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Abstract

Breast cancers have traditionally been classified based on
histology. However, with the development in imaging modalities

and available treatment options, it is imperative to also focus on
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the molecular classes of breast cancer. Molecular profile and gene
expression are important predictors of treatment response and

overall prognosis. Radiologists should have a good understanding
of molecular categories of breast cancer along with their imaging
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Introduction

Breast cancer is the most common cancer in women, with
a lifetime risk of 12% (one in eight) for average-risk women
and is the second most common cause of death from cancer in
women [1]. This review article aims to familiarize the readers
with the principal biomarkers and molecular classes of breast
cancer. Through a series of case review, we aim to highlight how
presence of some findings as well as the absence of some other
findings on mammogram, ultrasound, magnetic resonance
imaging (MRI) and positron emission tomography/computed
tomography (PET/CT), can indicate these molecular subtypes.
Finally, the article focuses on how molecular classification plays
a pivotal role in the dynamic model of breast cancer treatment.

Discussion of molecular classification

Breast cancers had traditionally been classified based on
histology, but histologic classification offers limited prognostic
value [2,3]. Molecular classification, which is based on
biomarkers and gene expression, plays an important role in the
approach to breast cancer treatment and its prognosis [4,5]. The
three molecular classes of breast cancer are luminal cancers,
HER2 enriched cancers and basal-like cancers. In 2000, Perou and

hallmarks.

Highlights

e To familiarize the readers with the principal biomarkers and
molecular classes of breast cancer.

e To highlight the characteristic imaging features of each
molecular class of breast cancer.

e To focus on the pivotal role of molecular classification in the
dynamic model of breast cancer treatment.

colleagues were the first to propose a molecular classification
of breast cancer. When tumor cells displayed features similar
to the epithelial cells lining the lactiferous ducts, expressing,
for example, cytokeratin 8/18 and genes associated with the
estrogen receptor, the cancers were labeled luminal cancers.
Alternatively, when cancer cells displayed characteristics similar
to the myoepithelial cells (also known as basal cells) lining the
inner surface of the basement membranes, expressing, for
example, cytokeratin 5/6 and laminin, the cancers were labeled
basal-like [6].

Testing for four molecular markers is standard for invasive
breast cancer biopsy. For ductal carcinoma in situ (DCIS),
biomarker status is provided after surgical excision. These
markers include estrogen activated nuclear transcription factor
(ER), progesterone nuclear transcription factor (PR), human
epidermal growth factor receptor 2 (HER2) and Ki-67 which
is the nuclear protein involved in cell proliferation. ER/PR are
considered together for hormone receptor status.

Luminal cancers express ER and PR, as well as luminal
cytokeratins (CK 7, CK 8, CK 18 and CK 19 among others)
expressed in normal luminal epithelial cells [3,7]. Luminal A
subtypes are HER2 negative and have low Ki-67 proliferative
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index. Luminal B subtypes can be HER2 positive in up to 30%
and have higher Ki-67 proliferative index. Luminal B cancers
have a higher histologic grade than Luminal A cancers [3]. A
threshold of 20%, higher than the previous threshold of 14%,
is used to determine high versus low proliferation of Ki-67 in
breast cancers, based on the panel decision at the St Gallen
International Breast Cancer Conference in 2013 [8-10].

HER2 enriched cancers are characterized by overexpression
of HER2 gene and low expression of ER/PR [6]. Half of HER2-
positive breast cancers are ER-positive, but they generally have
lower ER levels, and many have p53 alterations [11,12]. HER2
cancers have a high histologic grade [3].

