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Preface

Breast cancer is the most widely recognized obtrusive disease in females and the second in
number among lethal cancers, after lung tumor. Early detection of this cancer can have a
very good prognosis and quality of life. As the familiarity with the malignancy has become
rife among ladies, increasing use of screening programs has turned out to be broadly ac‐
knowledged as a vital piece of women health. It is a well-established fact that an early recog‐
nition of disease or precancerous lesions can diminish morbidity and mortality, mental
health, and financial trauma to the individual and society. There is a global concern now in
providing superb screening and analytic facilities to ladies who are underserved and do not
have an easy access to such facilities. A number of modalities to diagnose this cancer are in
practice. Mammography is the most common tool for this purpose but has a low sensitivity.
On the other hand, the utilization of ultrasound for breast tumor screening acquires a high
rate of false-negative outcomes, especially in ladies with dense breast tissue. Therefore, Ul‐
trasound is by and large utilized as a supplement to mammography amid screening to en‐
hance identification, particularly for ladies with dense breasts.

This book is focused to the latest radiological concepts to make it possible to save more and
more lives by way of early detection and treatment of the cancer while it is at its very early
stages. There are many high-quality contributions from most eminent scientists all around. I
hope this book will benefit both the practicing surgeons and residents of surgery and radiol‐
ogy and will definitely bring a phenomenal change in the outlook of breast cancer patients.

Dr. Arshad M. Malik
College of Medicine, Department of Surgery

Qassim University, Saudi Arabia
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Abstract

A case of 77-year-old female with an invasive lobular carcinoma with extracellular mucin 
is presented. She felt palpable mass in her left breast. Then, she came to our hospital for 
further examination. Mammography of right in full view revealed architectural distortion 
in left upper portion. And ultrasonography demonstrated low-echoic mass about 2 cm in 
diameter and invasion of the fat tissue was observed. Hence, malignancy was suspected and 
magnetic resonance imaging (MRI) was performed. MRI findings showed irregular shaped 
and margined mass with small T2-high-signal intensity. These findings suggested invasive 
carcinoma with mucin. Because the cancer lesion was not large, partial mastectomy was per-
formed. Interestingly, pathological diagnosis was invasive lobular carcinoma with extracellu-
lar mucin. Extracellular mucinous lesion was concordant with small T2-high-signal intensity. 
This type of carcinoma was previously reported only in three cases, and rare but important, 
because the treatment and prognosis might change by histological subtypes. We suggest one 
of the MRI special features of our case is not only irregular shaped and margined mass but 
also small T2-high-signal intensity. These MR findings might be one of the valuable findings 
for the diagnosis and differentiation between this type of carcinoma from other tumors.

Keywords: magnetic resonance imaging, breast, invasive lobular carcinoma, extracellular 
mucin, E-cadherin

1. Introduction

To discriminate between invasive lobular carcinoma and invasive ductal carcinoma is a big 
theme for both radiologically and pathologically. The limitation of radiologic imaging in the 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



detection and evaluation of invasive lobular carcinoma have been recognized for a long time. 
Whereas, advances in breast radiologic imaging present opportunities to improve the diagno-
sis of invasive lobular carcinoma.

On mammography, invasive lobular carcinoma is not likely to form calcifications. However, 
calcifications may be present in benign proliferative lesions such as sclerosing adenosis [1]. 
The most common manifestations of invasive lobular carcinoma are asymmetric density, 
irregular, or spiculated mass on mammography [2–4].

On ultrasonography, 60.5% of invasive lobular carcinomas produced “a heterogeneous 
low-echoic mass with angular or irregular margins and posterior acoustic shadowing.” The 
remaining tumors had various other sonographic characteristics, including 12% that were 
“ultrasonographically invisible.” The sensitivity of ultrasonography for tumors measuring 
less than 1 cm was 85.7%. Invasive lobular carcinoma of common type tended to produce 
“focal shadowing without a discrete mass,” whereas tumors with pleomorphic histology 
were seen as “a shadowing mass.” Tumors of the alveolar, solid, and signet-ring variant of 
invasive lobular carcinoma were most often manifested as a “lobulated, well circumscribed 
mass” [5]. Ultrasonography is useful and more accurate than mammography in diagnos-
ing invasive lobular carcinoma [5]. However, it is difficult to narrow down the diagnosis of 
invasive lobular carcinoma.

Breast magnetic resonance imaging (MRI) has an overall sensitivity of 93% for detect-
ing invasive lobular carcinoma, similar to the detection of breast cancers overall (90%). 
On MRI, tumor of smooth margin, or absence of smooth margin and the distribution 
of nonmass-like enhancement are the features of invasive lobular carcinoma. Invasive 
lobular carcinoma may present as ductal, segmental, regional, or diffuse patterns [6]. 
MR imaging is considered to be a useful tool for detecting invasive lobular carcinoma on 
radiologically.

Pathologically, the invasive lobular carcinoma includes not only classical type (Foote and 
Stewart advocated in 1946 [7]) but also variants of solid, alveolar, pleomorphic, tubulolobular, 
signet-ring, trabecular, and mixed types [8].

We encountered a tumor of invasive carcinoma coexisting with mucinous carcinoma-like 
lesion. At first, the differential diagnoses of this tumor are (i) mixed mucinous-ductal carci-
noma, (ii) mucinous carcinoma with neuroendocrine feature, (iii) mucinous papillary neo-
plasms, and (iv) carcinoma of mixed type (lobular and ductal carcinoma). Lobular carcinoma 
has been considered a variant of mucin-secreting carcinoma with only intracytoplasmic 
mucin [9–11]. In common practice, a diagnosis of mucinous carcinoma or ductal carcinoma 
with mucinous features is often made in the presence of extracellular mucin, without immu-
nohistochemical confirmation of the ductal phenotype [10]. However, final diagnosis was 
“invasive lobular carcinoma with extracellular mucin” which has been reported only in three 
cases in the English medical literature [9–11]. Accordingly, the current report is the fourth 
documented case in pathology, and in the viewpoint of radiology, this is the first case.

New Perspectives in Breast Imaging2



detection and evaluation of invasive lobular carcinoma have been recognized for a long time. 
Whereas, advances in breast radiologic imaging present opportunities to improve the diagno-
sis of invasive lobular carcinoma.

On mammography, invasive lobular carcinoma is not likely to form calcifications. However, 
calcifications may be present in benign proliferative lesions such as sclerosing adenosis [1]. 
The most common manifestations of invasive lobular carcinoma are asymmetric density, 
irregular, or spiculated mass on mammography [2–4].

On ultrasonography, 60.5% of invasive lobular carcinomas produced “a heterogeneous 
low-echoic mass with angular or irregular margins and posterior acoustic shadowing.” The 
remaining tumors had various other sonographic characteristics, including 12% that were 
“ultrasonographically invisible.” The sensitivity of ultrasonography for tumors measuring 
less than 1 cm was 85.7%. Invasive lobular carcinoma of common type tended to produce 
“focal shadowing without a discrete mass,” whereas tumors with pleomorphic histology 
were seen as “a shadowing mass.” Tumors of the alveolar, solid, and signet-ring variant of 
invasive lobular carcinoma were most often manifested as a “lobulated, well circumscribed 
mass” [5]. Ultrasonography is useful and more accurate than mammography in diagnos-
ing invasive lobular carcinoma [5]. However, it is difficult to narrow down the diagnosis of 
invasive lobular carcinoma.

Breast magnetic resonance imaging (MRI) has an overall sensitivity of 93% for detect-
ing invasive lobular carcinoma, similar to the detection of breast cancers overall (90%). 
On MRI, tumor of smooth margin, or absence of smooth margin and the distribution 
of nonmass-like enhancement are the features of invasive lobular carcinoma. Invasive 
lobular carcinoma may present as ductal, segmental, regional, or diffuse patterns [6]. 
MR imaging is considered to be a useful tool for detecting invasive lobular carcinoma on 
radiologically.

Pathologically, the invasive lobular carcinoma includes not only classical type (Foote and 
Stewart advocated in 1946 [7]) but also variants of solid, alveolar, pleomorphic, tubulolobular, 
signet-ring, trabecular, and mixed types [8].

We encountered a tumor of invasive carcinoma coexisting with mucinous carcinoma-like 
lesion. At first, the differential diagnoses of this tumor are (i) mixed mucinous-ductal carci-
noma, (ii) mucinous carcinoma with neuroendocrine feature, (iii) mucinous papillary neo-
plasms, and (iv) carcinoma of mixed type (lobular and ductal carcinoma). Lobular carcinoma 
has been considered a variant of mucin-secreting carcinoma with only intracytoplasmic 
mucin [9–11]. In common practice, a diagnosis of mucinous carcinoma or ductal carcinoma 
with mucinous features is often made in the presence of extracellular mucin, without immu-
nohistochemical confirmation of the ductal phenotype [10]. However, final diagnosis was 
“invasive lobular carcinoma with extracellular mucin” which has been reported only in three 
cases in the English medical literature [9–11]. Accordingly, the current report is the fourth 
documented case in pathology, and in the viewpoint of radiology, this is the first case.

New Perspectives in Breast Imaging2

Taking into consideration of the above information, we will discuss the unique variant of 
“invasive lobular carcinoma with extracellular mucin” with radiopathological correlation.

2. Materials and methods

2.1. MR imaging protocol

MR imaging was performed using a 1.5T MR system (Achieva 1.5T, Philips Healthcare Nederland, 
Eindhoven, Netherland), and a synergy breast coil. Routine breast MR images were acquired as 
follows in the prone position: axial T2-weighted turbo spin echo (TSE) with STIR images (repeti-
tion time (TR)/echo time (TE) = 5175/60 ms, section thickness = 5 mm, FOV = 280 mm, matrix = 
480 × 480), and axial diffusion-weighted (DW) images using a single-shot EPI (FOV = 280 mm, 
matrix = 128 × 128), with MPG pulse applied along three directions (x, y, and z axes) with TR/TE  
of 5532/80 ms and b-factors of 0, 1000, and 2000 s/mm2. Apparent diffusion coefficient (ADC)-
maps were automatically generated on a postprocessing workstation. After axial T1-weighted 
SE images, [TR/TE = 468.8/12 ms, flip angle = 90, section thickness = 5 mm, FOV = 280 mm, 
matrix = 128 × 128] were obtained, axial 3D dynamic contrast enhanced T1-weighted images 
with SPAIR using eTHRIVE sequence [TR/TE = 5.9/2.8 ms, flip angle = 10, section thickness = 5 
mm, FOV = 280 mm, matrix = 512 × 512] were performed in precontrast, double arterial phase, 
and delayed phase.

2.2. Image interpretation

For image interpretation of mammography, ultrasonography, and magnetic resonance imag-
ing, we used the breast imaging and reporting data system (BI-RADS) lexicon and associated 
report of Tozaki et al. [12, 13].

2.3. Hematoxylin and eosin staining

Operation samples obtained from the partial mastectomy were fixed at least 8 h in 10% neu-
tral phosphate buffered formalin, then, embedded in paraffin, and sectioned at 3–4 μm. The 
paraffin-embedded specimens were stained with hematoxylin and eosin (HE) for light micro-
scopic examination.

2.4. Immunohistochemistry

Paraffin-embedded sections measuring 3–4 μm thick were deparaffinized. Antigen retrieval 
was then performed for 20–40 min in boiling water (95°C) containing citric acid solution (pH 
6.0) or Target Retrieval Solution (pH 9.0; cat. no. 415211; Nichirei, Tokyo, Japan), and (pH 6.0; 
cat. no. S2031; Dako, Glostrup, Denmark). Sections were pretreated with 0.3% peroxide and 
reacted with primary monoclonal antibodies against estrogen receptor (ER), progesterone  
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receptor (PgR), HER2, Ki67, E-cadherin, Synaptophysin, MUC1, and MUC3 are shown in 
Table 1. Subsequently, specimens were incubated with a secondary antibody (Histofine sim-
ple stain MAX-PO; cat. no. 424154; Nichirei). The chromogenic substrate was 3,3′-diamino-
benzidine (DAB), and the slides were counterstained with hematoxylin.

3. Results

A case of 77-year-old female is presented. She felt palpable mass in her left breast since 1 
month and came to our hospital for further examination.

Physical examination revealed a 2.7 cm palpable mass in left upper inner and outer quadrants 
without nipple discharge and lymphadenopathy. No familial history of breast cancer was 
confirmed.

On mammography, the breast appeared dense. However, mediolateral oblique (MLO) view 
of the mammography demonstrated architectural distortion in left upper portion (Figure 1). 
Hence, this lesion was of four categories. Right MLO view revealed no evidence of malignancy.

Ultrasonography revealed a low-echoic mass about 2 cm in diameter with posterior acoustic 
shadowing, and disruption of the anterior border line (the anterior border line means bound-
ary line between fat tissue layer and breast parenchymal layer) of the mass was observed in 
her left breast (Figure 2). There was no lesion suggesting malignancy in her right breast. No 
lymph node swelling was seen.

These findings suggested the possibility of malignancy. Therefore, magnetic resonance 
imaging (MRI) of 1.5T (Philips) was performed. On MRI, diffusion-weighted image of 
b-value 1000 s/mm2 showed mass-like lesion with high signal intensity (Figure 3A). 
Apparent diffusion coefficient (ADC)-map revealed diffusion limitation of the water mol-
ecule (Figure 3B). Dynamic contrast-enhanced T1 weighted images demonstrated early 
enhancement and delayed washout pattern of irregular shaped and margined mass about 

Antibody Clone Source Activation Dilution

ER EP1 DAKO Heat pH 9.0/40 min 1:2

PgR PgR636 DAKO Heat pH 6.0/40 min 1:2

HER2 Rabbit poly DAKO Heat pH 6.0/40 min 1:1

Ki-67 MIB-1 DAKO Heat pH 6.0/40 min 1:200

E-cadherin 35B5 Leica Heat pH 6.0/40 min 1:2

Synaptophysin 27G12 NICHIREI Heat pH 9.0/40 min 1:2

MUC1 Ma552 Leica Heat pH 6.0/40 min 1:100

MUC3 1143/B7 Lab Vision Heat pH 6.0/40 min 1:100

Table 1. Primary monoclonal antibodies against ER, PgR, HER2, Ki67, E-cadherin, synaptophysin, MUC1, and MUC3.
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2 cm in diameter (Figure 3C and D). The mass included a small high signal intensity area 
on fat-saturated T2 weighted image, which was confirmed pathologically as extracellular 
mucin. (Figure 3E). Dynamic-curve of the contrast-enhanced MRI showed rapid wash-
out pattern (Figure 3F). ADC value was 0.577 × 10−3 mm2/s; hence, the existence of water 
restriction was suggested.

Neoadjuvant chemotherapy was not performed. Then, partial mastectomy was performed 
because of the imaging findings. Sentinel lymph node was negative for metastatic cancer 
lesion. Further, axillary lymph node resection was not performed. Histopathological find-
ings revealed low-grade tumor with little or no nuclear atypia and inconspicuous nucleoli. 
Besides, the tumor was composed of single cell with moderate pleomorphism and lack of 
cohesion. The neoplastic cells were arranged in files or cords infiltrating the stroma. Partially, 
trabecular type lesion was observed (Figure 4A). Within the tumor, there were areas show-
ing signet-ring cells floating in a pool of mucin (Figure 4B). The presence of the extracellular 
mucin is not a characteristic of lobular carcinomas. Therefore, immunohistochemical stain for 
E-cadherin was performed. However, the lesions were negative for E-cadherin immunostain-
ing (Figure 4C). Besides, neuroendocrine marker of synaptophysin was completely negative. 
MIB1 (Ki67)-index was about 10%. Estrogen receptor (ER), progesterone receptor (PgR), and 
human epidermal growth factor receptor 2 (HER2) status were 99, 0%, and negative, respec-
tively. Additionally, special stainings for mucin as MUC1 and MUC3 were performed, and 
both stainings were positive of both infiltrating cells and signet-ring cells floating in a pool of 
mucin (Figure 4D and E).

Figure 1. MLO view of the mammography demonstrates architectural distortion in left upper portion (arrow).
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Figure 3. (A) Diffusion-weighted image of b-1000 shows mass like high signal intensity. (B) Apparent diffusion 
coefficient (ADC)-map reveals diffusion limitation of the water molecule. (C) Contrast-enhanced T1 weighted images 
demonstrate early enhancement and (D) delayed washout pattern. (E) The mass included a small high-signal intensity 
on fat-saturated T2 weighted image, which is confirmed pathologically as extracellular mucin (arrow). (F) Dynamic-
curve of the MRI shows rapid washout pattern.

Figure 2. Ultrasonography reveals a low-echoic mass, posterior acoustic shadowing, and disruption of the anterior 
border line is observed.

New Perspectives in Breast Imaging6
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4. Discussion

The major types of invasive carcinomas are categorized as ductal carcinoma. Invasive lobular 
carcinoma is the second most common histological type of breast carcinoma, accounting for 
about 5–15% of all invasive breast cancers [14, 15]. Hence, accurate diagnosis of invasive lobu-
lar carcinoma is thought to be important. We will discuss about general radiological findings 
of invasive lobular carcinoma and correlation of our case.

In mammography, Berg et al. [16] examined the performance of mammography as a func-
tion of both tumor type and breast density. Mammographic sensitivity was 81% for inva-
sive ductal carcinoma compared with 34% for invasive lobular carcinoma; when only those 
patients with dense breast tissue were considered, sensitivities decreased dramatically to 
60 and 11%, respectively [16]. Because of these diagnostic interests, it is crucial for breast 
radiologists to be aware of the asymmetric and subtle mammographic features of invasive 
lobular carcinoma.

A high-density spiculated or irregular margined mass on mammography means invasive car-
cinoma. Spicula or irregular margin is thought to be invasion of the breast fat tissue and stro-
mal reaction that disrupts normal breast parenchymal architecture. common mammographic 
manifestations of invasive lobular carcinoma include spiculated or irregular margined mass 
or asymmetric density. In our case, these findings are not observed. Apart from spiculated, 
irregular margined masses and asymmetric densities, the most common mammographic 
manifestation of invasive lobular carcinoma is architectural distortion, which accounts for 
about 14–25% of cases of mammographically detected invasive lobular carcinoma [3, 17, 18]. 

Figure 4. (A) The neoplastic cells are arranged in files or cords infiltrating the stroma. Partially, trabecular type lesion is 
observed. (B) Within the tumor, there are areas showing atypical cells floating in a pool of mucin. (C) All the tumor cells 
are negative for E-cadherin immunostaining. (D) All the tumor cells and extracellular mucin are MUC1 positive. (E) All 
the tumor cells and extracellular mucin are MUC3 positive.
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Similarly, our case demonstrated architectural distortion on left upper portion in MLO view. 
We think distortion on mammography means stromal reaction and malignancy.

Ultrasonography of the breast is used primarily as a diagnostic imaging tool. The most 
common sonographic appearance of invasive lobular carcinoma is a low-echoic mass with 
posterior acoustic shadowing occurring in up to 60% of cases, however, posterior acoustic 
shadowing may be lacking in up to 20% of cases [19]. The present case of ultrasonographical 
findings is thought to be concordant with report of Karen et al. [19].

Here, we will discuss correlation between MRI findings and pathological findings. Our case 
of mammographic and ultrasonographic findings suggested the possibility of malignancy. 
Therefore, magnetic resonance imaging (MRI) of 1.5T (Philips) was performed. On MRI, diffu-
sion-weighted image of b-value 1000 s/mm2 showed mass-like high signal intensity. Apparent 
diffusion coefficient (ADC)-map revealed diffusion limitation of the water molecule. Besides, 
irregular shaped and margined mass was observed in T1 weighted image. These findings sug-
gest malignancy in our case. Furthermore, this finding is similar to the report of Mann et al. 
of invasive lobular carcinoma [6]. Fat-saturated T2 weighted image of the mass showed small 
high signal intensity area within the mass. This finding suggests the tumor associated muci-
nous lesion or coexistence of mucinous carcinoma. However, Rosa et al. [9] reported signet-
ring cells floating in a pool of mucinous areas (extracellular mucinous lesion) represented at 
the most 20% of the tumor. We think this extracellular mucin area is not so large but a small 
area. If invasive carcinoma and mucinous carcinoma are coexisted as collision tumor, the 
mucinous area which shows very high signal intensity on T2 weighted image would be larger. 
In our case, extracellular mucin area was approximately 10% of the tumor. This small area of 
high signal intensity on T2 weighted image might be one of the specific features of invasive 
lobular carcinoma with extracellular mucin. Dynamic-curve of the contrast-enhanced MRI 
showed rapid washout pattern. Rapid washout pattern is also seen in invasive ductal or lobu-
lar carcinoma. ADC value was 0.577 × 10−3 mm2/s, hence the existence of water restriction was 
suggested. From these findings, dynamic-curve, diffusion-weighted image, and ADC-map 
were suggestive for malignant tumor. And contrast-enhanced T1 weighted image of irregular 
shaped and margined mass was indicative of invasive carcinoma such as invasive ductal car-
cinoma or invasive lobular carcinoma. T2 weighted image of small high signal intensity area 
is thought to be mucinous carcinoma or mucin production. And mucin production is known 
to be associated with neuroendocrine differentiation. Taking these findings into consider-
ation, other differential diagnoses of this tumor were (i) mixed mucinous-ductal carcinoma, 
(ii) mucinous carcinoma with neuroendocrine feature, (iii) mucinous papillary neoplasms, 
and (iv) carcinoma of mixed type (lobular and ductal carcinoma). However, histopathological 
findings revealed the tumor was composed of single cell with moderate pleomorphism and 
lack of cohesion. The neoplastic cells were arranged in files or cords infiltrating the stroma. 
In situ lesion of the invasive lobular carcinoma was not observed. The multifocality of cancer 
lesion was not demonstrated. Within the tumor, there were areas showing signet-ring cells 
floating in a pool of mucin. The presence of extracellular mucin is not characteristic of lobular 
carcinomas. Therefore, immunohistochemical stain for E-cadherin was performed. However, 
the lesions were completely negative for E-cadherin immunostaining. E-cadherin, a cell-cohe-
sion protein encoded by a gene on chromosome 16q22.1, is the current marker of choice to 
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help discriminate between lobular and ductal carcinoma [11]. Neuroendocrine marker of syn-
aptophysin immunostaining was also negative. Hence, final diagnosis of our tumor is inva-
sive ductal carcinoma with extracellular mucin. From the results of MRI findings, irregular 
shaped and margined mass with small area of fat-saturated T2 high signal intensity might be 
one of the special feature of invasive lobular carcinoma with extracellular mucin. Our case is 
the fourth case in the English literature. Because the number of cases of these tumors is lim-
ited, it is difficult to comment on the biological behavior and molecular profiles. However, this 
diagnosis is important for prognosis and management, and further examination is needed.

In our case, estrogen receptor (ER), progesterone receptor (PgR), and human epidermal 
growth factor receptor 2 (HER2) status were 99, 0%, and negative, respectively. Invasive lobu-
lar carcinoma is known to be more commonly estrogen receptor-positive and HER2-negative, 
in other words, invasive lobular carcinoma is usually categorized as luminal subtype. The 
previous reports of Rosa et al. and Haltas et al. [9, 11] are ER positive of luminal subtype. 
Our case is concordant with their results. However, the results of Yu et al. [10] were not only 
ER-positive but also HER2 strongly positive. They thought that this type of HER2 status dem-
onstrate various features.

The spectrum of breast lesions that demonstrate extracellular mucin includes fibrocystic 
change with luminal mucin, mucocele-like lesions, papillary lesions with mucin secretion, 
and mucinous carcinoma among others [9]. In contrast, lobular neoplasia and invasive lobu-
lar carcinoma demonstrate intracytoplasmic mucin, and no cases of lobular carcinoma with 
extracellular mucin have been found except previous three reports [9–11, 20].

Invasive lobular carcinoma comprises 5–15% of invasive breast tumors [14, 15]. They can occur 
at any age. The median age at diagnosis is between 45 and 56 years and there is a tendency 
to affect older patients compared with ductal carcinoma [8, 9], similar to our results of the 
77-year-old. The presenting symptom in most cases is a mass with irregular margins or a breast 
thickening with diffuse nodularity [8, 9]. The clinical features of invasive lobular carcinoma are 
also different from that of ductal carcinomas. Invasive lobular carcinomas tend to be more often 
multifocal and bilateral [8, 9], with a distinct metastatic pattern and a higher frequency of bone, 
gastrointestinal tract, uterus, meninges, and diffuse serosal involvement [21]. Hence, discrimi-
nation between lobular carcinoma and ductal carcinoma is important clinically, radiologically, 
and pathologically. In our case, multifocality of the tumor was not observed similarly to the 
reports of Rosa et al. and Yu et al. [9, 10]. However, the case of Haltas et al. [11] indicated mul-
tifocality. We think this is because the variant of invasive lobular carcinoma with extracellular 
mucin might present different behavior compared with classical invasive lobular carcinoma.

Mucin has been classified as membrane-bound mucin, which mediates signal transduction, 
and secretary mucin, which are directly secreted into extracellular spaces. In the MUC immu-
nostaining family, the membrane-bound mucins include MUC1, MUC3, MUC4, and the sec-
retary mucins include MUC2, MUC5AC, MUC6 [22]. In our current case, MUC4, MUC5AC, 
and MUC6 were negative; however, all the tumor cells revealed cytoplasmic expression of 
MUC1. Molecular and biochemical studies have demonstrated that MUC1 is involved in the 
inhibition of E-cadherin mediated -cell and cell-matrix adhesion [10, 22–25]. The cytoplasmic 
domain of MUC1 molecule has been shown to inhibit the formation of E-cadherin-β-catenin  
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complex [10, 24]. Therefore MUC1 may play a role in tumor invasion and metastases by 
disrupting cell adhesions [10]. Similarly, our case of tumor invasion may correlate with the 
MUC1 cytoplasmic expression.

Additionally, our case of all the tumor cells was positive for MUC3 immunostaining. Rakha et 
al. and Furuya et al. [26, 27] reported that MUC3 immunostaining is useful for distinguishing 
between benign lesion and malignant lesion of the breast carcinoma. Our case is concordant 
with their reports, and membrane-bound mucin of MUC3 may mediate signal transduction 
correlate with malignancy. Furthermore, Rakha et al. [26] indicated that most breast carcino-
mas express MUC1, MUC3, and MUC4; however, MUC1 and MUC3 are potential prognostic 
indicators. Hence, diagnosing invasive lobular carcinoma with extracellular mucin is impor-
tant on not only pathologically but also radiologically.

Early genomic studies revealed very little overall difference in genomic profiles between 
low-grade invasive ductal carcinoma and classical invasive lobular carcinoma, implying that 
classical invasive lobular carcinoma might represent a subtype of low-grade invasive ductal 
carcinoma [10]. Recent gene expression studies comparing invasive lobular carcinoma and 
invasive ductal carcinoma have identified two subsets of invasive lobular carcinoma with 
distinct transcription patterns [10]. Approximately, half of the invasive lobular carcinomas 
differs from invasive ductal carcinomas in gene expression profiles (“typical” invasive lobu-
lar carcinomas), while the remaining invasive lobular carcinomas closely resemble invasive 
ductal carcinomas in transcription patterns. (“ductal-like” invasive lobular carcinomas) [10]. 
On the other hand, a recent study on grade- and molecular subtype-matched invasive lobular 
carcinomas and invasive ductal carcinomas of no special type demonstrated that invasive 
lobular carcinomas had different transcriptomic profiles in the genes related to cell-to-cell 
adhesion and signaling, as well as actin cytoskeleton signaling, when compared with grade- 
and molecular subtype-matched invasive ductal carcinomas [10]. This finding suggested that 
even though invasive lobular carcinomas and invasive ductal carcinomas might present as a 
spectrum or form of a family [10]. Taking into consideration of the above Yu et al. reported 
case, our current case might be in the middle stage of the spectrum between lobular carci-
noma and ductal carcinoma. We think existence of extracellular mucin is not definitive for 
ductal phenotype not only histologically but also genetically.

5. Conclusion

We encountered the distinct variant of invasive lobular carcinoma with extracellular mucin. 
We described the correlation of its radiological and pathological interest. Radiological find-
ings of invasive lobular carcinoma with extracellular mucin are documented in English lit-
erature for the first time. We suggest one of the MRI special features of our case is not only 
irregular shaped and margined mass but also small T2-high-signal intensity. These findings 
by the knowledge from radiopathological correlation might be one of the specific features 
of invasive lobular carcinoma with extracellular mucin. Further examinations are needed to 
clarify this lesion.
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Abstract

According to global statistics, there is a high incidence of cancer in western countries;
and, due to the limited resources available in most health care systems, it seems like one
of the most feasible options to fight against cancer might be strict prevention policies—
such as eliminating carcinogens in people’s daily lives. Nevertheless, early cancer detec-
tion and effective treatment are still necessary, and understanding their efficacy and
limitations are important issues that need to be addressed in order to ultimately enhance
patients’ survival rate. In the case of breast cancer, some of the problems faced by
conventional mammography have been addressed in the literature; they include high
rate of false-positive and false-negative results, as well as the possibility of overdiagno-
sis. New technologies, such as digital breast tomosynthesis (DBT), have been able to
improve the sensitivity and specificity by using 3D imaging. However, the low contrast
(1%) existing between tumors and healthy fibroglandular tissue at X-ray frequencies has
been identified as one of the main causes of misdiagnosis in both conventional 2D
mammography and DBT. Near-field radar imaging (NRI) provides a unique opportu-
nity to overcome this problem, since the contrast existing between the aforementioned
tissues is intrinsically higher (10%) at microwave frequencies. Moreover, the low resolu-
tion and highly complex scattering patterns of microwave systems can be enhanced by
using prior information from other modalities, such as the DBT. Therefore, a multimodal
DBT/NRI imaging system is proposed to exploit their individual strengths while mini-
mizing their weaknesses. In this work, the foundation of this idea is reviewed, and a
preliminary design and experimental validation of the NRI system, used as a DBT
complement, is introduced.

Keywords: breast cancer detection, microwave imaging, near-field radar imaging,
antipodal Vivaldi antennas, digital breast tomosynthesis, breast cancer statistics
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1. Introduction

According to the most recent statistics from SEER [1], around 14, 140, 254 individuals were
living with a type of cancer in 2013; and, based on the 2011–2013 data, approximately 39% of
men and women will be diagnosed with cancer during their lifetime in the US [1]. Particularly,
breast cancer is the most prevalent cancer in terms of incidence, and it is the second cause of
cancer death among women after bronchus cancer [2]. Furthermore, the data from 1975 to 2013
illustrates that the incidence of breast cancer has had either an ascending or irregular trend
across almost all races in the US. Mostly due to advancements in detection and treatment, the
rate of mortality has decreased. However, looking at the incidence statistics, it is clear that the
efforts in preventing breast cancer can still be improved [1, 3]. Environmental factors such as
exposure to ionizing radiation, inheriting certain genes such as BRCA1 and BRCA2, and, most
importantly, lifestyle have been associated with an increase in the risk of breast cancer. For
instance, the link between breast carcinogenesis and naturally occurring substances such as
heterocyclic amines (HCAs), insulin-like growth hormone (IGF-I), animal estrogen (E2), and
bovine leukaemia virus (BLV), which are ubiquitous in western and modern diets, have been
substantiated with a vast body of evidence [4–11]. Nonetheless, not much has been done in
updating the dietary guidelines and food policies to address the role of these substances, and
similar ones, in cancer epidemic. In parallel, statistics show that, in general, the rate of breast
cancer and other types of cancer are appreciably higher in western and industrialized coun-
tries [12], which can be attributed to both advanced detection technologies and lifestyle. The
experience from Japan’s transition towards adopting a western diet and the dramatic increase
in cancer and Alzheimer’s disease rates [13–15] as well as Japanese-American immigrants’
higher risk of cancer compared to the people residing in Japan [16], are in accordance with
the mentioned statistics. Similar observations have been made in the case of ischemic heart
diseases [16, 17] and Alzheimer’s disease [18] in other countries. These studies report that (1) in
some countries such as Uganda coronary heart diseases only happened in rare cases, in
contrast to the global trend in which ischemic heart disease is the number one cause of death;
and (2) despite the high frequency of Alzheimer’s genes (APO E 4 allele) in countries such as
Nigeria, the disease itself is not as nearly prevalent as in western countries. Figure 1 recapitu-
lates the aforementioned statistics of breast cancer. Until interventions are made to eliminate
the possible causes of breast cancer–and cancer in overall–and to seriously implement preven-
tion programs, early detection via imaging and other screening tools and advanced treatment
techniques are probably the only temporary solutions to address this matter.

