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v

The past decade has seen an immense growth in our understanding of the molecu-
lar basis of cancer, which has made a significant impact on how we manage cancer 
in this era of personalized medicine. Breast cancer, which is the most common 
malignancy in women in the western world, has been the vanguard in the applica-
tion of molecular pathology in its management. Advances in molecular pathology 
have led to the development of new ancillary studies that are now standard clinical 
practice for profiling of breast tumors permitting the tailoring of adjuvant treat-
ment. The investigations include diagnostic and predictive biomarkers determined 
both by immunohistochemistry and more traditional molecular pathology tech-
niques such as FISH. At the advancing research front further potential new targets 
of therapy within the molecular pathways underpinning current practice are being 
revealed.

With the fast pace of growth in our knowledge, practicing physicians, includ-
ing pathologists, are increasingly expected to have a sound understanding of 
both traditional morphology based interpretation and the molecular pathology of 
breast cancer. Pathologists are consultants to their clinical colleagues for manag-
ing patients with breast cancer, and the role of molecular pathology has become 
critical in this era of personalized medicine and multidisciplinary cancer care. It 
is therefore important for pathologists to be familiar with advances in molecular 
pathology of breast cancer, so they can provide a better, informed, opinion when 
discussing cases with their clinical colleagues.

This book, which is part of the molecular pathology of cancer series, was put 
together with the aim of combining histopathologic and cytomorphologic features 
with changes at the molecular level, and how these latter alterations can play a 
role in breast cancer management. The editors are experienced practicing diagnos-
tic breast pathologists who apply these molecular pathology techniques routinely 
in their practice. With the exception of one chapter where we have invited breast 
radiologist and medical physics experts to write on the molecular basis of breast 
cancer imaging, all the authors in addition to diagnostic pathologists, include can-
cer biologists, who focus on the molecular biology of the breast cancer. The edi-
tors, who are also the senior author on each chapter, are internationally recognized 
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breast pathologists who bring their own valuable insights into the interface 
between morphology and molecular pathology.

We are very grateful to all the contributors who have taken time out of their 
busy schedules to write these chapters. We would also like to take this opportunity 
to thank the series editor Dr. Philip Cagle for inviting us to write this book and the 
editorial staff at Springer Publications for all their assistance in making this pro-
ject possible.

Ashraf Khan
Ian O. Ellis

Andrew M. Hanby
Ediz F. Cosar

Emad A. Rakha
Dina Kandil
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Chapter 1
Molecular Basis of Breast Cancer Imaging

Gopal R. Vijayaraghavan, Srinivasan Vedantham,  
Ashraf Khan and Andrew Karellas

© Springer Science+Business Media New York 2015 
A. Khan et al. (eds.), Precision Molecular Pathology of Breast Cancer,  
Molecular Pathology Library 10, DOI 10.1007/978-1-4939-2886-6_1

Introduction

Over the past decade, annually for women 50 years of age or older, the breast can-
cer incidence rate in the United States has ranged from 400 to 500 per 100 000 
women and the breast cancer mortality rate has ranged from 60 to 80 per 100 000 
women [1]. Though there has been a decline in the breast cancer mortality in the 
past decade it continues to be the second leading cause of death after lung cancer 
in women over 40 years of age.

Breast cancer continues to be a major health issue among women in the United 
States. Screening mammogram has significantly contributed to the reduction in 
mortality. However, screening mammogram has its own limitations. Its sensitivity 
is 80 % in fatty breasts but is substantially lower in dense breasts [2]. On average 
nearly 30 % of women reporting for mammograms have dense breasts and 1 in 2 
cancers in dense breasts are missed on mammograms due to the masking effect 
caused by overlapping tissues.

