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Methodological Review

Abstract—Breast cancer is anticipated to be responsible for
almost 40,000 deaths in the USA in 2011. The current clinical
detection techniques suffer from limitations which motivated
researchers to investigate alternative modalities for the early
detection of breast cancer. This paper focuses on reviewing the
main electromagnetic techniques for breast cancer detection.
More specifically, this work reviews the cutting edge research in
microwave imaging, electrical impedance tomography, diffuse op-
tical tomography, microwave radiometry, biomagnetic detection,
biopotential detection, and magnetic resonance imaging (MRI).
The goal of this paper is to provide biomedical researchers with an
in-depth review that includes all main electromagnetic techniques
in the literature and the latest progress in each of these techniques.

Index Terms—Biomagnetic detection, biopotential detection,
breast cancer, diffuse optical tomography, electrical impedance
tomography, magnetic resonance imaging (MRI), microwave
imaging, microwave radiometry.

I. INTRODUCTION

CCORDING TO the American Cancer Society, 230,480

women are anticipated to be diagnosed with breast cancer
in the U.S. in 2011 alone [1]. This number is larger than any
other kind of cancer in females and accounts for almost 30% of
the total estimated new cancer cases for women. Additionally,
39,520 breast cancer related deaths are expected in the U.S. in
2011. These statistics clearly demonstrate the gravity of this dis-
ease and its impact on the health and welfare of society.

Since the 1960s, studies have been performed to test the hy-
pothesis that regular screening for breast cancer can reduce the
mortality rate of this disease [2]. The primary screening method
has been X-ray mammography, which is currently the golden
standard for breast cancer screening [2]. The important conclu-
sion of these studies is that early detection of breast cancer sig-
nificantly improves the outcome of treatment and reduces the
mortality rate which justifies regular screening [2]-[4]. How-
ever, the recent recommendation of the U.S. Preventive Services
Task Force (USPSTF) to start screening using mammography at
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the age of 50 instead of the age of 40 has been the subject of se-
rious controversy [5]. Moreover, there is a debate on the extent
of benefit of screening using X-ray mammography [6]. How-
ever, there is a general consent that regular screening of breast
cancer should be performed, especially for women between the
ages of 50 and 74 years [5].

The limitations of the X-ray mammography method present a
significant challenge to the accurate detection of breast cancer.
These limitations are behind the motivation to develop alter-
native detection techniques. However, the current clinical al-
ternatives to X-ray mammography still suffer from their own
challenges which will be discussed in the next section. The
goal of this paper is to provide an up-to-date review of the
research performed using electromagnetic detection methods.
The following modalities are reviewed herein: microwave, elec-
trical impedance tomography (EIT), diffuse optical tomography
(DOT), microwave radiometry, biopotential, biomagnetic and
magnetic resonance imaging (MRI).

To the best of our knowledge there have been only two papers
that reviewed electromagnetic modalities of breast cancer detec-
tion, [7] and [8]. The current review paper presents an update of
the extensive research in the literature since publishing [7] and
[8]. In addition, other electromagnetic methods for breast cancer
detection are added in this review paper. A brief review of the
different electromagnetic modalities was presented in [9].

The modalities reviewed herein, microwave, electric
impedance tomography, diffuse optical tomography, microwave
radiometry, biopotential and biomagnetic, have similar fea-
tures and are reviewed under the subtitles: Physical Quantity
Sensed, Imaging Systems, Imaging Algorithms (or numerical
modeling), and Clinical Trials. The biomagnetics section is
included for completeness as it represents preliminary work
with few published papers. MRI also belongs to the spectrum
of electromagnetic techniques, but it has different features. The
MRI is a more advanced technique and, therefore, its section is
focused on clinical applications for breast cancer detection.

II. LIMITATIONS OF CURRENT BREAST CANCER
DETECTION TECHNIQUES

Currently, the standard technique for breast cancer screening
and detection is X-ray mammography. Yet the rate of failure of
mammography in detecting breast cancer, termed false negative,
is relatively high and ranges from 4% to as high as 34% [10].
The ionizing X-ray in mammography poses a serious health risk
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TABLE 1
COMPARISON OF PERFORMANCE OF DIFFERENT BREAST CANCER DETECTION TECHNIQUES [15]

Positive
Modality Sensitivity Specificity Predictive | Accuracy
Value

Mammography 67.8% 75% 85.7% 70.2%
(120/177) (61/81) (120/140) | (181/258)

Mammography and clinical 77.4% 72% 58.6% 75.6%
examination (137/177) (58/81) (137/160) | (195/258)

Clinical examination 30.3% 2% 4% 63.6%
(89/177) (75/81) (89/95) (164/258)

Ultrasound 83.0% 34% 73.5% 67.8%
(147/177) (28/81) (147/200) | (175/258)

Mammography and 91.5% 23% 72.3% 70.2%
Ultrasound (162/177) (19/81) (162/224) | (181/258)

Mammography, clinical 93.2% 22% 72.4% 70.9%
examination, and Ultrasound (165/177) (18/81) (165/228) (183/258)

MRI 94.4% 26% 73.6% 72.9%
(167/177) (21/81) (167/227) | (188/258)

Mammography, clinical 99.4% 7% 70.1% 70.5%
examination, MRI (176/177) (6/81) (176/251) | (182/258)

to women and can even increase the chance for cancer develop-
ment [11], [12]. An alternative technique for breast cancer de-
tection is the MRI; it offers higher sensitivity but at a tradeoff
with high cost and low specificity which can lead to over diag-
nosis [13],[14]. Therefore, MRI is not currently used for breast
cancer screening except for high risk cases [13], [14]. Ultra-
sound (US) has also been utilized in breast cancer detection with
a false negative rate of 17% [15].

In order to improve breast cancer detection, combining dif-
ferent detection modalities has been investigated in [15]. This
study involved 258 patients, 177 patients with malignant tumors
and 81 with benign tumors [15]. Four parameters were used
to test each detection technique: sensitivity, specificity, positive
predictive value, and accuracy. Sensitivity is defined as the ratio
of malignant tumors detected to the total number of patients with
malignant tumors. Specificity is defined as the ratio of patients
correctly classified as having benign tumors to the total number
of patients with benign tumors. The positive predictive value is
the ratio of the number of patients correctly diagnosed to have
malignant tumors to the total number of positive diagnoses. The
total number of positive diagnoses consists of patients with ma-
lignant tumors correctly diagnosed as positive in addition to pa-
tients with benign tumors incorrectly diagnosed as positive. Fi-
nally, accuracy is the ratio of the number of patients correctly
diagnosed, whether they have benign or malignant tumors, to
the total number of patients.

A summary of the results obtained in [15] is presented
in Table I which shows the number of correct diagnoses in
each category as well as the percentage. The highest sen-
sitivity, 99.4%, was achieved when mammography, clinical
examination, and MRI were combined. However, in this case
the specificity dropped to only 7%. The maximum accuracy
obtained from any combination was 75.6% which means that
one diagnosis is wrong in every four diagnoses. Therefore, a
combination of the current detection modalities is not sufficient
to enhance the accuracy, reduce the cost, increase the safety,
and reduce the discomfort of breast cancer detection.

The previous statistics show that the current clinical tech-
niques suffer from limitations for breast cancer detection. These

limitations motivated researchers globally to investigate new al-
ternative detection techniques substantially different from the
techniques presented in Table I. In particular, electromagnetic
(EM) detection techniques have been receiving rising interest in
recent years. The EM detection of breast cancer relies on: 1) the
presence of a contrast in the electromagnetic properties between
breast and tumor tissues; 2) the unique electrical signals gener-
ated by cancerous cells; or 3) the nuclear magnetic resonance
(NMR). The next sections will review the progress in different
EM breast cancer detection techniques.

III. MICROWAVE IMAGING

A. Physical Quantity Sensed

Microwave imaging of breast cancer has received extensive
attention lately. The main motivation was the hypothesis that
the electrical properties, permittivity and conductivity, of ma-
lignant breast tumors tissue differ significantly from those of
the normal surrounding breast tissue. The difference was esti-
mated to be almost five to ten times larger [7]. Also, microwave
frequencies are nonionizing and exhibit reasonable penetration
in breast tissue, although with moderate to low resolution. In
microwave imaging, the sensors are the transmitter and re-
ceiver antennas. The transmitter antennas illuminate the breast
with microwave signals and the signals scattered back from
the breast are collected by the receiver antennas. Cancerous
tissues have dielectric permittivities and conductivities that
are different than those of healthy breast tissues. Therefore,
when an incident wave is exerted, cancerous tissue will scatter
differently indicating their presence. Microwave imaging has
been employed in few clinical trials and it exhibited a minimum
detected tumor size of 5-10 mm, and a preliminary accuracy of
80%—-90% [16]. The following subsections review the recent
progress in the key components of microwave imaging of
breast cancer.