One of the new early detection methods for breast cancer that has attracted much attention
during the last decade is near-field radar imaging (NRI) with microwaves. Though microwave
imaging is limited by low resolution, it can provide additional information about the breast
composition, since the contrast between malignant and healthy fibroglandular tissues at
microwave frequencies is more than that at X-ray frequencies. This chapter is aimed at describ-
ing a microwave imaging system that can be added to digital breast tomosynthesis (DBT), also
a novel 3D X-ray machine, to make possible a bimodal screening method. Firstly, the short-
comings of mammography as the most widely used screening method is briefly reviewed to
show the necessity of introducing novel and more accurate breast imaging methods. Then, the

New Perspectives in Breast Imaging16



1. Introduction

According to the most recent statistics from SEER [1], around 14, 140, 254 individuals were
living with a type of cancer in 2013; and, based on the 2011–2013 data, approximately 39% of
men and women will be diagnosed with cancer during their lifetime in the US [1]. Particularly,
breast cancer is the most prevalent cancer in terms of incidence, and it is the second cause of
cancer death among women after bronchus cancer [2]. Furthermore, the data from 1975 to 2013
illustrates that the incidence of breast cancer has had either an ascending or irregular trend
across almost all races in the US. Mostly due to advancements in detection and treatment, the
rate of mortality has decreased. However, looking at the incidence statistics, it is clear that the
efforts in preventing breast cancer can still be improved [1, 3]. Environmental factors such as
exposure to ionizing radiation, inheriting certain genes such as BRCA1 and BRCA2, and, most
importantly, lifestyle have been associated with an increase in the risk of breast cancer. For
instance, the link between breast carcinogenesis and naturally occurring substances such as
heterocyclic amines (HCAs), insulin-like growth hormone (IGF-I), animal estrogen (E2), and
bovine leukaemia virus (BLV), which are ubiquitous in western and modern diets, have been
substantiated with a vast body of evidence [4–11]. Nonetheless, not much has been done in
updating the dietary guidelines and food policies to address the role of these substances, and
similar ones, in cancer epidemic. In parallel, statistics show that, in general, the rate of breast
cancer and other types of cancer are appreciably higher in western and industrialized coun-
tries [12], which can be attributed to both advanced detection technologies and lifestyle. The
experience from Japan’s transition towards adopting a western diet and the dramatic increase
in cancer and Alzheimer’s disease rates [13–15] as well as Japanese-American immigrants’
higher risk of cancer compared to the people residing in Japan [16], are in accordance with
the mentioned statistics. Similar observations have been made in the case of ischemic heart
diseases [16, 17] and Alzheimer’s disease [18] in other countries. These studies report that (1) in
some countries such as Uganda coronary heart diseases only happened in rare cases, in
contrast to the global trend in which ischemic heart disease is the number one cause of death;
and (2) despite the high frequency of Alzheimer’s genes (APO E 4 allele) in countries such as
Nigeria, the disease itself is not as nearly prevalent as in western countries. Figure 1 recapitu-
lates the aforementioned statistics of breast cancer. Until interventions are made to eliminate
the possible causes of breast cancer–and cancer in overall–and to seriously implement preven-
tion programs, early detection via imaging and other screening tools and advanced treatment
techniques are probably the only temporary solutions to address this matter.

One of the new early detection methods for breast cancer that has attracted much attention
during the last decade is near-field radar imaging (NRI) with microwaves. Though microwave
imaging is limited by low resolution, it can provide additional information about the breast
composition, since the contrast between malignant and healthy fibroglandular tissues at
microwave frequencies is more than that at X-ray frequencies. This chapter is aimed at describ-
ing a microwave imaging system that can be added to digital breast tomosynthesis (DBT), also
a novel 3D X-ray machine, to make possible a bimodal screening method. Firstly, the short-
comings of mammography as the most widely used screening method is briefly reviewed to
show the necessity of introducing novel and more accurate breast imaging methods. Then, the

New Perspectives in Breast Imaging16

possible benefits and details of adding a near-field imaging system to X-ray mammography is
discussed. It is predicted that the final bimodal, NIR-X-ray (DBT), imaging system has the
potential to improve true-positive (TP) diagnosis.

2. Drawbacks of mammography

Mammography, as the most widely used modality for population-based breast cancer screen-
ing, employs X-ray radiation to reconstruct images of the breast. Inspite of the 34% reduction
in breast cancer morbidity rate [19] attributed mainly to advancements in detection and
treatment, more research is yet needed to find more effective imaging and treatment methods.
Despite the contributions of mammography to this reduction, the possibility of false-positive
results, false-negative results, and overdiagnosis associated with it, as addressed in the litera-
ture, has raised some substantiated concerns. These three inherent shortcomings of current
X-ray imaging technology are briefly reviewed in the following subsections.

2.1. False-positive results

A false-positive (FP) outcome is referred to a case where the breast is actually cancer-free, but
the mammogram is misread as abnormal. In the New England study in 2000, the risk of
obtaining an FP result was estimated to be 6.5%, and it was reported that at least 23.8% of the
study participants received an FP result [20]. The risk could go up as high as 43.1% after nine
mammograms. Another study reported a prevalence of 10.6% of FP results among women in

Figure 1. Breast cancer statistics in the US and the globe at glance: (a) Incidence and (b) mortality rate with respect to
other types of cancer in the US, (c) incidence and mortality rate compared among a number of countries, (d) incidence and
(e) mortality rates in the US from 1975 to 2013.
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the age range of 50–51 in their first mammography session. In the following sessions, the
probability was approximated to be 3.8%; but the cumulative risk of getting an FP outcome
turned out to be 32.4%, implying that one out of three women could receive an FP alarm
during a 10-year biannual screening program [21]. The large study performed in 2011 reported
that there is a prevalence of 16.3 and 9.6% in obtaining an FP result in the first and following
sessions, severally. The cumulative risk was found to be 61.3% for women starting their regular
session at the age of 40 or 50, in an annual screening program [22]. Before the possibility of
breast cancer is ruled out, a patient who receives a positive result is recalled for further
examination that usually includes ultrasound imaging, needle biopsy, and sometimes surgical
biopsies. These biopsies, which some authors call “unnecessary” [23, 24], as well as the
prolonged uncertainty about ones’ health status, can be accompanied by a psychological
trauma similar to those who were diagnosed with cancer in their first 6 months with symp-
toms such as short-term anxiety, more frequent self-examinations, and a change in the patients’
tendency to attend later mammography sessions [25–28]. It has also been reported that 27 and
33% of women gone under breast biopsy had reduced sexual sensitivity and pain in the breast.
In addition, an increment in mood disturbances and reduction in natural killer cell activity and
INF γ production was observed before and after biopsy [26, 27]. Therefore, FP results can lead
to serious consequences that need to be addressed.

2.2. False-negative results

As the name implies, when a malignant tissue is not detected in a mammogram, the result is a
false-negative (FN). The tumor might be detected in the next screening sessions, when perhaps
it has grown visible due to invasion into the encompassing tissues. The data on the prevalence
of FN results has been inconsistent. In a 1996 study, it was found that, depending on family
history, follow-up duration, and age; between 12.5 and 31.5% of mammograms were
interpreted as cancer-free, while there was actually a tumor in the breast [29]. A more recent
study, in 2014, showed that FN probability in digital and screen-film mammography for
women above (under) 50 was 24% (27%) and 27% (24%), respectively [30]. It was reported that
obtaining an FN result was directly associated with breast density. Other factors that play
a role in FN evaluation of breast are the type of cancer (particularly BRCA 1 and BRCA
2 mutations) and the location of the tumor (being close to the chest wall) [31, 32].

2.3. Overdiagnosis

Overdiagnosis may be defined as “the detection of cases that would never have come to
clinical attention without screening [in a patient’s lifetime] [32].” Though some physicians
disagree with the numbers reported for such cases [33]. Some studies from 2004 reported
overdiagnosis rates of 5% in ductile carcinoma in situ (DCIS) in Italy [33] and 33% in general
mammography of women of ages 50–59 in Norway and Sweden [34]. The results from the later
study were comparable with the 30% rate of overdiagnosis reported in [35], back in 2001.
A larger study in 2005, which was carried out over eleven counties in Sweden, reported the
risk of overdiagnosis as 21 and 54% for women in age groups of 50–59 and 60–69, in order [37].
The prevalence of subclinical tumors among women after 50 was explained as the reason for
rather high risks of overdiagnosis. On the other hand, a recent report in 2015 from South
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Australia reported the overdiagnosis risk as 8% for invasive cancer and 12% for when cases
of DCIS were included in the data [36]. Also, a review on studies conducted in European
countries reported the risk to be 1–10% [37]. The discrepancies in numbers reported by differ-
ent researchers is illustrative of the complexities involved in estimating breast cancer overdi-
agnosis.

Based on the problems described in this section, the necessity of investigating new science
and developing novel technologies for breast imaging, either as complementary or stand-
alone modalities, is evident. The focus of the work presented in this chapter is on reducing
false-positive and false-negative results by fusing the information acquired by two different
modalities. However, overdiagnosis cannot be addressed with the current status of the add-
on NRI unit.

3. Digital breast tomosynthesis (DBT)

About 40% of eligible women who are recommended to have regular screening have dense
breasts, which are composed of more than 50% glandular tissue and are among the major
contributors to uncertain mammogram readings [38, 39]. Thereby, one of the focuses of new
screening devices is to enable better imaging visibility through different layers of breast. This is
not properly addressed in conventional 2D mammograms of the breast; since an existing
tumor can be masked by underlying and overlying tissues and, thus, make accurate diagnosis
difficult for radiologists. In order to enhance the image resolution, full-field digital mammog-
raphy (FFDM) detectors can be utilized. The DBT employs these detectors as well as a rotating
X-ray tube that moves in a circular arc to illuminate the breast from different angles [40]. Then,
images of several 2D projections at dissimilar depths are reconstructed, making it feasible for
radiologists to look through different layers. Aside from hardware enhancements, novel imag-
ing algorithms –including, but not limited to, filtered back projection and Gaussian frequency
blending; and iterative techniques such as Maximum Likelihood and Simultaneous Algebraic
Reconstruction Technique—have been applied in the DBT on the software level [40].

Conventional mammography makes use of film-screening, which provides high resolution to
delineate micro-calcifications and other fine features in the breast; yet, it has a narrow dynamic
range that limits tumor visualization in dense segments of the breast. FFDM, however,
improves dynamic range and provides the radiologists with the option to manipulate the
reconstructed images. Moreover, higher contrast is observed between dense glandular and
fatty tissue when FFDM detectors are used [40]. The efficacy of the DBT has been put to the
test to evaluate how effective its new features are in practice. In a study in 2005, it was reported
that for the age group under 50, premenopausal women, and patients with consistently or
extremely dense breasts; the accuracy of images acquired by digital mammography was
higher than that of conventional mammography [41]. Additionally, it was shown that the
margin, calcification, and lesion visibility of the DBT was superior to conventional imaging in
the images of an FDA-certified breast phantom. The radiation exposure levels were similar or
less in the DBT; and the tumor boundaries and vessels around calcifications were clearer,
which contribute to better identification of malignant and benign masses [42]. Based on the
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better lesion visibility of the DBT, Teersa et al. recommended tomosynthesis as a complemen-
tary modality to 2D mammography [42]. The combination of 3D and 2D mammography is
more commonly adopted than 3D imaging alone in clinical settings [40].

The improved accuracy using 2D-3D mammography was also observed by Bernardi et al. [43,
44]. Better visualization of tumors, as provided by a 2D-3D setup could reduce the number of
FP results and consequently result in fewer follow-up biopsies. Consistent with this prediction,
in 2009, Gur and others reported 10% decrease in false-positives when DBT was used in
addition to FFDM [45]. In a more recent study in 2014, the ascendency of 2D-3D mammogra-
phy over 2D mammography was substantiated in terms of true-positive evaluation and sensi-
tivity [46]. In the same year, Bernardi’s subsequent study showed a considerable elevation,
from 60% in 2D to 87% in true-positive readings of radiologists when using a 2D-3D configu-
ration [47]. One year later, Svahns et al. considered the FP to TP ratios in three population-
based studies and reported improvements in radiologists’ interpretive efficacy of X-ray images
when a combined configuration was implemented. The results indicated 55, 48 and 30%
improvement in true positive detection when a 2D-3D setup was used in lieu of traditional
setup in Houston, STORM, and Oslo studies, severally [48]. In TOMMY trial in UK, 2015,
increased specificity (by 9%) for all studied groups and elevated sensitivity (by 7%) for dense
breasts was observed as a result of using digital and film screening [49]. A 2016 review also
reported fewer recall rates using the DBT [50].

4. Breast near-field radar imaging (NRI)

4.1. Background

The contrast between cancerous and fibroglandular tissues is higher when they are exposed to
microwave radiation than when they are illuminated by X-ray [53]. This contrast is increased
about 5–10 fold when moving form X-ray to microwave frequencies, contingent upon the
operating frequency span [51, 52], which renders microwave imaging a distinct candidate to
be used as a complementary modality to 2D-3D mammography. A large study by Lazebnik
et al. showed that the difference between dielectric properties of malignant and normal tissue is
10% when the fibroglandular tissue is in the background and 10:1 when the adipose-dominant
tissue is considered as reference [53]. Though the former is significantly lower than the adi-
pose/tumor contrast, it is still remarkably higher than the fibroglandular/tumor contrast in X-
ray frequencies, which is about 1% [54]. Figure 2 displays the ex vivo tissue properties as
reported in [53] and as can be observed, the dissimilarity between the fibroglandular and
malignant tissue is appreciable. Halter et al. showed that the difference between the dielectric
properties of healthy and malignant tissues measured in vivo, using microwave and electrical
impedance spectroscopy during reduction surgeries, is decreased [54]. However, the contrast is
still adequately large for NRI to be a technique of interest as an improvement to conventional
or digital mammography. Meaney et al. also pointed out that even though the in vivomeasure-
ments exhibit lower microwave contrast of about 2:1 (tumor permittivity: average permittivity
of breast) at 0.9 GHz, the difference is still significant compared to that in most other traditional
imaging systems [52]. Besides high complex permittivity values, there are other features that

New Perspectives in Breast Imaging20



better lesion visibility of the DBT, Teersa et al. recommended tomosynthesis as a complemen-
tary modality to 2D mammography [42]. The combination of 3D and 2D mammography is
more commonly adopted than 3D imaging alone in clinical settings [40].

The improved accuracy using 2D-3D mammography was also observed by Bernardi et al. [43,
44]. Better visualization of tumors, as provided by a 2D-3D setup could reduce the number of
FP results and consequently result in fewer follow-up biopsies. Consistent with this prediction,
in 2009, Gur and others reported 10% decrease in false-positives when DBT was used in
addition to FFDM [45]. In a more recent study in 2014, the ascendency of 2D-3D mammogra-
phy over 2D mammography was substantiated in terms of true-positive evaluation and sensi-
tivity [46]. In the same year, Bernardi’s subsequent study showed a considerable elevation,
from 60% in 2D to 87% in true-positive readings of radiologists when using a 2D-3D configu-
ration [47]. One year later, Svahns et al. considered the FP to TP ratios in three population-
based studies and reported improvements in radiologists’ interpretive efficacy of X-ray images
when a combined configuration was implemented. The results indicated 55, 48 and 30%
improvement in true positive detection when a 2D-3D setup was used in lieu of traditional
setup in Houston, STORM, and Oslo studies, severally [48]. In TOMMY trial in UK, 2015,
increased specificity (by 9%) for all studied groups and elevated sensitivity (by 7%) for dense
breasts was observed as a result of using digital and film screening [49]. A 2016 review also
reported fewer recall rates using the DBT [50].

4. Breast near-field radar imaging (NRI)

4.1. Background

The contrast between cancerous and fibroglandular tissues is higher when they are exposed to
microwave radiation than when they are illuminated by X-ray [53]. This contrast is increased
about 5–10 fold when moving form X-ray to microwave frequencies, contingent upon the
operating frequency span [51, 52], which renders microwave imaging a distinct candidate to
be used as a complementary modality to 2D-3D mammography. A large study by Lazebnik
et al. showed that the difference between dielectric properties of malignant and normal tissue is
10% when the fibroglandular tissue is in the background and 10:1 when the adipose-dominant
tissue is considered as reference [53]. Though the former is significantly lower than the adi-
pose/tumor contrast, it is still remarkably higher than the fibroglandular/tumor contrast in X-
ray frequencies, which is about 1% [54]. Figure 2 displays the ex vivo tissue properties as
reported in [53] and as can be observed, the dissimilarity between the fibroglandular and
malignant tissue is appreciable. Halter et al. showed that the difference between the dielectric
properties of healthy and malignant tissues measured in vivo, using microwave and electrical
impedance spectroscopy during reduction surgeries, is decreased [54]. However, the contrast is
still adequately large for NRI to be a technique of interest as an improvement to conventional
or digital mammography. Meaney et al. also pointed out that even though the in vivomeasure-
ments exhibit lower microwave contrast of about 2:1 (tumor permittivity: average permittivity
of breast) at 0.9 GHz, the difference is still significant compared to that in most other traditional
imaging systems [52]. Besides high complex permittivity values, there are other features that

New Perspectives in Breast Imaging20

make NRI a suitable candidate for breast screening. It is intrinsically non-ionizing and it does
not require breast compression when used independently. Also, microwave imaging provides
high sensitivity for revealing small-sized masses. These qualities come at a considerably lower
cost than other methods such as nuclear medicine and magnetic resonance imaging (MRI) [55].

To be able to reconstruct images of breast in microwave frequencies, several studies have been
dedicated to find practical imaging algorithms including [56–58] that introduce finite differ-
ence time-domain (FDTD) and finite element techniques. Among other introduced methods,
iterative numerical techniques such as conjugate gradient least square, Newton-Kantorovish,
and Levenberg-Marquardt [59–61]; as well as finite difference frequency-domain (FDFD) can
be mentioned [62–67]. The moderate imaging resolution in current clinical layouts can be
enhanced via novel algorithms such as solving the 3D inverse problem employing variable-
strength spatial prior constraints [66] and applying compressive sensing confocal imaging
algorithms [67]. Both of these methods present encouraging results for the future of NRI.
Making use of prior geometry or information, acquired by other imaging modalities, for
microwave imaging is an ongoing research subject that can facilitate breast tomography and
image reconstruction. Two recent works in this area used microwave radar imaging and MRI
to feed the dielectric parameter reconstruction codes with spatial information. Baran et al.
restored the average dielectric properties of different tissue types by microwave radar imaging
and then used the data to perform microwave tomography [68]. They were able to obtain finer
reconstruction qualities using this hybrid method than when tomography and radar-based
imaging were conducted separately. Golnabi et al. employed an MRI image to reconstruct the
complex permittivity of a real breast [69]. They reported improved accuracy and contrast
between the target and background medium that were fibroglandular and adipose tissues,
respectively. One year later, in 2016, they implemented this idea in a 3D reconstruction and
again achieved promising outcomes with up to 2 and 9 times improvement in accuracy of
conductivity and permittivity maps, respectively [70]. Due to the interference of metallic parts
with the magnetic fields, combining microwave imaging and MRI in the same physical setup
was reported to be unfeasible.

Figure 2. Comparison between the dielectric properties and conductivity of healthy tissues and malignant tissues. Plots
are based on the data from [53].

Near-Field Radar Microwave Imaging as an Add-on Modality to Mammography
http://dx.doi.org/10.5772/intechopen.69726

21



4.2. Breast NRI at experimental level

One of the first NRI system implementable for a clinical trial was introduced in 2000 by Meaney
and his colleagues [52]. The operational bandwidth of the system was 0.3–1 GHz and it was
configured in a way that a patient could comfortably lie down on a bed with her breast pendent
in a liquid inside a container with a circular antenna array encompassing the breast. The
antennas were immersed in the same liquid (saline) as the matching medium, and they collected
the scattered field from the submerged breast from multiple directions. The scan took 10–15 min
for each breast of the human participants of the trial, using a tomographic method from the
chest to the nipple. As predicted, the reconstructed maps of dielectric properties were of low
resolution; however, they showed that the in vivo breast properties are larger than the ones
obtained from ex vivo measurements. Later in 2007, the same group reported a good agreement
between images retrieved by microwave imaging and MRI from subjects with normal mammo-
grams and multiple phantoms [66]. Particularly, it was shown that fibroglandular tissue distri-
bution and water content agreed well between the two sets of images. Furthermore, they found
that similar to fat percentage and density, dielectric properties of the breast are heterogeneous.

Klemm et al. assembled a similar physical setup except, in place of a circular antenna, they used a
set of ultra-wideband (UWB) antennas that were arranged in a hemispherical shape to conform to
the shape of the pendent breast [71]. The system’s performance was evaluated based on experi-
ments carried out on a phantom encapsulated in a shell mimicking skin. They were able to detect
small tumor simulants, 4-6 mm in diameter, embedded in the phantoms by implementing two
beamforming algorithms, multi-static microwave imaging (MAMI) and delay-and-sum (DAS).
Later, the system was tested on highly heterogeneous phantoms and it was shown to give
promising results [72]. Also, in a clinical case study, the system was tested on a real breast, and
the obtained image was compared to its associated mammogram. The malignant tissue was
correctly located in the microwave image when compared to the X-ray image [73].

Lai and his group also employed UWB antennas to scan a number of heterogeneous and
homogenous breast phantoms at Nanyan Technological University [74]. By rotating the phan-
toms 360 degrees, the antennas simulated a circular set of 360 elements. This configuration
enabled them to detect a 4 mm tumor in all phantom types. But, detectability was not strong
enough to delineate 2 mm inclusions. Lazero et al. published the results of what they named a
“worst-case-study” utilizing a single UWB monopole antenna [75]. The phantom model was
filled with water (presenting high losses), with a rod submerged inside it, and the antenna was
located in air (presenting high reflection). Notwithstanding these challenging conditions, the
embedded rod was successfully detected, implementing FDFD and Wiener-filter algorithm that
took into account the effect of a simulated skin interface. Chun Yu and colleagues, in a different
experimental layout, used an active microwave imaging method to retrieve images of a clay ball,
a metallic ball, and a combined arrangement of both when they were submerged in water [76].
They utilized a dipole single transmitter and receiver to avert the mutual coupling that exists in
an antenna array. The transmitting and receiving array were moved by an automatic positioner
to enable a flexible, multi-view data acquisition in three dimensions over the surface of the object
being measured. Applying an active, hybrid-inversion, reconstruction method, they were able to
image one clay ball and the combined arrangement of two clay balls and one metallic ball.
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ments carried out on a phantom encapsulated in a shell mimicking skin. They were able to detect
small tumor simulants, 4-6 mm in diameter, embedded in the phantoms by implementing two
beamforming algorithms, multi-static microwave imaging (MAMI) and delay-and-sum (DAS).
Later, the system was tested on highly heterogeneous phantoms and it was shown to give
promising results [72]. Also, in a clinical case study, the system was tested on a real breast, and
the obtained image was compared to its associated mammogram. The malignant tissue was
correctly located in the microwave image when compared to the X-ray image [73].

Lai and his group also employed UWB antennas to scan a number of heterogeneous and
homogenous breast phantoms at Nanyan Technological University [74]. By rotating the phan-
toms 360 degrees, the antennas simulated a circular set of 360 elements. This configuration
enabled them to detect a 4 mm tumor in all phantom types. But, detectability was not strong
enough to delineate 2 mm inclusions. Lazero et al. published the results of what they named a
“worst-case-study” utilizing a single UWB monopole antenna [75]. The phantom model was
filled with water (presenting high losses), with a rod submerged inside it, and the antenna was
located in air (presenting high reflection). Notwithstanding these challenging conditions, the
embedded rod was successfully detected, implementing FDFD and Wiener-filter algorithm that
took into account the effect of a simulated skin interface. Chun Yu and colleagues, in a different
experimental layout, used an active microwave imaging method to retrieve images of a clay ball,
a metallic ball, and a combined arrangement of both when they were submerged in water [76].
They utilized a dipole single transmitter and receiver to avert the mutual coupling that exists in
an antenna array. The transmitting and receiving array were moved by an automatic positioner
to enable a flexible, multi-view data acquisition in three dimensions over the surface of the object
being measured. Applying an active, hybrid-inversion, reconstruction method, they were able to
image one clay ball and the combined arrangement of two clay balls and one metallic ball.
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Henriksson et al. made use of a microwave camera, at 2.45 GHz, to quantitatively restore the
dielectric properties of materials [77]. In a quantitative approach, in place of approximations,
the non-linear diffraction problem is solved at the cost of heavy computations. In 1990, the
planar camera was built for non-invasive hyperthermia control; and later, in 1998, it was put to
the test by Franchois on a rotating object inside a liquid container. Henriksson and his col-
leagues used a similar experimental setup that included two horn antennas. They made a
breast-equivalent liquid using a Triton X-100 mixture and placed it inside a rotating tube—the
object of interest—to have a more realistic model. Albeit some artifacts were present, the
system performed well in reconstructing dielectric maps, using the Newton-Kantorovich algo-
rithm. This camera enables NRI to be carried out in a mammographic configuration [77, 78],
one of the key benefits of the approach presented in this chapter. More recently, in 2013,
imaging a moving target was also tested in an integrated microwave imaging radar, as in an
inverse synthetic array radar, at the University of Padova in Italy [79]. In the assembled setup,
a planar antenna, consisting of two monopoles and two feed lines, was fixed on a support
frame and it radiated down over the moving phantom. Two stepper motors shifted the target
in the horizontal plane in two perpendicular directions. The results demonstrated that the
system is capable of detecting two embedded inclusions inside the phantom.

Microwave imaging via space-time (MIST) beamforming has been experimentally implemented
on phantoms, seeking to solve both 2D and 3D problem. On the simulation level, Bond et al.
used a UWB antenna array to transmit the waves and then employed a beam former to
reconstruct images of the backscattered signal energy [80]. In order to downsize the
overshadowing impact of the skin-like layer of the MRI breast model they used, they utilized a
data-adaptive algorithm to eliminate the dominant backscatter at the skin-breast interface. This
approach is efficient in that it generates images only in areas of high background energy, i.e.
malignant tissues. In the subsequent year, from the same group, Xi Lu et al. tested the practical-
ity of MIST on 3D physical phantoms [81]. The results in 2D and 3D improved considerably
compared to those obtained by simple focusing methods. In the 3D case, the contrast between
malignant and normal tissue was observed to be 1.5:1 for a 4-mm tumor, which displayed the
strong potential of MIST in disclosing small tumors.

At the end of this subsection, some of the recent works that are different in application or scope
from the ones previously introduced can be reviewed to show how the practical aspect of
microwave imaging has expanded in last few years. In 2014, Eleutério et al. presented a
preliminary study to evaluate NRI in the axilla where sentinel nodes are typically found [82].
The significance of this study was to explore the role of microwave imaging in the estimation
of metastasis initiation. Grzegorczyk et al. applied microwave imaging to monitor neoadjuvant
chemotherapy, as an economic alternative to MRI and PET [83]. Using a different and compact
method, researchers at the University of Manitoba examined the capacity of spintronic micro-
wave sensors in biomedical imaging [84]. They demonstrated that these sensors, though only a
fraction of microwave antennas in size, have the ability to detect spherical objects inside a
homogenous medium with good resolution. Contrast-enhanced NRI has also become a topic
of interest in the recent years. In one of the latest works published in 2016, Bucci et al. used
magnetic nanoparticles as contrast agent, and showed their applicability by comparing the
simulation and laboratory results [85].
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5. A near-field radar imaging system for bimodal applications

In the last two sections, some aspects of mammography, digital tomosynthesis, and microwave
imaging were reviewed. The idea of a bimodal system that takes advantage of the strengths of
both systems and can potentially compensate some of the drawbacks of each modality makes
sense in the case of NRI and DBT. Among the number of other different combinations that has
been tested in the last few years, NRI and MRI, optical imaging and DBT, and NRI and
ultrasound can be listed. In the first case, the interference of the magnetic fields with the
metallic part of the microwave imaging system impeded the simultaneous implementation of
the NRI and MRI sensors [86], but in the other two cases, important results such as access to
the map of vessels around tumors via the optical modality [87] and detection of very small
inclusion [88], down to 1.2 mm, were reported. One of the pragmatic ways by which NRI can
be added as a complementary system to the DBT is to design and build a compact NRI system
that conforms to the geometry of the DBT and can scan the breast in a co-registered fashion
using mechanical motion. This idea is illustrated schematically in Figure 3: (1) to conform to
the DBT’s shape, the NRI system was designed to fit into the compression paddle, (2) to be as
compact as possible, a set of antipodal Vivaldi antennas (AVAs) were used as the transducer
array, (3) to enable mechanical motion, a two-dimensional motion stage was implemented. In
the succeeding subsections, the various parts of the system are described in more details.

5.1. Antipodal Vivaldi antennas (AVAs)

Vivaldi antennas are planar, compact in size, and easy to manufacture [91]. These qualities
make Vivaldi antenna a good candidate for use in an add-on NRI system, particularly due to

Figure 3. The designed NRI mechatronic system (left) that fits into the compression paddle of the DBT (right). In this
manner, first the DBT and then the NRI system scans the breast.
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that a number of these antennas can fit into a small space [89]. On the other hand, Vivaldi
antennas are limited in bandwidth since they require a balun to convert the micro-strip into a
strip-line. One solution to remove this obstacle is to employ antipodal vivaldi antenna (AVAs)
that have direct feeding micro-strip lines while maintaining the advantages of Vivaldi anten-
nas. To further reduce the size of the AVAs and improve the coupling of electromagnetic waves
going into the breast tissue, they can be designed to operate in a liquid of high dielectric
constant. The use of a matching liquid can cut each dimension of the antenna by a factor of
1=

ffiffiffiffi
εr

p
, with εr being the liquid relative permittivity. Such a technique, however, asks for a

supportive substrate that also has a high dielectric constant. This imposes an extra condition
on the selection of the coupling liquid that will be discussed later. In the case of AVAs of the
proposed system, a 2 mm ceramic layer (T-Ceram, E-37) with a relative permittivity of 37 was
utilized for each antenna. Figure 4 shows the design parameters of an AVA alongside with a
photo of a pair of fabricated AVAs. The exponential curves ya, yt, and yf shown in the figure are
given by the following Eq. [90]:

yk ¼ �
�
AkePkðx�BkÞ þ Ck

�
(1)

where

Ak ¼ yk1 � yk2
ePkðxk1�BkÞ � ePkðxk2�BkÞ , Ck ¼ yk1e

Pixk2 � yk2e
Pkxk1

ePkxk2 � ePkxk1
(2)

and k can be substituted with a, t, or f to obtain ya, yt, or yf, in order. The subscripts 1 and 2 for x
denote the x-coordinate of the start point and endpoint of the curves. The constants Ai, Bi, Ci,
and Pi for every equation are given in Table 1. The numerical values of the parameters for the

(a)
(b)

(c)

1 GHz1.5 GHz2 GHz2.5 GHz

Figure 4. (a) Design parameters of the AVA used in the system. This transparent view of the antenna shows the curves on
front (signal) and back (ground) of the antenna. (b) The fabricated antenna has a reduced size, as it can be seen when the
size is compared to a person’s hand. (c) The simulated results showing the magnitude of the electric field inside an ethanol
model at different frequencies.
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fabricated antennas were W = 30, Wg = 2.06, Wa = 25.42, Wts = 0.29, Ws = 0.025, Lt = 8.40, Lts =
1.03, La = 26.54, all in millimetres, and Pt =�1.04, Pf = 0.94, Pa = 0.1 [91]. The radiation pattern of
a single antenna is illustrated in Figure 4 (c) at different frequencies.

To select the coupling liquid, the dielectric relaxation of many liquids, such as [92–102], were
considered. John D. et al. used multi-step techniques to approximate the average dielectric
properties of the breast tissue and reported a minimum and maximum of about 26.5 and 27 for
the relative permittivity in 1–3 GHz, respectively [103]. For a proper coupling of the electro-
magnetic waves, the average dielectric constant of the sought liquid must be between the
relative permittivity of the antenna substrate (37) and that of the average breast (26.75). Based
on this criterion and other conditions such as non-toxicity, non-carcinogenicity, low viscosity, and
stability at room temperature, among many candidates, ethanol was selected as the matching
liquid. The characterization of an array of two AVAs in ethanol can be found in [104].

5.2. Radiation safety: Specific absorption rate (SAR)

To assure that the microwave radiation from the antennas was safe for human use, a specific
absorption rate (SAR) analysis was conducted. The SAR determines the amount of power
absorbed by the human tissue when it is exposed to the electromagnetic radiation [105]. The
local SAR at a certain point inside the tissue is defined as

SARlocalðr,ωÞ ¼ σðr,ωÞjEðr,ωÞj2
2ρðrÞ (3)

where r is the position vector, ω is the frequency in [rad/s], σ(r, ω) is the material conductivity in
[S/m], and r(r) is the mass density of the dielectric. For standardization purposes, SAR is
averaged over a small sample volume as follows:

SARaverageðr,ωÞ ¼ 1
V

ð
σðr,ωÞjEðr,ωÞj2

ρðrÞ dr (4)

This power flow reveals itself in the form of temperature gradient over time, and it could cause
harm if it trespasses a certain value. Federal Communications Commission (FCC) in the United
States has set a threshold of 1.6 W/kg for the maximum value of SAR in a 1-gram sample of
body parts [105]. In Europe, as set by The Council of the European Union (CEU), the limit is
2 W/kg in a 10-gram sample of body parts [107]. IEEE Standard 1528 presents a methodology
to compute the peak SAR in the head under exposure to radio frequency radiation [108, 109].

yi(x) A B C P

yt Wts�Wg

2ðePtLt�1Þ
0 Wg

2 � At
Pt

yf Af Wt + Wts
Wts
2 � Af Pf

ya WtsþWa
2ðePaLa�1Þ Wt + Wts �Wts

2 � Af Pa

Table 1. The definitions of the parameters A, B, C, and P in the curve equations of the AVA.
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This can also be applied in other body part calculations. HFSS ANSYS, which automatically
applies IEEE standard P1528.4 to calculate the spatial average of SAR [111], was utilized to
analyze the SAR of the heat that an AVA induces in a breast model placed directly underneath
it. The model consisted of fat distribution data from a real healthy breast, obtained by the DBT
system at the Massachusetts General Hospital (MGH). Figure 5 (a)–(c) illustrates the fat
distribution in the model from different views. In lieu of importing the entire data set into the
HFSS, the fat percentage values were averaged over cubes of 6 mm side to lessen the compu-
tational load. Next, the complex relative permittivity of the breast was approximated by a
Cole-to-Cole model. The impact of the breast compression paddle and the ethanol container
were also accounted for by using a simplified geometry of the NRI system, as shown in
Figure 5 (d)–(e). In accordance with the real measurements, the power fed to the antennas

Figure 5. The fat distribution map of a real healthy breast used to compute the complex dielectric constant [106], and its
associated model. The map as viewed from (a) top, (b) side, (c) front. The approximated model in a voxel grid of cubes of
6-mm sides, from (d) front and (e) perspective view.

