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Abstract

Some evidence has been found that malignant breast tumors have lower electrical impedance than surrounding normal tissues.
Although the separation of malignant tumors from benign lesions based on impedance measurements needs further investigation,
electrical impedance could be used as an indicator for breast cancer detection. In this paper, we provide a systematic technical
review of the existing electrical impedance techniques proposed for breast cancer detection, with an emphasis on noninvasive
impedance imaging techniques.

The electrical impedance of human breast tissue is first introduced, with tabulation of previous in vitro impedance measurement
results on cancerous and normal breast tissues, and a brief description on the limited in vivo impedance measurements completed
with invasive, or noninvasive, non-imaging techniques. A detailed review on noninvasive impedance imaging techniques for breast
cancer detection, such as electrical impedance tomography (EIT) and electrical impedance mapping (EIM), is then presented.

We suggest that for better breast cancer detection, an invasive impedance technique may be enhanced by combination with other
cancer indicators. 3D EIT should be improved through collective efforts. EIM using a pair of electrode arrays is a viable method
with great potential. Magnetic induction tomography and other magnetic induction based impedance imaging for breast cancer
detection are promising and merit further exploration as well.
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1. Introduction

Breast cancer is the most common malignant tumor
among women in the western world [1]. Early detection
of breast cancer plays the leading role in reducing the
mortality rate. Currently, X-ray mammography is the
standard screening technique for breast cancer detection
[2,3]. However, it has some limitations including
reduced ability to detect carcinomain women with dense
breast tissue. In addition, due to the morphologic simi-
larity between benign and malignant lesions, mammog-
raphy is less useful as a diagnostic technique. Patients
with positive mammographic findings require a biopsy
for definitive diagnosis. Biopsies of breast lesions disco-
vered in mammography screenings are negative for
malignancy in up to 80% of patients [4]. Thus, while
many early breast cancers are detected by mammogra-
phy, many of the positive screening mammograms prove
to be false positives. This means that screening based
on X-ray mammography has rather low specificity,
though it has high sensitivity. When undergoing breast
biopsy, patients suffer from both physical and emotional
trauma. A better pre-biopsy diagnostic technique would
reduce the number of patients with benign breast lesions
who undergo unnecessary diagnostic biopsy, and reduce
patients' trauma and healthcare costs.

Other methods, such as ultrasound and magnetic res-
onance imaging (MRI) can aid in breast cancer diag-
nosis. However, these methods still have various limi-
tations [5]. The current major uses of breast ultrasound
are to differentiate cystic from non-cystic breast masses
and guide breast biopsy [6,7]. Breast MRI is expensive
and can only diagnose breast lesions in certain clinical
situations. Nuclear medicine has aso been proposed for
breast cancer diagnosis but with limited success [5].
Today, neither mammography nor any other available
imaging technology can distinguish breast cancer from
benign breast lesions with certainty. X-ray mammogra-
phy still remains the dominant modality for early breast
cancer detection.

In the 1920s, Frick and Morse found significant differ-
ence of capacitance between malignant breast tumors
and normal tissues [8]. Recently, using electrical imped-
ance for breast cancer detection has emerged as a new
field, since more evidence has been found that malignant
breast tumors have significantly different impedivity
than normal tissues [9-12]. Electrica impedance of
tissue could thus be used as an indicator for breast cancer
detection. New imaging techniques for breast cancer

detection using electrica impedance have been pro-
posed, as evidenced from the commerciaization of
TS2000 (an impedance-imaging device for breast cancer
detection, Transcan Medical, Ltd.,, Migdal Ha Emek,
Israel; distributed by Siemens AG) [13]. It is our inten-
tion in this paper to conduct a systematic technical
review on recent developments in this field to evaluate
the existing techniques and find new opportunities to
detect breast cancer using electrical impedance.

In the following sections, the electrical impedance of
human breast tissue is first introduced, with tabulation
of previous representative results of in vitro impedance
measurements performed on cancerous and normal bre-
ast tissues, and a brief description on the limited in vivo
impedance measurements completed with invasive, or
noninvasive non-imaging techniques. Secondly, a
detailed review on representative noninvasive impedance
imaging techniques for breast cancer detection is
presented. Discussion and conclusion are given there-
after.

2. Electrical impedance of human breast tissue
2.1. Electrical properties of human tissue

It is well known that the electrical properties of bio-
logical tissues differ significantly depending on their
structures. Human tissue consists of an aggregation of
cells surrounded by fluids. Each cell has a membrane
enveloping intracellular fluid. The intracellular and
extracellular fluids that contain water, electrolytes, etc.,
are basically resistive. The membrane constituted by a
thin lipid bilayer with leaky ion-channels is both capaci-
tive and resistive.