B. Imaging Systems

The first near-field microwave imaging system used in clin-
ical trials was developed at Dartmouth College by Meaney et
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al. [17]. The system consisted of a circular antenna array of 32
monopoles operating in the frequency range 300—-1000 MHz.
The antenna array was positioned in a tank filled with saline
to act as the coupling medium between the antennas and the
breast. The patient lay in the prone position with her breast
hanging, through an opening in the table, into the tank where
the antennas were immersed. The antenna array moved verti-
cally, in 1-cm steps, through a mechanical jack to acquire mea-
surement from the chest level down to the nipple. A microwave
switching system was used to select which antenna transmits the
power from the microwave source and which antenna sends its
received power to the receiver.

Another ultra-wideband microwave imaging system was de-
veloped by Klemm et al. at the University of Bristol [18]. In
comparison to the system of Meaney et al., this system operated
at higher frequencies (4.5-10 GHz) which were achieved by em-
ploying cavity-backed patch antennas instead of monopole an-
tennas. Furthermore, Klemm et al. employed a 3-D hemispher-
ical antenna array versus the 2-D circular array by Meaney et al.

In addition to the development of complete systems, exten-
sive research was performed to advance the antennas, which
are the sensors for the microwave imaging modality [19]-[27].
Desired characteristics of these antennas were ultra-wideband,
compact size, steerable, dual independent linear polarization,
isolation from nearby interference, and high radiation efficiency
[19]-[27]. Several antenna types have been proposed such as
dipole antennas [19], dielectric resonator antennas [20], patch
antennas [21], [22], slot antennas [22], Vivaldi antennas [23],
Horn antennas [24], [25], and MEMS-steerable antennas [26],
[27].

Most of the previously mentioned antennas require a
matching liquid to reduce the mismatch between the antenna
and the skin layer. However, the Horn antenna in [25] was
augmented with a dielectric enclosure such that it does not
require a matching liquid which reduced the complexity of the
imaging system. In [23], the conventional Vivaldi antenna was
augmented with a high permittivity dielectric material, director,
to focus the power of the antenna more effectively into the
region of interest. This director had the effect of increasing
the scattered energy received from the tumor [23]. A compar-
ison between wide-slot antennas and stacked patch antennas
for microwave breast imaging was performed in [22]. Even
though the two antennas operated at the same frequencies, the
wide-slot antenna was found to be three times smaller than the
stacked-patch which could allow the integration of larger arrays
of antennas in the microwave imaging system [22]. The com-
parison in [22] can be the basis of future comparisons in order
to identify the optimum antenna for the microwave imaging of
the breast. The MEMS-steerable antenna in [26] and [27] was
designed on a platform which can rotate in two dimensions
and, therefore, can enhance the efficiency of scanning different
areas in the breast. Another advantage of the antennas in [26]
and [27] was their capability of generating two independent
linear polarizations. Testing two linear polarizations during the
microwave imaging of the breast was found to be advantageous
since it was shown that likelihood of detecting the tumor
increases if the polarization of the incident wave was along the
major axis of the tumor [28].

C. Imaging Algorithms

A healthy breast is generally composed of an outer skin layer,
fatty tissue, and fibroglandular tissue. The fibroglandular tissue
is composed of the ducts and lobules inside the breast. One of the
first steps in microwave imaging of the breast is reconstructing
the outer shape of the breast [29], [30]. Identifying the outer
surface of the breast can improve the accuracy and the speed of
the consequent steps of imaging the interior of the breast [29].
In addition, the skin layer reflects a considerable portion of the
incident microwaves even when a matching liquid between the
microwave sources and the breast was utilized [31]. By identi-
fying the outer surface of the breast, the effect of the skin layer
can be removed from the signature of the internal structures such
as the tumor [31]. In the algorithm proposed in [29], the first
step involved reconstructing a number of points on the breast
surface equal to the number of antennas used in the imaging.
Those points were then interpolated and extrapolated to achieve
a larger number of points. Finally, these points were used to
generate surface functions to estimate the smooth continuous
surface of the breast [29]. Current breast surface identification
techniques were successful in reconstructing the surface of the
breast within an error of few millimeters [29], [30].

There are two main modalities for imaging the interior of the
breast: 1) microwave tomography [17], [32]-[35] and 2) radar-
based imaging [36]-[43]. In microwave tomography, a recon-
struction of the electrical properties of the breast at each pixel
was calculated [17], [32]-[35]. On the other hand, in radar-
based imaging signal processing techniques were employed to
identify regions of strong backscatter similar to conventional
radars. The regions of large backscatter indicated the presence
of a contrast in electrical properties such as the contrast be-
tween cancerous and healthy tissue [36]-[43]. The shape of the
tumor is one of the key parameters to be reconstructed in mi-
crowave imaging of the breast [44]. The importance of the tumor
shape lies in the fact that benign tumors tend to have a round
smooth shape whereas malignant tumors tend to have irregular
nonsymmetrical shapes [44]. Therefore, detecting the shape of
the tumor can help diagnose it as malignant or benign. Recon-
structing the shape of the tumor was achieved in [44] using
the spherical harmonics expansion. The optimum spherical har-
monic coefficients to reconstruct the shape of the tumor were
obtained through a gradient descent optimization method com-
bined with a forward solver [44]. An updated algorithm for the
shape reconstruction of the tumor, based on the hybridization of
the adjoint-field scheme with the method of moments, was pre-
sented in [45]. The adjoint-field algorithm allowed the update
of each node on the surface of the evolving object during the
reconstruction without any parameterization. By updating each
surface node, the adjoint-field algorithm allowed the reconstruc-
tion of a larger family of tumor shapes [45].

A different imaging modality was developed in [46]. The
method involves measuring the resonance spectra from the
breast. Tumors were found to resonate at unique frequencies
independent of the incident polarization, direction, or tumor
depth. The resonance of the tumor was found to depend only
on the tumor shape and dielectric properties [46].
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D. Clinical Trials

The system developed by Meaney ef al. was used in clinical
trials in [16] and [47]. In [16], the system was used to image
the breasts of 43 healthy patients with no tumor. The study re-
vealed two important conclusions. The first conclusion was the
high correlation between the average electrical properties in the
microwave region in both breasts [16]. The second was the in-
crease in the average and local electrical properties in the mi-
crowave region with the increase in radiographic breast density.
The radiographic breast density is defined as the amount of fi-
broglandular tissue relative to the amount of fat in the breast
[16].

The clinical trial in [47] tested the microwave imaging system
on 80 patients with abnormal mammograms and 50 patients
with normal mammograms. The electrical permittivity and con-
ductivity in the region of interest (ROI), the region which was
suspicious in the mammogram, were reconstructed using the
measured microwave data. The electrical permittivity and con-
ductivity in the ROI were then compared to the background
permittivity and conductivity outside the ROI in the ipsilateral
breast (the breast with the suspicious legion) and to the mirrored
ROI in the contralateral breast (the other breast). In the normal
patients pseudo-ROI were selected. The results showed that can-
cerous tumors more than 1 cm in diameter exhibited twice as
large conductivity in comparison to the background tissue. This
ratio was statistically larger than that of benign tumors or that
exhibited by healthy patients [47].

The system developed by Klemm et al. was used in prelimi-
nary clinical trials in [48]. The microwave imaging system pro-
vided qualitative agreement with the images obtained by X-ray
mammography for certain patients.

E. Tissue Electrical Properties Measurements

In a large scale study performed by Lazebnik et al. at the
University of Wisconsin and the University of Calgary in
2007, the dielectric properties of normal, benign, and malignant
tissue were measured ex vivo [49], [50]. The study involved 354
normal breast tissue specimens from healthy patients (breast
reduction) and 319 tissue specimens from cancer surgeries over
a frequency range from 0.5 to 20 GHz. The normal breast tissue
was divided into three groups: 1) 0%—-30%; 2) 31%—84%; and
3) 85%—100% adipose (fat) tissue content. The frequency vari-
ation of the measured complex permittivity of each tissue type
was then represented accurately using a one pole Cole—Cole
model [49], [50]. Representing the dispersive properties of the
biological tissue using the Cole—Cole or Debye models can
simplify microwave tomography because only the parameters
of the Cole—Cole or the Debye model need to be reconstructed
instead of reconstructing a different permittivity value at each
frequency [51].