XZ-plane YZ-plane

(a) (b)

(c) (d)

XZ-plane YZ-plane

Figure 6. The SAR study results of one antenna radiating towards the breast model: (a) 1-gram sample at 1 GHz, (b)
10-gram sample at 1 GHz, (c) 1-gram sample at 2.5 GHz, (d) 10-gram sample at 2.5 GHz. The maximum value of the SAR
occurs at 1 GHz in the 1-gram sample model and is much less than the threshold value set by the FCC.
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was set to 0 dBm (1 mW). The results for both 1- and 10-gram sample SAR models at two
dissimilar frequencies in the operational bandwidth of the system, 1–3 GHz, are shown in
Figure 6. As observed, the peak SAR values are clearly below the CEU and FCC thresholds, by
at least three orders of magnitude, in all cases. This suggests that the radiation from the
transducer array, even with an array of sixteen antennas, is safe for human use.

6. The mechatronic system: Motion stage and data acquisition

6.1. The hardware

As mentioned earlier, to illuminate the entire breast volume under compression, the anten-
nas needed to be moved in a pre-determined trajectory. To accomplish this, a belt-driven
mechanical setup was implemented based on the open-source 3D printer, MAKERBOT
Replicator. Two motors were used, one for each axis of motion, to enable the planar motion.
One of the motors (Y-axis) was fixed to the walls of the container, and the other one (X-axis)
was mounted on a carriage that itself moved as the first motor shaft rotated. The dimensions
and other geometric properties of the box containing all the mechanical parts were majorly
restrained by the compression paddle of General Electric DBT system that was available at
the MGH. Given these requirements, two acrylic boxes were built, one on the bottom, serving
as the matching liquid container, and one on the top, holding the motion stage assembly in
place. Two Big Easy Drivers, powered by a 12 V/5 A power supply, and an Arduino Uno were
used to actuate and control the motors. For the bottom box to safely contain the coupling
liquid, all of its interior edges were sealed with a silicon-based sealant (General Electric),
which was specifically formulated for plastics. Moreover, a lid attached to the top box via
hinges was used to constrain ethanol’s evaporation. The various parts of the system are
shown in Figure 7.

6.2. The software

LABVIEW was used as the main programming tool for data acquisition, mechanical motion
control, and synchronization between the two. PNA-X (N5242), a programmable network
analyzer by Keysight, was used for data acquisition and LABVIEW Interface for Arduino
(LIFA) was installed on the workstation (Windows 10) to enable the connection between
Aruino and LABVIEW. Using the Stepper Motor Library of LIFA, the motors were configured
to have a default speed of 2000 steps/sec in each section of the motion path. The collected data
was the two-port s-parameters of the AVAs, which included the phase and magnitude infor-
mation; and it was recorded on a folder that was shared between the operating system of the
PNA-X and the workstation computer. For simplicity, in the first imaging experiments, instead
of using triggers to time different events in the acquisition process, a short delay, was utilized
after the command was sent to the PNA-X to ascertain that the data collection at each point of
the path was complete before moving to the next position. The value of the delay was deter-
mined approximately with trial and error. As displayed in Figure 8, at any time during the
motion on the default path, only one motor is active.
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(a)
(b)

(c)
(d)

The electronics box

The DBT Paddle

Figure 7. Schematic diagram of the mechanical parts of the motion stage: (a) The gantry on top, responsible for moving
the transducer array in two dimensions, (b) the attachment mechanism for the top and bottom boxes, (c) the antenna
holder with a structure that assures cables are fixed on the end connected to the antenna, (d) the complete assemblage,
including the electronics box, fitted into the DBT paddle.

Figure 8. The two-dimensional trajectory viewed from the top. The default path is set to be maze-like (with adjustable
number of back-and-forth sections) so that the whole breast volume can be covered. The straight path was used in initial
experiments as will be described later.
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7. Proof-of-concept experiment and simulation

To show the capabilities of the NRI system as an independent system, a simple measurement
was designed to firstly acquire the data from a scattering object inside a known medium, and
secondly to retrieve the dialectic map of the medium and the object. This first measurement
was simplified using the following requirements: (1) The medium is required to be homog-
enous with known dielectric properties close to those of breast fat; (2) the object needs to be a
strong scatterer of simple and known shape and big size so that it can be easily detected; (3)
the data acquisition is to be done in a straight line, instead of the maze-like path, passing
through the centroid of the object; (4) the air gap between the NRI system (bottom container)
and the under-test medium is to be eliminated. The conditions were realized by using a
stainless steel bearing ball of 1-inch diameter inside a container filled with sunflower oil. It is
conspicuous that the conditions described differ largely from the reality in which the breast
tissue is highly heterogeneous, the contrast between malignant and healthy tissues is com-
paratively small, and the size of tumors in their early stages is in order of millimeters;
however, this first test was intentionally designed to avoid complexities for the purpose of
proof-of-concept. Besides this experiment, a simulation was carried out to illustrate how the
bimodal imaging using the DBT and the near-field radar system works. The details of this
simulation are given in subsection 7.2 and 7.4.

7.1. The bearing ball imaging experiment setup

Required by the imaging algorithm, both the background data, when there was no scatterer in
the medium, and the total field data, when the ball was placed in the oil container, had to be
acquired. Accordingly, the NRI system was placed on top of the container, partially immersed
in the oil, and 25 sets of data at 25 equally spaced positions on the motion path were obtained
from the medium with and without the bearing ball inside it. In the case of total field mea-
surements, the ball, seated at the bottom of the container, was positioned at various distances
from the centre of the bottom acrylic sheet. The antennas’ center motion path was defined to be
a straight line passing through the center of the ball, when the system was viewed from the
top, as shown with a hashed arrow in Figure 8. The layout of the experiment is illustrated in
Figure 9.

To obtain a more accurate model of the coupling liquid that was used for both the SAR analysis
and imaging algorithm, the complex permittivity of absolute ethanol was measured by the
PNA-X material measurement software (Keysight Material Measurement Suite 2015), and it
was compared against the one reported in the literature [95]. The result is in good agreement
with the one reported by Sato et al., as shown in Figure 10.

7.2. Imaging algorithm

The total electric field E(r, ω), assumed to be a function of the vector position r and frequency
ω, due to electromagnetic propagation into a three-dimensional medium can be expressed by
Helmholtz equation as [111]
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Required by the imaging algorithm, both the background data, when there was no scatterer in
the medium, and the total field data, when the ball was placed in the oil container, had to be
acquired. Accordingly, the NRI system was placed on top of the container, partially immersed
in the oil, and 25 sets of data at 25 equally spaced positions on the motion path were obtained
from the medium with and without the bearing ball inside it. In the case of total field mea-
surements, the ball, seated at the bottom of the container, was positioned at various distances
from the centre of the bottom acrylic sheet. The antennas’ center motion path was defined to be
a straight line passing through the center of the ball, when the system was viewed from the
top, as shown with a hashed arrow in Figure 8. The layout of the experiment is illustrated in
Figure 9.

To obtain a more accurate model of the coupling liquid that was used for both the SAR analysis
and imaging algorithm, the complex permittivity of absolute ethanol was measured by the
PNA-X material measurement software (Keysight Material Measurement Suite 2015), and it
was compared against the one reported in the literature [95]. The result is in good agreement
with the one reported by Sato et al., as shown in Figure 10.

7.2. Imaging algorithm

The total electric field E(r, ω), assumed to be a function of the vector position r and frequency
ω, due to electromagnetic propagation into a three-dimensional medium can be expressed by
Helmholtz equation as [111]
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∇� ∇ Eðr,ωÞ � k2ðr,ωÞEðr,ωÞ ¼ jωμ0Iðr,ωÞ (5)

where kðr,ωÞ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε0εrμ0ðr,ωÞ

p
is the wavenumber in the medium with ε0 being the vacuum

permittivity, εr(r, ω) being the relative complex permittivity, and μ0 being the vacuum perme-
ability; and I(r, ω) is the microwave excitation source in the case of near-field radar radiation.
The relative complex permittivity of a material is defined as εr ¼ ε0r � jσ=ωε0, where ε0r is the
real part, and ε00r ¼ σ=ωε0 is the imaginary part that depends on the conductivity of the
material σ. The total electric field E(r, ω) is composed of the background Eb(r, ω) and scattered
field Es(r, ω), or mathematically:

Eðr,ωÞ ¼ Ebðr,ωÞ þ Esðr,ωÞ (6)

The background field is usually modeled with the help of simulations or analytical methods,
and the scattered field is obtained by subtracting the background field from the measured total

(a) (b) (c)

Figure 9. The bearing ball imaging experiment: (a) the entire setup with the NRI system on top of the oil container which
is seated on a low-density wooden table. (b) The front and (c) perspective views of the experiment showing how the
ethanol container is partially submerged in oil with the aim of air gap elimination. As shown, the ball rests on a plastic
base whose diameter is smaller than the ball itself and thus shadowed by the ball when the microwaves illuminate the
medium.

Figure 10. The dielectric relaxation result of ethanol; measurement versus what is reported in the literature [97]. E0 and E00

respectively denote the real and imaginary part of complex permittivity.
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field. Since Eb(r, ω) also satisfies the Helmholtz equation, with kb(r, ω) instead of k(r, ω) and the
solution

Ebðr,ωÞ ¼ jω
ð
Gbðr, r0,ωÞIðr0,ωÞdr0 (7)

where Gb(r , r0, ω) is dyadic Green’s function and a solution of

∇� ∇Gbðr,ωÞ � k2bðr,ωÞGbðr,ωÞ ¼ ~Iδðr� r0Þ (8)

with ~I being the unit dyad, the scattered field Es(r, ω) can be solved as

Esðr,ωÞ ¼
ð
Gbðr, r0,ωÞk2bðr0,ωÞEðr,ωÞχðr0,ωÞdr0 (9)

in which is χ = (εr(r, ω) � εr,b(r, ω))/εr,b(r, ω), the contrast parameter, and εr,b(r, ω) is the relative
permittivity of the background medium. In cases where the contrast parameter is compara-
tively small, BORN approximation can be applied by replacing the total field with the back-
ground field in Eq. (9), which results in

Esðr,ωÞ ≈
ð
Gbðr, r0,ωÞk2bðr0,ωÞEbðr,ωÞχðr0,ωÞdr0 (10)

that can be solved now. Making use of the FDFD method and discretization, Eq. (10) can be
linearized in terms of the unknown–the contrast parameter– as follows [112]:

y ¼ Aχþ e (11)

where y∈CM is the measurement vector obtained by the receiving antenna, A∈CM�N is the
sensing matrix, χ∈CN is the unknown contrast vector, and e∈CM is the modeled noise. The
sensing matrix A is generated by the Green’s functions of the background medium. Note that
for the DBT-NRI system, the background Green’s functions are computed using a full wave
model (like HFSS ANSYS) in which the dielectric properties of a healthy heterogeneous breast
is derived from the fat content of the DBT image. For the results of the bearing ball experiment,
presented in this chapter, the background Green’s functions are computed from modeling the
mechatronic system without the metallic scatterer (ball), also using HFSS ANSYS. As the
number of measurements, M, is much less than the number of unknowns N, a regularization
method is to be used to reduce the ill-posedness of the solution. In this case, Tikhonov
regularization scheme can be applied, which seeks the solution to the succeeding optimization
problem [112]:

min
��jAχ � yj��2

ℓ2
þ γ

��jχj��p
ℓp

(12)
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Subject to
Re

�
diagðεbÞxþ εb

�
≥ 1

Im
�
diagðεbÞxþ εb

�
≥ 0

8<
: (13)

in which ℓp denotes norm-p and γ is the regularization parameter. When this problem is solved
using p = 2, indicating that the ℓ2 is used as a regularizer function, a simple closed-form
solution is given by the following equation:

χ ¼ ðAHAþ γIÞ�1AHy (14)

where AH is the Hermitian of matrix A and γ is is selected by trial and error with the aim of
achieving an efficient and smooth solution. Other convex optimization approaches can also be
used. Specifically, when the problem is solved using p = 1, indicating the use of the ℓ1 as a
regularizer function, sparsity can be imposed to the solution—see for example [111]. This
regularizer function is of special interest when the DBT and the NRI are operating together.

7.3. Results

7.3.1. Images reconstructed from computational simulations

To demonstrate the efficacy of the hybrid bimodal DBT/NRI system, the fat percentage of the
DBT image of a breast was used to model the electromagnetic scattering of a breast with and
without a cancer lesion. Figure 11(a) shows the ground truth model. A total of six antennas at
three different frequencies, 500, 600, and 700 MHz, were used on the periphery of the breast
model, inside a bolus liquid, that enhanced the electromagnetic coupling into the tissue [110].
The method described in [106], which used the ℓ1 norm as a regularizer function, was
employed to estimate the real and imaginary parts of the contrast variable χ. As shown in
Figure 11(b), the contrast source variable successfully localized the tumor, albeit of being
surrounded by fibroglandular tissue.

Figure 11. (a) The ground truth complex permittivity, the real (left) and the imaginary (right) part. (b) Successfully
reconstructed contrast source variable χ, as defined in Eq. (9), after using the imaging technique described in [106]; (left)
real and (right) imaginary parts.
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7.3.2. Images reconstructed from the experiment

Implementing the imaging algorithm described in the previous subsection, the images of the
oil-bearing ball medium were reconstructed for different cases when the ℓ2 norm is used as the
regularizer. As shown in Figure 12, the measurements were carried out for various ball
locations (two of which are shown here) and for two type of cables, regular SMA cable and
phase-stable cable. Despite the presence of some artifacts, the normalized dielectric maps from
the measurements agree well with those obtained from the simulations. In overall, though
phase-stable cables improved the phase response of the system significantly, they were not as
effective in the final imaging results. These images demonstrate that the NRI system is capable
of collecting meaningful data and generating images for a simply configured medium.

8. Conclusions

In this chapter, the basics of a bimodal imaging system aimed at early detection of breast
cancer were reviewed and some preliminary computational and experimental results were
presented. It was noted that the conventional mammography has raised some concerns due
to the reported rates of false-positive and false-negative results, as well as overdiagnosis.
Digital breast tomosynthesis has been able to compensate for some of these problems, only
up to a certain degree, by enabling multi-layer imaging of the breast; and it has resulted in
improved specificity and sensitivity. However, the low contrast between malignant and
fibroglandular tissues in the X-ray frequencies still remains as a drawback of X-ray-based

x=-5cmx=+1cm

(d)

(a) (d)

(b) (e)

(c) (f)

Figure 12. Reconstructed images of a bearing ball embedded in sunflower oil. Images obtained from the data acquired by
a regular SMA cable (a), a phase-stable cable (b), and simulation (c), respectively, when the ball was located 1 cm off
center. Parts (d)–(f) show similar images for when the ball was 5 cm off center.
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breast screening. Near-field radar imaging (NRI), as a cheap and safe modality, has the
potential to alleviate the problem of low contrast inasmuch as the aforementioned tissues
show more contrast at microwave frequencies. Founded on this observation, an NRI
mechatronic system, compatible with the DBT, was developed to be used as an auxiliary
diagnosis tool, in a co-registered manner. The performance of the NRI component of this
system was experimentally evaluated in a near-ideal case, and the achieved results showed its
capability in imaging a strong scatterer in a homogenous medium. Computational results were
also carried out, showing the efficacy of the bimodal system to detect tumors surrounded by
fibroglandular tissue. It was also shown, through specific absorption rate analysis, that the
radiation of the implemented antennas is safe for humans, according to the standards. Our
next step in this exciting work is to pilot the hybrid DBT/NRI system using more realistic
phantoms, as well as human patients.
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Abstract

We overview the research trend on microwave imaging for early breast cancer detection.
The technologies have two categories: ultra-wide band (UWB) radar that reconstructs
the scattering power distribution in the breast and inverse scattering problem that
reconstructs the dielectric properties distribution. We have developed a clinical equip-
ment using UWB radar and carried out clinical test 4 years ago. Through the experi-
ments, we concluded that the UWB radar was insufficient for the clinical equipment,
because the UWB radar cannot discriminate cancerous tumor and other lesions. There-
fore, we have been studying inverse scattering. It is a challenging task to develop an
equipment using inverse scattering technologies. We have proposed a microwave mam-
mography that has four features: (1) sensor with breast fixing by absorption, (2) small
sensor with multipolarization, (3) image reconstruction program linking the commercial
EM simulator, and (4) hybrid imaging method using UWB radar and inverse scattering.

Keywords: early breast cancer detection, microwave imaging, radar, inverse scattering,
hybrid imaging

1. Introduction

Early detection and treatment of breast cancer, which has the highest rate of incidence in
women, are important. Although X-ray mammography is widely used, it has the disadvan-
tages of X-ray exposure, detection failure owing to low contrast, and pain during inspection.
An echograph is a well-established alternative to X-ray mammography. However, the inspec-
tion quality of this device depends on the skill of the inspector, and the reproducibility of
results is poor [1]. Recently, microwave imaging for breast cancer detection has attracted
attention [2]. However, the low contrast between fibroglandular tissue and malignant tissue
in the microwave frequency range poses a challenge to many researchers [3].

Breast cancer detection through microwave imaging is broadly grouped into two categories:
tomography [4] and ultra-wide bandwidth (UWB) radar [5]. Tomography can reconstruct such
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organization structures as fatty, fibroglandular, and malignant tissues. However, the electro-
magnetic analysis including the antennas, supporting structure, and environment must be
accurately carried out because measuring error, noise, and modeling error significantly affect
the image reconstruction. Moreover, since the calculation load is enormous, it is unsuitable for
mass examination. UWB radar cannot reconstruct the organization structure accurately [6].
However, since it is tolerant to measuring error and noise in comparison with tomography, it is
easy to manufacture. Furthermore, since the calculation load is small, it is suitable for mass
examination.

We have developed multistatic UWB radar for early breast cancer detection. Our equipment
features multistatic microwave imaging via space time (MS-MIST) algorithm, which extends
the MIST algorithm to multistatic UWB radar [5] and a conformal array, which fixes the breast
to the inner shape of a sensor via suction [7]. Through numerical simulations and experiments
with phantoms, MS-MIST was confirmed to have high resolution with low artifacts. In addi-
tion, our sensor requires neither placement of the breast in a tank filled with a coupling liquid
nor measurement of the breast shape. The proposed system has low failure rate of inspection
in comparison with the already developed UWB radar [6] because the sensor with suction and
fixation restrains the patient from moving and breathing during the scan. Moreover, the
inspection time is short because the number of antennas is reduced by MS-MIST with high
resolution and low artifact. Hence, it results in small size and low cost. First, we describe the
clinical equipment developed and demonstrate the imaging results, including numerical and
clinical experiments.

The clinical test results demonstrate that the system can detect cancer that has a clear boundary
and is isolated from the fibroglandular tissue. However, if the boundary is irregular or if the
tumor is buried under the fibroglandular tissue, the system is unable to correctly reconstruct
the shape of the tumor [6]. Therefore, we are currently working on the development of
microwave tomography [8–11].

In order to achieve accurate image reconstruction, it is necessary to obtain diverse observation
data. Several methods can be employed to obtain diverse observation data. More observation
data can be obtained by increasing the number of antennas; however, the scale of the appara-
tus increases and the computational cost becomes substantial. Furthermore, the signal-to-noise
ratio (SNR) is degraded by increasing the size, which degrades the image reconstruction. A
method using multiple frequencies has been proposed [12]. In general, biological tissue is a
medium with frequency dependence, and its behavior is modeled using the Debye approxi-
mation with several parameters. Consequently, the number of unknown parameters increases
with the number of frequencies; thus, the reconstruction becomes difficult.

The multiple-polarization method has been examined as a means to obtain a variety of observa-
tion data. The impact of polarization on image reconstruction was evaluated in Ref. [13], and it
was concluded that the effectiveness was limited. However, the physical considerations related
to antenna arrangement have not yet been investigated. Second, we review a compact-sized
imaging sensor using multipolarization. We use the distorted Born iterative method (DBIM)
described in Ref. [12] to solve the inverse scattering problem.
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Microwave tomography can reconstruct complex structures if the measurement system is
modeled completely and there is no measurement error. In order to reduce the modeling error,
an image-reconstructing program that solves the forward problem using a commercial electro-
magnetic simulator has been developed [9]. Considering the actual device, this program
includes an algorithm that applies the scattering parameters provided by the vector network
analyzer (VNA) to the inverse scattering equation [10]. Third, we present microwave mam-
mography with these technologies.

We could successfully reconstruct the complex numerical breast phantom using the pro-
posed microwave mammography. Subsequently, we developed simple microwave tomog-
raphy and carried out experiments. However, we could not reconstruct a sufficiently
high-quality image owing to the deviations between the calculated and measured
backscattered signals. It is well known that the settings of the initial complex permittivity
distribution are important. Previously, initial permittivity in the imaging area was set to be
uniform. Finally, we propose a method in which the backscattered power distribution is
reconstructed by the radar, and the distribution is subsequently used as the prior knowl-
edge in the inverse scattering problem. The effectiveness of the proposed method is con-
firmed by experiments.

2. Breast model and propagation analysis

2.1. Electromagnetic property of the breast

The breast cancer detection based on microwave imaging relies on large differences in the
electromagnetic properties between normal and malignant tissues. In quantitative microwave
imaging, considering the biological tissues as dielectrics, the dielectric properties are reconstructed
according to the differences in the complex permittivity, defined by Eq. (1):

ε� ¼ εr þ j
σ

ωε0
ð1Þ

where εr is the relative permittivity, σ is the conductivity of examined object, ε0 is the free-
space permittivity, and ω is the angular frequency.

The electromagnetic properties of breast tissue in different frequency ranges have been stud-
ied. Gabriel et al. conducted a major review of measured dielectric properties on healthy
human tissues for frequencies between 10 Hz and 100 GHz [14]. In the study, the basic and
well-known Debye model in Eq. (2) is introduced:

ε�ðωÞ ¼ ε∞ þ εs � ε∞
1þ jωτ

ð2Þ

This equation is extended to the Cole-Cole expression to model the structure and composition
of biological tissues, defined in Eq. (3):
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ε�ðωÞ ¼ ε∞ þ Δε
1þ jωτ

þ σs
jωε0

ð3Þ

where ε∞ is the static frequency permittivity constants, and σs is the static conductivity. The
magnitude of dispersion is Δε = εs � ε∞. The relaxation time constant τ is assumed to be
spatially invariant and usually considered to be in the range of 15–17 ps.

Furthermore, female breast tissues have been studied with focus on breast tumor detection. Ex
vivo measurements of fresh human malignant and normal breast tissues have been performed
by several groups. Lazebnik et al. reported the most comprehensive examination of the dielec-
tric properties of normal, benign, and malignant breast tissues [3].

2.2. Electromagnetic analysis

Microwave mammography consists of multiple antennas placed around the breast as shown in
Figure 1. An antenna is selected, and subsequently, a microwave signal is transmitted. At this
time, the signals received by other antennas are collected. The transmitting antennas are
sequentially selected to obtain the received data. We reconstruct the image using a set of
received data. In tomography, this physical phenomenon is modeled using a computer. Since
the electric constant distribution of the image area is unknown, it is initialized with an appro-
priate value and repeatedly updated using Newton’s method. It is necessary to obtain the
electromagnetic field distribution of the image area to apply the Newton’s method.

Several methods can be used to solve the electromagnetic problem, including the method of
moment (MoM), finite element (FEM), and finite-difference time-domain (FDTD) [15]. It is a
very difficult task to prepare the original program using these methods.

In recent years, many commercial electromagnetic field analysis simulators have been devel-
oped and widely used for antenna design, electromagnetic compatibility analysis, etc. Com-
mercial simulators are well debugged, and various methods for modeling with high accuracy
are adopted. Many simulators have functions to link with external software. We linked

Figure 1. Breast screening by microwave imaging.
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MATLAB with simulators such as FEMTET, MW-S, and HFSS, analyzed the electromagnetic
field with a simulator, and reconstructed the image using the MATLAB program. If the
modeling error is disregarded, electromagnetic field analysis using the FDTD method or
MoM is possible.

3. Image reconstruction algorithm

In this section, we overview the image reconstruction algorithm using a microwave signal.

3.1. UWB radar

Ultra-wide band (UWB) radar reconstructs the backscattered power distribution in the breast.
The image does not accurately reflect the tissue structure of the breast. However, it may be
possible to detect the presence or absence of abnormality such as cancer and its position.
Recently, new findings such as adaptive beamforming, utilization of the symmetrical structure
of left and right breasts, combined use of magnetic nanoparticles, etc. have been proposed.
These proposals can be powerful tools for UWB radar.

3.1.1. Delay and sum

Figure 2 shows the principle of imaging by delay and sum. Consider a scatterer in the imaging
area and an array antenna around it. We set a focal point in the imaging area and assume there
is a scatterer at that position. When a pulse is transmitted from one antenna and received by
the same antenna, the arrival time of the reflected waveform is delayed for the antenna away
from the scatterer. Assuming that the distance from the receiving antenna to the transmitting
antenna via the focal length is l and the propagation velocity of the wave is v, the time required
for the radio waves emitted from the transmitting antenna to arrive at the receiving antenna is
t = l/v [s]. When calculating the arrival time required for each antenna and advancing the time
response by that amount, if there is a scatterer in the focal point, a coherent time response is
obtained and a large response can be obtained by summing. If there are no scatterers in the
focus, a large response cannot be obtained even after summing. Subsequently, the focal point is
moved within the imaging area, the time response is reversed, and the distribution map is
created. The power will be large at the position where the scatterer is present, and it becomes
small at the position where the scatterer is absent. This is the same as the imaging principle of
the ultrasonic diagnostic apparatus. In this scheme, a narrow pulse with wideband is used to
enhance the resolution. Moreover, the algorithm can be easily extended to multistatic radars
with different receiving and transmitting antennas.

3.1.2. Microwave imaging via space time

In microwave imaging via space time (MIST) beamforming for wideband monostatic radar [16],
the beamformer weights that adjust the array gain at a set focal position in a unit are determined
by the least mean square scheme. The transmitting and receiving antennas are identical. In our
approach, several receiving antennas are used. Robust and clear images can be expected because
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the scattered response from the tumor enhances the contrast. By computing the output power
distribution of the beamformer over the imaging area, a three-dimensional image of backscattered
power is reconstructed. The tumor can be detected because a large amount of scattering occurs
around it. The weight of the conventional MIST beamformer is expressed by the following
formula:

WiðlÞ ¼ IðωlÞŜiiðr0,ωlÞejωiτ0Ts

jIðωlÞŜiiðr0,ωlÞjf1þ jIðωlÞj
XM

i¼1
Ŝiiðr0,ωlÞg

ð4Þ

Figure 2. Delay-and-sum.
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where I(ωl), Ŝiiðr0,ωlÞ, τ0, Ts, andM denote the spectral component of the transmitting signal at
frequency ωl, monostatic radar response of the ith antenna at position r0, excluding the phase
shifts owing to the propagation delays, average propagation delay of the beamformer, sam-
pling period, and number of elements, respectively. The weight of the proposed beamformer is
expressed by the following formula:

WijðlÞ ¼
IðωlÞŜijðr0,ωlÞejωiτ0Ts

jIðωlÞŜijðr0,ωlÞjf1þ jIðωlÞj
XM

i¼1

XM

j¼1
Ŝijðr0,ωlÞg

ð5Þ

where Ŝijðr0,ωlÞ is the multistatic radar response at position r0, excluding the phase shifts
owing to the propagation delays when the ith and jth antennas are used as the transmitting
and receiving antennas, respectively.

3.2. Inverse scattering (microwave tomography)

3.2.1. Theory

Figure 3 shows the flow of image reconstruction with the inverse scattering problem. First,
Es
meas, i.e., the measured data for all the combinations of transmitting and receiving antennas

are collected. On the other hand, the contrast based on electric properties is initialized in C0 in
the work station. Based on the current contrast, Es

calc, i.e., calculated data for all the combinations
are estimated. Simultaneously, Jacobian, i.e., the sensitivity matrix J is also calculated based on

Figure 3. Inverse scattering problem.
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the total field in the imaging area E. After calculating perturbation of the contrast ΔC, the
contrast is renewed.

3.2.2. Distorted born iterative method

In the DBIM, the relationship between the relative permittivity ε, conductivity σ, and scatter-
ing field es is expressed as follows [12]

ReðesÞ
ImðesÞ

" #
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∈C3�K

m ¼ 1,…,M, n ¼ 1,…, N

ð6Þ

In Eq. (6), Re(�) and Im(�) denote the real part and imaginary part, respectively. Further, εb and
σb denote the relative permittivity and conductivity in the background, respectively. K is the
number of discretized voxels in the breast region, and M and N are the number of transmitters

and receivers, respectively. F is the complex relative permittivity. GbðrnjvkÞ is the dyadic
Green’s function for the nth receiver at position rn, and the kth voxel at position vk. EbðvkjrmÞ is
the background electric field at vk when the mth transmitter is used.

Eq. (6) is transformed to the normal equation, and subsequently, Tikhonov regularization is
applied, because Eq. (6) is ill posed in general. We solve Eq. (6) and obtain the solutions
Δεk ¼ εk � εbk and Δσk ¼ σK � σbK. Subsequently, we update the relative permittivity and con-
ductivity using the solutions as follows:

εkþ1 ¼ εk þ Δεk σkþ1 ¼ σk þ Δσk ð7Þ

The DBIM iterates the aforementioned procedure until the terminating conditions are satisfied.

4. Development and clinical test of UWB radar

In this section, we demonstrate the development and clinical test of UWB radar.

4.1. System configuration

A schematic diagram and photographs of the developed microwave mammography equip-
ment are shown in Figure 4. The equipment comprises a sensor, aspirator, antenna switch,
network analyzer, PC for control, and workstation (WS) for data processing.
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4.2. Sensor

Figure 5 shows the concept of the proposed sensor. It consists of several stacked patch antennas
fed by the slot. The number of antennas depends on the breast size. The antennas are embedded
in a cup manufactured by Sumitomo Electric Industries, Ltd., whose material has almost the
same electromagnetic parameters as the adipose tissue (εr = 6.3, σ = 0.15, at 6 GHz). The elements
are designed in order to match impedance over the bandwidth of 4–9 GHz when the aperture

Figure 4. Microwave mammography.

Figure 5. Sensor.

Microwave Imaging for Early Breast Cancer Detection
http://dx.doi.org/10.5772/intechopen.69562

53



touches the breast. When the pressure in the sensor is reduced by the aspirator, the breast is fixed
to the inside of the sensor. Therefore, we need not know the breast shape for the image recon-
struction process.

As shown in Figure 5, we prepared three different sensor types for various breast sizes: a 30-
element sensor with a diameter of 13 cm and a depth of 5.4 cm (large), a 18-element sensor
with a diameter of 10 cm and a depth of 4 cm (medium), and a 6-element sensor with a
diameter of 8 cm and a depth of 2 cm (small).

4.3. Antenna switch and control

The antenna switch selects one or two antennas connected to the input/output port of the
network analyzer (Agilent E5071C) and can correspond with the three sensor types. It consists
of 42 single-port double-transfer (SPDT) switches and 6 single-port 6-transfer (SP6T) switches.
The total insertion loss is less than 5 dB at 6.5 GHz, and the peak amplitude and phase
deviation are less than 0.2 dB and 10�, respectively. The antenna switch and network analyzer
are automatically controlled by the PC.

4.4. Clinical inspection

The size of the microwave mammography equipment is 600 (width) � 600 (length) � 500
(height) mm. It is designed to align and connect lengthwise with a bed in the consulting room.
Before inspection, a sensor of the proper size must be selected. Using a transparent cup with the
same size as the sensor on the breast and subsequently by decompressing, one can confirm that
the breast touches all the elements by observation. Subsequently, the patient lies face down on
the bed and places her breast in the sensor and suction begins. The value of S11 when the breast
is placed in the sensor is compared with the value of S11 when no breast is present. If S11 is not
sufficiently reduced, an alarm is activated. In this case, the inspector aligns the position or
inclination of the sensor. The inspection time is approximately 5, 30, and 200 s for 6, 18, and 30
sensor elements, respectively. An array rotation technique is used for artifact removal [5]. Addi-
tional inspection when the sensor is mechanically rotated by 20� is carried out.

4.5. Imaging results

4.5.1. Early breast cancer in fatty breast tissue

We imaged the breasts of an elderly woman with fatty tissue. Referring to the magnetic
resonant imaging (MRI) image shown in Figure 6, her right breast is infected with early breast
cancer with a tumor that is 9 mm in diameter at the lower inside near the chest wall, whereas
no pathological changes can be seen in her left breast. In this case, the boundary of the tumor is
comparatively clear, and it is isolated from the fibroglandular tissue.