Since eectrical impedance of human tissue contains
both resistance and capacitance, it is complex and can
be described by a serial representation

Z=R+jX

where, Z isimpedance; R, the resistance; and X, the reac-
tance; or by a parallel representation

Y=G+ joC

where, Y = 1/Z is admittance; G, the conductance; C,
the capacitance; and o, the angular frequency. An alter-
native way to represent tissue admittance is by admittiv-
ity, expressed as
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where, o*is tissue admittivity; o, the tissue conductivity;
€', the tissue permittivity; and e, the dielectric constant
of free space.

The electrical properties of tissue vary with the fre-
quency of the applied electric field as seen from a-, -
and y-dispersion [14]. The a-dispersion occurs at low
frequencies (10 Hz-10 kHz) and is mainly affected by
the ionic environment that surrounds the cells. The -
dispersion is a structure relaxation in the frequency range
10 kHz—-10 MHz. At higher frequencies, the y-dispersion
isfound related to water molecules. The a- and -disper-
sion regions are more interesting in medical applications,
since most changes between pathologica and normal
tissue occur in this range [15]. The impedance of tissue
also varies with temperature and time [16]. It is aso
anisotropic [16,17]. (The readers may refer to [18,19]
for extensive reviews on tissue's electrical properties.)

2.2. In vitro impedance measurements of human
breast tissues

Since the 1920s, various researchers have done in
vitro impedance measurements on excised norma and
cancerous human breast tissues. These basic researches
have laid the ground for the continuing development of
impedance-based techniques for breast cancer detection.
Some representative results [8,9,20-25] were summar-
ized in Table 1. From these in vitro impedance measure-
ment results that are expressed in various terms, a com-
mon conclusion can be drawn that there are significant
differences in electrical impedance between normal and
malignant human breast tissues. Compared with sur-
rounding normal tissues, malignant tumors showed typi-
cally higher conductivity [9,20], and/or permittivity
[8,9,20,24], or lower impedivity [21,25]. The changed
electrical properties of malignant tissue with respect to
healthy tissue are attributed to increased cellular water
and sat content, atered membrane permeability,
changed packing density, and orientation of cells [27].
It is reasonable to conclude that malignant breast tumors
have typically lower electrical impedance (impedivity)
than surrounding normal tissues. Electrical impedance of
tissue could thus be used as an indicator for breast cancer
detection. Table 1 also suggests that the appropriate fre-
quency range for impedance measurement for breast
cancer detection should be 100 Hz-10 MHz, which is
in the a- and B-dispersion regions. At higher frequencies
in the B-dispersion region, permittivity shows more sig-
nificant diagnosis value [24].

2.3. In vivo impedance measurements of human breast
tissues

For breast cancer detection, the electrical impedance
based techniques can be classified into two categories:

invasive and noninvasive. In invasive techniques, needle
electrodes are inserted into the tissue under study. A tiny
ac current is applied to the tissue via a pair of current
electrodes usually in a four-electrode configuration [28].
Voltage responses are measured using another pair of
voltage electrodes. Noninvasive techniques include those
of imaging type, as reviewed in the subsequent sections,
and those of non-imaging type as introduced below. In
any in vivo impedance measurement, the amplitude of
the applied signal should be selected or controlled such
that safety limits are never exceeded [29,30].

Morimoto et a. [11,31] performed in vivo invasive
impedance measurement of breast tissue over the fre-
quency range of 0-200 kHz using a three-electrode
method (Fig. 1). In this method, two electrodes were
embedded within a coaxial needle. The outer one was
used for current input and the inner one for voltage out-
put. A large reference electrode was placed on the abdo-
men of the subject. A pulse current with amplitude of 5
MA was applied. The measurement was done on 54
patients just before biopsy under genera or local anes-
thesia. Using the measurement data, they calculated the
parameters of an equivalent circuit consisting of a
resistor R, in paralel with a serial combination of a
resistor R and a capacitor C,,. The results showed that
R. and R of malignant breast tumors were *significantly
higher than those of benign tumors (p < 0.01)’; C,, of
breast cancer was ‘ significantly lower than that of benign
tumors (p < 0.01)’. They suggested that impedance
measurement might be used for the differential diagnosis
of malignant and benign breast tumors. Compared with
the results from the study [24] by Jossinet, the above
results are not in agreement concerning C,,, though being
consistent regarding R, [24].