Notwithstanding the limitations of screening mammograms, it is widely consid-
ered the most effective tool for the early detection of breast cancer [3], and supple-
menting mammography with ultrasound and MRI greatly improves the diagnosis 
of breast cancer. Further improvements in sensitivity and specificity for diagnosis 
of breast cancer are likely to involve alternative imaging approaches that address 
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the limitations of existing imaging modalities or provide for imaging new contrast 
mechanisms. An example of the former is digital breast tomosynthesis [4], which 
can reduce the tissue overlap observed with mammography.

Mammograms and ultrasound images represent anatomic abnormalities that are 
associated with cancer. Magnetic Resonance Imaging (MRI) with injected contrast 
media better depicts the physiology of the tumor due to enhancement of tumor-
associated angiogenesis and this partly explains its higher sensitivity compared to 
mammography. Changes at the cellular level that distinguish cancerous cells from 
benign breast tissue have been explored in newer, innovative imaging techniques. 
Some of the imaging techniques described are still experimental and not yet con-
sidered ‘standard of care’. Some of the changes at the cellular level include new 
blood flow, angiogenesis, expression of protein receptors in breast cancer cells 
resulting in increased uptake of specific ligands and changes in oxy or deoxy-
hemoglobin content of the tumor cells. Radionuclides and optical probes that 
target specific proteins in the cells are being investigated. Some of these newer 
modalities can be combined with traditional imaging as part of multimodal imag-
ing to further improve our diagnostic capability [5].

Over the past decade advances in imaging and instrumentation have helped 
establish molecular breast imaging (MBI) as a useful supplemental tool [6–8]. 
Cost constraints, tumor size resolution, radiation dose, and sparse availabil-
ity were some of the cited reasons why these modalities have not gained wide-
spread acceptance [9]. Many of these issues continue to be addressed. Radiation 
dose from radionuclide-based molecular imaging [10] continues to remain a major 
impediment compared to established screening mammogram.

Molecular imaging reflects both tumor morphology and physiology and thus 
has some inherent advantages over conventional mammograms, particularly in a 
situation of radiographic dense breasts.

MBI techniques currently available include:

1.	 Breast-specific gamma imaging (BSGI).
2.	 Positron emission mammography (PEM).
3.	 Optical imaging with near-infrared spectroscopy.

In addition, imaging tests that can be performed in ex vivo specimens to evaluate 
cancer margins include:

1.	 Optical imaging with confocal microscopy.
2.	 Terahertz imaging.

Breast-Specific Gamma Imaging (BSGI)

While mammography and ultrasound rely on anatomical changes in the breast 
(calcifications, masses, architectural distortion, or asymmetry), BSGI relies on the 
physiology (blood flow, mitochondrial activity, and angiogenesis) of the tumor to 
make the diagnosis.
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A standard two-view mammogram continues to be the gold standard in the 
evaluation of breast cancers, notwithstanding recent controversies [11]. The sensi-
tivity of mammogram is limited [2]. In dense breasts, small cancers are hidden and 
can be missed [12, 13]. Breast ultrasound and tomosynthesis have shown the abil-
ity to detect some non-palpable breast cancers beyond mammography and address 
this limitation to a large extent [14, 15]. BSGI also known as molecular imaging of 
the breast has higher negative predictive value for breast cancers. Figure 1.1 shows 
a picture of MBI system.

Indications

The indications for performance of a BSGI study include high-risk surveillance, 
alternative to MRI, palpable breast masses with a negative mammogram and ultra-
sound, a newly diagnosed breast cancer with occult foci, and in women with breast 
implants or following direct silicone injection to resolve a difficult question.

Initially studies were performed on a conventional gamma camera and hence 
there were issues related to optimal positioning of the breast and poor resolution; 
this technique did not detect small cancers less than 1  cm. The sensitivity was 

Fig. 1.1   Picture of a 
molecular breast imaging 
system. Courtesy of Jason 
Koshnitsky, Gamma Medica, 
Inc., Salem, NH
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less than 50 %, making it a less attractive alternative [6, 9]. Over the last 20 years 
advancements in gamma ray detector technology (for example, the use of the sem-
iconductor cadmium zinc telluride) and the use of dedicated dual head breast scan-
ners have improved both energy and spatial resolution. This has enabled detection 
of tumors as small as 1–3 mm. Also, production of images that are oriented simi-
lar to standard mammograms has made it easier for radiologists to interpret these 
studies. These improvements have also resulted in decreased radiopharmaceuticals 
doses, making the test more acceptable [7, 16].