The main conclusions of the study were that the dielectric
properties of normal breast tissue heavily depend on the adi-
pose percentage. Also, it was concluded that the dielectric prop-
erties of normal breast tissue exhibit a large variation in the
microwave range. More importantly, the contrast in dielectric
properties between malignant tumor tissue and adipose domi-
nated tissue was as high as 10:1 [49], [50]. However, the con-
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trast in dielectric properties between malignant tumor tissue
and normal low adipose (fibroglandular) tissue was found to be
~10%. The later finding implies that the signature of the tumor
is significantly reduced in younger women where the fibrog-
landular portion of the breast is significant. However, in older
women the fibroglandular portion of the tissue is considerably
reduced and, therefore, it is anticipated that microwave imaging
has more potential in older women than in younger women [28].
The unexpected conclusion of the low contrast in the electrical
properties of malignant tumors with respect to the surrounding
breast tissue represented a setback for the microwave imaging
of breast cancer.

A different study by Halter et al. [52] indicated that the mea-
surements performed by Lazebnik et al. were performed ex vivo
and did not consider the variation in the dielectric properties of
breast tissue in vivo. However in [52], the difference in the di-
electric properties between in vivo and ex vivo was in the range
of 20% to 39% depending on the frequency. This small dif-
ference is not convincing to justify the significant contrast be-
tween cancerous and healthy tissue originally assumed in the
microwave region [7].

Two approaches were developed to overcome the low con-
trast limitation: 1) using a hybrid imaging modality [53], [54]
and 2) using contrast agents in the microwave range [55]—[58].
Examples of the hybrid imaging modality is a scheme which
combines microwave with acoustic imaging [53] or microwave
with MRI [54]. The first scheme aimed to combine the contrast
in dielectric properties in the microwave region with the con-
trast in elastic properties between cancerous and healthy tissue.
The concept of the hybrid modality in [53] was to exert low fre-
quency acoustic signals to induce displacements in the breast
tissue, which were displaced according to their elastic proper-
ties. The microwave signals were then exerted on the breast
where the scattered microwave signals were modulated by the
displacement caused by the acoustic signals [53]. Upon com-
bining acoustic and microwave imaging methods, the harmonic
backscatter signature from the tumor was increased by ~4.5 dB
[53].

In the second hybrid modality, microwaves were integrated
with MRI to develop magnetic resonance microwave absorption
(MRMA) [54]. The concept of MRMA was to exert microwave
pulses on the breast, with different biological tissues absorbing
different amounts of the incident waves. The expansion of the
different tissues led to different displacements which were de-
tected as phase contrasts in the MRI [54]. In the feasibility study
performed by Xie et al. the expansion displacements, due to mi-
crowave absorption, were successfully detected using MRI [54].

As for the contrast agent approach, microbubbles [55] and
carbon nanotubes [56] were tested as contrast agents in the mi-
crowave region. The purpose of the imaging technique aug-
mented with contrast agents was to perform two measurements
and two reconstructions, one before administering the contrast
agent and one after administering the contrast agent [57]. A
breast phantom composed of ethylene glycol was found to have
~50% lower permittivity and ~60% lower conductivity with
30% of its weight composed of microbubbles in comparison to
pure ethylene glycol at 3 GHz [55]. In [56], a tissue phantom
with 0.22% of its weight composed of carbon nanotubes was
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found to have ~37% higher permittivity and ~81% higher con-
ductivity in comparison to the same phantom with no nanotubes.
These differences in the dielectric properties were incorporated
with an imaging algorithm to test whether the addition of the
contrast agents benefit the detection of breast tumors or not [57].
Even though this approach was successful in detecting the tu-
mors in [57], it required a relatively high signal-to-noise ratio
(SNR) ~40 dB. Another factor worth consideration is that the
contrast agent can diffuse inside the tumor and therefore could
distort the tumor shape in comparison to the precontrast stage
as mentioned in [58].

Biocompatibility and safety of contrast agents are significant
factors in determining the efficacy of their use. Microbubbles
filled with gas have been heavily employed in ultrasound and
they are safe as long as the amount of injected gas does not ex-
ceed 200 L [59], [60]. It is also necessary to use pharmaceuti-
cally safe materials for the coating and the enclosed gas to en-
sure the biocompatibility of the microbubbles, e.g., cross-linked
serum albumin, spray-dried serum albumin and phospholipids
for the coating and air, octafluoropropane, and perfluorocarbon
gas for the enclosed gas [60]. In the administration of microbub-
bles, special care has to be taken such that the bubbles do not
block blood capillaries and cause microembolism [60]. Typical
concentrations of intravenously administered microbubbles are
around 10Y microbubbles/mL and their sizes are typically less
than 8 pm.

As for single wall carbon nanotubes (SWCNT), there have
been several studies testing their biocompatibility using ani-
mals and human cell line [61]. The reported controversy in the
level of SWCNT cytoxicity can be explained by the contami-
nation with metallic residue during fabrication that can induce
cytoxic effects [61]. Several studies showed that highly soluble
SWCNT, which are less likely to form agglomerates, are less
toxic than SWCNT with lower solubility [61].

In summary, the use of contrast agents for microwave
imaging is still an emerging topic with several challenges such
as sensitivity and biocompatibility.

IV. ELECTRICAL IMPEDANCE TOMOGRAPHY (EIT)

A. Physical Quantity Sensed

In electrical impedance tomography (EIT), a 2-D or 3-D re-
construction of the impedance of the breast is created over the
range of frequency from 100 Hz to ~1 MHz [8], [62]. This is a
lower frequency range than the one employed in the microwave
imaging technique. EIT is accomplished by placing sensors on
the surface of the breast with each sensor applying a current and
then measuring the resulting voltage differences across the sen-
sors. In some versions of EIT, a voltage was applied and the
generated currents were measured [63]. The sensors employed
in EIT are typically electrodes of square metallic patches [64]
or silver/silver chloride electrodes [62]. By applying suitable
reconstruction algorithms, the impedance of the breast could be
reconstructed using the applied currents and the measured volt-
ages [8]. Due to the differences between the permittivity and
conductivity of cancerous and healthy tissue in the frequency
range less than 1 MHz, tumor regions have different complex
impedances compared to the surrounding healthy tissue.

B. Imaging Systems

Currently, the TransScan T-Scan 2000 is the only commercial
impedance-based system approved by the Food and Drug Ad-
ministration (FDA) [8]. However, it was approved to be used in
association with X-ray mammography and not independently
[8]. The system consists of a probe composed of a 8 x 8 planar
electrode array and a handheld reference electrode [8], [62]. The
patient lies on her back in the supine position such that the breast
is as flat as possible. The probe is then scanned over the breast
and the induced currents, magnitude and phase, are measured at
different positions on the breast. The applied voltages range be-
tween 1 and 2.5 V [8], [62]. A 2-D map of the total impedance
beneath the scan area is then generated in real time where tumors
appear as bright spots on a computer screen due to their higher
conductivity [8]. The TransScan imaging modality is termed
electrical impedance scanning (EIS) since no complex recon-
struction algorithms were employed and only small numbers of
electrodes were utilized [65]. In case of a suspicious mammo-
gram, a positive EIS detection will corroborate that the tumor is
malignant and therefore a biopsy would be scheduled. However,
a negative EIS detection meant that further tests were required
[8]. The TransScan system suffers from the limitation that arti-
facts due to interfering muscles and bones could appear in the
impedance map and also the maximum reliable imaging depth
is ~3.5 cm.

Another impedance based system, which received the Con-
formit¢ Européenne (CE) mark in 2007, but is still pending
for FDA approval is the mammograph electrical impedance
komputer (MEIK) system. The system is composed of 256
electrodes arranged in a planar array, has a maximum imaging
depth of ~6 cm and provides pseudo-3-D reconstruction by
constructing the impedance at seven 2-D planes of different
depth in the breast [8], [66], [67]. The MEIK performs EIT
using a large number of electrodes and complex reconstruction
algorithms which image the impedance at different depths
[65]. In each of the seven reconstruction planes, the resolution
of the reconstructed impedance is ~8 mm [66]. The smallest
reconstructed tumors in clinical experiments had diameters
ranging between 3—5 mm [8]. Similar to other EIT systems, the
MEIK system faces difficulty in detecting tumors close to the
breast nipple [8].

