 5-year median follow-up, the axillary recur-
rence rate was <1% in both arms. Survival was similar in the
ALND and SLNB-alone group (DFS, 84% vs. 88%, respec-
tively) [43].

In 2011, the St. Gallen Consensus Conference [44] rec-
ommended that the micrometastases in the sentinel node
should not represent an indication for axillary dissection
irrespective of the type of surgery performed.

19.2.7.2 Ductal Carcinoma In Situ (DCIS)

DCIS metastasizes to the axillary lymph nodes in a small pro-
portion of patients (estimated at 1-2% of cases), and, if pres-
ent, the meaning of these metastases is not yet clear. For these
reasons, the National Cancer Institute has not recommended
the use of SLNB in patients with ductal carcinoma in situ [45].

However, it was shown that approximately 40% of
patients will have an underestimation of ductal invasion, so
the sentinel node biopsy is currently recommended in
patients undergoing mastectomy for DCIS [46]. In patients
undergoing conservative surgery, the sentinel node biopsy
can be performed successively in the presence of an invasion
examination of the surgical samples.

However, some centers perform SLNB in patients with
DCIS considering the fact that a wide local excision can
cause an alteration of the lymphatic drainage, making a sub-
sequent SLNB difficult [47].

19.2.7.3 Reoperative SLNB with Prior Breast or
Axillary Surgery

The sentinel node approach has always been limited to

women that have not previously undergone surgery, in rela-

tion to the fact that the lymphatic system should be intact in

order to have an excellent drainage.

Published reports have shown that sentinel node biopsy
can be performed after surgical treatment, either conserva-
tive or radical: in 117 patients [48], previously treated with
surgery, the search for the lymph node was effective in 55%
of patients, with a success rate directly proportional to the
number of lymph nodes removed during the first interven-
tion. This series revealed no locoregional recurrence after an
average of 2.2 years of follow-up, but the 5% of patients
developed recurrences.

Another series of 56 patients showed an 80% detection
rate; after 2 years of follow-up, axillary recurrences were not
reported. The same group later published a similar series in
patients with a previous ipsilateral lymph node dissection,
noting only a 29% success rate [49].
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19.2.7.4 Pregnancy

There are several dilemmas in the management of breast can-
cer during pregnancy, one of which is how to assess the
lymph node status of the patient. The introduction of the
SLNB technique requires a careful assessment of risks and
benefits in this patient population.

First, the problem that arises is linked to the use of a
radioactive substance: studies have shown that the risk of
radioactive teratogenicity is minimal. The SLN method both
in the case of melanoma than in breast cancer usually uses
doses of 0.3-3 mCi of 99mTc-nanocolloids, with a fetal
absorbed dose of about 0.43 cGy [50]. It is estimated that the
risk of embryonic or fetal genetic defects is equal to 0.024—
0.099% per cGy [51], while the liable threshold for fetal
teratogenic effects is 5 cGy [52].

Studies reported in the literature in pregnant women [50]
suggest that SLNB can be performed safely in pregnancy,
although data are based on currently too small populations.
For this reason, the SLNB in these patients may be used, but
it requires a large informed consent before embarking on this
technique.

19.2.7.5 Sentinel Lymph Node of the Internal
Mammary Node (IMN)

Study of the sentinel node has allowed a better evaluation of
the nodal status at the level of IMN, whose valuation is gen-
erally not included in the standard surgical procedure. It was
shown that the IMN metastases represent a negative prog-
nostic factor [53], with a higher incidence of distant metasta-
sis and reduced survival [54, 55]. The involvement of IMN is
more frequent in the case of tumors located in the inner
quadrants, even in the presence of subcentimeter lesions.

The risk of distant metastases increased 30% in mammary
tumors located in the interior quadrants, with an increase in
mortality of 20%; in particular, the risk of metastasis to the
IMN is associated with the age of patients (decreases with
increasing age), the size of the primary tumor, and the pres-
ence of axillary metastases [56, 57].

From a methodological point of view, the identification of
IMN sentinel node requires administration of the tracer
peritumorally.

This method of administration allows the display of
atleast one IMN node in 60% of the tumors, while it is
extremely rare that a node of the IMN is displayed using
intra / subcutaneous Injection (2.1%).