Technique

MBI uses the radiotracer technetium (99mTc) sestamibi in doses of about 20 mCi 
(740  mBq) injected intravenously (IV) in one of the antecubital veins. Imaging 
starts immediately and continues up to the desired number of counts per image, 
approximately 100,000. Images are obtained with breast oriented in a manner 
similar to the standard mammogram; craniocaudal (CC) and mediolateral (MLO) 
images of both breasts. The image acquisition time is about 10 min for each view, 
to a total acquisition time of 40 min for a complete study [9, 17]. The breast com-
pression is less than that in a mammogram (a pressure of 15  lbs/square in. as 
opposed to 45 lbs/square in. on a conventional mammogram).

Advantages

In addition to its utility as an adjunct diagnostic tool, MBI is an attractive imag-
ing test from the cost point of view because of the wide availability of the radi-
opharmaceutical and compact size of the imaging equipment. It is a useful 
problem-solving tool particularly in patients unsuited for MRI, because of metallic 
implants, renal dysfunction, or claustrophobia. BSGI has high sensitivity, specific-
ity, and positive predictive value (PPV) compared to standard mammograms and 
ultrasound evaluation [7–9, 16–18]. Figure 1.2 shows an example. Weigert et al. 
[8] in a multicenter study determining the impact of molecular imaging concluded 
that statistically BSGI was more accurate (better sensitivity, specificity and PPV) 
than ultrasound, when findings were discordant from a standard mammogram. 
Lately, BSGI guided biopsy systems [6, 8] have become available which allows 
confirmation of pathology results and better correlation with imaging findings.

Limitations

Poor visualization of chest wall and axilla are some of the drawbacks, which can 
be overcome with additional views. The inability to obtain all of the breast tissue 
in the field of view (FOV) to a large extent has been alleviated by offering nuclear 
medicine technologists training in breast positioning by mammographers [9]. In 
view of potential radiation risks the dose of the injected radiopharmaceutical has 
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been steadily decreasing. Initial trials on BSGI used doses of 30 mCi (1110 mBq), 
currently this has dropped to 20  mCi and some centers use only 10–15  mCi of 
99mTc [7]. Trials at Mayo Clinic in Rochester, MN are experimenting with a dose as 
low as 4 mCi and by enhancing image quality with digital post-processing. At this 
dose the radiation dose to the breast is comparable to a standard two-view mam-
mogram. The results from this study will determine if MBI has a role in screen-
ing, particularly for the intermediate risk category, where the benefit of MRI is not 
clearly defined. While one of the earlier limitations of BSGI was the poor sensi-
tivity of molecular imaging in identifying sub-cm tumors, with recent advances, 
Hruska et al. [16] demonstrated sensitivities up to 80 % for tumors less than 1 cm.

Positron Emission Mammography (PEM)

Positron emission tomography (PET) imaging is a useful diagnostic test in many 
malignancies, but has not been accepted as standard of care in breast cancers [19]. 
Dedicated PEM scanners for breast have been developed, providing higher reso-
lution than whole body PET scanners [20]. In PEM and PET imaging, the radi-
otracer fluoro-deoxyglucose (18-FDG) is used, providing a physiological measure 
of increased metabolic activity. While a promising tool it also demonstrates ‘hot 
spots’ at inflammatory and infective sites resulting in false positives.