Figure 6 shows the imaging results using microwave mammography. In this case, a small-
sized sensor was used. The reflection strength is normalized by the peak reflection field where
it is generated around the cancer. Subsequently, areas where the backscattered energy is more
than 80% of the peak scattered power are shown. In addition, the estimated position and size
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from the MRI image are shown with a green circle. These conditions are applied to all the
following figures. We can observe a large scattering near the tumor.

4.5.2. Cancerous tumor in rich fibro-glandular tissue

We imaged the breasts of a middle-aged woman with rich fibroglandular tissue. Referring to
the MRI Image shown in Figure 7, her left breast is infected with a cancerous tumor with a
diameter of 1.8 cm at the upper outside near the chest wall. In this case, the boundary is
irregular since the cancer is invasive. In addition, it is embedded in the fibroglandular tissue.
It is a serious situation for the UWB radar.

Figure 7 shows the imaging results using microwave mammography. In this case, a medium-
sized sensor was also used. We can observe a large scattering around the tumor. However, it
is difficult to image the outline of the cancerous tumor since the distribution is sparsely
dispersive.

Figure 6. Imaging results: early breast cancer in fatty breast tissue.
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4.6. Discussion

Microwave mammography can detect a cancerous tumor whose boundary is clear and which
is isolated from the fibroglandular tissue. On the other hand, it is difficult to detect the
cancerous tumor whose boundary is irregular and which is buried in the fibroglandular tissue.
In order to overcome the problem, an algorithm to map the complex dielectric constant
distribution should be developed by using the inverse scattering problem.

5. Development of microwave tomography

In this section, we describe the key technologies and current status of development of micro-
wave tomography.

5.1. Sensor using multipolarization

In tomography, the breast model is expressed as a set of voxels, and the dielectric properties
are estimated in each voxel. The total number of voxels is K, and the dielectric property, which
consists of the relative permittivity and conductivity distribution, is represented by the con-
trast. The calculated data group Ymn, which is based on the estimated model, is compared with
the measured data group Xmn, which is based on the actual model (m = 1,…, N, n = 1,…, N,
where N is the total number of antennas, m is the number of transmitters, and n is the number
of receivers). The contrast (relative permittivity and conductivity) distribution of the breast
model is iteratively updated by the DBIM until Xmn ≈ Ymn is reached.

In the inverse scattering problem, a large amount of diverse observation data is required to
achieve accurate image reconstruction with high resolution. In addition, if the measurement
error increases owing to low SNR, it cannot reconstruct the image accurately. Therefore, it is
better to reduce the analysis region in order to improve the SNR and to reduce the computa-
tional cost. When a small sensor is used, a large number of antennas must be arranged in a
limited space. In this case, the acquisition of diverse observation data cannot be guaranteed.
Subsequently, it is impossible to solve the inverse scattering problem accurately. Nevertheless,

Figure 7. Imaging results: cancerous tumor in rich fibroglandular tissue.
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various observation data can be obtained even in a small space by changing the plane of
polarization.

5.1.1. Simulation model

Figure 8 shows the aperture of the imaging sensor with dimensions 96 mm � 96 mm � 48 mm
(width � length � height). The imaging region is discretized into 1183 voxels to obtain 8-mm
resolution. A dipole with a length of 20 mm is used for the antennas, and they are arranged in a
4 � 2 configuration on each of the four side panels of the sensor. Figure 8(a) shows the position
of the antenna. The lines in Figure 8 represent the polarization direction of the antenna, where
the y-axis indicates vertical polarization, and the x- or z-axis indicates horizontal polarization.
The antenna arrangements at each side are identical. In this study, we investigated three
different configurations as shown in Figure 8 to examine the effectiveness of polarization in
breast cancer detection. Figure 8(a) illustrates the vertical polarization, Figure 8(b) the hori-
zontal polarization, and Figure 8(c) the vertical and horizontal polarization (hereafter referred
to as multipolarization).

Antennas are buried in the resin. A hemispheric volume is provided inside the sensor to
accommodate the breast model, similar to the imaging sensor with fixed suction proposed in
Ref. [7]. The simple breast model shown in Figure 9 consists of adipose tissues, fibroglandular

Figure 8. Imaging sensor with various polarizations.

Figure 9. A simple breast model.

Microwave Imaging for Early Breast Cancer Detection
http://dx.doi.org/10.5772/intechopen.69562

57



tissues, and a tumor. The breast model is a hemisphere with a radius of 48 mm, and the tumor
has a radius of 4 mm. The chest wall under the breast is also modeled. Ten percent of the
volume ratio of the breast is occupied by fibroglandular tissues. This ratio is the average value
measured in Japanese women in their 50s. We characterized the dielectric properties of the
breast model in each voxel, as shown in Table 1.

5.1.2. Numerical results

The total field within the scattering object was calculated according to the method of moment
(MOM) as described in Ref. [15, 17]. Further, we used a single frequency of 2.5 GHz. The
analysis region consists of the chest wall, adipose tissue, fibroglandular tissue, and a tumor.
Moreover, 10% of the volume ratio is occupied by fibroglandular tissues distributed randomly.
The vertical and horizontal cross-section of the two unknown parameters, i.e., the relative
permittivity and conductivity are shown in Figure 10. The units of the x, y, and z coordinates
in the figure are meters. The setting model is shown in Figure 10(a), where the chest wall has
been omitted. Figure 10(b)–(d) shows the results of reconstruction after 350 iterations, using
vertical, horizontal, and multipolarization, respectively, for transmitting and receiving data.
From the results, we cannot estimate both the relative permittivity and conductivity of the
tumor using single polarization, i.e., vertical and horizontal polarization. In contrast, Figure 10
(d) clearly indicates the presence of the tumor, and the reconstruction is successful for both
parameters using multipolarization.

5.1.3. Discussion

We have confirmed the effectiveness of applying multipolarization to transmitting and receiv-
ing antennas in order to determine the dielectric property distributions of a simple breast
model. The numerical simulation results demonstrate that the ill-posed problem can be
avoided by multipolarization.

5.2. Microwave mammography with a small sensor and a commercial electromagnetic
simulator

5.2.1. Imaging sensor with polarization diversity

Based on the discussion in Section 5.1, we propose an imaging sensor with multiple polariza-
tions as shown in Figure 11. This sensor is a cuboid, and the aperture size is 96 mm� 96 mm�

Relative permittivity, εr Conductivity, σ

Background 8 0.15

Chest wall 57 2

Adipose tissue 7 0.4

Fibroglandular tissue 25–10 1–2.2

Tumor 52 4

Table 1. Dielectric properties of breast model.
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model. The numerical simulation results demonstrate that the ill-posed problem can be
avoided by multipolarization.

5.2. Microwave mammography with a small sensor and a commercial electromagnetic
simulator

5.2.1. Imaging sensor with polarization diversity

Based on the discussion in Section 5.1, we propose an imaging sensor with multiple polariza-
tions as shown in Figure 11. This sensor is a cuboid, and the aperture size is 96 mm� 96 mm�

Relative permittivity, εr Conductivity, σ

Background 8 0.15

Chest wall 57 2

Adipose tissue 7 0.4

Fibroglandular tissue 25–10 1–2.2

Tumor 52 4

Table 1. Dielectric properties of breast model.
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48 mm. Six printed dipole antennas are located on each of the four sides, and 12 are located on
the top. On each side, the polarization of the antenna changes alternately.

The details of the printed dipole antennas are shown in Figure 12. The thickness of the
substrate is 0.762 mm, relative permittivity is 10.2, and tan δ is 0.0023. In order to simplify the
model, the etching patterns are parallel to either of the x, y, or z axes. The dipole antennas are
embedded in the dielectric block whose permittivity and conductivity are almost the same as
that of adipose tissue. The resonant frequency is 1.8 GHz.

Figure 10. Setting model and reconstructed images after 350 iterations.
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A hemispherical space with a radius of 48 mm and height of 40 mm is prepared for the
breast at the bottom of the dielectric block. Furthermore, to absorb the breast, a valve is
prepared on the top in order to shape the breast into a hemisphere and to fix the breast to
the sensor. With the proposed structure, the breast shape, which is important prior knowl-
edge, can be used in the inverse scattering problems.

5.2.2. Linking with commercial electromagnetic simulator

We can perform electromagnetic analyses with small modeling errors by importing the CAD
data of the imaging system into a commercial electromagnetic (EM) simulator. In this study,

Figure 11. Imaging sensor with polarization diversity.

Figure 12. Detail of antenna.
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we utilize FEMTET, which is a 3D-CAE software package by Murata Software Inc. FEMTET
implements the finite element method (FEM) and the EM solver can be accelerated by using
graphics processing units (GPU). In our image reconstruction algorithm, the procedure of
image reconstruction is executed by MATLAB and that of the EM analysis is executed by
FEMTET. We can link FEMTET to MATLAB using visual basic (VB) script implemented in
Microsoft Excel. The flow chart of the image reconstruction program is shown in Figure 13.

5.2.3. Application of S-parameter

In Eq. (6), es is the difference between the calculated electric field based on the current complex
dielectric constant distribution and the measured electric field at each observation point. Since
a vector network analyzer (VNA) is used in the actual measurement, the resulting data are
the S parameter. Since S parameters are not directly applicable to Eq. (1), some modifications
are required.

On the basis of the reciprocity theorem, the electrical field of the analysis region in the current

complex dielectric distribution can be considered as a Green's functionGb ðrnjvkÞ. In FEMTET, it is
possible to export electromagnetic fields in a specified region by assuming the input power to the

antenna as 1 W. In other words, when GbðrnjvkÞ is given as a field of the analysis region, 1 W can
be obtained from the output of the antenna. We consider the image restoration area in a part of
the analysis region. While the complex permittivity distribution other than the image reconstruc-
tion area is constant, the complex dielectric constant distribution in the image reconstruction area

Figure 13. Flowchart of image reconstruction.
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is updated. Referring to the structure of the row vector of Eq. (6), the difference between the
output power of the antenna before and after the updates can be related to the scattering field on
the basis of the change in the complex permittivity distribution of the image restoration area. A
sensor including a breast is represented by the multiport circuit network shown in Figure 14.

The circuit network equation is expressed using the impedance matrix:

V1

⋮
Vn

⋮
VN

2
666664

3
777775
¼

Z11

⋮
Zn1

⋮
ZN1

⋯
⋱
⋯
⋱
⋯

Z1n

⋮
Znn

⋮
ZNn

⋯
⋱
⋯
⋱
…

Z1N

⋮
ZnN

⋮
ZNN

2
666664

3
777775

I1
⋮
In
⋮
IN

2
666664

3
777775

ð8Þ

It is assumed that the input and output impedances of the vector network are 50 Ω, and that
50Ω loads are connected with the antenna ports other than the measurement antenna. When
1 V is applied to the nth antenna, the current flowing in each load can be expressed as
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The received voltage Vn can be calculated using In (n = 1,…, N). Since 1 W is input to the
antenna in FEMTET, the AC power supply voltage is 14.14 V. The Z-parameters can be
calculated easily from the S-parameters:

Z ¼ Z0
I þ S
I � S

ð10Þ

Figure 14. Equivalent circuit of analysis region.
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where Z0 = 50Ω, and I is the identity matrix. Applying Vn to the left side of Eq. (6), the updated
amount of the complex dielectric constant is determined.

5.3. Numerical test

We have developed a numerical phantom as shown in Figure 15 on the basis of the MRI
image of the patient. Table 2 shows the relative permittivity and conductivity of each tissue
at 1.8 GHz. The permittivity and conductivity of the fibroglandular tissues were set at
random within the range of values in the table. The phantom is imported to FEMTET, and
forward analysis has been carried out at 1.8 GHz. In the image reconstruction, a coarse mesh
was used. The breast region is divided into voxels whose side is 12 mm. Three-dimensional
images of the set and reconstructed distributions after 100 iterations are shown in Figure 16.
In order to quantitatively evaluate the image reconstruction, the reconstructed and set values
of the permittivity and conductivity with respect to the voxel number are shown in Figure 17.
The dielectric constant and conductivity are accurately reconstructed.

5.4. Phantom imaging

We have developed a simple microwave tomography shown in Figure 18 and carried out
experiments. It is made of a dielectric block of size 148 mm � 148 mm � 78 mm with a
relative permittivity of 6.2 and conductivity of 0.0367 S/m. Eight dipoles implemented on
the dielectric substrate with a relative permittivity of 3.5, tan δ = 0.002, and a thickness of

Figure 15. The realistic numerical breast.

Malignant tissue Fibroglandular tissue Adipose tissue Dielectric block Chest wall

Relative permittivity ε 52 25–35 7.0 6.2 50

Conductivity σ [S/m] 4.0 1.0–2.2 0.4 0.12 2.0

Table 2. Relative permittivity and conductivity of each tissue at 1.8 GHz.
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Figure 16. Reconstruction results.

Figure 17. Quantitative evaluation of image reconstruction.
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Figure 17. Quantitative evaluation of image reconstruction.
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0.75 mm are inserted into the sidewall. The polarization directions are alternated to allow
robust image reconstruction. An imaging region of 40 mm � 40 mm � 40 mm is centered
on the dielectric block and is discretized into 64 voxels of 10 mm � 10 mm � 10 mm. Two
kinds of models are prepared. One model has an object of size 20 mm � 20 mm � 20 mm, a
relative permittivity of 39.4, and conductivity of 0.9994 S/m and is placed at the center of
the imaging region. This object simulates a tumor. The other model has no tumor. The
measurement frequency is 1.8 GHz. In this model, 8 (monostatic response) + 8C2

(multistatic response) = 36 data points can be obtained. Data correlation between the
measured and calculated data is larger than 0.99.

The reconstructed images are shown in Figure 19. In order to quantitatively evaluate the
reconstructed images, figures that illustrate relative permittivity versus voxel number and
three-dimensional images were created. The red line and blue asterisk denote the set relative
permittivity and the reconstructed value, respectively. The image is completely reconstructed
for a numerical experiment with no modeling and measurement error. However, using the
measurement data that includes the modeling and measurement error, the image reconstruc-
tion is unsatisfactory regardless of the high data correlation.

Figure 18. Experiment model.
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Figure 19. Image reconstruction by conventional method.
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Figure 19. Image reconstruction by conventional method.
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5.5. Image reconstruction by radar-assisted microwave tomography

In order to reduce the influence of errors, prior known objective shape and position assumed
by the backscattered power distribution provided by the radar instead of a uniform initial
distribution is introduced in the inverse scattering problem.

Figure 20 shows the backscattered power distribution using the multistatic adaptive micro-
wave imaging (MAMI) algorithm [18]. The bandwidth is 1–3 GHz. The measured data are
used for image reconstruction. The white line indicates the voxels occupied by the object.
The height of each sectional view is aligned to the center level of the voxels. The
backscattered power strongly corresponds to the object; thus, we can determine the outline
of the object. Notably, an ordinary confocal imaging algorithm cannot provide the required
image quality.

Figure 21 shows the reconstructed images using the measured data, wherein half the value of
the true complex permittivity is set as the objective area. Using prior knowledge, i.e., shape
and position of the object, the image can be successfully reconstructed. Although the details
cannot be demonstrated owing to the limited space, the images can be reconstructed accu-
rately under the conditions in which there is some disagreement between the scattered power
distribution and the position and shape of the object.

Figure 20. Backscattered power distribution by MAMI.

Microwave Imaging for Early Breast Cancer Detection
http://dx.doi.org/10.5772/intechopen.69562

67



5.6. Remarks

We have proposed a microwave tomography method using the backscattered power distribu-
tion from radar as prior knowledge. It can be confirmed through experiments that the image
can be successfully reconstructed under the conditions that modeling and measurement error
cannot be ignored.

Figure 21. Image reconstruction by the proposed method.

Figure 22. Numerical breast phantom imaging by MAMI.
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One might be interested as to whether the method is effective for early breast cancer detection.
Figure 22 shows the backscattered power distribution for a complicated numerical breast phan-
tom. The imaging sensor in Figure 11 andMAMI were used. The bandwidth is 1–3 GHz. Symbol
“þ“ denotes the positions of the fibroglandular tissue. A strong backscattered signal is generated
around the fibroglandular tissue. Therefore, we believe that the proposed technique is effective
for early breast cancer detection.

6. Conclusion: key results

Microwave tomography has the potential of a novel modality that can reconstruct both shape
and property. However, it is a challenging task to develop equipment using inverse scattering
program. Technologies such as sensor with breast fixing by absorption, small sensor with
multipolarization, image reconstruction program linking the commercial EM simulator,
hybrid imaging method using UWB radar, and inverse scattering are effective ways to aid the
development.

It is also necessary to reexamine the use of radar imaging. The glandular structure in the breast
is said to have strong symmetry. Using the symmetry, the presence or absence of abnormality
can be detected by radar imaging. We are investigating the development of a diagnostic device
that detects the presence or absence of abnormality using radar imaging and analyzes the
organization properties by tomography with radar information as preliminary knowledge
when the abnormality is recognized.
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Abstract

Electromagnetic waves at microwave frequencies allow penetration into many optically 
non-transparent mediums such as biological tissues. Over the past 30 years, researchers 
have extensively investigated microwave imaging (MI) approaches including imaging 
algorithms, measurement systems and applications in biomedical fields, such as breast 
tumor detection, brain stroke detection, heart imaging and bone imaging. Successful clin-
ical trials of MI for breast imaging brought worldwide excitation, and this achievement 
further confirmed that the MI has potential to become a low-risk and cost-effective alter-
native to existing medical imaging tools such as X-ray mammography for early breast 
cancer detection. This chapter offers comprehensive descriptions of the most important 
MI approaches for early breast cancer detection, including reconstruction procedures 
and measurement systems as well as apparatus.

Keywords: microwave imaging, breast imaging, breast cancer detection, dielectric properties

1. Introduction

Medical imaging approaches, such as X-ray mammography, ultrasound and magnetic reso-
nance imaging (MRI), play an important role in breast cancer detection [1]. X-ray mammog-
raphy is the gold-standard method for breast cancer detection, but it has some limitations 
[2, 3], including harmful radiation, relatively high false-negative rates particularly with 
patients with dense breast tissue. Ultrasound presents good soft tissue contrast but fails in the 
presence of bone and air, and the image quality highly depends on operator [4]. MRI allows 
physicians to evaluate various parts of human body and determine the presence of certain 
diseases [5], but it is too expensive [6]. Therefore, it is important and necessary to develop 
a new imaging technique for early breast cancer detection.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



In the late 1970s, Larsen et al. obtained the first microwave image of canine kidney [7]. Since 
then, MI has been intensively studied by many research groups [8–18], and the research objec-
tives have been moved from imaging of organs to application-specific imaging for various tis-
sues such as breast, joint tissues, blood and soft tissues. MI has been recommended as a safe, 
low-cost and low health risk alternative to existing medical imaging techniques including 
X-ray mammography and ultrasound. In the past many years, people paid too much attention 
to the MI algorithms. Several algorithms have been developed and validated numerically and 
in laboratory environments but they have not extensively validated in clinical environments. 
Recent clinical trial results demonstrated that more attention should be paid to the hardware 
implementation system, especially microwave sensors and sensor arrays, in clinical environ-
ments rather than laboratory environments.

This chapter presents the basic ideas of MI including currently available breast imaging meth-
ods which have been considered as important approaches for early breast cancer detection. 
The starting point for the development of MI methods is the formulation of the electromagnetic 
inverse scattering problem. Inverse scattering-based procedures address the data inversion in 
several different ways, depending on the target itself or on the imaging configuration and 
operation conditions. In this chapter, electrical properties of biological tissues, MI approaches 
and biomedical applications and several proof-of-concept apparatuses, including advantages, 
challenges and possible solutions, as well as future research directions are addressed.

2. Dielectric properties of biological tissues

The dielectric properties (DPs, relative permittivity εr and conductivity σ) of malignant tis-
sues at the microwave spectrum change significantly compared to the normal tissue and the 
dielectric contrast can be detected and imaged by applying MI approaches [19]. The DPs of 
different types of biological tissues are very different due to water content difference, which 
are strongly nonlinear functions with frequency [20]. Choosing suitable operating frequencies 
for the MI system is a critical task, and the attenuation of RF signals increases with frequency 
due to increase in the conductivity, resulting in a lower penetration depth. Several computer 
models have been developed to investigate biological tissues. Debye and Cole-Cole models 
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where ε* is the complex dielectric constant, εs and ε∞ are static and infinite frequency dielectric 
constants, ω is the angular frequency and τ is a time constant. The exponent parameter α, 
which takes a value between 0 and 1, describes different spectral shapes. When α = 0, the Cole-Cole 
model becomes to the Debye model.

Many research groups have investigated DPs of various biological tissues, including breast, 
heart, skin, liver, bone and lymph nodes [23–31]. Some factors that make effects on DPs of tis-
sues include water content [20], change in the dielectric relaxation time [30], charging of the 
cell membrane [31], sodium content [31] and necrosis and inflammation causing breakdown 
of cell membrane [32].

3. Microwave imaging techniques

MI approaches can be classified as passive and active. Passive MI approaches use radiometric 
to measure temperature differences between normal and malignant tissues and identify the 
lesions based on the measurement differences. Active MI approaches span the high-MHz to 
low-GHz regime and appear to offer excellent opportunities to supplement the arsenal of 
screening tools to the radiologist, despite the fact that MI has yet to reach any demonstrated 
level of clinical feasibility [33]. This chapter focuses on active MI including tomography and 
radar-based techniques.

3.1. Microwave tomographic (MWT)

Microwave tomographic (MWT) provides quantitative information of DPs of the imaged 
object, which makes it possible to identify tissues and materials. One of the major limitations 
is heavy computation work. Based on the operating frequency of the measurement system, 
MMT can be grouped as single-frequency and multi-frequency approaches.

Larsen et al. [17] developed the first MWT system to produce a microwave canine kidney 
image at a frequency of 3.5GHz. The system consisted of one transmitting antenna and one 
receiving antenna, and antennas and the imaged object were immersed in coupling medium 
that made of water. During data collection, antennas moved to different positions. Such 
design was not convenient for practical implantation of MI theory, and long data acquisition 
time was required. To solve this problem, Hawley et al. [34] developed a new MWT system 
to measure blood content changes. This system consisted of a circular array of 64 waveguide 
antennas at an operating frequency of 2.45GHz, each waveguide antenna worked as transmit-
ter and receiver, and mechanical movement was not required in the data collection.

A multi-frequency MWT system for breast cancer detection was developed by Meaney et al. 
(see Figure 1) [35]. The system was made of a cylindrical array of 16 monopole antennas that 
were placed around a breast phantom. The space between breast phantom and antennas was 
filled of matching medium that was made from glycerin and water mixture. This system was 
validated on various numerical breast models and phantoms, and simulation results showed 
that a small tumor (2 mm in diameter) can be imaged. A good agreement between simulation 
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and experimental results was observed. The same research group also conducted a three-
dimensional MWT system for clinical trial, and results showed that breast tumor as small 
as 1 cm in diameter could be detected [11]. Although clinical results did not achieve a good 
agreement with experimental results [35], their studies confirmed that it is possible to use MI 
for breast cancer detection.

3.2. Radar-based microwave imaging

Radar-based MI approaches can be classified into five groups: confocal microwave imag-
ing (CMI), tissue sensing adaptive radar (TSAR), microwave imaging via space time (MIST), 
multi-static adaptive (MSA) MI, and holographic microwave imaging technique (HMI). This 
section presents various radar-based MI approaches for breast cancer detection.

A CMI system was developed by Hagness et al. [13, 14]. In their numerical studies, an array 
of 17 monopole transceivers was placed along the surface of breast model, and all antennas 
were equally spaced and spanning 8 cm. Results showed that a small tumor (2 mm in diam-
eter) can be detected by using the 2D system [13], and a tumor with size of 6 mm in diameter 
can be detected by using the 3D system [14]. The CMI provides necessary imaging resolu-
tion and adequate penetration depth in the breast. It does not compensate for frequency- 
dependent propagation effects but has limited ability to discriminate against artefacts and 
noise. To overcome these challenges, they applied delay multiply-and-sum signal processing 
with CMI, where the scattered signals were time-shifted, multiplied in pair and the products 

Figure 1. (a) Multi-frequency MWT system for breast cancer detection and (b) microwave (top row, permittivity, and 
bottom row, conductivity, at 1100 MHz) images in the same anatomically coronal view for the left breast of a woman 
with fatty to scattered radiographic density. P1–P7 indicates microwave tomograms spaced 1 cm apart beginning near 
the chest wall.
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were summed to form a synthetic focal point [15]. This method has an ability to produce 
higher resolution image and high interference rejection capability [16].

A TSAR prototype system as shown in Figure 2(a) was developed by Fear et al. [18]. During 
data acquisition, a patient was lying in prone position on the examination table with her 
breast extending through the breast hole and the antennas was scanned around the breast. 
In order to reduce the noise, the breast image was formed from the reflection signals with-
out skin reflections. Clinical results (see Figure 2(b)) showed that the TSAR has an ability 
to detect and localize lesions with size greater than 4 mm in diameter. The major limita-
tions of TSAR include the large reflections caused from the skin and expensive electronics for 
real-time imaging. To solve these problems, a Bayesian estimator was applied to enhance the 
reconstructed image [36].

A MIST beam-forming was developed by Bond et al. [16, 37–38]. A planar array of 16 horn 
antennas was placed close to the surface of the breast model, and a UWB signal was transmit-
ted sequentially from each antenna. Numerical results demonstrated that a small tumor (2 
mm in diameter) embedded in the heterogeneous breast tissue were successfully detected 
even with denser breast tissue. MIST offers significant improvement in performance over 
UWB MI approaches based on simpler focusing schemes. However, the system caused skin-
breast artefacts in the image prior. The research team upgraded the imaging system (see 
Figure 3(a)) to overcome the challenges of detecting, localizing and resolving multiple or 
multifocal lesions [39]. The experimental results demonstrated that tumors with size of 4 mm 
in diameter could be imaged (see Figure 3(b)).

Recently, Smith et al. [40–43] proposed a near-field indirect HMI method, which involves 
recording the holographic intensity pattern and reconstructing the image by using Fourier 
transformation from the recorded intensity pattern. Compared to TSAR, indirect HMI has 
the ability to produce real-time image at a significantly low cost. However, more validation 
works are required on the theory and proof-of-concept for medical applications.

More recently, the authors proposed a far-field HMI method for imaging of biological objects 
[44–46]. Different from IHM, the 3D HMI uses physical displacement (scan of the distance) 

Figure 2. (a) TSAR prototype system and (b) TSAR images for patient.
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between the sensor array plane and the imaged object over a specified range (vertical) to 
obtain the depth information from sequenced 2D images. Both simulation and experimental 
results demonstrated that the HMI has several advantages in data collection, including that 
no matching medium was required and that the complex permittivity of the object was not 
required to calculate to generate an image that reduced the imaging reconstruction time.

3.3. Imaging systems

Most of existing active MI measurement systems involve hardware and software parts. The 
hardware system generally includes a microwave source generator, transmitting antenna(s) 
to send microwave signals toward the target object, receiving antennas(s) to measure the scat-
tered electric field from the target object, a signal measurement controller to control antennas 
and antenna array plane, and a host computer that contains a matched software system to 
analyze the measured data using image processing algorithm to display the reconstructed 
image on a screen displaying unit. The transmitter and receiver can use the same sensor. The 
requirements for the hardware systems and the computational power are different due to the 
image algorithm differences. Table 1 presents various developed MI systems.

3.3.1. Microwave sensor

To design an efficient and robust MI system, it is necessary to develop a sensor to match spe-
cific requirements including operating frequency, bandwidth, directivity, sensitivity, accuracy 
of the detection and many other factors such as compact size and low cost. Sensors should be 
designed specifically for lower frequencies to enhance electric field intensities inside biologi-
cal tissues, due to more penetration inside the tissue when the frequency is relatively low; 
thus, more useful information of the object can be obtained. Various sensors have been devel-
oped for imaging of breast, including open-ended coaxial probe [47–57], tapered slot antenna 
(TSA) [59–63], bow-tie antenna [64–70], monopole antenna [71–78], dipole antenna [79, 80], 
waveguide antenna [81–84], patch antenna and Vivaldi antenna.

Figure 3. (a) MIST experimental system setup; reconstructed images with a 4-mm-diameter tumor; (b) yz-plane at x = 0.1 cm; 
(c) xz-plane at y = 0.1 cm and (d) xy-plane at z = 2.3 cm [39].
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Open-ended coaxial probes were employed in MI systems to measure dielectric properties 
of biological tissues [47–56]. Advantages of using probes include that tissue manipulation 
or preparation is not required, dielectric-properties measurements can be integrated in a 
straightforward manner with surgical and pathology protocols, they are easy to use, they 
can respond at broadband frequencies and there is a capacity for noninvasive measurements. 
However, accuracy and reliability of the measurements depend on the aperture of probe as it 
is the only part of the system in direct contact with the imaged object.

A compact tapered slot antenna (TSA) was applied in an UWB MI system by Bialkowski 
et al. [58], and the benefits include high directivity, wide bandwidth, simple feed structure 
and relatively low in cost, which makes TSA become a popular choice for implementation of 
MI systems [59–63].

UWB bow-tie sensors were used by John et al. [70]. The system is made of an imaging cavity 
formed from 12 panels soldered together, and each panel is made of three UWB bow-tie sen-
sors as shown in Figure 4. The coupling medium was filled in the cavity, and an image of a 
spherical object was reconstructed by using inverse scattering algorithm. Advantages of using 
bow-tie sensor include compact, wideband and easy-to-manufacture.

Researchers at Dartmouth College developed an MWT system that is made of a cylindrical 
array of 16 monopole antennas (see Figure 1), one antenna acting as transmitter and others 
acting as receivers, and sensors were placed in a coupling medium that is made of material 
close to fatty tissues. The system was validated on breast phantoms and real human sub-
jects [35]. Advantages of using monopole antennas include easy to model, compact, can be 
placed at different geometries and can be impedance-matched across a wide bandwidth when 
immersed in a lossy medium.

Dartmouth College 
(USA)

Keele University 
(UK)

University of 
Bristol (UK)

University of 
Manitoba  
(Canada)

Auckland 
University of 
Technology (NZ)

Antenna Circular array of 16 
monopoles 

Circular array of 
24 ceramic-filled 
open-ended 
waveguides

Two spherical 
arrays consist 
of 31 and 60 
ultra-wideband 
antennas

Circular array of 
doubled layers 
Vivaldi antennas

Spiral array of 
16 open-ended 
waveguide 
antennas

Frequency 0.5–3 GHz 1.0–2.3 GHz 4–8 GHz 3–6 GHz 12 GHz

Test phantom Real patients Soft animal 
tissues

Real breasts Various dielectric 
objects

Various dielectric 
objects

Immersion 
medium

0.9% saline (εr = 76.6, 
Σ = 2.48 S/m) 

Metallic bath 
with coupling 
liquid

Matching 
ceramic

No matching 
medium, air only

No matching 
medium, air

Image 2D and 3D 2D 3D 2D 2D and 3D

Clinical trial Yes No Yes No No

Table 1. Various MI measurement systems.
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Open-ended waveguide antennas were applied in the HMI system by the authors [46]. The 
HMI system was made of an array of 16 open-ended waveguide antennas, one acting as trans-
mitter and other being receivers. During data collection, the transmitter continuously gener-
ated RF signals to the breast phantom and the scattered electric fields were measured by 
receivers. No matching medium was required in this measurement system.

3.3.2. Microwave sensor array

Investigators also studied the performance of producing high-resolution images at lower 
costs, including image algorithms, sensor design and sensor array geometry. People paid 
much attention to image algorithm and sensor design, but very little attentions have been 
paid to sensor arrays and their applications in the biomedical field. Most of the existing 
MI systems use circular- [18], planar- [38] and spherical [85]-shaped sensor array. The cir-
cular sensor array is more suitable for clinical settings. To generate a high-resolution image, 
a large number of sensors (from several to several hundreds) are required for the existing 
MI system. The image is improved with increasing the total number of sensors used in the 
system. However, limitations of increasing sensor numbers include the increased cost, size 
and complexity.

Recently, Klemm et al. [85] proposed a spherical array of 16 patch antennas for the clinical 
applicable CMI system. During data collection, the patient was lying in a prone position, 
which was felt to offer the best chance of the breast forming a gentle and uniformly curved 
shape. Experimental results showed that the image quality can be improved by improving the 
bandwidth of the array element.

More recently, the authors [46] proposed a spiral and random sensor array that contains 
16 waveguide antennas for HMI system as shown in Figure 5. The experimental results 
showed that the breast phantom image can be improved by using spiral and random sen-
sor arrays compared to the regular spaced sensor array. Color bar plots signal intensity on 
a linear scale.

Figure 4. Imaging cavity demonstrated in John’s publication [82].
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4. Challenges and future work

There are several major limitations for practical implementations of MI approaches. First, 
breast phantoms were made of simple materials, which cannot represent real human tissues 
accurately. Second, the electrical properties contrasts between the normal and the malignant 
tissues are much smaller than people thought, which caused more difficultly in imaging the 
structures. Choosing a suitable operating frequency range is also a challenging task. These 
challenges can be solved by developing a high dynamic system to capture the small difference 
in the scattered field or by developing a contrast agent to enhance the electrical properties of 
the malignant tissues. The spatial resolution is another major challenge. To enhance spatial 
resolution of an MI system, many researchers increased the number of microwave sensors for 
the implementation system. For example, the sensor number has been increased from 16 to 
256 to increase the image quality [86]. However, the detection accuracy may be reduced due 
to the mutual coupling signals produced between sensors. Moreover, the system became very 
complex and the implementation costs increased significantly.