Using external electrodes and an impedance bridge in
the frequency range of 100 Hz-100 kHz, Singh et a.
[32] performed in vivo noninvasive impedance measure-
ments on female breasts some of which contained
tumors. Their results showed that malignant tumors have
higher relative permittivity and lower resistance than
those of normal breast tissue. Ohmine et a. [33] carried
out noninvasive impedance measurements on 24 patients
using a four-electrode technique. Their results suggest
that differential diagnosis of breast tumors is possible
by measuring the mammary electrical impedance using
noninvasive electrodes on the skin.

From the above review on representative results of in
vitro and in vivo impedance measurements on human
breast tissues, it can be seen that malignant breast tumors
have typically lower electrical impedance than surround-
ing normal tissues. Therefore electrical impedance may
be used as an indicator for breast cancer detection. Stud-
ies [8,24,31,33] also demonstrated that there are signifi-
cant differences in electrical impedance between benign
and malignant breast tumors. Electrical impedance could
thus be used to separate benign from malignant tumors
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Examples of in vitro impedance measurements of human breast tissues

Studies

Main results and comments

[8] 20 kHz

[20] 3 MHz-3 GHz

[21] 0.5 kHz—1 MHz

[9] 20 kHz—100 MHz

Studied 58 patients ‘comprising all the cases of tumors of the breast’. The
capacity of malignant tumors of the breast is ‘consistently larger than that of
normal tissues in the same location or of benign tumors'. The specific
capacitance is from 107-583 pF for normal tissues and from 545-2860 pF for
malignant tumors.

o and e of malignant tissues are higher than those of normal tissue,
particularly at frequencies below 100 MHz. o is from about 1.5-3 mS/cm for
normal tissues and from 7.5-12 mS/cm for the malignant tissues. € is about 10
for normal tissues and from about 50400 for malignant tissues.

The modulus of impedivity of cancerous tissue (about 400 () cm at 1 kHz) is
lower than that of non-pathologic fatty tissue (about 2000 () cm). The modulus
of impedivity of the tissue at tumor center, half way from tumor center, and
near the tumor, increases.

Comparison with tissues surrounding the tumor and peripheral tissue,
cancerous tissue show higher g and e. Based on the data from ‘a few typical
tissue samples,’” o ranges from 0.3-0.4 mS/cm for norma tissue, from 2.0-8.0
mS/cm for ‘central part of tumor’; e ranges from 8-800 for norma tissue and

from 80—above 10000 for ‘central part of tumor’.

[22] 3.2 GHz No significant difference in 0 and e of benign and malignant tumors. (It may
be attributed to the overshadowing effect of polar water on the changes that
may result from biologically different structures [26].)

[23] 5 kHz Fitted data on three-component (R1-C-R2) model. R1 and R2 were higher, and
C was lower in cancerous tissue than in normal tissue. Ulcerative growing
carcinoma showed increase in C and decrease in R1 and R2.

[24] 0.488 kHz—1 MHz

The impedivity modulus for cancerous tissue (243 + 77 to 383 £ 97Qcm) is

lower than that of adipose subcutaneous fatty tissue (1747 + 283 to

2188 + 338(2cm) and connective tissue (859 + 306 to 1109 + 371Qcm), and
higher than that of fibro-adenoma (200 + 52 to 245 + 70 cm). No significant
difference in impedivity between groups of norma tissue and benign pathology
(mammary gland, matopathy and fibro-adenoma). At frequencies above 100
kHz, the cancerous tissue group has greater phase angle than any other group
and ‘exhibits the most capacitive response of al groups'.

[25] 1 kHz-10 MHz

Complex conductivity (i.e. admittivity) and characteristic frequency are largest

for cancerous tissue, middle for transitory tissue and lowest for the healthy

one.

and hence reduce the benign biopsies. However, the lim-
ited results on the electrical properties of benign and
malignant breast tumors seem to be controversial. For
example, some studies [8,24] demonstrated that malig-
nant tumors have higher capacitance than benign tumors,
while the study [31] showed that malignant tumors have
lower C,, than benign tumors. This could be due to the
employment of different measurement techniques, dif-
ferences in in vitro and in vivo conditions of tissues, or
variations of tissue samples. Further study is required to
investigate the electrical impedance of benign and malig-
nant tumors for better differential diagnosis of breast
cancer.

Instruments for invasive impedance measurement can
have low cost and fast response. They may be combined
with needle biopsies to aid the localization of malignant
tumors [31] to increase the diagnosis accuracy. How-
ever, due to their invasive nature, extra care should be
taken to further investigate their appropriateness for rou-
tine clinical use in breast cancer detection. As for less

complex noninvasive non-imaging techniques, such as
the one used in Ref. [33], their effectiveness in breast
cancer detection is yet to be seen. So far, some noninvas-
ive impedance imaging-based techniques have been pro-
posed for breast cancer detection, as described |ater.