Fig.  1.2   An asymptomatic postmenopausal woman with a prior negative mammogram par-
ticipated in a research study evaluating the effect of caffeine on Tc99 m sestamibi uptake. Her 
molecular breast imaging (MBI) exam (bilateral MLO) was positive (a). There was a focal area 
of moderate intensity radiotracer uptake in the lower inner right breast at middle depth measur-
ing 1 × 0.7 × 0.8 cm. Subsequent digital mammogram (b), and digital breast tomosynthesis (c) 
showed no correlate to the MBI finding. Breast MRI (d) depicted a 0.6 × 0.6 × 0.9 cm enhanc-
ing round mass with slight irregular margins corresponding to the abnormality identified by MBI 
(a). Second look ultrasound (e) followed by ultrasound guided biopsy indicated a 6 mm invasive 
ductal carcinoma. Courtesy of Michael K. O’Connor, Ph.D., Mayo Clinic, Rochester, MN
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Limitations

In order for the test to be sensitive, it is essential that there is good regulation of 
glucose levels and the blood glucose levels must be below 120  mg/dl. In order 
to achieve sufficient gamma counts in the image it is necessary for the patient to 
wait at least 2  h after administration of the radiopharmaceutical before imaging 
the breast. Also, it is important for the patient to remain quiet and warm to prevent 
‘hot spots’ from unusual muscular activity. One of the limitations of the earlier 
whole body PET scanners was its inability to pick up sub-cm cancers. This has 
been addressed to a large extent by the development of new, dedicated breast scan-
ners. Also, low grade tumors and some invasive lobular cancers and ductal carci-
noma in situ do not show avid uptake of the radiotracer [19]. Radiation concern 
continues to be a major limitation [10]. PEM suffers from some of the same limi-
tations associated with positioning as noted in BSGI. Not only does the imaging 
take 40 min (10 min for each view), but the patient needs to wait about 2 h post 
tracer injection before the images can be obtained. Like BSGI, the sensitivity in 
PEM imaging showed a declining trend with smaller sized tumors. In addition, 
PEM equipment is more expensive than BSGI and requires access to the 18-FDG 
radiotracer. Hence, PET and PEM are available only in a limited number of clini-
cal practices in the United States.

Advantages

The availability of more recent prototypes of dedicated PEM scanners with its abil-
ity to perform imaging guided biopsies has made it an attractive additional imaging 
tool [19, 21]. PEM sensitivity matched MRI for single lesions and the sensitivity for 
unsuspected lesion was around 85 % [22, 23]. PEM had higher specificity for unsus-
pected lesion compared to MRI. PEM imaging is useful in identifying the extent of 
the tumor and staging, evaluating response to treatment, identifying sites of distant 
metastases, and distinguishing a scar from recurrence [19, 20, 22, 23].

Research studies over the past 10–15 years have established the role and value 
of MBI and PEM in breast imaging. While the newer breast molecular imaging 
modalities have shown promise, they are still only useful as supplemental imag-
ing tools that can increase the radiologists’ confidence in detecting breast cancer 
and cannot supplant established modalities such as screening mammogram, ultra-
sound, and MR imaging. Additional regulatory approvals are needed for the clini-
cal site to handle radioactivity.

Radiation Risks

Since molecular imaging involves substantial radiation dose to part of the body 
other than the breast, there is concern about risk of cancer for radiosensitive 
organs; in the urinary bladder with PEM studies and in the colon with BSGI 
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studies. Hendrick [10] has estimated the lifetime attributable risk (LAR) of a 
fatal cancer in BSGI studies at standard recommended doses of 20–30  mCi 
(740–1100  MBq) to be 20–30 times that of a digital mammogram in woman 
aged 40 years, and 23 times higher with a single PEM study at standard 10 mCi 
(370 MBq) dose of 18-FDG.