Researchers at the Rensselaer Polytechnic Institute devel-
oped the Adaptive Current Tomograph (ACT) system which
can perform a simultaneous combination of 3-D EIT and 3-D
X-ray reconstruction [63]. This combination was achieved by
employing electrodes for EIT that were transparent to X-rays.
The simultaneous reconstruction using both modalities allowed
for an accurate comparison without any fear of changing the
breast position and consequently the breast profile [63]. The
system was employed in preliminary clinical trials [64].

The contact pressure between each electrode and the breast
is one of the most serious challenges of EIT for breast cancer
detection. The variation of breast profile can cause differences
in the contact pressure of each electrode which consequently
causes variations in the electrode-skin impedance at different
electrodes [68]. In addition, the heterogeneity of the skin layer
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also contributes to the electrode-skin impedance [68]. Similar
to most EIT systems, the ACT system suffered from bad con-
tacts between the electrodes and the breast which were remedied
by reconstructing the surface impedance of the individual elec-
trodes to identify possible bad contacts [63]. This procedure has
led to removing the unintended artifacts in some images [63].

C. Imaging Algorithms

Imaging algorithms for EIT usually assume quasi-static vari-
ations to simplify Maxwell’s equations [69]-[73]. EIT imaging
algorithms typically involve the solution of the inverse problem
which is in general nonlinear, ill-posed and highly dependent on
the electrode model, experimental errors, and noise [73]. There
are two main classes of reconstruction algorithms: 1) linearized
and 2) iterative methods [69]. In the first category, the inverse
problem is simplified by assuming that the conductivities at dif-
ferent pixels in the breast do not significantly differ from a cer-
tain constant [69]. Examples of linearized methods are the back
projection method, which is employed by the MEIK system, and
the one-step Newton methods [69]. Iterative methods, such as
the Gauss—Newton, typically require multiple solutions of the
forward problem [72]. There are several ways to numerically
solve the forward problem for the breast such as the finite-ele-
ment method (FEM), the boundary-element method (BEM) or
a hybrid FEM BEM method [71].

D. Clinical Trials

In a clinical study by Malich et al., EIS was used to examine
suspicious lesions detected by mammography and/or ultrasound
[74]. In this study, 86 out of 103 malignant tumors and 91 out
of 137 benign tumors were correctly diagnosed [74]. This cor-
responds to a sensitivity of 87.8% and 66.4%, respectively [74].
The EIS capability of distinguishing benign and malignant tu-
mors is based on the differences in the impedance spectra of
malignant and benign breast tissue reported in [75].

The clinical trials in [76] and [77] employed the T-Scan
2000ED which is an updated version of the FDA approved
original T-Scan 2000 system. The clinical trials focused on the
detection of tumors in women younger than 50 years old, which
is the age group most prone to radiation concerns from X-ray
mammography [77]. In addition, women in this age group
typically have dense breasts where X-ray mammography is
less sensitive in detecting tumors [76]. This clinical trial found
that impedance values of breast tissue decrease with age and,
therefore, higher thresholds have to be implemented in younger
women than in older women [76]. In the age group of women
younger than 40 years old, the sensitivity was 50% and the
specificity was 90%. This specificity value was comparable to
the specificity of mammography in younger women as reported
in [77]. However, the authors emphasized that a larger group of
patients needed to be tested to confirm the reported sensitivity
and specificity values [76]. A follow up clinical study was
performed in 2008 in [78] also for young women. The study
concluded that if the T-Scan 2000ED system indicated that a
tumor is present, then the patient was five times more likely to
have breast cancer in comparison to a random individual.
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V. DIFFUSE OPTICAL TOMOGRAPHY (DOT)

A. Physical Parameter Sensed

Diffuse optical tomography (DOT) of breast cancer is de-
fined as the use of light to image the optical properties of
the breast interior. Compared to other breast cancer detection
modalities, DOT uses significantly higher frequencies in the
near infra-red (NIR) range from about 650 to 950 nm in wave-
length [79]-[81]. The absorption coefficient of breast tissues in
the near infrared region is presented in [82]-[85]. The 650 to
950-nm wavelength range represents a spectral window where
the penetration of light through the biological tissue is maximal
and, therefore, larger imaging depth can be achieved. Breast
diameters ranging from 5-10 cm are the typical sizes imaged
by DOT, while imaging larger breasts with DOT could pose a
challenge [86], [87]. The maximum incident optical power was
determined by the maximum permissible exposure (MPE) de-
fined by standards such as the “Safety of laser products—Part 1:
Equipment classification and requirements” standard [88]. For
example, the University of Pennsylvania DOT system emits
on average 600 W per frequency from the tip of each optical
fiber [89]. DOT typically exhibits a minimum detected tumor
size of 5-10 mm [16].

In mammography, the incident x-ray photons travel through
the breast in straight lines; however, in DOT the NIR photons
experience multiple scattering as they propagate through the
breast [80]. The mean path length is in the order of 1 mm in
DOT, therefore, within a few millimeters the directions of the
photons are random similar to diffusing particles [80]. In this
frequency range, the propagation of light through biological
tissue can be approximated with reasonable accuracy using
the diffusion equation and hence the name diffuse optical
tomography.

In DOT, the optical properties of the biological tissues, pri-
marily the absorption and the scattering coefficients, are recon-
structed at different locations in the breast. The absorption co-
efficient at each pixel arises from the summation of the absorp-
tion of the different of chromophores or dyes at each pixel [90].
Therefore, the concentration of each chromophore at each pixel
can be reconstructed using the absorption coefficient [90]. The
prime chromophores reconstructed from the absorption coeffi-
cient are oxy-hemoglobin, deoxy-hemoglobin, and water. He-
moglobin is the primary oxygen carrier in the blood. An elevated
oxidized or deoxidized hemoglobin concentration, indicated in
the absorption coefficient, implies an increase in blood vas-
culature associated with malignant tumor angiogenesis. From
the concentrations of oxy-hemoglobin and deoxy-hemoglobin,
the hemoglobin oxygen saturation can be calculated [79]-[81],
[90]-[92]. Due to the elevated activity of malignant tumors,
their demand for oxygen typically exceeds the available supply.
Therefore, the presence of a region with reduced oxygen satura-
tion indicates the presence of cancerous tissue. These quantities
can shed light on functional properties such as the metabolic ac-
tivity of the tissue, the permeability of the tissue, and the level
of angiogenesis which can be used in breast cancer detection
and diagnosis [81]. As for the scattering coefficient, it indicates
the granularity of the tissue which is different in cancerous and
healthy tissue [79]-[81], [90]-[92].
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In a case study, the total hemoglobin concentration (oxy-he-
moglobin+deoxy-hemoglobin), the water level and the oxygen
saturation were measured in the breast of a patient with infil-
trating ductal carcinoma [92]. The tumor region had a total he-
moglobin concentration, a water level, and an oxygen satura-
tion of 45 micromolar, 85% and 72%, respectively, whereas the
background tissue showed values of 35 micromolar, 65% and
76%, respectively [92]. As for the scattering coefficient, the
measured values in the tumor regions indicated higher granu-
larity than the background regions [92].

B. Imaging Systems

In DOT, three measurement techniques were implemented:
1) time domain (TD) where the source excites the breast with an
ultrashort time domain pulse; 2) frequency domain (FD) where
the source emits a modulated signal to excite the breast and the
phase and amplitude of the scattered signal are detected; and
3) continuous wave (CW) or steady state (SS) where only the
amplitude of the scattered signals are detected [79]. FD allows
imaging at larger depth but unlike CW it requires sources that
can be modulated, which is difficult to achieve for a large band-
width of frequencies. However, this requirement can be waived
for CW imaging and therefore CW DOT systems can operate at
larger bandwidths [93]. Typically, frequency domain DOT sys-
tems consist of two simultaneous components: 1) a CW imaging
component operating over a broad band, and 2) an FD imaging
component operating over few frequencies [93], [94].