3. Noninvasive impedance imaging techniques
3.1 EIT

Noninvasive impedance imaging techniques may be
classified into two main categories. electrical impedance
tomography (EIT) and electrica impedance mapping
(EIM). (For more detailed references on EIT, the readers
may refer to Refs. [28,34,35]. Here we only provide a
basic introduction on EIT.)

In EIT, a large number of impedance measurements
are made from electrodes placed on the body surface
and the results are processed by a computer to produce
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Fig. 1. In vivo impedance measurement using a three-electrode
method. (Copyright (01993. From Ref. [11]. Reproduced by per-
mission of Taylor & Francis, Inc., http://www.routledge-ny.com).

reconstructed tomographic 2D or 3D images of the
impedance (conductivity and/or permittivity) distribution
within the body. EIT imaging is based on the significant
electrical impedance variation between different tissue
types [34]. Both static and dynamic imaging exists in
EIT. The static imaging involves producing an image of
the distribution of absolute conductivity or impedivity,
while the dynamic imaging reconstructs images of
change in conductivity, derived from a change in the
electrode voltages [34]. The success of an EIT system
relies on its data acquisition and image reconstruction.

On the data acquisition, most practical EIT systems
operate on a so called ‘current-driving mode’, namely,
applying a known, constant ac current to two or more
electrodes, and measuring the voltages developed
between other electrodes [34]. Conversely, the ‘voltage-
driving mode’ is defined as applying a known ac voltage
to two or more electrodes and measuring the currents
through other electrodes. Various data acquisition tech-
nigques have been proposed. They mainly differ in the
number and arrangement of electrodes, the excitation
mode (i.e. current or voltage driving mode), the pattern
of the excitation signal, and the working frequency

range. Though being conceptualy simple, the data
acquisition process in EIT imaging is difficult to
implement in practice [34].

The image reconstruction of EIT is a chalenging
inverse problem, which is both nonlinear and ill posed
[35]. It involves solving a forward problem defined as
given a known impedance distribution, calculate the
measured surface voltages from the applied currents, and
an inverse problem defined as given the measured sur-
face voltages, calculate the unknown impedance distri-
bution. Current reconstruction a gorithms are often based
on finite element modeling, with Poisson’s equation
being the governing equation and the assumption of a
guasistatic condition, since the working frequencies in
EIT arerelatively low (<1 MHz). The various proposed
EIT image reconstruction algorithms may be classified
as single-step (non-iterative) type or iterative type [34].
The reconstruction techniques of single-step typeinclude
back-projection [36] and sensitivity matrix methods [37].
The variants of Newton—-Raphson method [38] are the
most popular iterative reconstruction technique [34].

EIT has been extensively investigated by over 20
groups for its clinical applications mainly in studying
gastric function, pulmonary ventilation, perfusion, and
hyperthermia [34]. EIT for breast cancer detection has
aso been actively studied by a limited number of
research groups. The representative works are reviewed
as follows.

3.1.1. The work of Dartmouth College group

Hartov et al. [39] built and tested a 32-channel, multi-
frequency (DC to 1 MHz) 2D EIT system. The resol-
ution of the A/D converter was 16-bit with a 200 kHz
sampling frequency [40]. Ag/AgCl electrodes were used
in the system. The system simultaneously applied a volt-
age signal and measured currents at all electrodes. Mag-
nitudes and phases of impedance were calculated using
the reference voltage and the response current signals.
Image reconstruction was based on the Newton method
[41]. In their finite element modeling, they used a dud
mesh approach: a fine mesh for voltage calculation in
the forward problem; a coarse mesh for calculating con-
ductivity and permittivity in the inverse problem [40].
This system was evaluated by Kernnel et a. [42] using
an EIT phantom.

Osterman et a. [43] modified the EIT system to inves-
tigate its feasibility for routine breast examinations. In
their in vivo test, 16 electrodes formed an electrode array
and were in direct contact with the breast through a
‘radially trandating interface’ as shown in Fig. 2(a). The
electrode array was located below an examination table,
on which a participant would lie prone with the breast
to be imaged pendant in the array. Ac voltage signals
were delivered to the electrodes over the 10 kHz—1 MHz
freguency range. Multi-channel measurements were con-
ducted a 10 frequencies on both breasts. Thirteen
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Fig.2. The EIT system of Dartmouth College: (a) electrode setup; (b) absolute permittivity image (coronal view of breast with malignant tumor
at 750 kHz). (From http://www-nml.dartmouth.edu/biomedprg/El S/index.html. By permission.)