It is also relevant to add that even though considerable advancements have been 
made in radiotracer-based molecular imaging of the breast, currently it is not a 
screening tool. Its primary role may be as an adjunct to standard mammography 
and ultrasound, particularly in women with dense breasts and in the intermedi-
ate risk category. In the high-risk women, MRI with its proven track record as the 
modality with the highest sensitivity for detection is the established modality. Both 
BSGI and PEM/PET have the advantage of identifying physiological changes that 
distinguish a cancerous lesion from benign tissue and also identify additional foci 
in the ipsilateral and contralateral breast. They are also helpful imaging options 
to monitor response to chemotherapy drugs. Their sensitivity is however known 
to decrease with smaller sized tumors. A higher incidence of false positive tracer 
uptake has been noted in fibrocystic lesions, growing fibroadenomas, and fat 
necrosis. PEM has shown to be useful in distinguishing a scar from recurrence 
where conventional imaging findings are equivocal.

Optical Imaging with Near Infrared Spectroscopy

Transillumination of the breast using light, referred to as diaphanography, was 
proposed in 1920s. Variants of this approach were investigated till the early 1990s. 
However, the approach was not recommended for breast cancer screening [24]. 
Better understanding of the contrast mechanisms, characterization of absorption 
and scattering properties of breast tissues at various wavelengths, and techniques 
for modeling optical photon transport through tissues have facilitated development 
of quantitative methods for diffuse optical spectroscopic imaging. Diffuse opti-
cal imaging using continuous wave, time domain, or frequency domain measure-
ments at near-infrared (NIR) wavelengths can be used to provide noninvasive in 
vivo quantitation of attenuation and scattering properties of breast tissue. This can 
be used to determine total hemoglobin content, oxygen saturation (ratio of oxy-
genated hemoglobin to total hemoglobin), water, and lipid content. Extension of 
the approach to 3D imaging, similar to computed tomography (CT), has resulted 
in diffuse optical tomography (DOT) systems. Hand-held diffuse optical spectros-
copy imaging systems have been developed and continue to be refined [25, 26]. 
Stand-alone DOT prototype systems for adjunctive use in diagnostic breast imag-
ing have been developed by academic investigators [27, 28] and by commercial 
entities (SoftScan®, Advanced Research Technologies, Inc., Montreal, Canada; 
CTLM®, Imaging Diagnostic Systems, Inc., Fort Lauderdale, USA).

In a study of 90 subjects, DOT showed that the ratio of total hemoglobin in the 
abnormality to that in the normal contralateral breast was statistically different for 
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malignant tumors [29]. However, the study noted that there may be a resolution 
threshold of approximately 6  mm. Development of multimodality systems com-
bining NIRS with X-ray imaging has been reported [30–32]. In a study of 189 
breasts from 125 subjects including 51 breasts with lesions, a statistically signifi-
cant increase was observed for total hemoglobin in malignant tumors larger than 
6 mm compared to fibroglandular tissue [33]. A hand-held probe combining ultra-
sound with NIR imaging has been developed, and in a study of 65 subjects with 
81 lesions significantly higher concentration of total hemoglobin was observed in 
malignancies than benign lesions [34].

Development of NIR systems integrated with MRI [35, 36] that incorporates 
image information from MRI during NIRS reconstruction as well as clinical evalu-
ation of such multimodality systems have shown that malignant tumor exhibit 
higher concentration of total hemoglobin and lower oxygen saturation. The use 
of exogenous contrast agents such as indocyanine green as well as tumor-targeted 
contrast agents that are under development can preferentially enhance lesions and 
could improve differential diagnosis. Monitoring of neoadjuvant chemotherapy 
response with a hand-held diffuse optical spectroscopic imaging system in a lim-
ited dataset showed that significant changes in oxygenated hemoglobin could be 
observed approximately 90 days after initiation of therapy [37]. In order to reduce 
re-excision rates following breast conserving surgery (BCS), NIR-based opti-
cal imaging systems to assess tumor margins are being investigated [38, 39]. In 
summary, the past two decades have witnessed substantial improvement in optical 
imaging techniques using NIR spectroscopy, and its transition to routine use for 
some clinical applications is highly probable in the near future.