To address these problems, one single scanning antenna may be used instead of several 
antennas. Investigation of sensor arrays such as unequally spaced sensor arrays and applying 

Figure 5. (a) Spiral array; (b) random array; (c) regularly spaced; reconstructed images of two inclusions using (d) spiral 
array; (e) random array and (f) regularly spaced array.
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compressive sensing approach [87, 88] may be another solution. Some recently proposed tech-
niques such as multiple-input-multiple-output technique [89] may be able to reduce the com-
plexity of the system. Finally, most of the existing experimental systems require the coupling 
medium between sensors and the imaged object, which increased the system cost significantly.

Many promising indicators suggested that MI systems in the future will be a successful clini-
cal complement to conventional mammography. Investigations may improve the imaging 
algorithms and hardware implementation systems with particular focus on highly sensitive, 
compact and low-cost microwave sensors and sensor arrays to achieve high-quality images at 
relatively low cost. Significant contributions from existing MI commercial companies may be 
greatly helpful in developing the well-established MI modalities to clinical trials.

5. Conclusion

In conclusion, this chapter presented an exhaustive summary of MI approaches with particular 
focus on implementations of microwave breast imaging theory, including image algorithms, 
experimental setups, microwave sensors and sensor arrays. Several MI implementation appa-
ratuses were reviewed in detail. MI systems have direct impacts on spatial resolution, operat-
ing frequencies, detection accuracy and quality of imaging. Several advantages of existing 
MI approaches, open challenges, possible solutions and future research directions were also 
discussed. Successful clinical trials of MI for breast imaging made the worldwide excitation, 
and this achievement confirmed that MI has potential to become a low-risk alternative to 
existing medical imaging tools such as X-ray mammography for breast cancer detection. 
However, MI-based techniques are still far from maturity due to the fact that many challenges 
have to be addressed before MI can be implemented in clinical environments.
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Abstract

Thermography‐based breast cancer screening has several advantages as it is non‐contact, 
non‐invasive and safe. Many clinical trials have shown its effectiveness to detect cancer ear‐
lier than any other modality. Historically, thermography has only been used as an adjunct 
modality due to the high expertise required for manual interpretation of the thermal 
images and high false‐positive rates otherwise found in general use. Recent developments 
in thermal sensors, image capture protocols and computer‐aided software diagnostics are 
showing great promise in making this modality a mainstream cancer screening method. 
This chapter describes some of these advances in breast thermography and computer‐
aided diagnostics that are poised to improve the quality of cancer care.

Keywords: breast cancer, thermography, analytics, machine learning, artificial intelligence, 
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1. Introduction

Breast cancer is the leading cause of cancer deaths in women today. According to WHO, 1 
in every 12 women have the risk of a breast abnormality in her lifetime. It is well established 
that early diagnosis is very critical to increase survival rates. For example, a study sponsored 
by Australian Government found that the breast cancer survival is strongly associated with 
tumor size at detection. In Australia in 1997, five‐year relative survival was 98, 95, 93, 88 and 
73% for women with tumors of size 0–10, 11–15, 16–19, 20–29 and 30 mm or greater, respec‐
tively [1]. Unfortunately, 70% of the breast cancer cases are detected when the tumor size is 
over 30 mm [2]. Therefore, there is a critical need for a method that can detect early‐stage 
breast cancer.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Thermography is a method of cancer screening that has been known to detect early‐stage 
cancer [3]. However, there is a lot of variation in the results of clinical studies based on ther‐
mography and many show low specificity. A medical scientist and deep expert in thermogra‐
phy, Dr. Gautherie, observed that the lack of technical skill and expertise to interpret thermal 
images leads to this low diagnostic accuracy [3]. Recent developments on high‐resolution 
thermal cameras and computer algorithms for thermal analysis are making the interpretation 
process more factual. With increased computation power, automated diagnostics is also able 
to decrease the false‐positive rates. Hence, thermal imaging along with computer‐aided diag‐
nostics is showing a promise of upgrading breast thermography to main stream usage. In this 
chapter, we study these recent trends in advanced thermal imaging as well as the advances 
in imaging algorithms.

2. Introduction to thermography

Infrared thermography is the recording of temperature distribution of a body using the infra‐
red radiation emitted by the surface of that body at wavelengths between 7 and 14 μm. With 
this information, it is possible to create a visual map or thermogram of the distribution of 
temperatures on the surface of the object imaged. The sensitivity of modern infrared cameras 
is such that temperature differences to 0.025°C can be detected.

Thermography can be used for breast cancer screening based on the fact that the tempera‐
ture of the tumor is about 2°C higher than the neighboring tissues and blood vessel activ‐
ity surrounding a developing cancer is almost always higher than in normal breast tissue. 
Since breast tissue is part of the skin, vascular alterations due to cancer result in tempera‐
ture changes on the surface of the breast which can be captured with infrared thermography. 
Thermal abnormalities identified with thermal imaging are among the earliest signs of a pre‐
cancerous or cancerous lesion of the breast.

Thermal imaging is a noncontact, noninvasive and extremely privacy aware. Since thermal 
cameras are small, they are very portable and can be used for screening in rural camps.

There are many certified thermographers and thermologists who continue to practice using 
thermal analysis for breast cancer diagnosis [4].

3. Comparison with mammography

Most common methods used for cancer screening today is clinical examination, mammog‐
raphy and ultrasound. Among them, mammography is considered as a gold standard for 
breast cancer screening. It uses X‐rays to screen the breast region and digitizes the density 
 difference in image format. Typically, cancerous tumor has high density compared to sur‐
rounding region and can be easily distinguished from other regions. Studies [5–7] show that it 
gives a sensitivity of 68% to 88% (or as low as 48% for extremely dense breasts) and specifici‐
ties ranging from 82% to 98%. In addition, it has the following disadvantages:
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1. Low sensitivity toward younger women: In order to clearly detect tumors using X‐rays, the 
density of the lump should be higher than the surrounding tissue density. Breast tissue 
density in younger women is high and decreases with age and exposure to hormonal 
changes [8]. This makes mammography mainly applicable for women with age greater 
than 45 years.

2. Risk of radiation: X‐rays can cause genetic change in the tissues, and these mutations in‐
crease with increased dosage of radiation and duration of exposure. A study presented at 
an annual meeting of Radiology Society of North America (RSNA) observed that high‐risk 
women exposed before age 20 or with five or more exposures were 2.5 times more likely 
to develop breast cancer than high‐risk women not exposed to low‐dose radiation [9]. This 
limits the mammography as a frequent screening modality.

3. Fear and pain: To get proper mammograms, breast region should be compressed. An ap‐
proximate of 15–20 pounds of pressure is applied on the breast region to image. Due to 
high compression involved, sometimes it might also lead to rupture of tumor. Many sur‐
veys described this as painful screening method that subjects would like to avoid [10].

4. Privacy: Apart from pain and fear of radiation, it is reported in Ref. [11] that nearly 38% 
among women from different ethnic groups and with more than 60% among South Asian 
countries like India and Pakistan do not go for screening due to embarrassment of disrobing.

Thermography overcomes the above issues and enables more people to go for screening. It 
can work on women of all age groups. It is a non‐contact, non‐invasive modality with passive 
infrared measurement, which does not involve any radiation, hence a safe screening method. 
Since the thermal images can essentially be captured from a laptop connected to the thermal 
camera, it is also extremely privacy aware.

Among other modalities, clinical breast exam can detect tumors only once they are large enough 
to be palpable and result in many false positives. Effective use of sono‐mammography (ultra‐
sound) for cancer detection requires location of the lump. Hence, ultrasound is best used as a 
correlation modality. Once a lump is detected either through mammography or thermography 
or clinical breast examination, ultrasound will be very useful to reconfirm malignancy or not.

4. Biological explanation

Cancer cells release nitric oxide [12, 13] into the blood and lead to alteration in microcircula‐
tion. This nitric oxide coupled with aggressiveness of cancer to grow increases the blood cir‐
culation by dilating the vessels and leads to creation of new blood vessels (neo‐angiogenesis) 
and dormant vessel recruiting. Experimentally, Folkman [14, 15] observed this dependency 
of tumor growth with angiogenesis by implanting tumour cells in mice. Large volume of 
blood flow in these vessels connected to tumor makes them hotter when compared to normal 
blood vessels. This large flow distorts the vessel structure, and vessels become dilated as well 
as elongated, causing the increase in the dimension of vessel caliber and length [16, 17]. This 
elongation combined with the large flow deviates the vessel structure from normal vessels by 
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making them more tortuous due to formation of bends [18–20]. In fact, it is experimentally 
evident that this high tortuosity is observed much before angiogenesis [18].

In addition, it has been empirically observed that tumor temperature is higher than the 
neighboring temperatures with the help of contact temperature measurements. In Ref. [21], 
Gautherie claimed that this high heat is due to high metabolic activity at tumor location. 
Hence, this region appears brighter and hotter in thermographic images when compared to 
surroundings. It is also observed that tumor temperature is warmer compared to the blood 
vessels feeding the tumor region [21]. Aggressiveness of cancer cells makes the boundary of 
tumor irregular as they break the boundary formed by basal laminas to invade the neighbor‐
ing tissues [19, 20]. This is not seen in case of benign tumors whose cells behave similar to 
normal cells. This makes the benign tumor boundaries regular.

The size of tumor indicates the stage of cancer and largely affects the survival rate. A survey 
conducted by Narod [2] observed drastic decrease in survival rate with increase in tumor size. 
Early detection of cancer increases the chances of survival. Thermography outperforms other 
modalities when it comes to early detection. Changes such as vasodilation, neo‐ angiogenesis 
and high tortuosity of blood vessels which are found in initial stages of cancer result in ther‐
mal impressions and hence can be detected in thermography [15–19]. These might not be 
observed in other modalities which depend upon detecting architectural distortions that 
appear only when tumor is sufficiently grown. A study by Gautherie and Gros [3] over 58,000 
patients for 12 years showed that thermography detected breast cancer five years earlier in 
around 400 patients than mammography and ultrasonography.

Abnormality in thermogram is not the sole criterion for malignancy. Increase in heat 
pattern might even be observed due to hormonal response, lactation and presence of 
benign tumors such as fibrocystic and fibroadenoma. However, these non‐malignant 
conditions have different projections in the thermographic image when compared 
to malignant tumors. Unlike in malignant breasts where there is asymmetrical heat 
map, heat response is mostly symmetrical across the two breasts with high hormonal 
response. Estrogen released during hormonal activity produces nitric oxide that causes 
increase in heat and vessel dilation [12]. Similar activity happens in the case of lactating 
mothers except that a little asymmetry in heat map is seen due to uneven lactation in 
both breasts. There is an increase in heat signature even in benign cases such as fibro‐
cystic and fibroadenoma [21, 22]. In contrast to malignant tumors, these cells are not 
aggressive and behave similar to normal cells [19, 23]. Other than these cases, abnormal 
heat pattern leading to vasodilation and angiogenesis can also occur during inflam‐
mation caused by infection or wound healing [12, 14]. Though these abnormalities are 
formed, they have distinct features compared to malignancy that can be distinguished.

Some recent explorations have shown that thermography can even help in prognosis. Since 
the increase of temperature in malignant tumors is primarily due to the release of nitric oxide, 
which is caused due to hormonal activity, the temperature distribution on the breasts also pro‐
vides signals on the hormonal receptor status of malignant tumors. Zore et al. [9] have studied 
the effect of hormone receptor status of malignant tumors on thermograph through a quanti‐
tative analysis of average or maximum temperatures of the tumor, the mirror tumor site and 
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the breasts. While no statistically significant difference was found in the overall temperature 
distribution in breasts with hormone receptors being positive or negative, they report a signif‐
icant difference in average and maximum tumor temperature measurements. Another com‐
puter‐aided study [24] reported an accuracy of more than 80% for automated estimation of 
hormonal receptor status of malignant tumors. This shows the potential of a non‐invasive way 
of predicting the hormone receptor status of malignancies through thermal imaging, before 
going through Immuno‐Histo‐Chemistry (IHC) analysis on the tumor samples after surgery.

5. Protocols for capturing thermal images

A standard imaging protocol has to be followed for any modality to make it a repeatable 
and operator agnostic procedure that can reduce subjectivity and errors in image capture. 
Likewise, a set of instructions has to be followed in thermography as well [25, 26].

Most importantly, before capturing the images, patient must be cooled for minimum period 
of 10–15 min in a room maintained at a temperature of 16‐22 °C. This helps in attaining ther‐
mal equilibrium with the surrounding environment [25]. Cooling is mandatory as it helps in 
removal of extraneous heat caused due to external reasons such as tight clothing, apparel and 
friction from a hand bag or outside temperature. Cooling also helps in enhancing the temper‐
ature pattern of tumorous regions compared to non‐tumourous regions [27–30]. It is observed 
that normal tissue reacts quickly to external cooling, whereas malignant reacts slowly, mak‐
ing it appear hotter compared to rest of the breast region. For quick cooling of images, cold 
challenge can be used where patient hands are immersed in cold water causing the regulation 
of body temperature with sympathetic stimulus [30].

When it comes to capturing the actual thermal images, imaging protocols can be categorized 
into discrete and continuous imaging protocols.

Discrete imaging protocols: These protocols are interested in specific set of static fixed views. 
The basic views which are observed in most discrete protocols include frontal view (0°), 
oblique views (±30°) and lateral views (±90°). Some variations of different protocols in the 
way of the mentioned views are captured, such as (a) seated position, (b) supine position, (c) 
standing position and (d) combinations of {a,b,c}. Subset of mentioned views/changing the 
angle of views/ adding more view angles are also being used in some studies.

A tumor has less effect with cooling compared to normal tissues whose heat signatures 
decrease drastically [28, 30]. To study the nature of cancer cells further, some protocols include 
the above combinations of different views after cooling the breasts. Some protocols consider 
only fully cooled breasts, while some capture the breast image before and after cooling and 
analyze the thermal patterns of the cooled breast and uncooled breasts [31].

Continuous imaging protocols: Continuous imaging protocols capture videos of the breast as 
they are cooled, instead of static images. These protocols are not as popular as discrete due 
to the large processing time needed to analyze. However, much larger information can be 
captured in a video. For example, tumorous regions do not cool as fast as rest of the tissues.
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6. Advances in thermal cameras

Medical thermography is also benefiting from the rapid advancement in the quality of ther‐
mal imaging too. Temperature capture has evolved from a complicated probe‐based method 
to a camera‐based registration.

Over the years, improvements in silicon technology have made a huge impact on the tech‐
nology used in IR detectors. Many use cases of thermal imaging are evolving in biomedi‐
cal, transport, energy and environmental applications, and they have been the key business 
driver for this growth, as well. Figure 1 depicts the history of development of infrared sen‐
sors, which is very well described in Ref. [32]. The real breakthroughs were focal plane arrays 
and bi‐dimensional arrays improving spatial resolution and thermal sensitivity.

Broadly, infrared cameras can be divided into cooled and uncooled detectors. Cooled ther‐
mal cameras have infrared detectors integrated with cryocoolers and enable measurement of 
very low temperatures as well as very high resolution and improved sensitivity as thermally‐
induced noise is reduced. However, cooled cameras are expensive and may be needed only 
for applications that require very high resolution and high sensitivity.

Microbolometer focal plane arrays (FPAs) have tremendously modified the way of image capture 
by allowing an array of sensors at the focal plane of lens to detect the LWIR wavelengths [32, 33]. 
This integration has led to the development of uncooled infrared detectors that are typically small, 
handheld and also restricted the need for expensive cooling techniques. The current uncooled 
cameras work on the principle of change in resistance or voltage or current due to the emitted 
infrared radiation. The resolution is direct function of number of pixels in the microbolometer 
array per unit area. With the advances in silicon technology, these digital infrared uncooled cam‐
eras have massively transformed from a low resolution to high resolution of 640 × 480 pixels to 
1024 × 768 pixels or more. The current cameras also have improved the sensors to obtain a thermal 
sensitivity and accuracy error of at most 20 mK and 1°C respectively. To detect the infrared radia‐
tion, vanadium oxide (VOx) and amorphous silicon are common materials in microbolometer [32].

The lens is costly compared to lens found in normal video‐shoot cameras, since normal glass 
cannot be used to make the lens due to its property of blocking LWIR radiation and reflecting 
the LWIR incident on the lens. Hence, Germanium (Ge), Chalcogenide glass, Zinc Selenide 
(ZnSe) and Zinc Sulfide (ZnS) that are LWIR‐transmissive are used for the lens preparation.

Figure 1. Advances in thermal sensor technology (reproduced from Ref. [32]).
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These uncooled cameras have also reduced the cost and heavy maintenance that would be 
needed for the cooled detectors. Some popular camera models used for medical purposes are 
shown in Figure 2. Today, FLIR, Fluke and Meditherm are thermal camera vendors preferred 
by thermographers for medical thermography as many of these camera models are already 
FDA‐certified for tele‐thermology.

6.1. Visual interpretation of thermal images

There are different protocols followed by thermographers for analyzing and interpreting 
thermal images, especially for breast cancer screening. Most of this work in creating the pro‐
tocols have taken place in the 1970s and 1980s, such as the Marseille protocol [13–15], Hobbins 
protocol [30], Gautherie protocol [21], Hoekstra protocol [34] and, more recently, with newer 
thermal cameras, the Villa Marie protocol [12]. An attempt to obtain an agreement of different 
experienced thermographers was also made in 1975 to provide a consistent set of observations 
to be noted [17].

All of these protocols give different thermographic category ratings of four to five lev‐
els, starting from normal to highly suspicious of malignancy. Multiple criteria are noted, 
using both vascular and non‐vascular observations. These criteria are generally qualita‐
tive rather than quantitative. The visual interpretation necessitates heuristic rules to com‐
bine these observations to determine a thermographic category. Some protocols assign 
numbers to each observation and combine them using a mathematical function for catego‐
rization. This also shows the need for experience and proper training for thermographic 
interpretation.

Regardless of the variations across protocols, these criteria can be broadly classified into vas‐
cular and non‐vascular criteria, with some generality in these criteria, as follows:

Figure 2. Two thermal camera models from different vendors (a) FLIR T650SC (b) Meditherm IRIS 2000.
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Non-vascular criteria:

1. Focal increase in temperature by a fixed interval, e.g., 1, 2, 3°C

2. Global increase in temperature compared to the contralateral breast by, say, 1.5°C

3. Regional increase in temperature, including specific quadrants

4. Differences in temperature between contralateral regions or between different quadrants/
regions in the same side

5. Abnormal location of focal increase including areolar regions or along edges/bulges

6. Abnormal physical observations: bulging/size variation, retraction

Vascular criteria:

1. Vascular asymmetry

2. Vascular anarchy, including tortuous or serpentine or loops or clusters or bifurcations

3. Increased vascular density

4. Abnormal directions of clusters of vessels, such as vertical, horizontal

5. Number of vessels

6. Caliber of vessels

7. Abnormal location of vascularity and avascularity

The general interpretation from these protocols is that with few and mild abnormal find‐
ings, the categorization is toward normal and likely benign. With increased abnormality, the 
observations tend toward increased suspicion of malignancy. Another important point to 
note is that benign diseases also exhibit some abnormal thermal vascular/non‐vascular cri‐
teria [30]. The diagnosis for benign conditions is made by follow‐up of thermography over 
a few months, by which time the abnormal thermal findings change or reduce or disappear.

Due to these multiple diverse metrics used by practitioners and no standardized way of inter‐
pretation across different expert thermographers, the thermological interpretation becomes 
very subjective and many times results in high false positives. Many efforts are therefore 
underway to remove subjectivity using computer‐aided diagnostic methods—some of which 
are described later in this chapter.

7. Clinical validations

Thermography is not a new technique for breast cancer screening. Its presence has been there 
since 1960 [26]. There have been many longitudinal and clinical trials performed to show 
its efficacy. In 1982, FDA approved thermography as an adjunct modality for breast cancer 
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screening. Table 1 lists out the studies that has been done to show the potential of thermog‐
raphy. This technique is undervalued due to the difficulty in interpreting the thermograms 
with naked eye. The interpretation varies from observer to observer and needs high expertise 
to correctly validate the diagnosis result, limiting to few thermographers. With advent of 
technology, in both hardware and software, automated analysis of thermograms is emerging 
to obtain high sensitivity and specificity.

8. Advances in software technology

As seen in the clinical validation, the sensitivity observed with visual analysis is acceptable, 
but specificity is lower than desired with visual interpretation. Further, visual observations 
and heuristic categorization are subject to human error and variation through subjective inter‐
pretation. To solve these problems, there are automated and semiautomated approaches for 
diagnostics [35]. We review some of the software tools available from companies who are 
intending to provide a replicable method of interpreting thermal images.

Studies Subjects Follow-up Results Comments

Gershon–Cohen [41], 
1967

1924 No follow‐up Sensitivity—91.6%

Specificity—92.4%

Stark and Way [42], 
1974

4621 No follow‐up Sensitivity—98.3% –

Specificity—93.5%

Spitalier [43, 44], 1982 61,000 10‐Year period Sensitivity—89% They reported that thermography 
was the first alarm in 60% cancer 
cases and stated that abnormal 
thermogram represents

Specificity—89%

Haberman [45], 1980 39,802 3‐Year period Sensitivity—85% 30% of cancers showed their initial 
signs in thermography compared 
with traditional screeningSpecificity—70%

Gros and Gautherie 
[3, 21, 46, 47], 1980

85,000 5‐Year period for 
58,000 patients

Sensitivity—90% Out of 1245 women that showed −
ve signs with traditional screening 
in their first visit, more than 33% 
have got cancer in this 5‐year 
period

Specificity—88%

Jones [48], 1983 70,000 No follow‐up Sensitivity—87%

Specificity—85%

Parisky [37], 2003 769 No follow‐up Sensitivity—97%

Rassiwala [49], 2014 1008 No follow‐up Sensitivity—97.6%

Specificity—99.2%

Table 1. List of large‐scale studies.
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We review the technology used in three such software tools from Niramai health, Total vision 
and Mammo vision. All these approaches use static images obtained after cooling the subject 
with discrete imaging protocols.

8.1. Visualization tools for thermal interpretation

Given that a thermologist has to look at five colored images, where the temperature differ‐
ences between neighboring regions need to be identified by minute color variations, inter‐
pretation of thermal breast images is a huge cognitive overload and very error prone. So, 
software tools that aid in visualization and capturing of the observations about thermal pat‐
terns are becoming available.

Total vision software from Med‐hot.com gives an excellent visualization of the thermal images 
and additional support for a thermographer to systematically look for specific abnormal ther‐
mal pattern alongside a rule‐based decision‐making support to simplify the interpretation 
process. However, it does not have any automation of the diagnosis.

Mammo vision [31] is a semi‐automated tool that tries to identify the non‐vascular abnormal 
thermal patterns during dynamic thermography with cold challenge. It considers 10 images 
in total, 5 images before cooling and 5 images after cooling, for the analysis. An elliptical 
grid is used to approximate breast region, and it automatically extracts the lateral symmetry, 
isothermia in each quadrant, areolar temperature, nipple temperature, temperature decrease 
with cooling and hotspot parameter. Additionally, the clinician can manually identify the 
vascularity in the breast by looking at grayscale thermal image, which is then used by the tool 
to categorize the subjects into five groups. The tool defines assessment criteria called Breast 
Infrared Assessment System (BIRAS) with which they categorize the images into five groups 
with BIRAS 1 being low risk and BIRAS 5 being high risk.

8.2. Use of sophisticated computer-aided diagnostics

Use of sophisticated artificial intelligence algorithms for enabling automatic diagnosis or 
clinical interpretation guidance is most needed to reduce subjectivity in interpretation [37]. 
Niramai Thermalytix software is one such advanced software tool with a technology that 
enables end‐to‐end fully automated approach for the diagnosis [38–40]. The Niramai tool uses 
complex computer algorithms for the following five key aspects of automated diagnostics.

1. Autotagging

Since one single view may not be sufficient to capture tumor region in different parts of the 
breast region, multiple views are taken. Typically, there are five thermal images in mul‐
tiple views that are captured; one of the common mistakes done by clinicians is to name the 
image wrongly. It is observed that many a times humans are confused with classification 
of right and left sides of breast in the image correctly and resulting in improper tagging of 
lateral and oblique views. Hence, Niramai software provides an automated tagging support. 
This reduces the error in naming or false tagging, which in turn would have resulted in other 
errors such as segmentation error and misclassification of subjects. Their software automati‐
cally tags the views based on the body border curvature and body area.
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2. Detecting the region of interest

The thermal image is captured with the patient sitting about three feet from the camera. This 
captures the thermal signature of the top part of body of the subject starting from neck region. 
A tool like Niramai that does automatic analysis of breast cancer has to accurately crop 
the region of interest (ROI), namely the breast tissue region. For this, Niramai tool removes 
inframammary fold, axilla, sternum and thyroid regions that are usually warm regions and 
might unnecessarily cause false positives. Additional heuristic based on the shape of body 
gives accurate segmentation of the ROI as shown in Figure 3. There is considerable research 
in the detection of ROI for single view [35], and tools that provide manual support through 
freehand segmentation and adjustable and draggable ellipse that the clinician can use mark 
the region of interest. Niramai software automatically detects the breast region using a poly‐
gon approximation of region that makes it easier for a clinician to edit, if needed.

3. Tumor localization

Once the region of interest for analysis is determined, next technical challenge is to accurately 
identify the exact location of an abnormality or a lesion. This usually means detecting regions 
having warm and hot temperature pixels in the image and analyzing the heat pattern around 
the same. The heat patterns found in the thermal images are then analyzed for specific tumor 
properties. Tumor‐specific patterns include multiple important thermal patterns or features 
that typically help in discriminating malignancy versus benign conditions [38].

Symmetry plays a significant role in detecting whether a hot patch is abnormal. So, a subset 
of the ROI showing a significant increase in temperature as compared to the neighboring 
areas and contralateral sides is identified. In NIRAMAI, two varieties of abnormal regions 

Figure 3. Results of automated segmentation in different views. (a)  Frontal (b) Left Oblique (c) Right Oblique (d) Left 
Lateral (e) Right Lateral.
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are extracted, hot‐spots and warm‐spots, based on the degree of their thermal response. This  
categorization helps to increase sensitivity with low thermal response tumors without 
increasing the false positives. Hot‐spots correspond to high‐temperature regions segmented 
using a combination of temperature‐based thresholds. Warm‐spots correspond to slightly 
lower temperature regions as compared to hot‐spots with a change in parameters. One way 
of categorizing the same is using the modes and maximum temperature values, as shown in 
Eqs. (1) and (2).

   T  a   =  T  overallmax   − Τ  (1)

   T  b   = Γ + Ρ( T  overallmax   − Γ )  (2)

In above equations,  Γ  refers to the mean of the modes of the ROI temperature histograms in all 
views, and   T  

overallmax
    represents the overall maximum temperature in all views.    (  Ρ, Τ )     are param‐

eters chosen depending on the dataset.

Niramai tool detects hot‐spots and warm‐spots in each view of the subject. The best views of 
hot‐spots and warm‐spots are defined as the view in which the normalized size of the detected 
abnormal regions with respect to the ROI is maximum. Figure 4 shows some sample subject 
images with their corresponding hotspots identified by NIRAMAI tool. From the detected 
hot‐spots in multiple views, the hot‐spots and warm spots corresponding to the best view are 
usually used to extract core features. Since symmetry places an important role, features are 
also extracted using the best view and its contralateral side view.

Figure 4. Sample subject images for (a) hormone‐sensitive tissues showing warm‐spots, (b) lactating case showing 
warm‐spots, (c) malignant case showing hot‐spots, (d) benign case showing warm‐spots and (e) normal case.
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4. Feature extraction

Once the hot‐ and warm‐spots showing potential lesion is detected, three high‐level proper‐
ties of the lesion are extracted. These are boundary features, thermal symmetry and tempera‐
ture distribution.

Malignant tumor cells are aggressive in nature, which makes them to invade surrounding 
tissues by rupturing through the boundary formed by basal laminas [19]. This makes the 
boundary irregular for malignant cases compared to non‐malignant and benign cases which 
behave similar to normal cells.

In the case of malignant tumors, benign tumors, inflammation or wound‐healing cases, an 
increase in temperature in the abnormal regions is observed. This leads to a difference in ther‐
mal heat patterns compared to the contralateral breasts. However, similarity in thermal heat 
patterns is seen for normal, hormonal, lactating conditions [12, 22, 36] due to the presence of 
similar hormone‐sensitive tissues in both the breasts. This property is captured by including 
symmetrical features.

Finally, the mean temperature difference between the detected abnormal region and the 
remaining region of interest is calculated to get the relative increase in temperature compared 
to the neighboring region. In addition, many other temperature parameters of the abnormal 
region can be used for analysis.

5. Automated classification

Computer algorithms based on artificial intelligence and machine learning are making huge 
inroads in automated diagnostics [38]. Many methods of supervised classification are being 
developed where a small group of patient data is used to train a probabilistic model that 
represents the decision criteria based on the extracted features. A simple such classifier is a 
random forest that is able to identify the significant discriminatory features and learns a com‐
bination of the features and feature groups that helps decide on malignancy subjects. Other 
classifiers include support vector machines, Kmeans classifiers and deep learning.

9. Conclusions

In the recent years, use of Information Technology in healthcare diagnostics is proving to 
be very effective in improving efficiency and quality of care. Thermography is highly suited 
for breast cancer screening owing to its ability to detect cancer much earlier than any other 
modality, patient safety and privacy. The complexity and subjectivity in interpretation of 
thermal imaging has been a major deterrent in wide acceptance of the usage of thermogra‐
phy. Use of computer‐aided diagnostics for automated thermography interpretation is just 
round the corner. With software support, thermal analysis and interpretation can be more 
efficient, effective and non‐subjective. This chapter described some of the recent develop‐
ments in both the hardware and the software of a thermographic solution that shows great 
promise that breast thermography will be a mainstream cancer screening modality very 
soon.
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Abstract

Breast cancer is one of the global leading causes of death among women, and an early 
detection is of uttermost importance to reduce mortality rates. Screening mammograms, 
in which radiologists rely only on their eyesight, are one of the most used early detection 
methods. However, characteristics, such as the asymmetry between breasts, a feature 
that could be very difficult to visually quantize, is key to breast cancer detection. Due 
to the highly heterogeneous and deformable structure of the breast itself, incorporat-
ing asymmetry measurements into an automated detection system is still a challenge. 
In this study, we proposed the use of a bilateral registration algorithm as an effective 
way to automatically measure mirror asymmetry. Furthermore, this information was fed 
to a machine learning algorithm to improve the accuracy of the model. In this study, 
449 subjects (197 with calcifications, 207 with masses, and 45 healthy subjects) from a 
public database were used to train and evaluate the proposed methodology. Using this 
procedure, we were able to independently identify subjects with calcifications (accuracy 
= 0.825, AUC = 0.882) and masses (accuracy = 0.698, AUC = 0.807) from healthy subjects.

Keywords: breast cancer, asymmetry, bilateral registration, CAD
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1. Introduction

Cancer is one of the leading causes of death worldwide. In 2008, nearly 13% (7.6 million) of 
all deaths were cancer related. Among all types of cancer, lung, liver, colon, breast, and cervi-
cal are the most frequent ones. Recent studies predict 13.1 million cancer deaths for 2030 [1]. 
Among women, breast cancer is the deadliest type of cancer. Nearly 1.8% of all worldwide 
deaths are breast cancer related [2].

Till today, there is no cure for breast cancer, and since the trigger to develop any type of can-
cer is still a mystery, there is not an effective way to prevent the occurrence. Early detection of 
breast cancer plays a key role in a positive prognosis. There are several imaging technologies 
that might be used by specialists for the early detection of breast cancer, such as magnetic 
resonance imaging, ultrasound, and X-ray mammogram. The last technique is the primary 
tool used to diagnose and detect breast cancer worldwide, and it has been proved to be the 
best cost-effective tool to diagnose the disease [3].

In clinical practice, mammography allows for the detection of early signs of tumors before 
they become apparent [3]. Common signs of early cancer inside the breast tissue are micro-
calcifications, architectural distortions, and masses [4]. During the screening procedure, 
radiologists use those signs to generate a standardized evaluation of the risk of cancer in a 
given patient, called Breast Imaging-Reporting and Data System (BI-RADS). This report helps 
oncologists to decide a course of action among women at risk of developing breast cancer [5].

The broad use of mammogram has driven the development of computer-aided detection 
(CADe) and computer-aided diagnosis (CADx) systems. While both approaches aim to assist 
radiologists to detect and diagnose breast cancer as early as possible, CADx systems are used 
as a second opinion [6] and CADe ones aim to improve visualization of the lesions (with up to 
35% improvement in detection rate [7]). However, although it has been shown that CADe sys-
tems have helped radiologists to better interpret findings [8], it has also been demonstrated 
that in some cases they may make interpreting the images more difficult, reducing the accu-
racy of early cancer detection [7]. Furthermore, these systems also may increase the workload 
of the radiologists [8].

A typical CADe system, whose workflow is shown in Figure 1, consists of two algorithms 
applied sequentially, one to detect suspicious regions or regions of interest (ROI), and one 
to refine such regions. The former includes the preprocessing of the images, segmentation of 

Figure 1. Typical workflow of a CADe/CADx system, adapted from Chen g et al. [13].
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the breast tissue, and the detection of the ROI itself. The latter process is performed to reduce 
the number of false positives [8], and usually relies on machine learning techniques [9–11]. 
Lastly, the results are presented to the radiologist, highlighting in the original mammography 
the regions that the analysis deemed highly suspicious. As seen in the same image, CADx sys-
tems follow the same workflow as CADe ones. However, besides highlighting areas of higher 
risk to the radiologist, additional algorithms are used to analyze each ROI and generate a 
computer-based diagnosis. It is important to mention that, currently, few CADe and CADx 
commercial systems have been approved by the Food and Drug Administration of the United 
States of America [12].