Basal-like cancers express basal cytokeratins (CK 5, CK 14 and
CK 17 among others) and genes expressed in breast basal and/
or myoepithelial cells. Basal-like cancers have high proliferation
index and higher association with genetic mutations [3,7]
(Figures 1,2).
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Figure 2: Breast cancer molecular classes and histologic categories
[3,13,14].
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Imaging features of molecular classes

There are certain imaging characteristics that can be
indicative of the individual molecular classes of breast cancer.
These include, but are not limited to, shape, density, margins of
a mass, presence or absence of calcifications on mammogram,
shape, margins, orientation, posterior features of a mass
on ultrasound and shape, margins, T2 signal, enhancement
pattern, wash-out kinetics of a mass on MRI and morphology
of a mass as well as pattern of ®F-fluorodeoxyglucose (FDG)
uptake on PET/CT.

Molecular classes and role of nuclear medicine

Sentinel lymph node biopsy is considered the gold
standard for axillary lymph node evaluation and preoperative
lymphoscintigraphy vyields a high identification rate for
these sentinel lymph nodes [15]. *¥F-FDG PET/CT can play an
important role in breast cancer treatment due to its high rate of
accuracy in detecting non-axillary lymphatic involvement and
distant metastasis. The standardized uptake value (SUV), which
is defined as the uptake level of ®¥F-FDG in cancer cells by in-
vivo glucose hyper metabolism, might have predictive value
for the diagnosis and prognosis of the disease. Additionally,
BE-FDG uptake in breast cancer has a close relation with
histopathological and molecular classification. Higher SUV__ is
associated with aggressive histopathological subtype, distant
metastasis, and worse prognosis [16-19]. Advancement in
molecular imaging has applications in breast cancer treatment.
The uptake of more specific radiotracers targeting receptors
helps in identifying molecular subtypes and in evaluating
response to therapy such as estrogen receptor (ER) tracer 16
o-18F fluoroestradiol-17p (FES).

Imaging features of luminal cancers

Luminal A subtype is the most common molecular type,
constituting 50% of all invasive breast cancers [3]. It has the
best overall prognosis, with a 5-year survival rate of 90% [20].
Luminal B subtype constitute 20% of all invasive breast cancers
[3]. It has a 5-year survival rate of approximately 40% [20]. They
can recur after a long disease-free interval. They are more likely
to metastasize to bones [21]. Luminal cancer on mammogram
presents most commonly as an irregular mass with spiculated
margins, however it may present as a mass with calcifications
or as microcalcifications (such as amorphous or coarse
heterogeneous morphology) without a discrete mass [22]. On
ultrasound, an irregular mass with non-circumscribed margins
and posterior acoustic shadowing can be seen [22-24]. On MRI,
luminal cancer can present commonly as irregular mass with
spiculated margins. Mass is typically isointense to hypointense
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Figure 3: 77-year-old female presented with palpable right breast
mass. CC (a) and MLO (b) tomosynthesis views of diagnostic
mammogram demonstrate a spiculated mass (red arrow) in the
inner central right breast, associated with nipple retraction.
Targeted ultrasound (c) demonstrates a hypoechoic irregular mass
with some internal vascularity. F-18 FDG axial (d) and coronal PET/
CT (e) and corresponding CT image (f) demonstrate an irregular
FDG avid mass (red arrow) in the inner right breast, with SUV__ of
2.9. Biopsy revealed ER positive, PR positive, HER2 negative, Ki-67
positive grade 2 invasive ductal carcinoma.
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Figure 4: 63-year-old female with abnormal screening
mammogram. CC view of the mammogram (a) demonstrates
a spiculated mass (red circle) in the medial left breast. Targeted
ultrasound (b) demonstrates an irregular hypoechoic mass with
angular and spiculated margins. DCE MRI image (c) demonstrates
an irregular mass (red circle) with homogeneous enhancement
in the inner left breast. Biopsy revealed ER positive, PR positive,
HER2 negative, Ki-67 negative invasive ductal carcinoma. H&E
stain, 100X (d), shows histologic grade 1 invasive ductal carcinoma,
estrogen receptor immunostaining (Clone SP1), 100X (e), is strong
positive and progesterone receptor immunostaining (Clone 1E2),
100X (f), is strong positive. Black arrows show tubule formation.