However, the significance of IMN biopsy continues to be
discussed. There is evidence that the mapping of IMNs
brings to stage migration and treatment planning changes;
however, more data are needed to support the idea that the
mapping of IMNs improves treatment outcome and survival
[58, 59].

19.2.7.6 ROLL and SNOLL

The sentinel lymph node biopsy (SLNB) and radio-guided
occult lesion localization (ROLL) can be used in combina-
tion (SNOLL) and for cancers or high-grade-infiltrating duc-
tal atypia.

A recent review [60] analyzed the results emerging
from seven studies that evaluated 983 patients with non-
palpable breast cancer. The rate of complete resection with
negative margins is between 82 and 90.5%, while the need
for a second operation has occurred in a percentage of
between 2 and 12%.

The systematic review has shown that SNOLL is feasible,
safe, and effective for the treatment of non-palpable breast
cancers.

19.2.7.7 New Tracers

The techniques of SNLB and ROLL/SNOLL involve the use
of radioactive substances whose use may be restricted only
to the centers with a nuclear medicine department. This lim-
iting factor is probably at the base of finding that in respect
of an increased incidence of cancer, the use of the procedure
of sentinel node biopsy has reached a plateau, with about
60% in developed countries who have access to this proce-
dure [61, 62]; the percentage goes down to 5% in China and
the rest of the world [63].

A recent review [64] has analyzed 21 studies investigating
the use of new molecules for the research of SLN such as
fluorescence of indocyanine green (ICG), contrast-enhanced
ultrasound (CEUS) microbubbles, or superparamagnetic
iron oxide nanoparticles (SPIO). The endpoint in this review
was limited to the sentinel lymph node identification, and
few data were available for other endpoints, such as false-
negative and locoregional recurrence rates.

The authors conclude that there is no significant benefit of
the new methods compared to the SLNB performed with
radiolabeled compounds.

19.3 Positron Emission Tomography (PET)

L. Gilardi, F. Matteucci, and G. Paganelli

19.3.1 Introduction

Positron emission tomography/computed tomography (PET/
CT) is an imaging modality that uses positron-emitting
radiotracers associated to radiologic imaging in order to pro-
vide in vivo data on receptor and biochemical and metabolic
processes of various types of tumors. The CT portion of the
tomograph provides an anatomical map used for attenuation
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correction of positron images and is also useful for an accu-
rate interpretation of PET signal.

The oncological biomarker most commonly evaluated
with PET/CT is fluorine 18 (*¥F) fluorodeoxyglucose (FDG)
uptake, as most malignant tumors overexpress glucose trans-
porters and show increased hexokinase activity [65-68].

However, breast tumors have other important features,
such as cell proliferation, hormonal receptor status, and
HER?2 status that have been explored through PET imaging
with other radiotracers.

Within this chapter, we examine the actual impact of
FDG-PET/CT on clinical management of breast cancer
patients; moreover, we discuss future opportunities given by
the development of specific non-FDG radiotracer.

19.3.2 FDG-PET/CT

19.3.2.1 Staging

An accurate staging of breast cancer patients at the time of
the initial diagnosis has a major impact on the choice of the
optimal therapeutic strategy [69]. Breast cancer staging
includes detecting cancer spread to regional lymph nodes,
both in the axilla and internal mammary chain, and also to
distant sites. As a total-body procedure, PET/CT is able to
assess these data all at once, providing morphological infor-
mation associated to an evaluation of the metabolic activity
of the disease.

There is no currently defined role for FDG-PET/CT in
breast cancer detection, mainly due to its poor spatial resolu-
tion. Indeed, the sensitivity of the procedure is less than other
conventional imaging modalities and depends first of all on
primary breast tumor size [70, 71]. In particular, Cermik et al.
found that the sensitivity of FDG-PET in detecting non-
palpable, small (<10 mm), invasive malignancies ranged from
53% for T1mic and T1a tumors to 63% for T1b tumors [72].