Optical Imaging with Confocal Microscopy

In the management of early breast cancer, BCS is the standard surgical procedure, 
where excision of the least volume of breast tissue free of tumor cells at the mar-
gins is the goal. However, the current surgical literature [40] estimates positive 
margins at surgery in the range of 20–70 %. This necessitates revision excision. 
Currently, the quickest means to evaluate tumor margins is the ‘traditional frozen 
section’. This process is however laborious, time-consuming, does not include the 
entire tumor surface, and is limited by freezing artifacts of the surgical margins. 
Cauterization surgery also limits evaluation. Currently, there are many experimen-
tal, real-time, imaging options that are being evaluated. There is a need for such 
techniques to be cost-effective, reproducible, and dependable.

We performed an experimental trial [41–43] of excised lumpectomy speci-
mens at the University of Massachusetts Medical School in collaboration with the 
Medical Physics department at University of Massachusetts, Lowell, MA. The 
investigators evaluated lumpectomy specimens from breast cancer patients with 
polarization techniques after staining the specimen with dilute methylene blue. 
Wide-field polarization for quick macroscopic survey and small FOV confocal 
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microscopy for small FOV with high resolution was performed, images analyzed, 
and later correlated with findings at Hematoxylin and Eosin (H&E) stained pathol-
ogy slides evaluated by a trained breast pathologist (Fig.  1.3). The difference in 
the reflectance and fluorescence polarization values for benign and cancerous tis-
sue was exploited. In these studies, Patel et al. [41–43] observed good correlation 
between fluorescence polarization values and findings on H&E stained sections of 
benign and malignant breast tissue on histopathology. The reflectance polarization 
values did not correlate as well. While the researchers concede to slight misregistra-
tion between confocal microscopy images and H&E stained specimens, the ease of 
use has good future potential to evaluate ex vivo specimens. The instrument could 
also be used in vivo on patients on the operating table to discern any residual malig-
nant tissue that merits excision. A clinical trial is underway to evaluate the utility of 
this imaging technique for intraoperative evaluation of margins during BCS.

Terahertz Imaging

Accurate assessment of surgical margins of the excised breast specimen is very 
important in BCS in order to minimize the likelihood of re-excision. This is par-
ticularly relevant in the surgical treatment of invasive breast cancer followed by 
whole breast radiation therapy [44]. The reference standard for the determination 
of the tumor margins is by sectioning and imaging the excised specimen by con-
ventional pathology procedures. However, more expedient techniques have been 
investigated over the years that allow prompt margin assessment at the intraopera-
tive stage, thus affording the opportunity for the surgeon to excise additional tissue 

Fig. 1.3   Wide-field fluorescence polarization image (a) of a tissue section from a breast lumpec-
tomy specimen with corresponding histopathology at scanning magnification (b) showing good 
demarcation between the benign (right half) and malignant (left half) breast tissue. Fluorescence 
polarization image courtesy Anna Yaroslavsky, Ph.D., University of Massachusetts, Lowell, MA
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if needed. Breast specimen radiography has been used for many years for this pur-
pose. This approach is used routinely in clinical practice but it has certain inher-
ent limitations. Radiography generates planar images of a thick three-dimensional 
specimen; it provides good contrast for identification of surgical margins on the 
basis of changes in tissue composition and density, but it is not known to differen-
tiate well between normal tissue and cancer especially when the malignancy does 
not exhibit prominent morphologic changes in tissue composition and density.