Many methodologies used by CADx systems analyze only one breast, or even just a subre-
gion of the breast, at a time. That is, they evaluate the left and right breasts as independent 
objects, unlike radiologists, who analyze images of both breasts simultaneously to evaluate 
their asymmetry. Radiologists do so because asymmetry is related to early signs of breast 
cancer (i.e. parenchymal distortion, bright spots, masses, etc.) [14, 15] and it may be used to 
reduce the rate of false positive detection of masses [16, 17]. Asymmetry can refer to either a 
longitudinal study, where current and prior mammograms are compared, or a bilateral study, 
where differences between the left and right breast are analyzed.

A few CADx systems have already tried to incorporate asymmetry studies to enhance diagnosis 
[14, 18–20]. Some researchers have studied the use of a feature-based asymmetry analysis, where 
the mammograms are processed individually and the differences between the individual analy-
ses are used as a mean to quantify asymmetry [21]. This approach has also been used to charac-
terize risk factors, such as breast density, and predict near-term breast cancer [14].

Another method that evaluates asymmetry, this one trying to mimic the approach used by 
radiologists, is the mammogram subtraction. In this approach, differences between mammo-
grams are enhanced by performing a rigid registration (alignment) of the images. However, 
this methodology was originally employed only in longitudinal studies [22], comparing the 
same breast at two different times, since the highly heterogeneous and deformable tissue 
of the breast has hindered the inclusion of subtraction approaches in bilateral asymmetry 
studies [19].

Miller et al. [23] proposed a technique for the detection of bilateral symmetry using a semi-
automated texture-based procedure that segments the glandular tissue, measuring the shape 
between views, and thus detecting the occurrence of asymmetries. The algorithm obtained 
an accuracy of 0.867 on a validation dataset of 30 screening mammogram pairs. Later, Miller 
et al. [24] presented a method for the detection of bilateral asymmetry based on measures of 
shape, topology, and distribution of brightness. This method was tested on 104 mammogram 
pairs, yielding a classification accuracy of 0.74.

Lau et al. [25] proposed a method for the detection of breast tumors that extracted measures 
of brightness, roughness, and directionality, and was based on localized asymmetry. This 
method was evaluated using 10 pairs of mammograms where asymmetry was a significant 
factor in the radiologist’s diagnosis. A sensitivity of 0.92 was obtained, with 4.9 false positives 
per mammogram. However, the alignment was tuned manually using control points.

Incorporating Breast Asymmetry Studies into CADx Systems
http://dx.doi.org/10.5772/intechopen.69526

111



Ferrari et al. [26] characterized asymmetry as variations in oriented textural patterns, obtained  
using directional filtering with Gabor wavelets at different orientations and scales. Using a 
database with 80 images resulted in a classification accuracy of up to 0.744.

Rodriguez-Rojas et al. [21] presented a CADx system targeted to detect high-risk cancer 
patients. To do so, automated breast tissue segmentations were performed on 200 Mexican 
subjects labeled as either low- or high-risk according to their BI-RADS score. Then, 50 features 
were extracted, and bilateral differences between mammograms were defined by subtracting 
corresponding features in both mammograms. Finally, a genetic algorithm selected a predic-
tive combination of features. Using this methodology, they were able to classify low-risk and 
high-risk cases with an area under the receiver operating characteristic (ROC) curve (AUC) 
of 0.88 on a 150-fold cross-validation set. The features included in the model were associated 
with the differences in signal distribution and tissue shape.

In summary, and as presented, most asymmetry detection methods are either feature-based, 
rely on simple bilateral subtraction techniques [14, 27], or depend on an ROI provided by a 
radiologist [24, 25]. Thus, in order to efficiently measure asymmetry, a better and automatic 
registration must be performed [28]. To do so, alignment has been improved by using the nip-
ple as a reference point [29] and by co-registering both breasts using a robust point matching 
approach [22]. Nevertheless, none of those works include a fully automated bilateral registra-
tion. In this chapter, a methodology that incorporates an automatic asymmetry analysis with 
both a feature-based and a pixel-wise bilateral subtraction into a CADx system is presented.

2. Methodology

The proposed methodology follows the CADx workflow presented in the previous section. 
However, asymmetry measurements are used to aid in the diagnosis. To obtain such mea-
surements, two additional stages are incorporated into the workflow: registration and pixel-
wise subtraction. Additionally, a series of image transformations are incorporated to enhance 
different characteristics of the breast in the mammograms. This work is based on and follows 
previous efforts [30–32].

Figure 2 shows how the bilateral asymmetry information was incorporated into the CADx 
system. Briefly, soft tissue is first segmented, the image of the left breast is then registered 
to its right counterpart and a bilateral subtraction of the co-registered images is performed; 

Figure 2. Workflow of the proposed methodology.
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images are then filtered and features are extracted; a multivariate model is selected using a 
train set; and finally, the model is evaluated on a validation set. A detailed explanation of each 
stage is presented in the following sections.

2.1. Materials

A total of 1796 digitalized film mammograms from 449 different subjects were used. From 
those, 45 were classified as healthy subjects (HS) (mean age of 59.3 and standard deviation 
(SD) of 9.8 years), 197 as subjects with malignant calcifications (CS) (mean age of 58 and SD 
of 10.9 years), and 207 as subjects with malignant masses (MS) (mean age of 64.1 and SD of 
10.1 years). Each subject had the four standard mammograms taken, namely, left and right 
craniocaudal (CC), and left and right mediolateral oblique (MLO) projections.

In order to avoid problems associated with intra-scanner variability [17, 22, 33], all mammo-
grams in this study were obtained from the Howtek dataset of the Digital Database for Screening 
Mammography public database [34], in which all mammograms were digitalized using a 
Howtek 960 scanner using a sampling rate of 43.5 micrometers per pixel and a 12-bit depth.

2.2. Segmentation

Segmentation, also called categorization by computer vision definitions, allows delimiting 
one or several parts of a given image assigning one class label (e.g. bone, muscle, fat, skin, cal-
cification, and mass). This process is defined by the division or segmentation of the image into 
several homogeneous regions disjointed from their surroundings. A commonly used auto-
matic segmentation of the breast tissue is based on the estimation of the background noise. 
For this study, an initial segmentation mask was created by estimating the background noise 
in the image and discarding all pixels below five standard deviations of the noise level. Then, 
holes were removed by applying closing morphological operations with a 3 × 3 supporting 
region, as described by Eq. (1):

  S  (  A )    = (A (x, y)   ⊕ B (x, y)  ) ⊖ B(x, y )  (1)

where ⊕ and ⊖ are the grayscale dilation and erosion morphological operations, respectively. 
B (x, y) is a 3 × 3 structural element. A (x, y) is the image being segmented and S (A) is the 
resulting segmentation of the A (x, y) image. The largest connected region is used as the seg-
mentation mask while all other high-intensity regions are removed from the images. Figure 3 
shows an example of the results of the segmentation procedure.

2.3. Registration

Image registration can be defined as the intensity and spatial mapping between two images 
[35]. Given two input images F and M, image registration can be expressed as R′ = g[T(F)], 
where T is a spatial transformation function, g an intensity transformation function, and R′ the 
registered image. The transformation function is not always necessary; a lookup table can be 
used to pinpoint intensities. A visual example of image registration is presented in Figure 4, 
where an image M is being registered to match image F.

Incorporating Breast Asymmetry Studies into CADx Systems
http://dx.doi.org/10.5772/intechopen.69526

113



Image registration has been widely used in medical applications [28, 36, 37]. However, the 
soft nature of the breast tissue makes them highly deformable, and rigid registration proce-
dures, in which only rotation, translation, and scaling functions are used, are not sufficient. 
Therefore, nonrigid registration methods are necessary [38, 39]. There are many approaches 
to deal with medical imaging registration, the most recent comparison of algorithms based on 
a retrospective evaluation was published by West et al. [40], but it was constrained to do intra-
patient rigid registration. Also recently, Diez et al. [28] and Celaya-Padilla et al. [30] compared 
registration algorithms with breast images as a source, and both concluded that the B-Splines 
approach was the most consistent.

Breast image registration based on a B-Splines transformation is defined as follows: given two 
input images (F = target image, M = image being registered), M is deformed by modifying a 
mesh of control points following a maximization of a similarity measure based on steepest 
descent gradient [6, 15]. The deformed image is compared to F using a similarity metric. If the 
images are similar enough, the process stops. Otherwise, the process reiterates.

Figure 3. Segmentation of breast tissue. The image on the left is the original CC mammogram and the image on the right 
shows the superimposed segmentation mask in white (image from Ref. [32]).

Figure 4. Basic example of an image registration procedure. F is the target image, M is the image to be registered, and 
R′ is the registered image.
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Figure 5 shows a multi-resolution pyramid approach [41] for the B-Spline implementation. 
There, the images are first registered using low-resolution images, the B-Spline transforma-
tion parameters are moved into the next higher resolution and parameter optimization is run 
again, and so on. This often avoids issues with local minima in the parameter search space 
and reduces computational time [15].

For this study, the image to be registered was first horizontally flipped. Then, both the moving 
image and the target image were resampled into a lower resolution image. Next, the pyra-
mids for the multi-resolution were generated. Afterwards, the registration process detailed in 
Figure 5 was carried out. And finally, the original moving image was deformed using the final 
parameters of the registration. For this implementation, mutual information [39] was used as 
the similarity metric. In Figure 6, the checkerboard of an example result from the B-Spline 
registration procedure is presented. There, it can be seen that the registered image was suc-
cessfully aligned with its counterpart.

2.4. Image subtraction

Once the images were co-registered, a pixel-wise absolute difference was computed between 
the left and right images, as defined by Eq. (2) as follows:

   I  △    (  x, y )    =   |   I  r    (  x, y )    −  I  l    (  T  (  x, y )    )    |     (2)

where Ir(x, y) represents the right image, Il(T(x, y)) represents the left image registered to the 
right image space, and I∆(x, y) represents the map of absolute differences. Figure 7 shows an 
example of the differential image for two given input images.

Figure 5. B-Spline registration typical framework.
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2.5. Image enhancement

To study the appearance of the architectural distortions, two enhancing filters were applied 
to the images: a morphological high-frequency enhancement filter (H) designed to enhance 
fiber-like tissues, and a Laplacian of Gaussian filter (L) that enhances high-frequency pat-
terns inside the breast tissue. Additionally, since the texture between normal and abnormal 
tissues is different [42], two texture maps were created. The first map computed the local 
standard deviation (σ) of the mammograms, and the second map computed the local fractal 

Figure 7. Image subtraction example. Left: unaltered CC view of left breast, middle: horizontally flipped CC view of 
right breast, and right: color map of the subtraction image I∆. White and black pixels inside the breast tissue represent 
small and large intensity differences, respectively.

Figure 6. Checkerboard comparison of images pre and post B-Spline registration. The image in the left shows a 
comparison between a left and horizontally flipped right breast before registration, and the right image shows the 
results of the registering process.
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dimension (F). All image processing was implemented in C++ using Insight Segmentation and 
Registration Toolkit (ITK) libraries for image manipulation following previous efforts [32, 43].

2.6. Feature extraction

There are several features that may be quantified when aiming to detect early signs of cancer. 
For this analysis, 43 features were extracted from each image. These features can be grouped 
in three main categories: shape (i.e. area, perimeter, compactness, elongation, region centroid, 
region scatter), signal (i.e. mean, median, energy, variance, standard deviation, dynamic 
range, z mean, entropy, skewness, kurtosis, z range, fraction greater than z deviations, frac-
tion lower than z deviations, value at fraction, 5% trimmed mean, 5% trimmed standard devi-
ation, 5% trimmed z Mean), and morphology (i.e. total signal, signal centroid, signal scatter, 
and signal surface). Details of the full feature extraction procedure can be found in Ref. [32].

The enhancement filters and texture maps presented in Section 2.5 were applied to the four 
screening mammograms (i.e. left and right CC, and left and right MLO) and to the two bilat-
eral subtraction images (CC and MLO), yielding a set of 15 images for both the CC and the 
MLO views: Ir, Il, IΔ, Hr, Hl, HΔ, Lr, Ll, LΔ, σr, σl, σΔ, Fr, Fl, and FΔ, where I is the raw image, H, L, 
σ, and F are the enhanced images described in Section 2.5, and r, l, and Δ, stand for the right, 
left, and bilateral subtraction images, respectively. Features were then extracted from this 
set of images. Additionally, to study the feature-based asymmetry analysis, the average and 
absolute difference of each left-right pair of measurements was also analyzed, resulting in 860 
additional features, resulting in a total of 2150 features per subject.

2.7. Feature selection

The first step of the feature selection process consisted discarding highly correlated to avoid 
redundancy. For any pair of features with a Spearman correlation coefficient larger than 0.96, 
one feature was randomly selected to be kept, and the other removed from the selection. The 
dataset was normalized using the empirical distribution of the healthy subjects and a z-nor-
malization was performed using the rank-based inverse normal transformation [44].

In order to select the most accurate and compact set of features from each dataset, the least 
absolute shrinkage and selection operator (LASSO) method was used [45]. The shrinkage and 
selection method minimizes the sum of squared errors and penalizes the regression coeffi-
cients, as described by Eq. (3) as follows:

    β ^
     
lasso

  = argmin   ∑  
i=1

  
N
     (   y  i   −  β  0   −   ∑  

j=1
  

p

    x  ij    β  j   )     
2

  subject to :   ∑  
j=1

  
p

    |  β |    ≤ t  (3)

Given a set of input measurements x1…xn and an outcome y, the lasso method fits a linear 
model where xi is the covariate vector for the ith case and yi is the outcome, t is a tuning param-
eter that determines the amount of regularization, and N is the number of cases.

The multivariate search was performed using a class balanced data sample of 100 subjects for 
training and the remaining subjects as a blind test set. The models were calibrated using a 
leave-one-out cross-validation strategy, training the models at every split using N – 1 subjects 
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and evaluating the model using the remaining subjects [46]. The final reported performance 
was obtained by applying the final model gathered on the training stage and evaluating it in 
the blind test set.

3. Results

A total of 1796 mammograms were successfully segmented. The image sets of nine subjects 
had to be removed from the experiment due to problems with the registration process, six 
were from MS, two from CS, and one from HS. All the remaining subjects were included in 
the subsequent stages of the analysis. The 2150 extracted features were filtered by the correla-
tion process, removing 826 features.

Table 1 shows the features that were selected for each model: the CS versus HS (n = 12), and the 
MS versus HS (n = 16). The former achieved an accuracy of 0.825 with an AUC of 0.882 and the lat-
ter an accuracy of 0.698 with an AUC of 0.807. Figure 8 shows the ROC curves for both the models.

CS versus HS MS versus HS

# View Image Feature View Image Feature

1 CC H∆ 27 CC L∆ 40

2 CC F∆ 13 CC Ir 29

3 CC Ir 29 CC Ll 40

4 CC Hl 29 CC Fr 6

5 CC Hl 6 MLO Hl 11

6 MLO Il 28 CC L∆avg 29

7 MLO Hl 11 CC I∆s 28

8 MLO Hl 21 CC σ∆s 38

9 CC I∆s 28 CC F∆avg 12

10 CC σ∆s 38 MLO I∆s 40

11 MLO L∆avg 27 MLO I∆s 28

12 CC H∆ 27 MLO I∆s 29

13 MLO H∆s 31

14 MLO H∆s 7

15 MLO L∆avg 39

16 MLO L∆avg 27

Note: Features are grouped by dataset, symmetric features are denoted with:

   
 I  Δavg   =   

 I  r   +  I  l   ____ 2  ,  H  Δavg   =   
 H  r   +  H  l   _____ 2  ,  L  Δavg   =   

 L  r   +  L  l   _____ 2  ,  σ  Δavg   =   
 σ  r   +  σ  l   _____ 2  ,  F  Δavg   =   

 σ  r   +  σ  l   _____ 2  ,  
       

 I  Δs   =   |   I  r   −  I  l   |   ,  H  Δs   =   |   H  r   −  H  l   |   ,  L  Δs   =   |   H  r   −  H  l   |   ,  σ  Δs   =   |   H  r   −  H  l   |   ,  F  Δs   =   |   H  r   −  H  l   |   .
  

Table 1. Features of the proposed models.
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4. Discussion

The proposed methodology is fully automated and does not require manual intervention 
as previous proposals [16, 17]. Although the approach is similar to others [22], we did not 
attempt to remove the pectoral muscle from the segmentation mask, since the presence of 
abnormal axillary lymph in this area is an indicator of occult breast carcinoma [47]. However, 
from the computational point of view, the feature extraction process may be affected if the 
region processed is not well focused [48].

The proposed registration process achieved a good performance having only 2.0% of the 
subjects that had to be discarded due to registration issues. This performance is remarkable 
when considering the amount of deformation undergoing in a mammography procedure. 
The B-spline deformation is an improvement over rigid or affine co-registration methods [33]. 
The advantage of the deformable registration has been recognized as a key element in breast 
analysis and has been successfully used in longitudinal studies [22]. Regarding digital sub-
traction, the differences in the X-ray projection, and image acquisition and digitizing artifacts 
may affect the detection of asymmetric patterns. Our results indicate that even in the presence 
of registration artifacts, the digital subtraction added information that was successfully incor-
porated during the feature selection process.

The B-Spline transformation algorithm, proposed for the bilateral mammogram registration pre-
sented, shows a clear improvement after the registration. Due to lack of temporal mammograms, 
temporal registration was not tested. Nevertheless, the methodology could be implemented in such 
task. However, the temporal registration should be re-optimized using a new set of parameters.

The enhanced images and texture maps enriched the feature set providing a four-fold increase 
in extracting features per patient, which were also incorporated in the final  classification 
 models. Regarding symmetry, the strategy of exploring bilateral symmetry has been explored 
by other researchers where a series of features (signal, texture, breast density, etc.) were 

Figure 8. ROC curves for the classification models. Left: MS versus HS, right: CS versus HS. The dashed line represents 
the model with the features from only the difference images, the solid line the one with features from only the raw 
images, and the dotted line the one with the features from all images (from Ref. [32]).
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 computed from each mammogram and the absolute difference between both breasts was 
obtained to measure breast tissue asymmetry, and used it to predict the likelihood of develop-
ing cancer [19]. We extended this idea by registering the left and right images using a deform-
able transformation, which increased the number of features per patient by 25%.

This study shows that healthy subjects, subjects with calcifications, and subjects with masses 
can accurately be classified through models generated via mammography registration and a 
feature selection methodology. The analysis of the feature selection strategy demonstrated 
that even when using a different approach for the feature selection strategy, the proposed 
methodology achieved similar results as the previously presented ones. Therefore, we can say 
that the methodology is robust to the feature selection strategy.

The methodology demonstrated that the image subtraction of registered images generates 
information that aids in the identification of subjects with lesions, such as malignant masses 
and calcifications. The methodology also incorporated the use of feature-based asymmetry 
into the CADx system. The combination performance achieved has the potential to be used 
to queue cases with a high chance of malignant findings, or may have the practical use of 
triaging mammograms in developing countries where there is a deficiency of expert readers.
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Abstract

Purpose: To compare observer performance using medical‐purpose 5‐megapixel liquid 
crystal display monitors (5‐MP LCDs) and a tablet PC with a 4K high‐resolution dis‐
play for detection of breast cancer by digital mammography. Materials and methods: 
Mammograms from 40 patients with primary breast cancer (18 mass, 16 microcalcifica‐
tions, 3 artificial distortions, and 3 focal asymmetries) and 60 control patients were con‐
secutively collected. Four experienced radiologists assessed 100 mammograms to rate 
using the BI‐RADS lexicon. The BI‐RADS assessments were subjected to receiver oper‐
ating characteristic (ROC) curve analysis. Also, the observers assessed the image quality 
in terms of brightness, contrast, sharpness, and noise using 5‐step Likert scale. Results: 
The average under the curve (AUC) values for use of the 5‐MP LCDs and 4K monitors 
were 0.921 and 0.936; the difference between them was small and not significant. In 
terms of image quality, the 4K was rated better for brightness, contrast, and sharpness. 
Conclusion: Observer performance for detecting breast cancer on a 4K tablet PC with a 
high‐resolution display is similar to that using a 5‐MP LCD. This appears adequate for 
displaying mammograms of diagnostic quality and could be useful for patient consul‐
tations, clinical demonstrations, or educational and teaching purposes.

Keywords: breast cancer, mammography, soft‐copy, tablet PC, 4K

1. Introduction

Since the introduction of the Apple iPad in April 2010, the use of the mobile tablet PC 
has increased rapidly and such devices now comprise a major portion of the PC market. 
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With new developments in technology, opportunities for the use of tablet PCs in hospitals 
for management or diagnosis have increased because of the great advantages they have 
in terms of portability and applications for teleradiology [1–4]. An increasing number of 
reports have compared the use of mobile device screens with liquid‐crystal displays (LCDs) 
for diagnosis, and the accuracy of the former is now considered to be almost equal to that 
of the latter, or at least acceptable, for MRI diagnosis of spinal injury, radiography and CT 
diagnosis of intracranial hemorrhage and orthopedic injury, and CT diagnosis of pulmo‐
nary embolism [5–8].

The viewing of digital mammograms using a soft‐copy reading device has many advantages 
in terms of image display, better handling, postprocessing capability, computer‐assisted diag‐
nosis, archiving of image information, and image data transmission [9]. High‐grade (so‐called 
medical purpose) LCDs, such as the 5‐megapixel (MP) LCD, are recommended for soft‐copy 
reading in digital mammography [10–12].

Recently, a high‐resolution 4K color display has also been developed and is commercially 
available. 4K resolution refers to a display device or content having a horizontal resolution in 
the order of 4000 pixels. Several examples of 4K resolution exist in the fields of digital televi‐
sion and digital cinematography. To our knowledge, however, there is no definite consensus 
as to whether a 4K high‐resolution display monitor would be acceptable for reading of mam‐
mograms. In terms of access, portability and cost effectiveness, it would be useful to clarify 
whether 4K images actually afford better diagnostic accuracy.

The purpose of this study was to assess the observer performance of 4K tablet PCs with a 
high‐resolution calibrated grayscale display monitor for detection of breast cancers on digital 
mammograms, in comparison with 5‐MP LCDs.

2. Methods and materials

2.1. Mammogram selection

The study cohort included 40 cases surgically verified and pathologically proven breast can‐
cers (mean age, 51.2 years; age range, 29–83 years). Histologic analysis demonstrated invasive 
ductal carcinoma in 25 cases, ductal carcinoma in situ in 10, and special type in 5. The median 
size of the lesions revealed by pathologic examination was 18.3 mm (range 3–45 mm). In 
addition, 60 cases (mean age, 48.4 years; age range, 28–82 years) including 48 with normal 
breast findings and 12 with benign conditions (mastopathy in 6; cyst in 3; fibroadenoma in 2; 
papilloma in 1) were selected. Mention this in abstract as well. Finally, 100 cases (48 normal, 
40 with cancer, and 12 with benign lesions) were examined. ACR BI‐RADS for density, a 
predetermined breast density distribution was followed when selecting the cases: 10 were for 
cases with extremely dense breasts, 55 with heterogeneously dense breasts, 30 with scattered 
fibroglandular tissue, and 5 with entirely fatty breasts.
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2.2. Image acquisition and display

Mammograms were acquired using a flat‐panel digital mammography system (Senographe 
DS LaVerite; GE Healthcare). The spatial resolution was 100 μm per pixel (pixel dimension: 
1800 × 2304) and the contrast resolution was 14 bits.

The images were displayed on two types of display: (i) two monochrome 5‐MP LCDs 
(MFGD5621HD, 2048 × 2560 pixels, 21.3 inch; BARCO); and (ii) two commercially available 
4K tablet PCs with high‐resolution color monitors (4K UT‐MA6, 2560 × 3840 pixels, 20.8 inch; 
Panasonic) (Figures 1 and 2).

The physical properties of the two types of monitors are shown in Table 1.

The displays run with the PACS software (We VIEW Z; HITACHI) and viewing software spe‐
cialized for MGs (Plissimo MG, Panasonic). The luminance of both monitors was calibrated as 
recommended by the suppliers and at the start of the reading test.

2.3. Image interpretation

Four board‐certified radiologists assessed the mammograms in a dark environment (<10 lux). 
Each of the observers independently assessed 200 images (100 patients × 2 sides; MLO and CC 
views). The observers were asked to rate the images on the level of confidence using the BI‐
RADS lexicon: 1, negative; 2, benign; 3, probably benign; 4, suspicious; and 5, highly suggestive 
of malignancy.

In addition, on another occasion, the observers assessed the image quality in terms of bright‐
ness, contrast, sharpness, and noise, side‐by‐side for the 5‐MP LCDs versus the 4K tablet PCs 
(5‐step Likert scale, −2 = 5‐MP definitely better and +2 = 4K definitely better).

Figure 1. 4k UT‐MA6 (TOUGHPAD) 20.8 inches; Panasonic.
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2.4. Data and statistical analysis

The observers’ detection performance was evaluated using receiver operating characteristic 
(ROC) curve analysis. The confidence level results were used to construct ROC curves. This 
allowed to obtain the sensitivity, specificity, positive predictive value (PPV), negative predic‐
tive value (NPV), and accuracy of each monitor. Image quality ratings were tabulated for each 
reader and summarized across all readers. The confidence interval (CI) for the proportion of 4K 
ratings as similar (0), slightly better (±1), or better (±2) was obtained, considering the side‐by‐side 
comparison to be a single test condition. In the statistical analysis, differences at P < 0.05 were 
considered to be statistically significant.

Screen size Matrix size Color Maximum 
luminance (cd/m2)

Contrast ratio Product name 
(manufacturer)

4K tablet PC 20.8 (inches) 2560 × 3840 Color 300 850:1 UT‐MA6 
(Panasonic)

5‐MP LCD 21.3 (inches) 2048 × 2560 Monochrome 450 800:1 MFGD5621HD 
(Barco)

Table 1. The physical properties of the 5‐MP LCDs and 4K display monitors used in comparison with observer 
performance.

Figure 2. Two sets of 4K tablet PCs with high‐resolution color monitors (4K UT‐MA6, 2560 × 3840 pixels, 20.8 inch; Panasonic).
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3. Results

Table 2 and Figure 3 show the average under the curve (AUC) values and ROC curves for 
detection of breast cancers using the 5‐MP LCDs and the 4K tablet PCs, respectively. The mean 
AUC values for use of the 5‐MP LCDs and the 4K tablet PCs were 0.921 and 0.936, respectively. 
The difference was not statistically significant (P = 0.27). Sensitivity, specificity, positive and 
negative predictive values, and accuracy were comparable (Table 3).

BI‐LADS

5‐MP LCD 4K

Reader 1 0.858 0.903

Reader 2 0.932 0.954

Reader 3 0.945 0.945

Reader 4 0.949 0.958

Mean 0.921 0.936

Table 2. The area under the ROC curve for the 5‐MP and 4K in BI‐RADS scores.

Figure 3. ROC curves for the detection of breast cancers. FPF, false positive fraction; TPF, true positive fraction. The thick 
line shows the ROC curve for a set of 4K tablet PC with high‐resolution color monitors and the dashed line shows the 
ROC curve for a set of 5‐MP LCDs. There was no significant difference between the two types of display modes (P = 0.27).
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With regard to image quality, brightness for the 4K tablet PC was rated as similar to that of 
the 5‐MP LCD in 12% of the study readings, slightly better in 54%, and better in 27%. Contrast 
for the 4K tablet PC was rated as similar to that of the 5‐MP LCD in 26% of the study readings, 
slightly better in 40%, and better in 15%. Sharpness for the 4K tablet PC was rated as similar to 
that of the 5‐MP LCD in 38% of the study readings, slightly better in 26%, and better in 12%. 
Noise for the 4K tablet PC was rated as similar to that of the 5‐MP LCD in 85% of the study 
readings, and slightly better in 5% (Table 4 and Figure 4). Figures 5–8 demonstrated breast 
cancers displayed on 5‐MP and 4K monitors.

4K better 
(+2)

4K slightly 
better (+1)

Similar (0) 5‐MP 
slightly 
better (−1)

5‐MP better 
(−2)

Mean Lower 95% 
CL

Upper 95% 
CL

Brightness 27 54 12 7 0 1.00 0.84 1.16

Contrast 15 40 26 19 0 0.51 0.32 0.70

Sharpness 12 26 38 24 0 0.26 0.07 0.45

Noise 0 5 85 10 0 −0.05 −0.13 0.03

Table 4. Image quality on the basis of brightness, contrast, sharpness and noise, for side‐by‐side feature visibility rating 
with 5‐MP versus 4K. Values are presented as numbers (also percentages). Mean is average preference by percentage. 
Positive numbers indicate a preference for 4K and negative numbers indicate a preference for 5‐MP. CL; confidence limits.

Figure 4. Likert scale scores (n = 100 eligible patients). Image quality on the basis of brightness, contrast, sharpness, and 
noise, for side‐by‐side feature visibility rating with 4K and 5‐MP LCD. Values are presented as percentages.

5‐MP LCD 4K

Sensitivity 0.857 (0.863/0.956) 0.881 (0.788/0.937)

Specificity 0.918 (0.889/0.936) 0.963 (0.939/0.978)

PPV 0.735 (0.643/0.794) 0.860 (0.769/0.915)

NPV 0.960 (0.931/0.980) 0.969 (0.945/0.984)

Accuracy 0.905 (0.860/0.934) 0.946 (0.908/0.969)

Table 3. Sensitivity, specificity, positive and negative predictive values and accuracy with the 5‐MP and 4K.
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Figure 5. Microlobulated mass in the left upper area *captured images.

Figure 6. Spiculated mass *captured images.
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Figure 8. Amorphous grouped calcifications *captured images.

Figure 7. Finelinear branching calcifications in the left lower area *captured images.
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4. Discussion

The purpose of the present study using images from actual patients was to obtain initial 
data to indicate whether or not the newer tablet PCs with a 4K high‐resolution color 
display monitor could be deployed for mammographic imaging. Only one previous 
study has evaluated the display quality of tablet PCs [13]. This study represented the 
first attempt to evaluate the display quality of tablet PCs (iPad 2 and 3) with a dedicated 
10‐MP LCD using a standardized CDMAM phantom. It was concluded that the evaluated 
iPads, especially version 3, would likely be adequate for display of diagnostic‐quality 
mammograms [13].

Our present study found no significant difference between the performances of the 5‐MP LCDs 
and the 4K tablet PCs for detecting breast cancers on mammograms. Moreover, in terms of the 
image quality, 4K tablet PCs were rated as having better brightness, contrast, and sharpness. 
This is the first confirmation that observer performance for detection of breast cancers using 
soft‐copy readings on digital mammograms is comparable between the current standard 5‐MP 
LCDs and 4K tablet PCs with a high‐resolution display monitor. The 4K tablet PC seems suitable 
for displaying mammograms in a variety of tasks such as patient consultation, clinical demon‐
strations, or educational and teaching purposes, and its large high‐resolution screen seems to 
meet the legal requirements. As many patients are interested in taking a look at their images, 
one of the most promising applications of tablet PC‐based mammographic display would be 
patient consultation. This would give patients a clearer idea of their disease and might have a 
positive impact on patient compliance.

The greatest benefits of the 4K tablet PC with a high‐resolution display monitor are its low cost 
and possible application for multiple purposes, such as reporting systems and referencing of 
color images including endoscopic, PET/CT, and SPECT/CT images. In addition, the performance 
of 4K high‐resolution color display monitors has recently improved, and they now have high‐
resolution (5‐MP or more) capability, as is the case for medical LCDs. However, the development 
of tablet PCs is progressing rapidly; the 4K display used in the present study might now be con‐
sidered a relatively old model. If the 4K display is suitable for medical display purposes, the cost 
would increase.

5. Conclusion

Our findings suggest that observer performance for detection of breast cancers on digital mam‐
mograms using 4K tablet PCs with a high‐resolution display monitor is comparable to that 
obtained using 5‐MP LCDs. Therefore, 4K tablet PCs, as a result of the advanced technology, 
might be adequate for diagnostic‐quality mammogram display and could be useful for patient 
consultation, clinical demonstration, or educational and teaching purposes. Because of the 
promising potential advantages of tablet PCs, such as their portability, further assessments of 
their potential clinical use are warranted.
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Abstract

Electrical impedance mammography (EIM) belongs to nonlocal techniques of image cre-
ation. It is based on a number of data collection methods, including the cross-sectional 
approach, the back-projection method with the weight function applied horizontally and 
vertically, and the static image method. The analysis of data acquired by applying the 
above methods enabled to work out the EIM diagnostic system. It involves the following 
diagnostic categories: structural percentile limits and the mammary gland structure, age-
related percentile limits and age-related electric conductivity, outlying values statistics 
and early diagnostics of breast cancer, D-statistics and distortion of the mammographic 
scheme in the presence of breast cancer, diagnostic table, and the assessment of the elec-
trical impedance image.

Keywords: electroimpedance mammography, breast cancer, high-risk group

1. Introduction

Modern academic research and clinical practice avail of various tomography systems of elec-
trical impedance diagnostics [1–7]. Electrical impedance mammography (EIM) represents 
one of the most rapidly developing imaging modalities designed for breast cancer detection 
[8–22].