Figure 5: 27-year-old female presented with palpable right breast
lump. CC view of the diagnostic mammogram (a) demonstrates
an irregular mass (red arrow) with spiculated margins in the outer
right breast. Targeted ultrasound (b) demonstrates an irregular
hypoechoic mass with angular and spiculated margins, posterior
shadowing, and internal vascularity. T1-weighted DCE MRI image
(c) demonstrates an irregular mass (red arrow) with spiculated
margins and heterogeneous enhancement in the outer right
breast. Biopsy revealed ER positive, PR positive, HER2 negative, Ki-

| 67 negative grade 2 invasive ductal carcinoma. )
o .

on T2-weighted imaging and enhances heterogeneously
with plateau or wash-out kinetics on dynamic post contrast
imaging [25]. With regards to F-FDG PET/CT, studies have
shown association of higher SUV__ in tumors with high Ki-67
expression [16,17,26-28] (Figures 3,4,5).

18F-FES PET/CT can be used to quantify the entire volume of
ER-positive disease for all the lesions in a patient. There can
be heterogeneous *®F-FES uptake within the same tumor and
between metastatic lesions. A higher level of '¥F-FES activity
in advanced tumors indicates a greater chance of response to
endocrine therapy. ®F-FES PET/CT is, therefore, a great tool to
guide treatment strategies and possibly to predict prognosis
[29,30].

Figure 6:40-year-old female with abnormalscreeningmammogram.
CC view of the mammogram (a and a-inset) demonstrating fine
pleomorphic calcifications (red circle) in a segmental distribution
in the inner left breast. Targeted ultrasound (b) demonstrates
an irregular mass with indistinct angular margins and internal
calcifications. T1-weighted DCE MRI (c) demonstrates segmental
non-mass enhancement (red circle) in the inner quadrant of left
breast with mixed kinetics (d). Biopsy revealed ER positive, PR

\\positive, HER2 amplified grade 2 invasive ductal carcinoma.

Imaging features of HER2 cancers

HER2 enriched cancers constitute 15% of invasive breast
cancers [3]. The 5-year survival rate is approximately 40% [20].
HER2 amplified breast cancers have unique biological and clinical
characteristics [12]. They are more often multifocal, multicentric
and have nodal involvement at the time of presentation [3].
They are more likely to have visceral and brain metastases
[21,31]. HER2 cancer on mammogram can present as a mass
with microcalcifications and spiculated margins or as a group of
calcifications (pleomorphic morphology being more common
followed by amorphous and punctate) [22,23,32]. Calcifications
are a characteristic feature of HER2 cancers, seen in over 75%
of the cases [22,32]. On ultrasound, a hypoechoic irregular mass
with non-circumscribed margins, internal echogenic foci or
calcifications and mixed posterior features can be seen [22-24].
On MRI, HER2 cancer can present as a heterogeneously enhancing
mass with spiculated or irregular margins and washout kinetics or
less commonly as an area of non-mass enhancement [33]. With
regards to *F-FDG PET/CT, studies have shown association of
higher SUV__ in HER2 positive tumors, more so with ER and PR
negative status [16, 17, 26, 27, 28] (Figures 6,7,8).

Imaging features of triple-negative cancers

Triple-negative breast cancer (TNBC) refers to the tumors in
which the cancer cells do not express estrogen or progesterone
receptors and also do not express HER2 protein. TNBC cells
test “negative” on all three biomarker tests. These cancers
tend to be more common in women younger than age 40, in
African American women, or women with BRCA1 mutation.
Compared with the other types of breast cancer, triple-negative
tumors are often larger at the time of diagnosis, involve
lymph nodes more frequently, and are more often high-grade
tumors. Approximately 70-80% triple negative breast cancers
are basal-like [34]. Some rare histologic types of breast cancer,
such as adenoid cystic and secretory carcinomas, are also
characteristically triple-negative cancers; yet are associated
with a better prognosis than the more common triple-negative
infiltrating ductal carcinoma (Figure 9).