women were tested. The examination of each breast took
about 10 min. The results showed that structural features
in the EIT images correlated with limited clinical infor-
mation available on participants. However, near-surface
electrode artifacts were evident in the reconstructed
images (Fig. 2(b)). They concluded that their system was
sensitive, but not very specific—good for ruling out
tumors [40]. An initial study on the consistency of the
exam has been performed with an improved breast inter-
face [44]. With increasing levels of electrode placement
uncertainty, they imaged 25 breasts in four separate
‘substudies’. Their results suggest that their EIT breast
exams are ‘consistent provided the electrode placement
is well controlled, typically with better than 1 cm accu-
racy’. The major limitation of Dartmouth’s EIT system
is its 2D impedance measurement nature, athough the
system has both vertical and radial electrode array pos-
itioning capability.

3.1.2. Electric impedance mammograph developed at
Technical University of Gdafisk

Witorek et al. [45] built an experimental 3D EIT sys
tem for breast cancer detection. It includes a sensing
head, adigital signal processor, and a personal compuiter.
The sensing head contains a hemisphere chamber of 16-
cm diameter with 64 annular compound electrodes
placed at fixed multi-layer positions. Current or voltage
is applied through the outer electrode and the inner one
measures response voltage or current, respectively. Inits
current-driving mode, the device measures the potential

difference between various pairs of electrodes. The mea-
sured potential differences are sent to the computer to
reconstruct and display 3D impedance distributions in
the hemisphere. The image reconstruction is based on
the perturbation method [41]. The configuration of this
system could have some distinct advantages. As pointed
out by Wtorek et al. [45], the fixed geometry of the
chamber could minimize any problems introduced by
uncertainty of the object geometry. Moreover, introduc-
ing saline solution between the examined object and the
surface electrodes would stabilize the contact impedance
during in vivo measurement. One limitation of this sys-
tem is that only 64 electrodes are used, insufficient for
obtaining satisfactory resolution in 3D. Also the arrange-
ment of electrodes on afixed hemisphere might limit the
application of this device, since the contact between skin
and electrode may only be provided for a breast of defi-
nite size [46].

3.1.3. TCI's electric mammograph

Cherepenin et al. [46,47] described an innovative elec-
tric mammograph patented by TCI (Technology Com-
mercialization International Inc., Albuquerque, NM,
USA). It isa 3D EIT system as shown in Fig. 3(a). A
compact array of cylindrical protruding electrodes made
of stainless steel is arranged in a rigid dielectric plane.
(In Fig. 3(a), 256 electrodes were used.) Two additiona
singular electrodes are used as ac current source and
potential reference, respectively. Each can be located on
awrist, as shown in Fig. 3(b). During the examination,
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(a)

the electrode plane is pressed against the breast, flat-
tening it toward the chest. A 10 kHz ac current source,
about 1 mA, is connected between the remotely attached
current electrode and one of the electrodes in the planar
array. The potential difference between the selected at-
rest electrode in the planar array and the remote refer-
ence electrode is measured. For each input electrode, the
output multiplexer sequences through all the other elec-
trodes in the array while the potential differenceis meas-
ured. Theinput electrode is switched and the output mul-
tiplexer sequence repeated, resulting in 65280
(256 x 255) voltage measurements for each full
measurement cycle [47]. Images for 3D conductivity dis-
tribution are reconstructed using a modified back projec-
tion method [46].

Features of this system include that pressing the plane
against the breast can increase the number of electrodes
in contact with the breast and also reduce the thickness
of tissue layers to be measured. Due to the long distances
between the singular electrodes and the electrode plane,
it may be assumed that the unperturbed equipotentia
surfaces of the electrical field be spherical in the examin-
ation area, which simplifies image reconstruction [46].
Another feature of this device liesin the threshold detec-
tor of output voltages to identify those electrodes that
have insufficient electrode-body contact. During the
reconstruction, the potential difference values coming
from insufficient-contact electrodes are replaced by
values calculated on the assumption of a homogeneous
conductivity distribution [46]. Cherepenin et a. [47]
reported the results of its preliminary clinical trial on 21
women. Eighty-six percent of examinations were found
to fully or partially agree with diagnoses made by X-ray
mammography and biopsy.