Currently, there are several DOTs which have been tested
in clinical trials [87], [89], [93]-[95]. The laser breast scanner
(LBS) constructed at the University of California Irvine’s
Beckman Laser Institute employs a handheld probe that em-
ploys both FD and SS DOT [93], [94]. In the FD mode, seven
RF modulated frequencies between 672 and 978 nm were
employed, whereas in the SS mode a useful bandwidth of 650
to 1000 nm was employed. Another DOT system developed
at Dartmouth College consists of 16 sources and 16 detectors
arranged in a cylindrical array. The patient lies in the prone
position with the breast hanging through the gap surrounded
by the sources and detectors [87], [95]. The Dartmouth Col-
lege DOT system employs FD imaging using RF modulated
frequencies between 700-850 nm [87], [95]. A third system
developed by the University of Pennsylvania adopted the FD
and CW hybrid modality but with the sensor and detector
arrays arranged on two parallel plates [89]. The breast is placed
between these two parallel plates and compressed. A cylindrical
array provides more coverage of the breast in comparison to
the compressed parallel plate arrangement, but the compressed
parallel plate arrangement is simpler and also provides more
transmission depth and resolution [89]. The FD mode of the
DOT system developed at the University of Pennsylvania em-
ployed four frequencies between 690 and 830 nm and involved
an array of 45 sources [89]. A fourth system is the commercial
system developed by Advanced Research Technologies (ART)
[96]. The system consists of a single source and five detectors
arranged to form an X-shape. The source and the detectors are
moved concurrently to scan the breast. Unlike the other three
DOT systems, the system developed by ART operates in the

time domain [96]. The previous four systems were selected as
the state of the art in DOT in [94].

The NIR light generated by laser sources is typically con-
veyed to the breast via optical fibers [94]. The end tip of the op-
tical fiber is usually held in contact with the breast similar to the
LBS system, the Dartmouth college system, and the University
of Pennsylvania system [94]. In the University of Pennsylvania
system the end tips of the optical fibers are integrated to one of
the compressing planes [94]. In some systems, an antireflective
surface is inserted between the end of the optical fiber and the
breast to act as a compression plane [94]. As for the receivers,
they can also consist of contacting optical fibers as in the Dart-
mouth college system or they can consist of a contactless camera
as in the University of Pennsylvania system [94]. Therefore, in
general, DOT is a contacting-based technique.

C. Imaging Algorithms

In parallel to the advances in DOT systems, there have
been significant advances in the associated imaging algorithms
[971-[99]. Similar to other imaging modalities, DOT imaging
algorithms typically involve the solution of both the forward
and inverse problem [97]-[99]. The forward problem is the
calculation of the scattered signals from the breast due to a
certain incidence. The inverse problem is the retrieval of the
breast tissue properties using the collected scattered signals.
Solving the forward and inverse problem can be accomplished
through analytical or statistical optimization techniques [97],
[98]. Recent advances in DOT imaging involve using a priori
information in the imaging algorithm. This a priori information
could consist of the anatomical structure of the breast which
could be obtained from traditional imaging modalities such as
MRI or mammography. DOT would then use this anatomical
structure to more accurately reconstruct the functionality of the
region of interest. For example, the recent computational work
by Jagannath et al. involved using the anatomical structure
obtained from traditional imaging techniques to determine
the finite element meshing in the three dimensional inverse
problem of DOT [99]. This scheme enhanced the accuracy of
the imaging of the optical properties of the biological tissue
[99].

D. Clinical Trials

In a clinical study by Choe ef al., the DOT was used to re-
construct the optical parameters of 51 suspicious breast lesions
[86]. The lesions were then classified using biopsies and 41 le-
sions were classified as malignant and ten were classified as
benign [86]. In the study, the measured parameters were the
relative total hemoglobin concentration (rTHC), relative blood
oxygen saturation (rSTO2), relative deoxy-hemoglobin concen-
tration (rHb), relative oxy-hemoglobin concentration (rHbO2),
and relative scattering coefficient r:/,. These parameters were
termed relative since they were calculated by dividing the av-
erage values in the tumor region with the average values in the
normal regions. The tumor regions were estimated using the
MRI or the mammography and ultrasound. Additionally, the
optical index (OI) was also calculated [86]. Four of these pa-
rameters were found to be statistically different in benign and
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malignant tumors as: 1) relative total hemoglobin concentra-
tion; 2) relative oxy-hemoglobin concentration; 3) relative scat-
tering coefficient; and 4) optical index [86]. The receiver op-
erating characteristic (ROC) curve analysis was performed for
each measured or calculated parameter and the four optimal pa-
rameters achieved at least 90% area under curve (AUC) corre-
sponding to a sensitivity of 98% and a specificity of 90% [86].
Choe et al. proposed future improvements to his study by in-
creasing the number of patients, especially those with benign
lesions, and by more accurate reconstruction of the water con-
tent [86].

In a different clinical trial, by Poplack et al., 18 malignant tu-
mors and 40 benign lesions, in addition to 42 healthy patients
were imaged using DOT. The performance of DOT was calcu-
lated for the subgroup with lesions 6 mm in diameter or larger.
Using the reconstructed rTHC, an AUC of 88% was achieved
in differentiating malignant from healthy patients and an AUC
of 76% was achieved in differentiating malignant and benign
lesions [16]. When the tumors less than 6 mm in diameter were
considered, the AUC dropped [16].

Another important application of DOT is monitoring the
response to chemotherapy [100], [101]. In a clinical trial
conducted using the SoftScan platform, chemotherapy was
monitored in ten patients with local advanced breast cancer
[100], [101]. The optical parameters deoxyhemoglobin (Hb),
oxyhemoglobin (HbO2), water percentage (%water), and scat-
tering power (SP) were reconstructed [100], [101]. DOT was
performed 3 days before and 1, 4, and 8 weeks after the start
of the neoadjuvant chemotherapy [100], [101]. In the patients
with a good response to the treatment, the average drop in Hb,
HbO?2, %water, and SP from the initial scan to the 4-week scan
was 67.6%, 58.9%, 51.2%, and 52.6% (SD = 26.4), respec-
tively. In contrast, the drop was only 17.7%, 18.0%, 15.4%,
and 12.6%, respectively, for the cases which did not show a
good response [100], [101]. These results are comparable to the
50% drop in Tissue Optical Index reported in a single patient
with infiltrating ductal carcinoma at the end of the neoadjuvant
chemotherapy period [102].

Contrast agents have also been investigated to increase the
performance of DOT. Fluorescent contrast agents were tested
in clinical trials [103] whereas light-absorbing contrast agents
were tested in phantoms using a clinical system [104]. Fluores-
cent agents emit light at certain frequencies once excited by light
in near infrared. However, the excitation light can be a source of
noise in DOT [103]. On the other hand, the light-absorbing con-
trast agents, such as single-walled carbon nanotubes and black
hole quencher-3, have the advantage of not needing light excita-
tion. Both agent categories were tested for DOT with promising
results [103], [104].

VI. MICROWAVE RADIOMETRY

A. Physical Parameter Sensed

Radiometry is defined as the passive detection of the radia-
tion emitted by biological tissue at elevated temperatures [105].
Malignant breast tumors exhibit enhanced metabolism and ele-
vated blood perfusion which increase their temperature, by 1°C
to 3°C, in comparison to the surrounding breast tissue [105],
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[106]. Tissues at elevated temperature emit radiation at all fre-
quencies peaking in the infrared region with less emission in
the microwave region. However, due to the reduced transmis-
sion depth of infrared radiation in biological tissue (in the order
of millimeters), in comparison to microwave radiation (in the
order of centimeters), microwave radiometry had been proposed
for breast cancer detection since the 1970s [105]. Microwave ra-
diometry is a functional imaging modality since it detects the el-
evated microwave emission due to the high activity of the tumor.
In microwave radiometry, the sensor is an antenna which detects
the emitted radiation. This antenna can be placed directly on the
breast or away from the breast, therefore, microwave radiometry
can be a contacting or contactless technique [105]. However, in
most cases the antenna is placed in direct contact with the breast
to improve sensitivity and reduce the mismatch caused by the
air layer between the antenna and the breast [106]-[108].

B. Imaging Systems

Breast compression is typically applied in mammography and
other breast cancer detection modalities. This compression de-
forms the breast leading to changes in the distance between the
tumor and the sensing antenna [108]. Iudicello ef al. developed
a coupled mechanical, thermal, and electromagnetic model to
study the changes in the radiometric visibility of a tumor due to
breast compression [ 108]. The model showed that the maximum
detection depth of a 1 cm tumor in an uncompressed breast was
~22.5 cm. If a 35% compression of the breast is applied the max-
imum detection depth increased to a value between 3 and 4.5 cm
depending on the dielectric properties of the breast tissue [108].