Basal-like cancers are more common in young African
American women and can have an association with BRCA1
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Figure 7: 47-year-old female presented with a palpable right breast
mass. MLO view of the right breast on diagnostic mammogram
(a and a-inset) demonstrates an irregular mass (red circle) with
pleomorphic calcifications (black arrow) in the upper outer
breast and axillary lymphadenopathy (yellow circle). Targeted
ultrasound (b) demonstrates a hypoechoic mass with indistinct,
microlobulated margins and internal calcifications (white arrow).
MIP MRI image (c) demonstrates an irregular mass in the upper
outer right breast (red circle) with heterogeneous enhancement
and axillary lymphadenopathy (yellow circle). F-18 FDG MIP (d),
axial PET/CT and corresponding axial CT images (e-h) demonstrate
a hypermetabolic right upper outer breast mass with a biopsy clip
(red arrow), with SUV__ of 11.6 and enlarged hypermetabolic right
axillary lymph nodes (yellow arrow). Biopsy revealed ER positive,
PR negative, HER2 amplified, Ki-67 positive grade 3 invasive ductal
carcinoma.

\_ %

gene mutation. They constitute 15% of invasive breast cancers
[3]. They can present as interval cancers. They can metastasize
to lungs and brain and have the worst five-year survival rate
among all molecular classes [20]. However, they do respond
well to chemotherapy. The risk of recurrence is highest one
to four years after diagnosis, with rare chances of recurrence
thereafter. Basal-like cancer on mammogram can present as
a high- density mass with indistinct margins or can be round
or oval and mimic benign processes. Microcalcifications are
uncommon. On ultrasound, basal-like cancer can present as
either a complex cystic-solid mass with non-circumscribed
margins or as a round or oval markedly hypoechoic to anechoic
mass with circumscribed margins and posterior acoustic
enhancement with fibroadenoma-like appearance [22-24,35].
On MRI, basal-like cancer can present as a round or oval T2
hyperintense mass with circumscribed or irregular margins. On
dynamic contrast enhanced imaging, they can demonstrate rim
enhancement or have enhancing internal septae with variable
kinetics. Non-mass enhancement is typically not a feature [25].
Triple-negative cancers have been reported to show higher
18F-FDG uptake than luminal A and B types [16,36-38] (Figures
10,11,12).

In summary, each molecular class of breast cancer can have a
characteristic appearance on imaging. However, it is important
to know that in practice there may be heterogeneity in their
imaging appearances and overlapping imaging features may
be present among these molecular classes.

Molecular subtypes and breast cancer treatment
perspectives

TNM (notation using tumor, lymph node and metastasis)

Figure 8: 57-year-old female presented with left breast mass.
MLO view of the left breast on diagnostic mammogram (a)
demonstrates three masses in the inferior breast (red circle) and
enlarged lymph node (yellow circle). Targeted ultrasound images
(b-d) demonstrate three irregular masses with indistinct margins,
the largest was not parallel and showed posterior shadowing. MIP
MRI image (e) demonstrates multiple heterogeneously enhancing
masses in the left breast (red circle) with enlarged posterior
intramammary nodes (yellow circle). Biopsy revealed ER negative,
PR negative, HER2 amplified, Ki-67 positive invasive lobular
carcinoma. H&E stain, 100X (f), shows histologic grade 3 invasive
lobular carcinoma. Ki-67 immunostaining (Clone 30-9), 100X (g),
shows proliferation index greater than 20%.

\_ %

staging is the standard breast cancer staging tool. The AJCC
is one of the major bodies governing guidelines for cancer
staging. The 8" and latest edition became effective in the United
States as of January 1, 2018. This version incorporates the use
of biomarkers in countries where they are widely available to
designate prognostic staging [39].