EIM belongs to noninvasive techniques of image creation. It measures electromagnetic phe-
nomena and assesses their changes via external scanning.

Since electric current distribution is not limited by two-dimensional plane, the data obtained 
reflect the change of electric conductivity in three-dimensional space, thus providing for the 
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layer-by-layer image of the object. Based on the reconstruction of internal distribution from a 
set of external points, EIM refers to tomography techniques of image construction.

There exist two types of techniques creating tomographic images: local and nonlocal. The 
local technique implies the passage of one direct ray through the body causing the creation 
of one pixel in the image. The pixel value depends solely on the substance that the ray meets 
on its way. X-ray, magnetic resonance, and positron emission all belong to local or hard-field 
tomography techniques.

The nonlocal technique is characterized by all points on the object affecting the measurement 
result. This is the so-called cross measurement. The pixel value depends both on the object struc-
ture and the structure of the surrounding tissues. Electrical impedance, ultrasound reflection, 
and optical tomography belong to the category of nonlocal or soft-field tomography techniques.

Thus, EIM is a noninvasive technique featuring nonlocal properties of tomographic image 
creation.

2. Diagnostics system in electrical impedance mammography

Modern electrical impedance mammography systems, both commercial and experimental, 
differ in the following characteristics: alternating current parameters, electrode number and 
arrangement configuration, method of data collection, and algorithm of image reconstruction. 
Electrical impedance mammograph, MEIKv5.6, developed and manufactured by “PKF “Sim-
technika,” Russia was used for the creation of electrical impedance images [22].

The mammograph has the following significant characteristics:

• Noninvasive technology of image creation

• 3D-tomography system

• Form of “soft-field” tomography

• “Nonlocal” method of tomographic image creation

• 50 kHz frequency and 0.5 mA amplitude alternating current

• Planar positioning of electrodes

• 256 electrode panel

• Cross-sectional approach to data collection. The cross-sectional approach is a variation of 
the complementary method, when all electrodes are involved in measurement pairwise.

• Back-projection method as an algorithm of image reconstruction

• Static image

• Quantitative diagnostic information
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The analysis of data obtained via the MEIKv5.6 electrical impedance mammograph allowed 
to pick out the following diagnostic categories:

• Structural percentile limits and mammary gland structure

• Age-related percentile limits and age-related electric conductivity

• Outlier statistics and early detection of breast cancer

• D-statistics and distorted mammographic scheme in the presence of breast cancer

• Diagnostic table and EIM image evaluation

2.1. Structural percentile limits and mammary gland structure

The analysis in hand is based on data acquired from 1632 electromammographic examinations 
of normal women of various age groups. It is essential that the test groups contained about the 
same number of women: 380 women aged 20–30, 428 women aged 31–40, 449 women aged 
41–50, and 375 women aged 51–60. The analysis of the electrical impedance mammograms 
was carried out “blindly”, i.e., without taking the women's age into account.

The fluctuations of the electrical impedance index values made from 0.01 standard units, the 
lower range value, to 0.68 standard units, the upper range value. To define the structure of 
electric conductivity index distribution, we extracted eight property ranges with the 0.09 step 
and calculated the number of observations in each range (Table 1).

Figure 1 shows data distribution by the electric conductivity index. The conductivity index 
mean value constituted 0.29, median, and 0.26, mode.

A bell-shaped curve, similar mean, median, and mode values allow us to declare the quantita-
tive variable (electric conductivity index in this case) distribution as normal. Mean value and 

Electric conductivity index Number of observations

0.05–0.14 0

0.15–0.24 67

0.25–0.34 279

0.35–0.44 471

0.45–0.54 435

055–0.64 299

0.65–0.74 75

0.75–0.84 6

Total 1632

Table 1. Distribution of mean electric conductivity index frequencies.
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standard deviation are generally used for normal distribution characterization. We see the 
implementation of the 10th, 25th, 50th, 75th, and 90th percentile as most rational since it does 
not require the knowledge of the variable distribution form (Figure 2).

In accordance with the proposed assessments, the values within the first range (below the 
10th percentile) should be considered as distinctly low, within the second range (10th–25th 
percentile) as low, the third and fourth ranges (25th–75th percentile) as mean, within the fifth 

Figure 1. Histogram of mean electric conductivity index frequency distribution.

Figure 2. Frequency polygon and percentile ranges.
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range (75th–90th percentile) as high, and the sixth range (above the 90th percentile) as dis-
tinctly high.

The mammary gland structure allows to distinguish a few kinds of tissues performing vari-
ous functions (epithelial, connective, nerve, blood, and lymph). The age involution of the 
mammary gland consists in the reduction of ductal epithelium proliferation, in the substitu-
tion of the secretory epithelium by a connective tissue with different correlations of tissue ele-
ments. The electric conductivity index (IC) obtained from the electrical impedance scanning 
is a quantitative variable, which characterizes the mammary gland structure. A low index is 
typical of a gland containing a big number of cell elements and thereafter high ion concen-
tration. This causes us to regard the mammary gland structure with the conductivity index 
percentile limit <10 percentile as representing the ductal type. This is confirmed by the fact 
that the proportion of the test-group women aged 20–30 with the ductal type of the mam-
mary gland structure and indices fitting in the first channel (<10 percentile) exceeded 70%. 
A high electric conductivity index is typical of a gland containing big number of fat lobules 
and a lot of connective tissue and therefore low ion concentration. Thus, the mammary gland 
structure with the conductivity index percentile limit >90 percentile should be estimated as 
representing the amorphous type. This is confirmed by the fact that the proportion of women 
aged 51–60 with the involutive type of the mammary gland structure and indices fitting in 
the sixth channel (>90 percentile) also exceeded 70%. The mammary gland structure with the 
conductivity index percentile limit between the 25th and 75th percentile should be estimated 
as representing the mixed type. This is proved by the fact that this percentile channel included 
data of women of all age-groups. Different combinations of structures determining tissue 
electric conductivity produce a wide range of conductivity index values.

Table 2 presents a summary table of the mammary gland structure assessment from the per-
spective of EIM execution.

Thus, the mammary gland structure can be assessed from the perspective of electrical imped-
ance mammography with a view to the electric conductivity index. As is well-known, the 
mammary gland structure conditions its density, which is why the distinguished ranges 
of electric conductivity correspond to different types of breast density. The so-called dense 
breasts, which correlate with the ductal structural type, are characterized by low values of 

Structural type Electric conductivity Percentile limits

Amorphous Above 0.66 >90‰

Mixed with the predominance of the 
amorphous component

0.57–0.65 75–90‰

Mixed 0.30–0.56 25–75‰

Mixed with the predominance of the 
ductal component

0.22–0.29 10–25‰

Ductal Below 0.22 <10‰

Table 2. Types of mammary gland structure from the perspective of electrical impedance mammography.
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electric conductivity index. High index values are typical of the amorphous structure when 
the mammary gland chiefly consists of the adipose and connective tissues. The peculiarity of 
this approach to the mammary gland structure assessment is a quantitative expression of the 
mamma's anatomic and histological composition. The results of the mammary gland density 
assessment from the perspective of electrical impedance mammography with a view to the 
electric conductivity index are presented in Table 3. The assessment is done in line with the 
American College of Radiology (ACR) terms [23].

2.2. Age-related percentile limits and age-related electric conductivity

The analysis in hand is based on data acquired from over 2000 electromammographic exami-
nations of normal women aged 20–80. The analysis of the electrical impedance mammograms 
was carried out using the percentile limits approach, the women's age taken into account. It 
should be noted that modern medical, biological, and clinical research has been increasingly 
employing the percentile approach as a method of concise description of distributions. This 
approach does not require the knowledge of distribution form, i.e., it is nonparametric. The 
use of percentile curves is routine for many diagnostic modalities, e.g., they are widely used 
for the assessment of fetal development in ultrasound diagnostics. 5, 50, and 95 percentile 
limits for the electric conductivity index were calculated in each age group, which allowed to 
draw percentile curves (Figure 3) and make a table summarizing percentile limits of normal 
age-related electric conductivity of the mammary glands (Table 4).

Percentile limits of age-related electric conductivity can be used for the formation of breast 
cancer risk groups. The conductivity index values below the 5th percentile must be regarded 
as distinctly low, whereas the values exceeding the 95th percentile as distinctly high.

The risk group for breast cancer should thus include patients exhibiting abnormally low 
age-related electric conductivity values, i.e., below the 5th percentile, which witnesses for 
extremely high density of the glandular tissue ductal component. High density of the ductal 

EIM classification Electric conductivity ACR classification

Type Ia Amorphous above 0.66 Predominantly fat, parenchyma 
below 25%

Type Ib Mixed with the predominance of 
the amorphous component

0.57–0.65

Type II Mixed 0.30–0.56 Fat with some fibroglandular 
tissue, parenchyma between 25 
and 50%

Type III Mixed with the predominance 
of the ductal component, high 
density of the ductal component

0.22–0.29 Heterogeneously dense, 
parenchyma 50–75%

Type IV Ductal, extremely high density of 
the ductal component

below 0.22 Extremely dense, parenchyma 
75–100%

Table 3. Mammary gland structure and density types from the perspective of EIM execution in accordance with the 
ACR classification.
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component carries potential threat since it is often conjoined by the insufficient trophic func-
tion of the connective tissue, which is known to be provided by the main substance thereof. 
Dyscrasia may result in dystrophic processes, including those in the basal membrane.

Abnormally high values of age-related electric conductivity, i.e., exceeding the 95th percen-
tile, correlate with menstrual disorders, the latter standing for hormonal changes.

2.3. Outlier statistics and early detection of breast cancer

Unlike other tomographic modalities which only avail of visual evaluation feature, electrical 
impedance scanning also provides quantitative information. These unique data are used for 
diagnostic purposes. A detailed description thereof demands a short reference to outlier statistics.

Provided that all value variations come from a single general population, they are expected 
to differentiate by virtue of random causes only and stay within the range of M ± 2 standard 

Figure 3. Percentile curves of age-related electric conductivity of the mammary gland.

Age range, years 5 percentile 50 percentile 95 percentile

20–29 0.18 0.28 0.44

30–39 0.16 0.40 0.53

40–49 0.22 0.51 0.63

50–59 0.32 0.58 0.72

60–69 0.43 0.57 0.78

over 70 0.50 0.57 0.64

Table 4. Age-related percentile limits of the mean electric conductivity index.
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deviation. However, we sometimes come across values, which differ dramatically from the 
rest of the totality. Such values are often referred to as outliers. In this case, checking the values 
for the presence of outliers is highly desirable. If such a difference is a result of an error or its 
cause is unknown, the outlier value should be excluded from the assessment. Elimination of 
values that are “too remote” from the center of a sample is called sample censoring.

There are two basic types of methods implemented for outlier elimination [24]:

(a) Elimination method with the general standard deviation given.

(b) Elimination method with the general standard square deviation not given.

In the first case, X and standard deviation are calculated with a view to the results obtained 
from the sample aggregate; in the second case, the sample is stripped of the suspicious results 
before the calculations are made. Normalized deviate, which serves a nondimensional char-
acteristic of the variable deviation from the arithmetical mean, is one of the criteria used to 
determine the outliers (1).

   t = x − M /  σ   (1)

where “t” is the outlier detection criterion, “x” is an outlier, “M” is the mean value for a vari-
ant group, and “σ” is a standard deviation. “ttable” stands for standard values of the outlier 
detection criterion, the values are shown in the table. The values of ttable= 2, P = 0.95 are often 
used for large selections.

The “three sigma” rule applied for the assessment of the measurement results distributed in 
accordance with the normal law is one of the simplest outlier detection methods. This rule 
implies the following: if Xoutlier − X > 3Sx, where Sx–is an assessment of the standard devia-
tion measurement, the result is hardly probable and may be considered as a miss. The X and 
Sx values are calculated without regard to the extreme values of Xoutlier.

In this paragraph, we will comment on the results of an electrochemical test of the MEIK v5.6 
electrical impedance mammograph. The figure below shows a prototype installation filled 
with water. The mammograph was used to acquire an electrical impedance scan of the physi-
ological saline solution (Figure 4A). The mean electric conductivity index (IC) made 1.85, 

Figure 4. Electroimpedance scans (11 mm deep) of water: A–homogeneous, B–with a metal coin in the middle, C–a 3D 
image.
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whereas the standard deviation amounted to 0.075 and three standard deviations to 0.22. 
Then, a metal coin was put into the water, 1 cm deeper than the mammograph panel with 
electrodes (Figure 4B). When overlapped, the conductivity distribution histograms (Figure 5) 
allow to see that the IC of the coin (dotted curve) is higher than the IC of water (continuous 
curve) by a value exceeding three standard deviations. This is typical of outliers; however, 
in this particular case, it speaks for the presence of an object whose IC value is significantly 
different from that of the medium, neither does the object belong to the general observation 
population.

The above mentioned fully applies to medical and biological measurements. Figure 6 shows 
an electrical impedance mammogram of a patient suffering from breast cancer, the quantita-
tive parameters being: IC = 0.56, standard deviation–0.12. At 3 o'clock next to the areola, we 
can see an indistinctly contoured focus with the IC of 0.94. Thus, the IC in the area of interest 
exceeds the IC of the mammogram by a value going over 3 standard deviations. On the right, 
we present X-ray and ultrasound images of the same case.

The given example proves that the electric properties of malignant tumors differ signifi-
cantly from those of the surrounding tissue. It is a well-known fact that cancer cells exhibit an 
increased electrical activity. Some of the characteristic features of cancer cells that affect their 
electrical activity are:

1. Cancer cells have cell membranes that exhibit different electrochemical properties and a 
different distribution of electrical charges than normal tissues [25].

2. A change in mineral content of the cell, particularly an increase in the intracellular con-
centration of positively charged sodium ions and an increase in the negative charges on 
the cell coat (glycocalyx) are two of the major factors causing cancer cells to have lower 
membrane potential than normal cells [25].

3. Cancer cells exhibit both lower electrical membrane potentials and lower electrical imped-
ance than normal cells [26, 27].

Figure 5. Histograms of electric conductivity distribution of water (continuous curve) and of water with a coin (dotted 
curve).
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From Figure 7, it becomes clear that the mammary gland carcinoma has three times higher 
electric conductivity than the surrounding tissues [28].

This knowledge can be applied to early detection of breast cancer. To perform this task one is 
to search for areas with abnormal values of IC>3 std, which is typical of an oncologic process 

Figure 8. High electrical conductivity area (>3 std) outside the lactiferous sinus zone, which is highlighted (arrow).

Figure 6. On 3 o'clock next to the areola, a focus is visualized (A), highlighted–arrow (B), less than 10 mm in size. X-ray: 
A lesion of less than 1 cm in size with a radiant contour in the upper-outer segment. US: a lesion of an irregular shape, 
with nonhomogeneous structure, 9 × 9 mm without vascularization.

Figure 7. Influence of the current frequency on the electric conductivity of the mammary gland tissues.
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with tumors not exceeding 1 cm. To make the search easier, the mammograph highlights 
abnormal conductivity areas with red (arrow) (Figure 8).

2.4. D-statistics and distorted mammographic scheme in the presence of breast cancer

As the disease connected by the breakup of the epithelium basal membrane progresses, vari-
ous phenomena can occur in the tumor and the surrounding tissues. These processes are 
always accompanied by alterations of electrical properties of the tumor mass. Increased vas-
cularization leads to electrical conductivity increase due to ionic conduction. Replacement 
of dead tumor cells by collagen fibers leads to electrical conductivity decrease. While puru-
lent inflammation areas emerge, permittivity decreases as a result of the cell membranes 
death. Lymphocytic infiltration causes the tumor and the surrounding tissues impedance to 
increase, because of a significant local concentration of cell membranes. Thus, tumor growth 
is regularly accompanied by the alteration of the electrical properties both of the tumor and 
the surrounding tissues.

As noted previously, the electrical impedance approach enables to conduct a quantitative 
analysis of the image involving the assessment of the following parameters: mean electric 
conductivity index, histogram of electric conductivity distribution, comparison of the electric 
conductivity distribution histogram with the referent values.

To refer the patient to the norm or pathology category, the divergence in the distribution form 
criterion, also known as the λ-criterion or the Kolmogorov-Smirnov criterion [29], is used in 
Eq. (2).

  λ =  | ∑   N1 (xij)  /  n1 −   ∑   N2 (xij)  /  n2   |  max  √ 
___________

  n1n2 /  n1 + n2    (2)

where N1 stands for observation quantities within the ranges, n1–within the sample aggre-
gate, A1; and N2 and n2–the same for A2.

Dx statistics, to be more exact, a subaggregate when calculating the Kolmogorov-Smirnov 
criterion Eq. (3).

  D (xij)  =  | ∑   N1 (xij)  /  n1 −   ∑   N2 (xij)  /  n2   |  max  (3)

where N1 stands for observation quantities within the ranges, n1–within the sample aggre-
gate, A1; N2 and n2–the same for A2.

This nonparametric criterion enables to determine the statistical significance of divergences 
in the distribution of any characteristic of norm or pathology including the distribution of 
electric conductivity on electrical impedance tomograms.

The Dx statistics allows to define the area of one of the distributions, which is not shared by 
the other (Figure 9). The Dx value reflects the proportion of observations or data, which dis-
tinguishes experiment (patient) from control (norm). This value is essential for substantiation 
of diagnosis as well as for assessing the parameter information capacity.
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High information capacity of the divergences revealed enables to refer the patient to this or 
that category (e.g., norm or cancer) with great probability. To determine the informative value 
of distribution divergence Kulback's information measure is applied Eq. (4).

   J = 10 lg P1 /  P2 ∗ 0.5 (P1 − P2)    (4)

where J = information value of the range, P1–probability of patients' suffering from disease A1 
getting into the range, P2–the same for disease A2.

It shows how informative the Dx statistics applied is, how this parameter contributes to diag-
nosing the disease, e.g., cancer. The assessment of distribution divergence (Dx) produced 
results standing in direct relationship with the information capacity, according to Kulback 
(Table 5). This relationship must be recognized as fairly regular and consistent [29].

In the presence of cancer, the histogram of the affected gland is shifted. Table 6 sums up data 
on comparative electric conductivity obtained from patients suffering breast cancer, benign 
changes of the mammary gland as well as from normal women with different types of mam-
mary gland structure.

In the course of oncologic process development, general and local electric conductivity natu-
rally tends to change. The distortion of the mammographic scheme can be observed as early 

Figure 9. Assessment of distribution divergence by their area.

Distribution divergence Information capacity Reliability

below 20% Very low No

20–30% Relatively low Yes

30–50% Good Yes

50–65% High Yes

Table 5. Distribution divergence and information capacity.

New Perspectives in Breast Imaging148



High information capacity of the divergences revealed enables to refer the patient to this or 
that category (e.g., norm or cancer) with great probability. To determine the informative value 
of distribution divergence Kulback's information measure is applied Eq. (4).

   J = 10 lg P1 /  P2 ∗ 0.5 (P1 − P2)    (4)

where J = information value of the range, P1–probability of patients' suffering from disease A1 
getting into the range, P2–the same for disease A2.

It shows how informative the Dx statistics applied is, how this parameter contributes to diag-
nosing the disease, e.g., cancer. The assessment of distribution divergence (Dx) produced 
results standing in direct relationship with the information capacity, according to Kulback 
(Table 5). This relationship must be recognized as fairly regular and consistent [29].

In the presence of cancer, the histogram of the affected gland is shifted. Table 6 sums up data 
on comparative electric conductivity obtained from patients suffering breast cancer, benign 
changes of the mammary gland as well as from normal women with different types of mam-
mary gland structure.

In the course of oncologic process development, general and local electric conductivity natu-
rally tends to change. The distortion of the mammographic scheme can be observed as early 

Figure 9. Assessment of distribution divergence by their area.

Distribution divergence Information capacity Reliability

below 20% Very low No

20–30% Relatively low Yes

30–50% Good Yes

50–65% High Yes

Table 5. Distribution divergence and information capacity.
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Number of 
patients

Comparative electric conductivity (affected–normal gland)

<20% 20–30% 30–40% 40–50% 50–60% >60%

Cancer 310 101 (33%) 67 (22%) 44 (14%) 37 (12%) 26 (8%) 35 (11%)

Healthy 161 157 (98%) 4 (2%) 0 0 0 0

Healthy acinar-ductal 
type

20 18 (90%) 1 (5%) 1 (5%) 0 0 0

Healthy amorphous 
type

32 28 (88%) 2 (6%) 2 (6%) 0 0 0

Benign 68 59 (87%) 7 (10%) 2 (3%) 0 0 0

Table 6. Comparative electric conductivity of the mammary glands, data acquired from patients suffering from breast 
cancer, benign lesions, and normal women.

Diagnostic criteria Electrical impedance mammography points

Shape

• Round, oval 1

• Lobular, irregular 2

Contour

• No 0

• Sharp 1

• Hyperimpedance, indistinct 2

Surrounding tissues

• Preserved 0

• Structure alteration/displacement 1

• Thickening/extrusion/retraction 2

Internal electrical structure

• Hyperimpedance (ICroi < ICav − 2std) 0

• IsoimpedanceICroi = ICav ± 2std) 1

• Hypoimpedance (ICroi > ICav + 2std) 2

• Animpedance (ICroi> ICav + 3std) 3

Comparative electrical conductivity

• Divergence between the histograms <20% 0

• Divergence between the histograms 20–30% 1

• Divergence between the histograms 30–40% 2

• Divergence between the histograms >40% 3

Table 7. Diagnostic criteria for differentiation of volumetric lesions in electroimpedance mammography.
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as at onset of the disease that is why this criterion was added to the EIM breast cancer diagnos-
tic scale (Table 7). Below (Figure 10), we provide examples of the distorted mammographic 
scheme from three patients with breast cancer.

2.5. Diagnostic table and EIM image assessment

A volumetric lesion is an extensional involvement detected on several scan planes. Image 
analysis implies the assessment of the lesion shape, contour, internal electric structure, and 
changes in the surrounding tissues.

A diagnostic table was made to regularize the description of volumetric lesions. Table 7 presents 
assessment parameters each being given a certain set of points.

Using the numerical score for the assessment of volumetric lesions in electrical impedance 
mammography allows to compare this information to BI-RADS ACR categories (Table 8).

The EIM point scale enables to standardize the description of volumetric lesions when carrying  
out electrical impedance mammography examination as well as use the algorithm of patients' 
supervision worked out by the specialists of the American College of Radiology.

Figure 10. Electroimpedance mammographic scheme distortion (the top images show the affected gland, the bottom line 
contains images of the normal breast).

EIM ACR

Common scale BI-RADS categories

No score BI-RADS 0 poor image

0–1 BI-RADS 1 lesion is not defined

2–3 BI-RADS 2 benign tumors–routine mammography

4 BI-RADS 3 probably benign findings

5–7 BI-RADS 4 suspicious abnormality–biopsy

>8 BI-RADS 5 highly suggestive of malignancy–treatment/biopsy

Table 8. EIM scale and ACR BI-RADS.
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3. Conclusion

EIM diagnostic system is a clear and logical system involving determination of the mammary 
gland structure and density, allowing for cancer diagnostics for various types of breast as well 
as formation of breast cancer risk groups.
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Abstract

Breast cancer is a life-threatening disease and considered one of the most common forms 
of cancer among women worldwide. Early and accurate detection with mass screening 
programmes helps improve a woman’s chances for successful treatment. The current 
and  the most  effective  technique used  for  screening  and diagnosis  of  breast  cancer  is 
the X-ray mammography. The photon  transport detection of such  technique  is mostly 
based on a forward scattering mechanism as well as makes use of attenuation and pen-
etration  coefficients.  The painful  compression  and  the double X-ray  exposure  of  both 
patients’ breasts carried out during the imaging process remain unavoidable. In addition, 
the conventional 2D mammography has two major limitations: sensitivity in detecting 
breast cancers (~ <80%) and the high recall rate (~10%). It suffers from certain limitations, 
most important of which is tissue overlap and false diagnoses arising thereof. To over-
come this and as an alternative, a new 3D imaging method for breast cancer screening 
and diagnosis, namely, tomosynthesis, has recently been used. In such method, a limited 
number of  low-dose 2D projection  images of a patient are used  to  reconstruct  the 3D 
tissue information. Tomosynthesis systems incorporate an X-ray source that moves 
over a certain angle  to acquire  images. This  tube motion  is a major  limitation because 
it  degrades  image  quality,  increases  the  scan  time  and  causes  prolonged  patient  dis-
comfort. Therefore,  the goal of  this work was to overcome all of  the above  limitations 
by  developing  an  innovative  proof  of  concept  for  painless  3D  X-ray  mammography 
to be hopefully used as a screening and as diagnostic methods for breast cancer detection 
by utilizing the scattered X-ray photon information. Most imaging modalities required 
a  wide  spectrum  of  capabilities,  which  span  biomedical  sciences,  physical  sciences 
and clinical medicine; thus, the ongoing methodology aims to establish a collaborative 
cross-disciplinary research engaging together with scientists in universities and clini-
cians in hospitals. Consequently, we hope that this work provides the potential to score 
some successes in clinical imaging science. In order to do this and since it  is generally 
not possible or feasible to use real components to build and optimize a system repeat-
edly, a Monte Carlo simulation was used. The first phase focused on realistic computer 
simulation of the proposed imaging system to find the optimum setup as well as to aid 
in the analysis of the effect of various factors on the system performance. Thus, the main 
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focus was on 3D mammography imaging simulation setup. Five main steps have been 
carefully  checked and  successfully produced:  (a)  the production of X-ray  radiation or 
source after  careful  and detailed physics  check. This  includes  the  interaction between 
the X-ray photons and the object (the 3D breast phantom) that is used on scan as well 
as  the detector system and  its associated electronics modelled.  (b) Next  is  the realistic 
modelling of anthropomorphic breast phantoms to check if the effectiveness of prediction 
of the simulation is successfully achieved. A computer simulation model is developed 
to estimate  the radiation dose to  the breast  that would be  incurred using mammogra-
phy. Mono-energetic normalized glandular dose  coefficients, DgN(E), were  computed 
for energies 11–120 keV using breast phantoms of various sizes and compositions.

Keywords: mammography, breast cancer detection, 3D imaging

1. Introduction

Breast cancer is one of the most common cancers in Saudi Arabia [1] and, thus, is an important 
health problem [2]. In the Western world, it is the second most frequent cause of cancer death 
in women (after lung cancer) [3]. Statistics show that a large number of women in Europe, 
North America, Australia and many Latin-American countries suffer from this life-threaten-
ing disease [4]. Worldwide, in the year 2005, the number of new cases exceeded 1.2 million 
[3]. Breast cancer is rare in women below the age of 20 years and less common below the age 
of 30 years, but it is more aggressive and thus has a lower survival rate. The incidence rate, 
however, rises dramatically over the age of 50 years. This could be due to several risk fac-
tors such as family history, genetics, early menstruation,  late menopause and other factors 
that have not yet been identified. Breast cancer can also occur in males and often fatal, but it 
is extremely rare. The above problems have prompted global governments to put constant 
efforts to increase patient’s recovery level against this disease. Early and accurate detection 
with mass screening programmes helps improve a woman’s chances for successful treatment. 
It also minimizes pain, suffering and anxiety that surround patients and their families.

The current and the most cost-effective technique used for screening and diagnosis of breast 
cancer is X-ray mammography. It is the state of the art for earlier detection to improve both 
prognosis  and  survival  rate  [5].  This may  be  due  to  its  good  availability,  high  sensitivity 
and relatively low cost/patient. Despite the above efforts, the mortality rate of breast cancer 
still remains high and in the UK, for example, accounts for ~17% of all female deaths [6, 7]. 
This is due to some limitations of the current mammographic procedures. As a result, a large 
number of cases with positive mammography results undergo invasive surgical breast biop-
sies.  Breast  biopsy  is  still widely used  and  thus  is  the  only  fail-safe method  to determine 
whether a  lesion  is malignant. Of all biopsy cases, only about 25% prove  to be malignant. 
Moreover, a majority of the diagnosed women below the age of 50 have a dense breast tissue. 
This is a problem as it obscures lesions and results in false-negative mammography.

In addition, the size, shape and appearance of the female breast are not constant but undergo 
a  number  of  changes  during  the  lifetime  of  women.  For  instance,  changes  occur  during 
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the menstrual  cycle and more pre-/postmenopause.  In addition,  the age of  the  subject not 
only influences the shape but also parenchymal density of the breast. Thus younger women 
tend  to  have  denser  breasts  (more  fibro-glandular  tissue), whilst  postmenopausal women 
have breasts containing a larger adipose component. This makes the X-ray mammogram far 
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The above discussion suggests  that both  the  shape and parenchymal density of  the breast 
impose  particular  constraints  on  the  choice  of  imaging modality.  The  imaging  technique 
should be powerful for initial detection and subsequent follow-up of the diseases. At pres-
ent, no single technique can be used for all cases of breast cancer detection without showing 
certain clinical or technical  limitations. This  implies necessity to address the specific needs 
that can help for breast tumour imaging to overcome these limitations. For instance, breast 
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allows separation of the chest wall from lesions deep within the breast.

Furthermore, mammography involves the radiological examination of the breast using equip-
ment  specifically designed  for,  and dedicated  to,  imaging breast  tissue. This  equipment  is 
primarily used for the detection of breast cancer at an early stage. It is widely used in screen-
ing programme  involving healthy populations of women. Early detection of breast  cancer 
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ity needed clinically in screening programmed.

2. Literature review

Cancer is a disease that starts in a localized organ or tissue and then grows out of control. 
Breast cancer is an important health problem as in the western world; it is the second most 
frequent cause of cancer death in women (after lung cancer) [6, 7]. Statistics show that a large 
number of women in Europe, North America, Australia and many Latin-American countries 
suffer from this life-threatening disease [8]. Worldwide, in the year 2005, the number of new 
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cases exceeded 1.2 million [7]. Breast cancer is a heterogeneous disease as it has different cell 
types  and different  behavioural  characteristics  and  appearances. Understanding  the  types 
of breast cancer and their growth pattern is important for imaging purposes. Breast cancer is 
usually categorized into two main types: invasive (infiltrating) and non-invasive (in situ) can-
cer. In situ means that the cancer cells are at early stage, i.e. remains localized to ducts (milk 
passages) or lobule (milk producing glands) with no micro-invasion to the surrounding fatty 
tissue. Once the basement membrane is penetrated, the cancer cells break into the surround-
ing tissue and are referred to as invasive breast carcinoma. Breast cancer is rare in women 
below the age of 20 years and less common below the age of 30 years, but it is more aggres-
sive and thus has a lower survival rate. The incidence rate, however, rises dramatically over 
the age of 50 years. This is may be due to several risk factors such as family history, genet-
ics, early menstruation, late menopause and other factors that have not yet been identified. 
Breast cancer can also occur in males and often fatal, but it is extremely rare. The above prob-
lems have prompted global governments to put constant efforts to increase patient’s recov-
ery level against this disease. Early and accurate detection with mass screening programmes 
helps improve a woman’s chances for successful treatment. It also minimizes pain, suffering 
and anxiety that surround patients and their families. The current and the most cost-effective 
technique used  for  screening and diagnosis  of  breast  cancer  is X-ray mammography.  It  is 
the state of the art for earlier detection to improve both prognosis and survival rate [9].

Mammography  is  a  low-energy  (25–32  keV)  X-ray  examination  of  the  soft  tissues  of  the  
breast.  It uses  the variation  in density between normal mammary  features and abnormal 
tissue structures (lesion) to produce the image. The current widely used technique is based 
on screen-film technology. It is considered the gold standard in breast imaging as it is fast 
and available and has a lower cost than the scintimammography. It has two main applica-
tions: as a screening method in asymptomatic patients and as a diagnostic method in symp-
tomatic populations. The  former  application  is  extremely  important,  and  its  introduction 
has  significantly  reduced  the mortality  rate  of  breast  cancer  in  many  countries  [10,  11]. 
The American Cancer Society (ACS), the Department of Health and Human Services (HHS), 
the American Medical Association  (AMA) and  the American College of Radiology  (ACR) 
recommend screening mammography every year for women, beginning at age 40. This  is 
because the screening services accurately detect micro-calcifications and non-palpable soft 
tissue masses which until now have been beyond other imaging methods thanks to the high 
spatial resolution (50100 μm). Research has shown that annual mammograms lead to early 
detection of breast cancers, when they are most curable and breast-conservation therapies are 
available. The National Cancer Institute (NCI) adds that women who have had breast cancer 
and those who are at  increased risk due to a genetic history of breast cancer should seek 
expert medical advice about whether they should begin screening before age 40 and about 
the frequency of screening. A recent review [12] estimated that screening leads to a reduc-
tion in breast cancer mortality of 15 and to 30% overdiagnosis and overtreatment. This means 
that for every 2000 women invited for screening throughout 10 years, one will have her life 
prolonged. In addition, 10 healthy women, who would not have been diagnosed if there had 
not been screening, will be diagnosed as breast cancer patients and will be treated unnec-
essarily. Furthermore, more than 200 women will experience important psychological dis-
tress for many months because of false-positive findings. Normally, screening is achieved 
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by exposing the breast to X-rays after being gently compressed between two plates and then 
taking two views for each breast. A craniocaudal  (imaging from above to below) and lat-
eral views are generally taken. A lead grid is used to reduce scattering photons that reach 
the film. Diagnostic mammography is used for assessing the size of the lesion, for pre-surgi-
cal localization of suspicious areas of breast and in the guidance of needle biopsies.