A primary challenge in microwave radiometry of breast
cancer is the low sensitivity sensor, or antenna, with respect to
the small microwave signal emitted by the temperature-elevated
tumor [105]. However, in a recent study antennas integrated
directly with low noise amplifiers (LNA), termed active an-
tennas, were tested for medical microwave radiometry [107].
At the operating frequency, the LNA provided a gain of 14.2
dB with a noise figure of 0.8 dB. The active antenna was found
to significantly increase the detection of a hot object placed at
a depth of 38 mm in an experimental phantom [107].

Due to the week nature of the signal in microwave radiom-
etry, errors in the measurement can be attributed to external
electromagnetic interference, such as wireless devices, and in-
ternal electromagnetic interference due to the radiometry device
itself. External electromagnetic interference can be alleviated
by shielding and careful design of the radiometer can reduce
internal interference [107]. In addition, drift in the radiometer
gains and parameters can lead to errors in the measurements
which can be alleviated by a continuous recalibration of the ra-
diometer using a Dicke switch demodulator [109].

C. Numerical Study

In a numerical study, which incorporated realistic heat gener-
ation by growing tumors, the visibility of breast tumors was es-
timated under the assumption of ideal antennas using the Pennes
equation [106]. The result concluded that a 10-mm tumor can be
detected if it is no more than 3 cm deep in the breast [106]. A
smaller tumor, 6 mm in diameter, would require being less than
1 cm in depth to be detected [106]. In another numerical study,
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the brightness temperatures of malignant tumors were numer-
ically calculated using the method of moments [110]. The re-
sults showed that the brightness temperature of tumors exhibits
aunique resonant behavior dependent only on the tumor proper-
ties and not its depth [110]. These resonances can provide future
guidelines on the radiometer system parameters such as the op-
timum operating frequency [110].

D. Clinical Trials

In a clinical study, performed using the ONCOSCAN system,
a probe was used to scan 20 positions distributed symmetrically
among both breasts of 129 patients. The probe is placed at each
location for 15 s before moving to the following location [111].
The study revealed a sensitivity of 90% and a specificity of 59%
[111].

In another preliminary clinical trial that involved five breast
cancer patients, the performance of two radiometers were com-
pared [112]. The first radiometer operated in the 1.5-2 GHz fre-
quency range whereas the second radiometer operated in the
2.75-3.25 GHz range [112]. In this clinical trial, four breast
cancer patients had tumors at depth of 5-30 mm and were cor-
rectly detected using either one or two radiometers. However,
the fifth patient had a tumor 30—40 mm deep which was not de-
tected by either radiometer [112]. The results of the clinical trial
also suggested that the first radiometer, operating at lower fre-
quency, was more capable of detecting deeper tumors whereas
the second radiometer, operating at higher frequency, was more
capable of detecting smaller tumors (~1 cm in diameter).

VII. BIOPOTENTIAL DETECTION

A. Physical Parameter Sensed

The biopotential detection technique depends on the passive
detections of the biopotential signals generated by cancerous
cells. Therefore, the biopotential detection modality is hypothe-
sized to generate complimentary information to the nonpassive
detection techniques. Biopotential detection of breast cancer has
only been recently introduced and developed [113]-[119]. As
cancerous cells divide they change their membrane potential
by regulating their internal ion concentrations. These ion con-
centration regulations lead to imbalances in the concentrations
of charged ions in the surrounding breast tissue which leads
to biopotentials at the surface of the breast. To detect these
biopotentials, a map of biopotential electrodes was placed on
the breast with the suspicious lesion (Ipsilateral breast) and the
other breast (Contralateral breast) as shown in Fig. 1 [119].

In the biopotential detection technique, silver/silver chloride
electrodes filled with conductive cream were utilized and at-
tached to the patient with adhesive collars [113]. Geometrical
details of an electrode, optimized specifically for the biopoten-
tial detection of breast cancer, were presented by Faupel et al.
in [120]. In addition, the chemical composition of the conjunc-
tive conductive cream were also presented [120]. The sodium
chloride naturally present on the skin of the patient can mask
the biopotential signals generated by the tumor. Therefore, the
conductive cream proposed by Faupel ef al. had a certain con-
centration of chloride ion content, 6—15 grams per hundred of
grams of cream, to compensate for this sodium chloride on the
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Fig. 1. Map of electrodes employed in biopotential detection of breast cancer
[119].

skin. The metallic parts of the electrode were optimized accord-
ingly to avoid corrosion by this conductive cream [120].

B. Biopotential Systems

Currently, there is only one commercial biopotential system
which is the CE certified Biofield Diagnostic System (BDS).
The BDS system was developed originally by Biofield Cor-
poration which is currently Mackay Life Sciences [121]. The
BDS system uses the biopotentials measured on the surface of
the breast in adjunction with the level of suspicion (LOS), cal-
culated based on mammography or ultrasound results. There-
fore, the BDS was CE certified to be used in conjunction with
mammography or ultrasound [121]. The BDS system will then
generate a Post-BDS LOS score to identify the risk of malig-
nancy [122]. The BDS system, although CE certified, did not
yet receive the FDA approval, which hinders its wide scale
deployment.

C. Clinical Trials

The performance of the biopotential detection of breast
cancer was tested in several clinical trials [115]-[119], [122].
The electrodes were typically arranged on the breasts as shown
in Fig. 1 as follows. The electrodes on the right breast were
marked with “R” and the electrodes on the left breast were
marked with “L”. In the configuration in Fig. 1, the suspicious
legion was assumed to be in the right breast. The right breast
was divided into four quadrants and in the quadrant with the
tumor one electrode was placed on the breast surface directly
above the center of the tumor “RC”, one electrode was placed at
the inner margin of the breast “RI”, one electrode was placed at
the outer margin of the breast “RO”, one electrode was placed
at the upper margin of the tumor “RU” and one electrode was
placed at the lower margin of the tumor “RL” [119]. Three
additional electrodes “RH”, “RV”, and “RD” were placed on
the horizontal, vertical, and diagonal quadrants of the breast
defined with respect to the quadrant with the tumor [119]. The
electrode arrangement on the right breast was then mirrored on
the contralateral breast [119]. Finally, two electrodes, RX and
LX, were placed between the two breasts to act as the references
for each breast [119]. In other measurement configurations,
the reference electrodes were placed on the palms of the hands
[117] or on the feet of the patients [114].
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TABLE 11
AVERAGE AND STANDARD DEVIATION OF BIOPOTENTIALS MEASURED FROM DIFFERENT
LOCATIONS ON SURFACE OF BREAST DUE TO MALIGNANT AND BENIGN TUMORS [114]

Measurements Site Cancer Cases (mV) Benign Cases (mV)
Tumor (T) 21.4+12.4 17.1+10.3
Ipsilateral Control 17.4£12.8 16.9+8.9
T-IL 4.0+9.1 0.1+6.8
*T-*IL -0.1+£7.9 0.9+7.3
Contralateral Control 16.8+15.3 18.5¢11.1
T-CL 4.5£9.4 -1.6+£9.3

Table II summarizes the results achieved from a clinical ex-
periment reported in [114] performed on 110 women, 29 with
malignant tumors and 81 with benign tumors. In Table II, six
measurements were shown [114]: tumor (T) which was the dif-
ference in biopotential between “RC” in Fig. 1 and the patient’s
feet, ipsilateral control which was the difference in biopotential
between “RH” or “RV” in Fig. 1 and the patient’s feet, T-IL
which was the difference in biopotential between “RC” and
“RH” or “RV”, *T — *IL which was the difference in biopo-
tential between “LC” and “LH” or “LV”, contralateral control
which was the difference in biopotential between “LC” in Fig. 1
and the patient’s feet and T-CL which was the difference in
biopotential between “RC” and “LC” [114]. The results from
Table II indicate that the tumor location is more electropositive
in comparison to the locations on the ipsilateral breast away
from the center of the tumor (T-IL). When the same poten-
tial difference was measured on the contralateral breast with no
tumor (*T — *IL) the potential difference had approximately a
zero average as shown in Table II. In addition, when measuring
the biopotential difference between the tumor location and the
mirror location on the contralateral breast (T-CL) it was also
found to be electropositive in average [114]. A noticeable fea-
ture in Table II was the large standard deviation in T-IL and
T-CL.