Advanced three-dimensional imaging technologies such as micro-Computed 
Tomography and micro-MRI have been developed but are limited to research 
applications due to their complexity and cost. For intraoperative imaging of breast 
specimens, the trend in recent years has been to identify imaging approaches that 
can provide improved discrimination between tumor, and surrounding tissue com-
pared to X-ray imaging. Therefore, imaging techniques that are sensitive to the 
molecular differences between normal and abnormal tissues may improve identifi-
cation of tumor margins compared to planar X-ray imaging. Interrogation of speci-
mens with certain types of electromagnetic (EM) radiation generates reflected or 
transmitted signals with intensity and spectral characteristics that may vary sub-
stantially between tumors and normal tissue. These radiations include infrared, 
radiofrequency, or terahertz (1012  Hz) radiation and their application may range 
from detection of the presence of abnormal tissue to assessing their invasive poten-
tial [45–47]. In the case of breast surgery, the excised breast specimen is irradi-
ated and the returning signal after absorption, diffuse reflectance, or fluorescence 
in the tissue is detected and analyzed. Some techniques rely on the detection and 
analysis in a non-imaging approach while others generate images of the surface 
of the specimen, which contain intensity and spectroscopic information. One of 
the newest approaches uses radiation in the terahertz region of the electromagnetic 
spectrum; this is the part of the spectrum between infrared to microwave with a 
corresponding wavelength in the region of about 0.05 mm to 1 mm. This type of 
radiation, also called T-rays, is relatively new to biomedical applications because 
the development of efficient and compact sources and detectors for biomedical 
applications has been gradual in the past 20 years. Unlike X-rays that can easily 
transmit through the entire body, terahertz radiation is readily absorbed by water 
in the tissue and therefore transmission measurements in thick specimens are not 
feasible. It penetrates only a few micrometers in the breast specimen depending on 
the frequency used. The reflected and scattered component of terahertz radiation 
carries information on composition that can be used to characterize the morphol-
ogy and composition of tissues. This signal can be used to form an image with 
compositional topography that represents its molecular status of the specimen at 
its surface to a depth of a few micrometers below the surface. Tissue contrast can 
be observed because of differences in attenuation and refractive index of the speci-
men and these properties have been used to assess the margins of excised breast 
specimens [48–52]. Therefore, imaging and spectroscopy with terahertz waves is 
performed in the reflection mode in a scanning beam approach. Images of the spec-
imen can be generated at a spatial resolution, which may vary between about 0.1 
and 1.0 mm depending on the imaging system and wavelength. Terahertz images 
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may be combined with images at other wavelengths for improved contrast and 
delineation of the lesion. Discrimination between normal and malignant tissues can 
be challenging from the raw images without proper image analysis. Some tissues, 
glandular and adipose for example, can be easily differentiated in terahertz imag-
ing because of their pronounced differences in their refractive indices. It may be 
argued that conventional light in the visible spectrum easily discriminates between 
adipose and other tissues. However, terahertz appears to exhibit certain proper-
ties, which may enable detection of features that are characteristic to biochemical 
changes at the surface of the specimen that are associated with tumors [49].

Terahertz beam reflection, scattering, and spectra from biological specimens 
generally reveal variations in water composition. Under controlled conditions, 
Terahertz radiation can also provide characterization based on the concentration of 
amino acids, and proteins, and other biochemical components [53]. In the case of 
breast specimens, large differences in the refractive index between fibrous tissue 
and adipose tissue have been observed due to the large differences in their respec-
tive refractive indices and substantial differences have also been observed between 
fibrous tissue and breast tumors [54]. Such differences and other interactions 
with tissues can be used to generate images that reveal tumors in a background of 
healthy tissue in the specimen. In principle, other characteristics such as high lev-
els of protein or amino acids may generate a signal under optimal conditions but 
at this time a complete accounting of all the components that give rise to contrast 
between tumors and healthy tissue has not been established.