The reported sensitivity (the fraction of patients actually having the disease and correctly diag-
nosed as positive) in lesion detection varies between 69 and 90% [13] depending on the breast 
density.  The  specificity  (the  fraction  of  patients  without  the  disease,  correctly  diagnosed 
as negative) is the major drawbacks of conventional mammography. A variation in specific-
ity between 87 and 97% and a  low positive predictive value as  low as 15% have also been 
reported in Ref. [14]. This ‘less than perfect’ performance may be due to several confounding 
factors, e.g. poor mammographic technique, observer error, the lesions are non-palpable or 
at a cellular level and/or the lesions are obscured by the normal breast tissues. In addition, 
the presence of scars or tissue distortion may hide true small tumours on the mammogram. 
Moreover, in mammography the ultimate challenge with regard to X-ray image quality and, 
thus, improving the reliability of screening and early diagnosis, requires better epidemiologi-
cal understanding of breast tissues, improved diagnostic tools, enhanced quality control, con-
tinuous training and efficient management of data and records. Nevertheless, conventional 
mammography  remains  the most  valuable  and  cost-effective  technique  for  breast  tumour 
diagnosis.

Over the last two decades, considerable efforts have been carried out to improve the current 
screen-film mammographic technique. These improvements include image quality, acquisi-
tion techniques and interpretation protocol in order to reduce some of the mammographic 
limitations [15]. Furthermore, a new research effort started 5 years ago focusing on ‘digital 
mammography’ (DM) as a possible future direction in breast imaging. Digital mammogra-
phy, also called full-field digital mammography (FFDM), is a mammography system in which 
the X-ray film is replaced by solid-state detectors that convert X-rays into electrical signals. 
These detectors are similar to those found in digital cameras. The electrical signals are used 
to produce images of the breast that can be seen on a computer screen or printed on special 
film similar to conventional mammograms. This technique offers many advantages compared 
to the conventional screen-film-based method [16, 17]. For instance, processing with digital 
systems increases dynamic range (two to four times the dynamic range of typical film screen) 
and improved quantum efficiency and storage and display mechanisms. In addition, the use 
of computer-assisted image interpretation is claimed to be helpful for the physician. This may 
enhance  different  features  such  as  computer-aided  diagnosis which may  further  improve 
the  visibility  of  lesions  and  improve mammographic  sensitivity  [18].  Therefore,  repeated 
exposures (which are sometimes needed when using conventional mammography) are not 
required, and this may reduce the radiation dose. Moreover, it does not need either cassettes 
or dark rooms or processors and thus allegedly saves space and time in archiving and retriev-
ing DM images. However, DM requires large disk space for saving image data.

Despite  several  advantages, DM does not  yet  replace  screen-film mammography  in many 
centres.  However,  with  continuous  technical  improvements  of  the  digital  system,  it  is 
gradually taking over the conventional systems. Both conventional and DM systems suffer 
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from substantial technical and clinical limitations. For instance, these systems are unreliable 
in imaging patients with dense parenchyma tissue especially in the younger female popula-
tion due to more glandular tissue. Breast implants can also impede accurate mammogram 
readings because both  silicone and saline  implants are not  transparent on X-rays. Thus,  it 
blocks a clear view of the tissues behind them. This is true especially if the implant has been 
placed in front of, rather than beneath, the chest muscles. This issue requires an experienced 
technologists and radiologists to carefully compress the breasts to improve the view without 
rupturing the implant. All the above limitations and problems of imaging need to be dealt 
with to enhance detection efficiency and overcome the drawback. One of the methods that 
recently employed is the computer-aided detection (CAD) systems. Such systems use a digi-
tized mammographic image that can be obtained from either a conventional film mammo-
gram or a digitally acquired mammogram. The computer software then searches for abnormal 
areas  of density, mass  or  calcification  that may  indicate  the presence  of  cancer.  The CAD 
system highlights these areas on the images, alerting the radiologist to the need for further 
analysis.  Despite  that mammographic  findings  are  non-specific  (cannot  always  differenti-
ate benign from malignant disease) and often underestimate the size of the detected lesion, 
X-ray–based imaging is also not useful for breast diagnosis following surgery or radiother-
apy as the patient’s breasts in these cases have architectural distortion. Mammography is not 
recommended  for women with breast  implants and  is also not useful  following hormonal 
replacement therapy due to the increase of breast density. It is worth mentioning that X-ray 
mammography is not always useful for non-palpable tumours. Another group of women—
close carrying a mutation in BRCA1 (human gene called breast cancer 1, early onset) or BRCA2 
(breast cancer 2) genes—are at high genetic risk of cancer, some even having opted for pre-
ventative bilateral mastectomy. It is preferred not to repeat scan this group due to X-ray dose, 
and thus, a more sensitive diagnostic test would be advisable.

Moreover, the size, shape and appearance of the female breast are not constant but undergo 
a number of changes during the lifetime of women. For instance, changes occur with preg-
nancy, breast feeding and during the menstrual cycle. In addition, the age of the subject not 
only  influences  the  shape but  also parenchymal density  of  the  breast.  That  is why young 
women tend to have dense breasts (more fibro-glandular tissue), creating a rounded appear-
ance. On  the other hand, postmenopausal women have breasts containing a  large amount 
of fat. This makes the X-ray mammogram far more effective in older women as the fat con-
tent is more radio-translucent (appears darker) than glandular tissue (appears underexposed) 
in younger women [19]. The above discussion suggests that both the shape and parenchy-
mal density of the breast imposes particular constraints on the choice of imaging modality. 
The  imaging  technique  should be powerful  for  initial detection and subsequent  follow-up 
of the diseases. At present, no single technique can be used for all cases of breast cancer detec-
tion without showing certain clinical or technical limitations. This implies necessity to address 
the  specific needs  that  can help  for  breast  tumour  imaging  to  overcome  these  limitations. 
For  instance,  breast  compression  is  often  needed  as  it  holds  the  breast  still  and  enhances 
the spatial resolution. It also evens out the breast thickness and reduces scatter in X-ray or 
gamma-ray imaging [20], thus increasing image sharpness. Moreover, it spreads out the tis-
sue  so  that  small  abnormalities will  not  be  obscured  by  the  overlying  breast  tissue.  Since 
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replacement therapy due to the increase of breast density. It is worth mentioning that X-ray 
mammography is not always useful for non-palpable tumours. Another group of women—
close carrying a mutation in BRCA1 (human gene called breast cancer 1, early onset) or BRCA2 
(breast cancer 2) genes—are at high genetic risk of cancer, some even having opted for pre-
ventative bilateral mastectomy. It is preferred not to repeat scan this group due to X-ray dose, 
and thus, a more sensitive diagnostic test would be advisable.

Moreover, the size, shape and appearance of the female breast are not constant but undergo 
a number of changes during the lifetime of women. For instance, changes occur with preg-
nancy, breast feeding and during the menstrual cycle. In addition, the age of the subject not 
only  influences  the  shape but  also parenchymal density  of  the  breast.  That  is why young 
women tend to have dense breasts (more fibro-glandular tissue), creating a rounded appear-
ance. On  the other hand, postmenopausal women have breasts containing a  large amount 
of fat. This makes the X-ray mammogram far more effective in older women as the fat con-
tent is more radio-translucent (appears darker) than glandular tissue (appears underexposed) 
in younger women [19]. The above discussion suggests that both the shape and parenchy-
mal density of the breast imposes particular constraints on the choice of imaging modality. 
The  imaging  technique  should be powerful  for  initial detection and subsequent  follow-up 
of the diseases. At present, no single technique can be used for all cases of breast cancer detec-
tion without showing certain clinical or technical limitations. This implies necessity to address 
the  specific needs  that  can help  for  breast  tumour  imaging  to  overcome  these  limitations. 
For  instance,  breast  compression  is  often  needed  as  it  holds  the  breast  still  and  enhances 
the spatial resolution. It also evens out the breast thickness and reduces scatter in X-ray or 
gamma-ray imaging [20], thus increasing image sharpness. Moreover, it spreads out the tis-
sue  so  that  small  abnormalities will  not  be  obscured  by  the  overlying  breast  tissue.  Since 
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the breast is an external organ and extends to the chest wall,  it requires appropriate views 
to be taken. For instance, in X-ray mammography a lateral (from the side) view of the breast 
allows separation of the chest wall from lesions deep within the breast. On the other hand, 
in single photon-ray emission imaging, one needs to separate the breast  from the heart by 
employing an  appropriate prone  (face down) position. However,  it  has been  claimed  that 
with prone imaging view, there is a possibility of missing a small low-intensity medial lesion 
because of attenuation. This implies that another image is needed but with the camera posi-
tioned in the lateral view. In addition, shielding the camera from the background cardiac flux 
is very useful in tumour detection in terms of contrast and resolution [21, 22].

Having discussed  the golden diagnostic  technique  for breast  tumour  imaging,  the  follow-
ing  section will  describe  the  complementary  imaging  techniques  of  the  breast.  The  image 
reconstruction techniques will be then discussed. Section 3 will be closed by presenting some 
preliminary results and a description of the design details.

3. Complementary diagnostic techniques

From the previous discussion, it  is clear that there are some clinical situations where there 
are significant limitations to use mammography in isolation. In such cases, there is a great 
need  to  use  sensitive  tests  to  achieve  a  high  confidence  and  accurate  diagnostic  decision. 
The use of breast biopsies is necessary if breast cancer is indicated or suspected in such cases. 
Of the performed breast biopsies, about 60–80% [23] are negative breast cancer or have benign 
lesions. In these cases, breast biopsies are considered unnecessary. This has led many breast 
cancer experts to propose complementary imaging modalities to provide additional diagnos-
tic information and reduce unnecessary breast biopsies.

Ultrasonography (US) uses high-frequency acoustic waves that reflect at boundaries with dif-
ferent  acoustic  properties.  It  is  a  non-invasive  technique,  easily  available  and  relatively 
cheap. Breast US provides unique information in assessing both palpable and non-palpable 
breast abnormalities. For instance, it clearly differentiates between solid masses and cystic 
lesions [24]. It is also considered to be useful in cancer staging, measuring tumour sizes, easy 
accessing lesions located in peripheries and reducing the number of unnecessary biopsies. 
It allows accurate needle placement during biopsy and is very useful for aspiration of cysts. 
The members of  the European group for breast cancer screening recommended using US 
as a complementary method to X-ray mammography. In addition, the use of high-frequency 
transducers has improved spatial resolution and thus claimed to be useful in axillary node 
evaluation. However, breast US technique is time-consuming and operator/observer depen-
dent.  It  has  also  a  number  of  other  limitations  that may  be  due  to  overlapping  in  sono-
graphic characteristics. For  instance,  it  cannot detect  calcifications  (micro-calcifications or 
macro-calcifications)  in DCIS.  It  could  also miss  solid  lesions  especially  in  a  fatty  breast 
and if detected cannot determine whether a solid  lump is benign or malignant. For these 
reasons, US is not used as a screening technique for asymptomatic breast cancer as it is dif-
ficult to ensure that the entire breast has been scanned.
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Magnetic resonance imaging (MRI) images are created by the recording of signals generated 
after radio-frequency excitation of nuclear particles exposed to strong magnetic field. Breast 
MRI is a non-ionizing tomographic functional technique that may be used when the diagnosis 
is uncertain with mammography [25]. The technique is valuable for specific clinical indica-
tions such as patients with (1) axillary adenopathy (enlargement or inflammation of the lymph 
gland),  (2) possible  tumour  recurrence after  surgery or  radiotherapy,  (3)  lesions overlying 
implants or (4) those requiring staging of multifocal carcinoma (two or more discrete lesions 
in one breast) [26]. Breast MRI with dedicated breast coil has excellent soft tissue resolution 
that enhances the ability to both identify the location and in some cases determine the full 
extent of the lesion. The use of intravenous contrast agent, gadolinium, which accumulates 
in tissues with a dense blood vessel network, has also increased the sensitivity of breast MRI 
[13]. However, the reported specificity (ability to determine if lesion is benign or malignant) 
is  56–72%  [27].  This  technique has  a  limited  application  in patients with  implanted metal 
devices or other metallic materials  inside  the body. MRI cannot also differentiate between 
inflammatory breast cancer and abscesses. In addition, several clinical limitations have been 
reported in the literature suggested not to use MRI in premenopausal women. For example, 
changes that do occur in the T1 value of the breast tissue during the menstrual cycle [13] mean 
that patients  should be  scanned between  the 6th and 16th days of  the  cycle.  In  summary, 
researchers have concluded that breast MRI is limited by lack of availability and inconsistent 
quality, and the technique is too expensive for routine use in breast cancer screening.

The  need  to  improve  the  breast  cancer  detection  and  to  reduce  the  unnecessary  invasive 
breast  biopsies  has  stimulated  researchers  to  investigate  functional  imaging  modalities. 
These techniques produce a range of different imaging approaches such as positron emission 
tomography (PET), single-photon emission computed tomography (SPECT), planar imaging 
and dedicated imaging instrumentation with and without breast compression. These imaging 
techniques of the breast potentially over additional  information in breast cancer diagnosis. 
This is because these imaging methods rely on the physiological and biochemical character-
istics of a lesion. Thus, they are considered as the best hope to differentiate between benign/
normal and malignant diseases. These functional  techniques have also been used to assess 
and monitor the effect of cancer prevention drugs. The current radionuclide imaging tech-
niques used for breast tumour imaging are briefly discussed.

In  PET  a  small  amount  of  positron  emitter  radio-tracer,  18fluorodeoxyglucose  (FDG),  is 
administered  intravenously  to  the patient  [27].  It  is  then distributed  in  the body, and as  it 
decays, the radionuclide emits a positron in any random direction. If the positron whilst trav-
elling interacts with an electron within the body, the two particles then annihilate and pro-
duce  two  rays  of  511  keV  each.  Either  a whole-body  scanner  or  a  breast-specific positron 
emission mammography (PEM) camera [28] is used to detect the two gamma-rays in coin-
cidence  (two  events  that  are  detected within  ~  12  ns).  PEM  is  increasingly  used  in North 
America not only in cancer diagnosis but also in staging, planning and monitoring anticancer 
therapy. This information can be helpful not only in eliminating unnecessary axillary dissec-
tion [29] and biopsies but also in determining the appropriate treatment. The diagnosis of via-
ble  tumour  tissue  following chemotherapy  is another application of PET  [30, 31].  Imaging 
with 18F-FDG has shown considerable promise in breast cancer imaging, but the exact role is 
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still in evolution. Wahl [32] recommended that it is best applied to solve difficult clinical cases 
in specific patients rather than routinely. There are a number of reasons that limit the wide 
use of PEM for routine cancer diagnosis: (1) the high cost (over $2 million) of PET coincidence 
imaging equipment, i.e. cyclotron, scanner and radiochemistry facility [27]; (2) the difficulty 
of producing and labelling the short half-life PET radionuclides [28]; (3) the lack of centres 
with the required experience to develop more advanced methodology appropriate for breast 
oncology—in particular, more data are needed about the metabolism of different PET radio-
pharmaceuticals in breast tumours—and (4) the lack of oncologists with a high knowledge 
of PET methodology [32].

Scintimammography  (SM)  is  a  promising  non-invasive  functional  imaging  technique.  It 
has been proposed  to  complement X-ray mammography and  to  improve patient  selection 
for biopsy. This single-photon imaging of the breast involves injecting the patient in the arm 
vein with a small amount (555–740 MBq [33]) of radiopharmaceutical. The most commonly 
used radiopharmaceutical for SM is 99mTc labelled Sestamibi. After a period of time, the tracer 
distributes in the breast tissue as well as in the body organs. It accumulates more in the target 
object  (lesion) with uptake ratio nearly 9:1  tumour-to-background ratio (TBR) [43]. A stan-
dard full-size clinical gamma camera is then used to scan the patient and thus measure the 3D 
distribution of the radioactivity. SM imaging using full-size clinical camera includes a range 
of different imaging approaches such as planar (2D) imaging or SPECT technique. The lat-
ter technique gives a 3D representation image but is not widely used because it  is difficult 
with this technique to accurately localize the lesion [40]. In contrast, planar SM is the tech-
nique that is more widely used in clinical practice because it provides better lesion localization 
particularly the prone images with lateral views [34]. In this case the gamma camera is usually 
equipped with a LEHR parallel-hole collimator, and two views (prone and supine) are taken 
to the diagnosed breast. Since the energy imaged is 140 keV representing the photo peak, 20% 
energy window (symmetric ~10%) is often used and thus centred over the photo peak.

In  brief,  SM  with  a  general-purpose  camera  has  been  introduced  to  evaluate  patients 
with dense breast prior and in a least case after breast biopsy [35]. The technique may also 
be considered valuable for many clinical applications such as evaluating the axillary lymph 
nodes,  investigating patients with microcalcifications  [36],  assessing multifocal  and multi-
centric breast cancer diseases [37].  It  is also useful for  imaging patients following surgery, 
chemotherapy,  hormonal  replacement  therapy  and  radiotherapy  as  well  as  for  patients 
with  breast  implants  [34].  The  technique may  also  assist  in  the  differentiation  of  benign 
and malignant breast abnormalities by measuring radio-tracer uptake in the lesions as com-
pared  with  surrounding  breast  tissues.  Studies  such  as  [38,  39]  suggested  that  SM  may 
be used as a second-line diagnostic test in cases where the sensitivity of mammography is 
decreased or there is doubt about the presence of lesion. In summary, SM using conventional 
camera may be considered as a useful complementary imaging modality to aid the diagnosis 
and the detection of breast cancer [40]. It may also help to assess in patient selection for biop-
sies, and this may reduce the number of unnecessary or negative breast biopsies. However, 
the major drawback of the current standard clinical gamma camera SM imaging systems is 
the use of mechanical collimator. This causes  the camera  imaging system to utilize a very 
small fraction, ~0.01%, of the total number of the emitted photons. This limits the statistics 
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and hence the quality and diagnostic value of the observed images. The collimator sensitivity 
and resolution are a trade-off, and the camera is also limited by its intrinsic spatial resolution. 
As a result, these factors make it difficult to practically image cases of smaller, non-palpable, 
lesions (<1 cm) that may be deep seated or those close to the chest wall. These have stimulated 
the development of new dedicated (breast specific) instrumentations that are used for breast 
tumour imaging applications.

Recent years have seen considerable interest by scientists in developing new compact medi-
cal  imaging detectors.  These  instruments were proposed  for different  clinical  applications 
with  the  aim  to  improve  image  quality  by  building  cameras  of  suitable  size  and  shape 
for  the part of  the body under  investigation. Among  these designed detectors  is  the small 
dedicated  gamma  camera  for  functional  breast  tumour  imaging.  The  justification  for  this 
development is that a standard full-size clinical gamma camera is designed for whole-body 
imaging and, thus, has not been optimized for breast tumour imaging. In other words, there 
are a number of shortcomings with such general-purpose gamma camera such as the limit-
ing sensitivity (on average 50% [41]) for lesions <1 cm such as DCIS particularly the medi-
ally located tumours. In addition, several studies have pointed out that due to the large FoV 
of the camera and the bulky collimators, it is difficult to position the camera close to the breast, 
and thus, imaging breast tissue adjacent to the chest wall may not be possible. This may, ulti-
mately, decrease the spatial resolution of the camera imaging system and thus affect the diag-
nostic value of the test in detecting such a small lesion size.

To overcome some of the limitations offered by conventional gamma camera on breast imag-
ing, Gupta and colleagues [42] reported the first preliminary clinical data that are performed 
with breast-specific detectors and then compare it with the data obtained from standard full-
size camera. A limited number of patients were investigated in this study but interestingly 
reported a higher sensitivity for the dedicated camera. Following this and due to the large 
research activities, new generation of detectors has been designed and developed for breast 
tumour imaging, for instance, the position-sensitive photo-multiplier tubes (PSPMT), semi-
conductor arrays and scintillation crystals coupled to an array of solid-state photo detectors.

The  commercially  available  dedicated  breast  camera  has  two  detectors  and  is  designed 
and  optimized  to  image  only  the  breasts.  It  possesses  a  high  intrinsic  spatial  resolution, 
and the camera is also equipped with ultra-high-resolution parallel-hole collimator and thus 
optimized for high-resolution SM. The main advantage of such cameras is the ability to sep-
arate  the  breast  from  the  chest  wall  by  positioning  the  camera  close  to  the  breast.  Thus, 
the camera can be used in areas with limited space (e.g. medial view can be possible), where 
the use of a full-sized camera is impractical or impossible. The use of moderate breast com-
pression capabilities may improve both the signal-to-nose ratio (SNR) and the spatial resolu-
tion [43] and thus increase the sensitivity for detecting smaller lesions. The proposed clinical 
indications  for  such  dedicated  cameras  are  similar  to  the  full-size  clinical  gamma  camera 
SM.  There  are  some  recent  clinical  studies  associated with  using  these  dedicated  gamma 
cameras. For  instance,  a  clinical preliminary  study by Brem et  al.  [44,  45] using dedicated 
breast  camera  demonstrated  a  slight  improvement  in  resolution  and  tumour  sensitivity 
particularly for lesions~ 1 cm. Rhodes and colleagues reported [46] on SM performed on 40 
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women  with  small  mammographic  abnormalities  (<2  cm)  scheduled  to  undergo  biopsy. 
The SM examination identified (33/36) malignant  lesions confirmed at biopsy. The authors 
concluded that this preliminary study suggested an important role for the dedicated SM cam-
era  in women with dense breasts.  In another study Brem and colleagues [47] evaluated 94 
women (median age 55 years) presented with normal mammographic and physical examina-
tion results but all considered at high risk of developing breast cancer. Of these women 35 had 
a history of previous breast carcinoma or atypical ductal hyperplasia. The authors concluded 
that with this camera, they can depict small (8–9 mm) non-palpable lesions in women at high 
risk of breast cancer.

In  summary, whilst  these  studies using breast-specific cameras are promising, all are con-
sidered  preliminary  in  nature  because  they  based  on  very  few  cases.  Additional  studies 
with  a  larger  sample  size  are  needed  to  accurately  assess  and  reach  scientific  conclusions 
concerning these proposed cameras. They also need to be cost competitive with the general-
purpose  gamma  cameras  in  order  to  be  widely  used  in  breast  tumour  imaging  applica-
tions. In addition, the smallest lesion sizes that can be detected with these cameras claimed 
to be 3–3.3 mm [48] compared to 4–5 mm [49] with conventional camera. However, the evi-
dence published  to date did not demonstrate  a  statistically  significant difference  in  lesion 
detection. The spatial resolution of these proposed cameras may further improve by increas-
ing the pixel size, but there are however practical limitations in the development of cameras 
with small pixel sizes, including cost and detector design. More importantly due to the use 
of  collimator,  these  dedicated  cameras  suffer  from  low  detection  efficiency.  Nowadays, 
the latest revolution in the mammography field was announced by Dr. Jeffrey Shuren, direc-
tor of  the FDA’s Center  for Devices and Radiological Health, said on Friday, February 11, 
2011 “Physicians can now access this unique and innovative 3-D technology that could sig-
nificantly enhance existing diagnosis and treatment approaches”. In addition, the US Food 
and Drug Administration approved on Friday the first X-ray mammography device that pro-
vides three-dimensional images of the breast for cancer screening and diagnosis.

3.1. Image reconstruction techniques

Screening  and  diagnostic  mammography  suffers  from  the  limitation  that  the  complex 
3D breast  structure  is projected  into a plane. Thus,  lesions  can be obscured by overlaying 
and underlying tissue structures which could cause a  false negative, or dense overlapping 
tissue can mimic lesions,  leading to an unnecessary recall of a patient. The proposed solu-
tion  is  3D breast  tumour  image  reconstruction  techniques  such as digital  breast  tomosyn-
thesis (DBT) which is an emerging modality that produces 3D breast images. In DBT, lesion 
conspicuity is improved, which could potentially lead to earlier cancer detection and a more 
accurate diagnosis. In tomosynthesis, a volume image is created from a sequence of projec-
tion views acquired over a limited arc. Reconstruction from this data is challenging because 
the data is inherently incomplete. One-shot algorithms such as filtered back projection (FBP) 
have been developed for DBT image reconstruction. Though efficient, they tend to yield con-
spicuous  artefacts.  Iterative  algorithms  such  as  expectation maximization  (EM)  have  also 
been employed with DBT. Such algorithms sacrifice efficiency but yield images with fewer 
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artefacts. An additional drawback for EM, however, is that in general some form of regular-
ization is needed which tends to reduce resolving power necessary for calcification detection.

3.2. Design details and preliminary results

3.2.1. Design details

The experimental system consists of a general radiography tube pointing at a given distance 
from  the  central  axis of  the breast.  Four flat-panel digital detectors will  be used  to  collect 
all the photon information (energy, flux, position) scattered by the phantom breast covering 
all possible area around it. The patient would lie on a table in the prone position with one 
breast drawn downwards through an opening to allow the X-ray tube and detector flat panels 
to be safely placed beneath the table (Figure 1).

During one irradiation of such phantom, we will investigate all the collected data to recon-
struct the image in a 3D framework.

3.2.2. Preliminary results

As an  illustrative example  to  indicate whether  the proposed  idea will work, we simulated 
a  semi-spherical  breast phantom  including  two air-filled  cavities,  irradiated with  108 pho-
tons. The photon energies imitate the standard spectrum of the commonly used X-ray source 
in mammography case studies. Monte Carlo sampling of  the X-ray generator  (30 kVp, Mo 
anode, filter 0.03 mm Mo and 1 mm Be) was carried out using the inverse cumulative method 

Figure 1. Schematic  view  of  proposed  setup  design.  Patient  lies  prone with  one  breast  drawn downwards  through 
opening in scanning device.
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starting from experimental data sets. Figure 2 shows the phantom (magenta colour) including 
two cavities (yellow) and surrounded with four flat-panel detectors (white). The two other 
faces contain the chest and the source beam zone.

The important data given by the scorers (flat-panel detector) numbers 2, 3 and 4 will contrib-
ute significantly on  the final 3D  image reconstruction process. Figure 3 demonstrates how 
important the scattered photon statistics are for the given simulated setup.

Chest 

X-ray source 

Figure 2. Simulated setup including the breast phantom (magenta), air cavities (yellow), X-ray photon (red) and the four 
scorers.

 

Figure 3. Simulated  deposited  energy  using  Geant4  Monte  Carlo  simulation  toolkit  for  the  four  scorers.  Bar  scale 
indicates the specific magnitude of deposition.
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Therefore,  the goal of  this project  is  to overcome all of  the above  limitations by providing 
a proof of concept for painless 3D mammography to be used as a screening and as diagnostic 
methods after commercialization. The proposed prototype includes (1) the detection system, 
which will  be  a  set  of  semi-conductor  arrays  spatially  distributed  around  each  breast;  (2) 
the X-Ray source; and (3) the convenient patients’ test bed for painless exposition to X-rays. 
For that purpose, the first phase of the proposed project will focus on a versatile and widely 
used Monte Carlo simulation tool, Geant4, to optimize the detector arrays’ chemical composi-
tion (CdZnTe, GaAs, etc.), spatial positioning around patient, source characterization (energy, 
spatial localization) and also the test-bed geometry to mainly fulfil the two conditions of radi-
ation protection and painless positioning.

Secondly, we will use an iterative reconstruction algorithm to reconstruct the images of a math-
ematically breast phantom using the cluster network technique. Then, the experimental con-
struction of the overall design will be carried out. Finally, the use of anthropomorphic breast 
phantoms  to  check  the  effectiveness  prediction  of  the  simulation  will  resume  the  project 
phases. Since most imaging modalities required a wide spectrum of capabilities which span 
biomedical sciences and physical sciences and clinical medicine, thus this project will be a col-
laborative cross-disciplinary research engaging together with scientist in universities and cli-
nician  in  hospitals.  Consequently,  this  proposal  has  the  potential  to  score  some  successes 
in clinical imaging science. The project outputs will include the creation of a numerical plat-
form able to more understand the breast disease problems and the development of an inno-
vative prototype for painless breast imaging within a 3D framework. These allow the large 
communities of researchers and doctors to improve the breast imaging process and to build 
and to share some knowledge and experiences within that context. As a result, some interna-
tional and national publications will be submitted to well-recognized journals.

Based on the assessment of current prevalence and projected incidence of diseases, cancer has 
been selected as medical and health-priority area for strategic intervention by the National 
Medical and Health Research Strategic Priorities (NMHRS) for the Kingdom. It is classified 
as  a  non-communicable  disease  [1]. Within  that  context,  breast  cancer  is  the  second  lead-
ing cause of cancer deaths in women today. About 1.3 million women are diagnosed annu-
ally worldwide, and about 465,000 will die from the disease. Incidence and mortality have 
reached a plateau and appear to be dropping in both United States and parts of Europe [1]. 
This decline has been attributed to several factors, such as the early detection. Despite the rel-
atively  low incidence  in Saudi Arabia compared to other countries, breast cancer has been 
the most common cancer among Saudi females for the past decade (Saudi Cancer Registry, 
1994–2005). The most concerned patients were aged between 40 and 50 years old. For that, 
a breast cancer screening programme will help all the female population, including the young 
one (having dense breast), for early detection and prevention advices.

So, the potential positive impacts on the economy and society of the current project are well 
defined in terms of decreasing the enormous burden to the healthcare-utilization costs.

Furthermore, the expertise to be developed through this project will be applied to the review 
of new digital radiographic imaging systems, the development of amendments to the diag-
nostic X-ray performance standard,  the development of an advisory pertaining to national 
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public breast cancer screening programmes and the joint planning of a consensus develop-
ment conference on the 3D X-ray imaging modality with the King Saud University.

Also,  investigating  the  computer-assisted  diagnosis  devices  will  provide  the  Kingdom 
with the scientific basis to effectively regulate this fast-growing field. In addition, this project 
may provide powerful tools of a commercial value for X-ray imaging application, especially 
with the development of such prototype, including the detectors, the source and the patient 
bed, that will meet to a 3D painless mammography.

Another benefit of such project concerns the supervision of two master’s students and to create 
a locally competent talent capable of conducting novel medical and health sciences research. 
The creation of an infrastructure that supports and enables further research, in such medical 
field, will be an extra added benefit to the College of Applied Medical Sciences and to the King 
Saud  University.  The  development  and  the  setup  of  cooperative  agreement  by  establish-
ing collaborative research with advanced institutions such as the CERN and the University 
of Surrey will contribute to the technological opportunities transferred from over the world. 
Finally,  the  proposed project  should  participate  in  increasing  national  scientific  discovery 
and productivity through promotion by publishing in peer-reviewed and reputable journals.

4. Valuable to the Kingdom

Based on the assessment of current prevalence and projected incidence of diseases, cancer has 
been selected as medical and health-priority area for strategic intervention by the National 
Medical and Health Research Strategic Priorities (NMHRS) for the Kingdom. It is classified 
as  a  non-communicable  disease  [1]. Within  that  context,  breast  cancer  is  the  second  lead-
ing cause of cancer deaths in women today. About 1.3 million women are diagnosed annu-
ally worldwide, and about 465,000 will die from the disease. Incidence and mortality have 
reached a plateau and appear to be dropping in both United States and parts of Europe [1]. 
This decline has been attributed to several factors, such as the early detection. Despite the rel-
atively  low incidence  in Saudi Arabia compared to other countries, breast cancer has been 
the most common cancer among Saudi females for the past decade (Saudi Cancer Registry, 
1994–2005). The most concerned patients were aged between 40 and 50 years old. For that, 
a breast cancer screening programme will help all the female population, including the young 
one (having dense breast), for early detection and prevention advices. So, the potential pos-
itive  impacts on  the  economy and  society of  the  current project  are well defined  in  terms 
of decreasing the enormous burden to the healthcare-utilization costs.

Furthermore, the expertise to be developed through this project will be applied to the review 
of new digital radiographic imaging systems, the development of amendments to the diag-
nostic X-ray performance standard,  the development of an advisory pertaining to national 
public breast cancer screening programmes and the joint planning of a consensus develop-
ment  conference on  the  3D X-ray  imaging modality with  the King Saud University. Also, 
investigating the computer-assisted diagnosis devices will provide the Kingdom with the sci-
entific basis to effectively regulate this fast-growing field.
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In addition, this project may provide powerful tools of a commercial value for X-ray imag-
ing application, especially with the development of such prototype, including the detectors, 
the source and the patient bed, that will meet to a 3D painless mammography.

Another benefit of such project concerns the supervision of two master’s students and to create 
a locally competent talent capable of conducting novel medical and health sciences research. 
The creation of an infrastructure that supports and enables further research, in such medical 
field, will be an extra added benefit to the College of Applied Medical Sciences and to the King 
Saud  University.  The  development  and  the  setup  of  cooperative  agreement  by  establish-
ing collaborative research with advanced institutions such as the CERN and the University 
of  Surrey will  contribute  to  the  technological  opportunities  transfer  from  over  the world. 
Finally,  the  proposed project  should  participate  in  increasing  national  scientific  discovery 
and productivity through promotion by publishing in peer-reviewed and reputable journals.
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This book watches out for the issues on making moves for chest radiology in carcinoma 
of the chest. It focuses on all parts of radiological approaches to manage the breast 

illness, be it light (optical), sound (ultrasound), interest, microwave, electrical 
impedance, blend of these modalities, and a section of the incredibly intense issues 
on computer-aided detection. The dedication of the eminent analysts in this book 
has incorporated a lot of energy for the people who are adequately drawn in with 
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