3.1.4. The proposed EIT system from Rensselaer
Polytechnic Institute

The EIT research group in Rensselaer Polytechnic
Institute (RPI) is aso interested in using impedance
imaging for breast cancer detection [48,49]. Mueller et
al. [49] studied the use of a rectangular electrode array

0 N/ -1

Fig. 3. TClI's electric mammograph: (a) the sensor plates and the reference electrodes; (b) the use and configuration of the device: 1—plane with
256 electrodes, 2— remote electrodes [36]. Reproduced by permission of Technology Commercialization Incorporated, NM, USA.)

mounted on the surface of a region to collect voltage
data and create 3D impedance images for the subspace
under the electrode array. They expected this electrode
configuration might be desirable for detecting human
breast tumors using EIT. They performed numerica
simulation and phantom studies for a 4 x 4 electrode
array. In their phantom study, each copper electrode
measured 5 x 7mm. A saline filled rectangular tank was
used in which electrode-sized agar targets
(5 x 7 x 55mm) were suspended at severa positions.
The saline solution’s conductivity (300 mS/m) was
chosen to approximate that of healthy tissue and the con-
ductivity of the agar (900 mS/m) was chosen to approxi-
mate that of amalignant tumor. They applied normalized
eigenfunction current patterns [50] on the 16 electrodes.
The subspace under the electrode array was discretized
into 4 x4 x4 voxels. Their reconstruction algorithm
was based on linearizing the conductivity about a con-
stant value. Their experiment results showed that in the
plane of the electrodes the inhomogeneity’s position is
well characterized in the reconstruction, but with poor
depth resolution. As suggested by Mueller et a. [49], it
is possible to improve this method by using more elec-
trodes in the array, better modeling of the shunting and
surface impedance effects of the electrodes, and applying
an improved reconstruction algorithm. So far, no practi-
ca EIT system for breast cancer detection has been
developed from RPI.

3.2. EIM technique

In EIM, constant ac voltage is applied to the body
usually between an array of multiple sensing electrodes
covering the surface of the body to be imaged, and a
large reference electrode placed elsewhere on the body.
The multiple sensing electrodes are kept at an equa
potential while the currents through the electrodes are
measured. The calculated values of the local bulk imped-
ance underneath the sensing electrodes are then pro-
jected to the surface and mapped as 2D images. Being
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conceptualy more dtraightforward than EIT, EIM
requires literally no complex image reconstruction.

Using EIM, TS2000 is so far the only commercialy
available electrical impedance-imaging device for breast
cancer detection. TS2000 includes a reference electrode
held in a patient’s hand, and a scan probe, pressed
against the breast [27] as shown in Fig. 4. The reference
electrode is a metallic cylinder (diameter 3.4 cm, length
12 cm) and the scan probe contains a planar array of
rectangular electrodes (16 x 16 on the large and 8 x 8
on the small probe) separated by rectangular grids. Each
electrode has an area of 3 x 3mm. The center-to-center
distance between electrodes is 4 mm, leaving 1 mm of
space between adjacent electrodes. A guarding ring in
the form of 7-mm wide metallic strip surrounds the sens-
ing area to hinder the electrical edge effects. Conductive
gel is used as medium between the sensing area and the
breast surface.

During the measurement using TS2000, an ac voltage
of 1-2.5 V is applied between the handheld reference
electrode and the measuring el ectrodes on the probe kept
at virtual ground [51]. The current travels from the
patient’s arm to the highly conducting pectoralis muscle,
which may be considered as an isopotential plane.
Therefore, a roughly parallel electric configuration is
created between the pectoralis muscle and the probe
pressed on the breast of the supine patient. Based on this
configuration, pressing the probe on the breast by the
physician during examination will decrease the distance
between the measuring probe and the pectoralis muscle,
hence increasing the sensitivity for detecting the dis-
torted electric field due to the existence of a malignant
tumor. Within the measurement frequency range of 50
Hz—20 kHz [13], the amplitude and phase of the induced
current on each measuring electrode are calculated. The

Momrmal Breosst
Adipoae Tinsue
(g Innpadance]

Palignant Logson
(Lowy | g cenuoey

source signal is also sampled and serves as a reference
signal. These signals coupled with the system’s transfer
function are used to compute the admittance at each
electrode. Conductance and capacitance related maps are
displayed in gray levels on the monitor.