The presence of a specific biomarker in a breast cancer
case is predictive of a positive response with targeted therapy.
Hence, molecular classification plays a significant role in the
dynamic model of breast cancer treatment by driving the choice
of therapy. The decision for optimal breast cancer treatment
depends on multiple factors including age of the patient, size of
the tumor, extent of the tumor (whether the tumor is multifocal
or multicentric or locally advanced), lymph node status, grade
of the tumor and receptors for estrogen, progesterone and
HER 2. The overall prognosis of invasive non-metastatic breast
cancer depends on nodal status, histologic grade, tumor
size [4]. Across all molecular classes, stage at diagnosis is the
strongest predictor of survival. Between the molecular classes,
luminal A has the best survival rates, followed by luminal B,
HER2-enriched and basal-like in that order, from best to worst
prognosis [20,40].

Treatment modalities include surgery, adjuvant or
neoadjuvant chemotherapy, endocrine therapy (selective
estrogen receptor modulators like tamoxifen and aromatase
inhibitors like anastrozole and letrozole) and radiation therapy.
Surgical treatment choices include lumpectomy or mastectomy,
which can be simple or radical or modified radical. Luminal
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Figure 9: Relationship of Basal-like and Triple-negative breast

| cancers [34].

Figure 10: 60-year-old female presented with a palpable
right breast lump. CC view of the right breast on diagnostic
mammogram (a) demonstrates an oval highdensity mass (red
arrow) with partially obscured margins, trabecular thickening, and
skin thickening. Diagnostic ultrasound (b) demonstrates a round
hypoechoic mass with posterior enhancement. STIR (c) and T1-
weighted DCE (d) MRI images show a centrally T2 hyperintense
mass with peripheral enhancement (red arrow) in the right breast
with extensive edema and skin thickening (white arrow) as well as
axillary lymphadenopathy (yellow circle). F-18 FDG MIP (e), axial
PET/CT and corresponding axial CT images (f,g) demonstrate a large
right breast mass (red arrow) with central necrosis and peripheral
FDG uptake of 5.8 SUVmax, FDG avid satellite nodules, adjacent
inflammation and skin thickening with increased metabolic activity
as well as hypermetabolic axillary lymphadenopathy (yellow
arrow). Biopsy revealed triple negative (ER negative, PR negative,
HER2 negative) invasive ductal carcinoma. H&E stain, 100X (h)
shows poorly differentiated histologic grade 3 invasive ductal
carcinoma. Ki-67 immunostaining (Clone 30-9), 100X (i), shows
proliferation index greater than 20%.

| options [3,13,14].

.

Figure 11: 47-year-old female presented with a palpable
left breast lump. MLO view of the left breast on diagnostic
mammogram (a) demonstrates a round mass (red arrow) with
obscured and indistinct margins in the upper breast and axillary
lymphadenopathy (yellow arrow). Targeted ultrasound (b)
demonstrates a hypoechoic mass with indistinct margins and
with edema in the surrounding breast tissue. MRl demonstrates
a heterogeneously enhancing centrally necrotic mass on T1-
weighted DCE image (c) with marked hyperintensity (red arrow)
on T2-weighted image (d)in the left upper outer quadrant with
left axillary lymphadenopathy (yellow arrow). F-18 FDG MIP (e),
axial PET/CT and corresponding axial CT images (f, g) demonstrate
a large centrally necrotic irregular mass (red arrow) within the left
upper outer breast with intense peripheral FDG uptake of 22.8
SUVmax and enlarged hypermetabolic left axillary lymph nodes
(yellow arrow). Biopsy revealed triple negative (ER negative, PR
negative, HER2 negative) grade 3 invasive ductal carcinoma.