Other radiations may be used to assess breast surgical specimen margins but 
at this time, specimen radiography with visual inspection is the most commonly 
used technique. Interrogation of the specimen with terahertz and other radiations 
has the potential to provide more specific information on tumor margins assum-
ing that their refractive index and reflection properties are capable of discriminat-
ing between normal and malignant tissue. Other techniques for this purpose using 
optical coherence tomography with infrared radiation are being explored [55].
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Introduction

Breast cancer is the most common non-dermatologic malignancy in women and it 
is estimated that approximately one in nine women will develop breast cancer over 
their lifetimes. In the United States, more than 200,000 new cases of breast cancer 
were reported in 2010 and breast cancer was responsible for approximately 40,000 
deaths (15 % of all cancer deaths) in the same calendar year [1]. The etiology behind 
developing breast cancer is multifactorial, with many risk factors including diet, life-
style, reproductive factors and hormonal status. However, a very important risk fac-
tor is a genetic predisposition and a positive family history. A genetic influence on 
mammary carcinogenesis has long been implicated and it is estimated that approxi-
mately 10  % of breast cancer patients are carriers of gene mutations susceptible 
for the development of breast cancer [2]. Of these genes, perhaps the most exten-
sively studied are breast cancer 1, early onset (BRCA1), breast cancer 2, early onset 
(BRCA2) and Tumor protein p53 (TP53) genes. These are associated with a high 
risk of developing breast cancer in carriers and hence they are referred to as high-
penetrance genes. It should be noted, however, that among breast cancer patients 
with a strong family history; only 40 % have cancers that are thought to be caused 
by the above-mentioned three genes [3]. This suggests that in the remaining 60 % of 
cases, apart from sporadic breast cancers, other genetic pathways are likely involved. 
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Ataxia Telangiectasia Mutated Gene (ATM), CHEK2, BRIP1, PALB2, RAD50, 
PTEN, CDH1, STK11, etc. are examples of genes that are thought to play important 
roles in breast cancer pathways. In fact, it has now been shown that these moder-
ate penetrance genes along with many low penetrance single nucleotide polymor-
phisms (SNPs) [4] interact with one another as well as influence pathways involving 
BRCA1 and BRCA2. Studies have suggested that these genes are involved in com-
plex genetic pathways, some of which are closely related and ultimately are associ-
ated with the development of breast cancer. This chapter gives an overview of some 
of these genes along with the clinicopathologic features of the cancers associated 
with them. This will be summarized in Table 2.1. We will also briefly touch upon 
clinical syndromes associated with breast cancer, genetic testing, preventive strat-
egies and certain aspects of management of familial breast cancer in the United 
States. A summary of these clinical syndromes are presented in Table 2.2.

Genetics of Breast Cancer

High-Penetrance Genes

Breast Cancer 1, Early Onset (BRCA1)

BRCA1 is a large gene located on the long (q) arm of chromosome 17 at position 
21 (17q21). BRCA1 is a tumor suppressor gene, which is expressed in response 
to genomic instability and is influenced by estrogen. Its main function is related 
to DNA repair including homologous recombination, nucleotide excision repair, 
and spindle regulation. It also acts as a gatekeeper of cell-cycle progression mainly 
through checkpoint control [5]. Recent studies have described complex and inno-
vative mechanisms for the localization of BRCA1 to DNA-breaks, including an 
emerging ubiquitylation-dependent cascade and an association with BRCA2 and 
genes in the Fanconi anemia pathway [6]. Thus, BRCA1 acts as a regulator of 
genome stability and its main function is to respond to various types of DNA dam-
age via a complex interaction with BRCA2 and other genes.

Numerous mutations in BRCA1 have been described. The majority of which 
are point mutations and small insertions/deletions leading to truncated forms of 
the BRCA1 protein [7]. Large genomic deletions including whole exon dele-
tions have also been detected using more sophisticated methods such as multiplex 
ligation-dependent probe amplification (MLPA) [8]. Some mutations appear to be 
more common in certain ethnic groups (founder mutations). The most commonly 
described is the c.5266dupC mutation (also known as 5382insC or 185delAG), 
which is seen in up to 2 % of the Ashkenazi Jewish population. However, recent 
studies have suggested that this mutation may be prevalent in some other ethnic 
groups where genetic screening of BRCA1 is not routinely performed [9].

Approximately 1 in 1000 individuals in the female population carries a 
pathogenic mutation in BRCA1. BRCA1 cancers account for approximately 10 % 
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