Since cancerous tumors have relatively high conduc-
tivity and permittivity with respect to surrounding heal-
thy tissues, a cancerous tumor causes enhanced current
signals measured by the electrodes close to the lesion.
In TS2000's gray-level images, the cancer is thus vis-
ualized as afocal white spot [27]. Multiple clinical stud-
ies on using TS2000 for breast cancer detection have
been conducted. In a clinical study performed on a total
of 504 biopsied breasts consisting of 179 malignant and
325 benign findings, three methods—T-scan aone,
mammogram, adjunctive T-scan i.e. combination of T-
scan and mammogram, were used. The results show that,
as an adjunct to X-ray mammography, T-scan improved
mammographic specificity from 39-51% (p = 0.0003)
and increased mammographic sensitivity of 82-88%
(p = 0.01). The results for the 273 mammographically
equivocal cases show that, with adjunctive T-scan read-
ing, mammographic specificity was increased signifi-
cantly from 60-82% (p = 0.02) and mammographic
sensitivity was aso increased significantly from 41—
57% (p = 0.0003) [13]. Due to the promising clinical
trial results, TS2000 was granted US FDA's pre-market
approval in 1999 for adjunctive use with X-ray mam-
mography [13]. It has been shown that this device pro-
vides additional information for guiding a biopsy rec-
ommendation.

Although TS2000 is the only commercidly available
impedance-imaging device for breast cancer diagnosis, a
number of limitations have been found from clinical studies.
The mgjor limitations can be summarized as follows [52]:

Fig. 4. The system configuration and basic principle of TS2000. A constant voltage is applied between the handheld electrode and the rectangular
electrode array in the probe. A malignant lesion causes enhanced current density that can be detected by the probe. The lesion is shown as a
focal bright spot on the conductance and capacitance maps. (From http://www.med.siemens.com/medroot/en/prod/diag/womens/prod/trans/prin/

imaging/index.html. Reproduced by permission of Siemens AG.)
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1. false positives caused by artifacts such as air bubbles,
interfering bones, muscles, and superficia skin
lesions, resulting in high conductivity measurement,
or bright spots;

2. limited maximum depth of measurement is 3-3.5 cm,
hindering detection of lesions close to the chest wall;

3. not possible to localize positive lesion for biopsy.

3.3. Magnetic induction tomography

Magnetic induction tomography (MIT) can aso be
used for impedance imaging. Unlike EIT or EIM, MIT
does not require electrical contacts with the body;
instead it uses the interaction of an oscillating magnetic
field with conductive media. The field, perturbed by
eddy currents in the object, can be excited and measured
by small coils arranged around the object. The conduc-
tivity (and permittivity) can be reconstructed from the
measurements of the perturbed magnetic field outside the
object. Earlier work in MIT was performed by Genger
et al. [53-56]. Recently, Griffiths et al. [57] developed
an MIT system for measuring biological tissue. Kor-
jenevsky et al. [58] also developed an MIT system.
Scharfetter et al. [59] studied sensitivity maps of MIT.
Their work demonstrated the applicability of MIT for
medical imaging and diagnostics. Being a potential tech-
nique, however, to the authors knowledge, MIT and
other magnetic induction based impedance methods have
not been studied for breast cancer detection.

4. Discussion and conclusion

Electrical impedance has been used for tackling a
challenging problem—the detection of breast cancer for
over 70 years. Intensive in vitro and limited in vivo
measurements support the efforts in further developing
impedance-based invasive or noninvasive techniques for
breast cancer detection. Invasive impedance techniques
could have advantages of low cost and fast response.
However, the accuracy of tumor localization and the
design of electrodes need to be improved before invasive
methods could be used in clinical settings. Their detec-
tion accuracy may aso be improved from combinational
use with other cancer indicators, as evidenced by the
development of ‘smart needle’ from BioLuminate, Inc.,
San Jose, CA. By combining impedance measurement
with measurements of oxygen partial pressure, tempera-
ture, light scattering and absorption properties including
deoxygenated hemoglobin, vascularization, and tissue
density, the smart needle technique has the potentia to
achieve high detection accuracy [60].

Within the noninvasive imaging based techniques,
EIT is an active candidate and its hardware and image
reconstruction algorithms have been studied for about 20
years. However, a series of problems still exist that limit

its clinical applications, including breast cancer detec-
tion. The key limitation is their low spatia resolution.
The main reasons include inaccurate modeling of the
system, varying electrode—skin contact impedance, lim-
ited number of independent measurements, and poor sig-
nal to noise ratio [61-68]. Kolehmainen et a. [67]
pointed out the parameters that most affect the recon-
structed image are the contact impedance under the elec-
trodes, sizes and locations of the electrodes, and the
boundary shape of the object. They suggested that the
most feasible way to minimize these errorsisto measure
them and to utilize the data in the forward modeling.