Figure 12:31-year-old female presented with a palpable right breast
lump. MLO view of the right breast on diagnostic mammogram
(a) demonstrates a round mass (red arrow) in the upper breast
at posterior depth. Targeted ultrasound (b) demonstrates a
hypoechoic mass with angular margins. MRl demonstrates a
round heterogeneously enhancing mass in the right upper inner
quadrant with a central biopsy clip on T1-weighted DCE image (c)
with marked hyperintensity (red arrow) on T2-weighted image (d).
Genetic testing showed BRCA1 mutation and biopsy revealed triple
negative (ER negative, PR negative, HER2 negative) grade 3 invasive
ductal carcinoma. . )

MOLECULAR SUBTYPES-TREATMENT OPTIONS
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Figure 13: Breast cancer molecular classes and medical treatment
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cancers respond well to endocrine therapy, with better response
in luminal A subtype than luminal B subtype. Luminal cancers
respond variably to taxane-based chemotherapy, with better
response in luminal B subtype than luminal A subtype. Cyclin-
dependent kinase-4/6 (CDK-4/6) inhibitors, example palbociclib,
ribociclib and abemaciclib, are being used to treat metastatic
HER2 negative luminal cancers. HER2 cancers respond to
chemotherapy with anthracycline and have relative resistance
to hormonal agents. HER2-amplified tumors have an increased
sensitivity to doxorubicin possibly due to co-amplification
of the topoisomerase-2 gene which is near the HER2 locus
on chromosome 17 and is the target of the drug [12,41].
Targeted chemotherapy with HER-2 targeted antibody drug,
trastuzumab, also known as herceptin, has improved prognosis.
Since the introduction of trastuzumab therapy, there has been
a 52% reduction in disease recurrence and a 33% reduction in
the death rate [42]. Basal-like cancers are sensitive to platinum-
based chemotherapy (example carboplatin). Poly-adenosine
diphosphate ribose polymerase (PARP) inhibitors are only used
to treat metastatic breast cancer in patients with BRCA1/2
mutation, as the tumor cells are sensitive to DNA damage
involving the PARP enzyme [3,13,14]. Immunotherapy drugs
can be used for treatment of metastatic triple negative breast
cancers that express programmed cell death protein 1 (PD-L1)
(Figure 13).

Tumor multigene next-generation sequencing (NGS) which
allows fast and affordable sequencing of a high number of
nucleotides, can be used to test for genomic mutations in
metastatic breast cancers, like BRCA1/2, PIK3CA, AKT1, PTEN,
ERBB2, ESR1 and NF1 mutations [43]. NGS is a powerful tool for
selection of effective medications and treatment strategies for
patients in the era of personalized medicine.

Conclusion

Molecular stratification of breast canceris a crucial parameter
in identifying appropriate treatment plan and for risk scoring.
As key contributors in the care of breast cancer patients, it is
important for radiologists to be familiar with molecular subtypes
of breast cancer and to recognize their specific imaging features
when present. Some of the individual decisive features are
shape, density, margins of a mass and presence or absence of
calcifications on mammogram, shape, margins, orientation and
posterior features on ultrasound, shape, margins, T2 signal,
enhancement pattern and wash-out kinetics of a mass on MRI
and SUV__ on'®F-FDG PET/CT.

It is the combined morphologic picture on imaging that can
stand out as a thumbprint for each molecular class in certain
patients. However, there may be considerable heterogeneity
and overlap in their imaging appearances and further research
is needed to validate specificimaging biomarkers. Nevertheless,
by understanding the effect of all prognostic factors for breast
cancer, specifically the molecular classes, radiologists along with
a multidisciplinary team, can achieve individualized patient care
and improve patient outcomes.

Glossary of abbreviations

CC: Craniocaudal; MLO: Mediolateral oblique; MRI: Magnetic
Resonance Imaging; DCE: Dynamic Contrast Enhanced; STIR:
Short Tau Inversion Recovery; MIP: Maximum Intensity
Projection; PET: Positron Emission Tomography; CT: Computed
Tomography; FDG: Fluorodeoxyglucose; SUVmax: maximum
Standardized Uptake Value; ER: Estrogen Receptor; PR-

Progesterone Receptor; HER2: Human Epidermal Growth Factor
Receptor 2; H&E: hematoxylin and eosin
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