Moreover, PET imaging accuracy is affected by tumor
histology: lobular and ductal intraepithelial neoplasia (LIN
and DIN) can be missed, and invasive lobular carcinomas are
detected with less sensitivity than ductal carcinoma, due to
their pattern of growth [73, 74].

Actually, the main contribution of PET in primary breast
tumor assessment consists in measuring FDG uptake through
the standardized uptake value (SUV), which is useful to eval-
uate the subsequent response to neoadjuvant therapy in cases
not submitted directly to surgery, even at an early point dur-
ing treatments. Moreover several studies reported the corre-
lation between SUV of breast cancer and prognostic
parameters such as tumor size, axillary lymph node involve-
ment, negativity of estrogen receptor expression, high tumor
grade, and HER2 overexpression [75-77]. An association

has also been found between primary tumor FDG uptake and
immunohistochemical-defined subtypes of breast cancer,
more biologically aggressive tumors, i.e., HER2 positive and
triple negative, demonstrating higher SUV values than lumi-
nal ones [78, 79].

An evolution of PET in this setting is the development of
positron emission mammography (PEM) that is a relatively
new technique being investigated for use in breast cancer
diagnosis. After FDG injection, the breast is positioned in a
device similar to a mammography cassette. PEM demon-
strated improved sensitivity if compared to whole-body PET/
CT, in particular for detection of small lesions [80]. Other
benefits are that PEM is relatively unaffected by breast den-
sity and that it is able to detect in situ lesions [81], suggesting
a potential role in high-risk patients, in women with dense
breast, and in the diagnosis and postsurgical follow-up of
intraductal lesions.

For staging of the axilla, it has been demonstrated that
PET/CT cannot be used as a substitute of sentinel node
biopsy (SNB) due to the limited spatial resolution that pre-
cludes an adequate evaluation of small size lymph nodes, of
metastatic lymph nodes with few FDG-avid cells, and of the
axillas with few involved nodes. Sensitivity values as low as
20% have been found in some series [82—84]; in particular,
in a study by Veronesi et al., only 37% of 236 patients with
clinically negative axilla and with a positive sentinel node
biopsy had FDG-positive axillary lymph nodes at presurgical
PET scan [82].

On the other hand, a node-positive PET scan has high
specificity and positive predictive value for axillary staging
and indicates a higher disease spread to this region [85, 86].
Therefore PET/CT is useful in differentiating low- vs. high-
burden nodal disease and could guide the choice of surgical
treatments on the axilla: direct axillary lymph node dissec-
tion (ALND), foregoing SNB, has been proposed in PET
node-positive patients, while SNB actually remains the
choice as a staging procedure in PET node-negative cases.

In contrast with the limited accuracy in axillary lymph
node staging, as a total-body procedure, PET/CT has a great
value in the diagnosis of extra-axillary lymph node metasta-
ses and distant sites of disease (Fig. 19.6). The detection of
Berg level III (infraclavicular) or extra-axillary local-
regional (supraclavicular or internal mammary) nodal dis-
ease or of distant metastases has important implication in
surgical and radiation therapy planning and in the definition
of the real aim (curative vs. palliative) of therapeutic strat-
egy in newly diagnosed breast cancer. Some studies have
demonstrated that PET is superior to conventional imaging
in this setting [87-90]. Ng et al. detected occult metastases
in 17/154 patients (11%); locoregional nodal spread missed
by conventional imaging was instead found in 15/154
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Fig. 19.6 Staging PET/CT
scan in a 62-year-old woman
with invasive ductal
carcinoma of the left breast
(cT2N1, ER 90%, PgR 90%,
HER?2 negative, Ki67 28%).
(a) Maximum intensity
projection image shows FDG
uptake in primary breast
tumor (arrow) and axillary
lymph nodes (arrowhead),
associated to multiple,
hypermetabolic lesions in the
bone. (b) Axial PET/CT
fusion image shows FDG
uptake in pelvic bones. (¢)
Sagittal PET/CT fusion image
shows multiple foci of uptake
in the spine
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patients (10.8—13% had ipsilateral internal mammary node
involvement and 2% ipsilateral supraclavicular nodal metas-
tases), leading to a change of the radiation treatment field
[88]. Likewise, in 13/154 (8%) and 7/70 (10%) patients,
there