Due to the limited number of electrodes used in cur-
rent EIT systems, increasing the number of electrodes
seems to be a viable solution to increase the number of
independent measurements, hence possibly improving
the spatial resolution. However, simply increasing the
number of electrodes will not only add to the complexity
of the hardware and software, but also increase the need
to dea with problems associated with electrode pos-
itioning and localization. In a limited space, such as a
human breast, the number of applicable electrodes is
limited, since a current electrode should have sufficient
size to reduce the current density under the skin [64].
Also, the interconnections, such as cables from elec-
trodes to the successive circuitry, need space as well.
Although various electrode systems for EIT have been
used as reviewed by McAdams et a. [69], applying a
large amount of electrodes to the breast with high
reliability and good contact remains a difficult problem.
Jossinet [70] proposed a pneumatic activated electrode
system to facilitate automatic electrode attachment to the
breast. Holder [71] designed a conical array for breast
imaging, which comprised five electrode rings with dif-
fering diameter to fit to any breast size. The device pro-
vided good electrode—skin contact by application of vac-
uum, depression and rotation of the specialy designed
electrodes. Nevertheless, these attachment approaches do
not help greatly with spatial resolution, because the num-
ber of independent measurements was not increased. A
possible solution to the electrode—skin contact problem
is suggested by Wtorek et al. [45], that is to fix the elec-
trodes on a rigid surface and enable their contact with
breast through a conductive media such as saline with
appropriate conductivity. Cornish et a. [72] suggested
optimizing electrode site might also help improve
impedance measurements. Concisely, to truly improve
the spatial resolution of an EIT system, reliable electrode
attachment and increasing the number of independent
measurements must be considered together.

For breast cancer detection, ideally 3D images could
be formed based on EIT so that not only a tumor’s
benign or malignant status but also its location could be
indicated accurately. Using 3D EIT may not only
improve tumor localization to aid biopsy, but also help
to filter out false positive results caused by artifacts such



88 Y. Zou, Z. Guo/ Medical Engineering & Physics 25 (2003) 79-90

as skin lesions, bones, etc. However, thisrequires an EIT
system having sufficiently high spatial resolution and
high reproducibility. To achieve this, collective efforts
should be made, including increasing the number of
independent measurements and using reliable electrode—
skin contact means, attempting different data collection
schemes, and deriving novel reconstruction algorithms.
The multi-frequency approach may further increase the
detection accuracy [27]. The EIT system in [46] is a
good example that can generate 3D images by utilizing
aspecial signa injection pattern, substantially increasing
the number of electrodes, and measuring and correcting
for bad electrode-skin contacts.

As for EIM, the limitations of TS2000 can give us
good insights on how to improve the technique for better
breast cancer detection. An improved impedance-map-
ping technique may utilize a pair of electrode arrays, one
for exciting and one for measuring. During the examin-
ation, the breast would be compressed between the elec-
trode arrays, and impedance images of both mediolateral
oblique and craniocaudal views could be generated,
similar to conventional X-ray mammography. Since the
impedance images could be compared directly with X-
ray mammograms, this technique may increase the accu-
racy of breast cancer detection and may aso aid in
biopsy localization. Our group is currently investigating
this technique.

MIT or magnetic induction-based impedance imaging
has the potential for breast cancer detection. A stronger
eddy current may be induced in a malignant tumor and
its associated magnetic field may be detected from exter-
nal measurement. The major advantage of these kinds of
methods is that they can avoid the problems related to
electrode-skin contact. Smith et a. [73] tried a similar
method for prostate cancer study. Their results are prom-
ising. However, if magnetic induced impedance imaging
is used for breast cancer detection, the difficulty could
be the detection of the very weak signals that come from
a small sized tumor close to the chest. This might be
mitigated by pressing the breast toward the chest, or
compressing the breast between two plates.

Combining electrical impedance measurement with
other modalities, such as mammography, ultrasonogra-
phy and thermography, can open up new opportunities
for breast cancer detection. For example, based on the
pilot study by Jossinet et a. [74], an integrated breast-
scanning probe that combines both ultrasound and elec-
trical impedance measurement could be invented in the
future.

It is worth noting that current evidence supporting the
separation of benign from malignant breast tumors using
electrical impedance techniques is very limited. Further
studies on this issue are necessary to fully utilize electri-
cal impedance based techniques for breast cancer detec-
tion, especially for the differential diagnosis of breast

cancer. If this is successful, the reduction of benign
biopsies could be expected.

From this focused review on electrical impedance
techniques for breast cancer detection, we are able to
find various opportunities for improving current EIT and
mapping-based methods, and for future development of
new techniques, such as MIT for breast cancer detection.
We suggest that 3D EIT should be improved through
collective efforts. Impedance mapping using a pair of
electrode arrays is a viable method and has great poten-
tial. MIT and other magnetic induction based impedance
imaging for breast cancer detection are promising and
merit further exploration as well.
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