In [116], the biopotential detection of breast cancer modality
was tested in Japan in a population consisting of 49 patients
with malignant breast tumors and 52 patients with benign breast
tumors. A sensitivity of 90% and a specificity of 60% were
achieved [116]. More importantly, the sensitivity was found to
increase if only patients with lesions less than 2.5 cm in diameter
were considered. The authors hypothesized that the reason for
this rise in sensitivity for smaller tumors was the fact that they
were still more actively growing in comparison to larger tumors
[116]. A large clinical trial involving 661 patients in eight dif-
ferent centers in Europe was reported in [117]. An overall sensi-
tivity of 90% and specificity of 55% was achieved and the best
performance was achieved for palpable tumors.

In arecent clinical trial conducted in Singapore, the biopoten-
tial detection modality was used in conjunction with mammog-
raphy and ultrasound [118]. The trial involved 103 patients, 19
with malignant tumors, 57 with benign tumors and 27 healthy
patients [118]. The trial showed that combining the biopoten-
tial modality with mammography and/or ultrasound yielded a
sensitivity of 100% and a specificity of 96% [118]. The authors
recommended future testing of the modality with a larger pop-
ulation to confirm the previous results but the previous prelim-
inary results indicate the merit of the biopotential detection of
breast cancer.

In another clinical study, Vinitha Sree et al. investigated
increasing the accuracy of the biopotential detection of breast
cancer using the BDS system by applying data mining tech-
niques on the following features: 1) demographic details of
the patient; 2) the Post-BDS LOS score; and 3) raw recorded
biopotentials [122]. In the first step, filter and wrapper methods
were implemented to identify a reduced subset of the eight
features that maximize sensitivity, specificity and accuracy
[122]. Classifiers such as statistical inference techniques and
artificial neural networks were then trained by a portion of the
measurements and tested with the remaining measurements.
The wrapper feature subset combined with a linear discrimi-
nant analysis (LDA) classifier yielded a sensitivity of 92.7%,
a specificity of 98.4%, and an accuracy of 97% compared to a
sensitivity of 89.6%, a specificity of 54.6% and an accuracy of
63.1% obtained using Post-BDS LOS alone [122]. More impor-
tantly, the wrapper feature subset did not include the Post-BDS
LOS dependent on the mammography and ultrasound which
shows that the biopotential detection technique can be used as
an independent technique [122].

The biopotentials recorded in the previous clinical trials were
in the millivolt range. Specifically, in the clinical study con-
ducted by Fukuda et al., the average values of T-IL were re-
ported to be =12 mV for malignant tumors and ~<9.5 mV for
benign tumors whereas the average values of T-CL were ~4.2
mV for malignant tumors and ~3.4 mV for benign tumors [116].
In the clinical study of Vinitha Sree et al., the average values of
T-IL were reported to be 5.2 mV for malignant tumors and 2.18
mV for benign tumors [122].

The development of more sensitive sensors and more ac-
curate data mining algorithms is anticipated to significantly
increase the adoption of the biopotential detection technique.
Moreover, the mechanism by which tumors generate biopo-
tential signals is not fully understood. Understanding this
mechanism could provide possible explanations for the past
clinical recordings of the biopotentials and could help assess
the feasibility of this technology. Of particular interest is
why the location on the breast skin above the tumor was in
general more positive in biopotential and why the biopotential
recordings had a large standard deviation as shown in Table II
obtained from [114]. Also, the current performance of the
biopotential detection technique is more accurate for palpable
tumors than for non-palpable tumors [117]. This difference in
performance can be attributed to the simplicity of placing the
electrodes directly on top of a palpable lesion, whereas it is
more challenging to figure out the location of a lesion based on
mammography or ultrasound results [117]. Therefore, a persis-
tent need demonstrated in the literature is to develop improved
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sensors and mapping positions based on better understanding
of the electrophysiological activities of growing tumors as
discussed in [117] and [119].

D. Biopotential Signal Modeling

In order to address the previous challenges, a 2-D model
was developed to calculate the electric current densities and the
biopotentials generated from single and multiple breast cancer
cells at different cell division stages [123]-[129]. Three cell
division stages were considered: depolarization which occurs
at the beginning of the Gap 1 (G1) stage; hyperpolarization
which occurs between the G1 and Synthesis (S) stage; and
quiescence where the cell neither depolarizes nor hyperpolar-
izes [125]-[129]. The goal of these works was to understand
the electrophysiology of the breast cancer cell line termed
Michigan Cancer Foundation-7 (MCF-7) [123]-[129]. The de-
veloped model was based on the semiconductor diffusion-drift
analysis. For a single MCF-7 cell, it was concluded that the
shorter the duration of the G1/S transition, and the higher the
diffusivity and mobility at the cell boundary, the higher the
magnitude of the generated electric signals [123], [124].

The model was extended to include multiple MCF-7 cells
[125], [126]. Nonuniform finite-difference discretization was
implemented to accommodate the contrast in size between the
intercellular spacing and the cell dimension. The results showed
that the biopotentials increase proportionally with the number
of cells, especially when all cells were in the hyperpolarization
stage [125], [126].

In order to increase the number of cells, the diffusion-drift
algorithm was parallelized using the message passing interface
(MPI) technique [127]-[129]. The computational bottleneck of
the model involved the solutions of systems of equations, based
on the Nernst-Plank, the Poisson, and the Continuity equations,
to calculate the biopotentials and the ion concentrations. The
Portable, Extensible Toolkit for Scientific Computation library
was adopted for the solution of these equations [127]-[129]. The
increase in speed from the parallelization allowed the simulation
of significantly larger tumors [127]-[129].

As known, early stage tumor growth cancerous cells are
prone to forces and interactions which generate highly com-
plex tumor shapes. The generated electric signals of the most
common tumor shape patterns, i.e. Papillary, Compact, and
Comedo, were investigated [127]-[129]. The highest biopo-
tential signal was observed from the compact tumor whereas
the lowest biopotential signal was observed from the papillary
pattern. Interestingly, the spatial distribution of the biopotential
signals showed a shift in the maximum biopotential amplitude
away from the top of the tumor. This shift indicated that the
conventional sensor arrangement shown in Fig. 1, where a
sensor was placed directly above the center of the tumor, might
not be able to detect the maximum generated biopotentials in
some cases. In addition, large temporal variations in the gen-
erated biopotentials were observed for different tumor shapes
and cell distributions among the different cell division stages
which could partially explain the large standard deviations seen
in Table II. These observations can have important clinical
implications when using the biopotential signals for breast
cancer detection [127]-[129].

VIII. BIOMAGNETIC DETECTION

In preliminary studies shown in [130]-[132], elevated mag-
netic fields were detected from malignant breast tumors in com-
parison to benign tumors. In [130], the biomagnetic fields from
11 patients with invasive breast carcinoma and ten with benign
breast tumors were recorded. It was found that invasive breast
carcinoma produced magnetic fields with higher magnitude and
more fluctuations than benign tumors. On average, malignant
tumors generated 754 {T/\/Hz, whereas benign tumors gen-
erated 274 T /+/Hz in the 2-7 Hz frequency range [131]. By
employing nonlinear chaotic analysis the classification of ma-
lignant and benign tumors was achieved.

The results presented in [130]-[132] were highly preliminary
in terms of the number of patients, the simplicity of the super-
conducting quantum interference device (SQUID) system used
and the negligence of the other biomagnetic signals generated
from the human body mentioned in [133]. The detection of the
biomagnetic fields generated from excitable organs such as the
brain has emerged as an important diagnostic modality which is
termed magnetoencephalography (MEG). Recent developments
in MEG include the development of whole head MEG system
with few hundred SQUID sensors [133]. Similarly, the devel-
opment of SQUID systems with a large number of detectors
arranged to conform to the shape of the breasts is anticipated
to increase the accuracy of the biomagnetic detection of breast
cancer.

IX. MAGNETIC RESONANCE IMAGING

A. Physical Quantity Sensed

Although the MRI is based on an electromagnetic phenom-
enon, it has different features. The MRI has emerged as a high
resolution breast cancer detection method. In most medical
imaging techniques, the limit on the resolution is set by the
frequency or wavelength of the utilized radiation; however,
in MRI two radiations are exerted to interact together which
breaks the limit on resolution enforced by the wavelength
criteria [134]. In MRI, the first radiation induces local interac-
tions whereas the second radiation limits this local interaction
into a certain region allowing imaging of different regions
to be accomplished [134]. More specifically, in MRI a static
magnetic field is exerted which aligns the magnetic moment
of the hydrogen nuclei or protons composing the human body
[135]. A radiofrequency (RF) pulse is then exerted at a certain
frequency which is absorbed by the aligned hydrogen nuclei.
The RF pulse has to be set at a certain frequency determined by
the magnitude of the incident static magnetic field. The protons
will then absorb this RF pulse causing a change in the direction
of their magnetic moment. The protons will then relax to their
stable state emitting RF pulses in the process.

Different tissues relax at different measurable rates which is
the basis of identifying different tissue. In order to image dif-
ferent regions in the human body, gradients in the magnetic
field are exerted. These gradients cause variations in the fre-
quencies that the RF pulses emit as they get back to their stable
state. Therefore, by measuring the frequency of the received RF
pulses, the position they are coming from can be determined
[135].
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MRI for breast cancer has been proposed since the late 1970s
but until the 1980s it did not show sufficient benefit [136]. How-
ever, the use of gadolinium as a contrast agent in MRI signif-
icantly enhanced breast cancer detection [136]. In almost all
studies, MRI has exhibited high sensitivity and it often detected
small tumors missed by mammography and ultrasound [136],
[137]. MRI showed particular advantage in dense breasts where
mammography typically fails to detect tumors. However, the el-
evated sensitivity of MRI came at the expense of modest speci-
ficity [136], [137].

Even though mammography is the golden standard for breast
cancer screening and detection, MRI has been dominant in sev-
eral scenarios such as: 1) high risk screening; 2) preoperative
breast cancer staging; 3) evaluation for breast cancer recurrence;
4) localization of the primary tumor when lymph node metas-
tases is detected; and 5) evaluation of breast cancer after neoad-
juvant chemotherapy. MRI has been proposed for the screening
of young women where mammography can cause fertility issues
or can be inaccurate due to the elevated density of the breast
[137]. Also, MRI has been utilized in patients with increased
risk of breast cancer due to genetic reasons or due to the prior
detection of tumors.

B. Imaging Systems

There are two prominent kinds of medical imaging tech-
niques: 1) anatomical and 2) functional [138]. In conventional
MRI, gadolinium is administered as a contrast agent to clarify
the differences in anatomy between cancerous and healthy
tissues. This is termed dynamic contrast-enhanced (DCE)-MRI
[138]-[140]. As the tumor gets smaller, it becomes more
difficult to detect using only its anatomical appearance [138].
In functional imaging, physiological changes in tumors are
utilized to distinguish them from healthy regions [138]. A
relatively new functional MRI modality, termed diffusion
weighted imaging (DWI) has recently shown promise in breast
cancer detection [138]-[140]. DWI MRI does not require a
contrast agent and it is based on the fact that tumor tissue has
increased cellular density which restricts the flow of water.
DWI MRI probes the flow of water and, therefore, tumor tissue
appears to have a lower apparent diffusion coefficient (ADC)
than normal tissue allowing for their detection [138]-[140]. In
a preliminary study, lima et al. measured the ADC of the tumor
regions in 22 patients with ductal carcinoma in situ (DCIS),
which is breast cancer where the cells are still confined within
the ducts [139]. Normal, low grade, intermediate grade, and
high grade DCIS yielded ADC values of 1.42 x 103 mm? /s,
1.23 mm?/s, 1.19 mm?/s, and 2.06 mm?/s, respectively,
indicating to the discriminatory value of DWI MRI [139]. This
was corroborated by another preliminary study which showed
that 91% sensitivity in the detection of DCIS was achieved by
using a threshold in ADC [140].

C. Clinical Studies

In a study in The Netherlands that involved 1909 patients,
with at least 15% risk of breast cancer due to family or ge-
netic factors, MRI exhibited a sensitivity of 79.5%, compared
to a sensitivity of 17.9% and 33.3%, achieved using clinical ex-
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amination and mammography [141]. In addition, MRI achieved
a specificity of 89.8% compared to a specificity of 98.1% and
95.0% achieved using clinical examination and mammography
[141]. In a similar study in Germany involving 529 high risk pa-
tients, MRI provided a sensitivity of 91% compared to a sensi-
tivity of 33%, 40%, and 49% obtained using mammography, ul-
trasound, and a combination of mammography and ultrasound,
respectively [ 142]. Therefore, in conclusion, MRI is more sensi-
tive in detecting breast cancer in high risk patients [141], [142].

Another application of MRI is the evaluations of the extent of
the tumor prior to treatment. In a study of 59 patients, Esserman
et al. showed that MRI was accurate in assessing the extent of
the tumor in 98% of the cases compared to 55% of the cases
using mammography [143]. Focusing only on invasive lobular
carcinoma (ILC), MRI was sensitive in detecting the extent of
the tumor in 85% of the cases compared to 31% of the cases
using mammography [137]. As for DCIS the sensitivity of MRI
ranged from 40% to 100% in accurately assessing the extent of
the tumor [137]. However, in a recent study by Menell et al.,
MRI exhibited a higher sensitivity, 88%, compared to a sensi-
tivity of 27% in mammography [144]. The authors explained
this relatively higher sensitivity by clarifying that each pixel in
MRI has an intensity proportional to the volume average of its
contents [144]. In DCIS, in particular, the cancerous tissues are
closely interleaved with healthy tissue. Therefore, if the pixel
size in MRI is large, the cancerous regions will appear to be
less bright, as the signal is weakened by the healthy tissue. In
the study of Menell et al., higher resolution was employed and
therefore DCIS tumors were better resolved [144]. The study
of Menell et al. was further corroborated in a study by Kuhl et
al. in 2007 where MRI detected 87 out of 89 high grade DCIS
compared to 46 detected by mammography [145].

In a similar manner, MRI was found to be more accurate
than ultrasound, mammography, and clinical examination in de-
tecting recurring tumors. However, some false positives were
detected when the imaging was performed within a short period
of the treatment. Another scenario where MRI typically excels
is the localization of the primary tumor when metastases are de-
tected in the lymph nodes. If the primary tumor is not detected,
the drastic mastectomy of the whole breast will be typically em-
ployed [137]. MRI is typically more accurate in detecting the
primary tumor even in the challenging cases missed by other
imaging modalities [137].

The treatment of locally advanced breast cancer usually in-
volves the administration of chemotherapy to shrink the tumor
before surgical intervention. MRI has been utilized in assessing
the effectiveness of chemotherapy before removal of the tumor
with sensitivities as high as 97% [137]. However, a notable ob-
servation is the gradual reduction in the enhancement in tumor
regions in MRI images as more chemotherapy rounds are ad-
ministered which might reduce the sensitivity [137]. However,
other researchers used this gradual decrease in enhancement of
the tumor regions in MRI images as an indication to the effec-
tiveness of the chemotherapy. In a study by Tsuboi et al. in-
volving 31 patients, 15 tumors exhibited reduction in the en-
hancement of the tumor regions and 9 out of those 15 exhibited
negative surgical margins [146]. In the 16 tumors that exhib-
ited no decrease in the enhancement in the tumor regions in the
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MRI images, 12 had positive surgical margins indicating that
chemotherapy was not effective [146].

In summary, MRI has several advantages such as a high sen-
sitivity, no ionizing radiation, and the ability to image radio-
graphically dense breast [147]. However, the prime limitation
of MRI is the high cost of imaging [147], [148]. A bilateral
breast MRI costs around $1025 dollars whereas a mammog-
raphy costs $85 [148]. A reduction in this cost will significantly
increase the use of MRI in breast cancer screening. Other limita-
tions include the large variety in the reported specificity values,
the large processing time, and the necessity of the expensive in-
travenous contrast agent, gadolinium, in dynamic contrast-en-
hanced (DCE)-MRI [147].

X. CONCLUSION

Each section in this paper provided an up-to-date status of
research in seven electromagnetic modalities for breast cancer
detection. It is evident that EM techniques show high potential
to improve the detection of breast cancer. On the other hand, EM
techniques still face major challenges and limitations that need
to be overcome before they can be introduced into wide scale
utilizations in clinics. Integrating more than one EM technique
has shown a potential to resolve some of these limitations.
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