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Towards Virtual Electrical Breast Biopsy:
Space-Frequency MUSIC for Trans-Admittance Data

Bernhard Scholz

Abstract—Breast cancer diagnosis may be improved by elec-
trical immittance measurements. We have developed a novel
method, space-frequencyMUltiple Signal Classification (MUSIC),
to determine three-dimensional positions and electrical param-
eters of focal lesions from multifrequency trans-admittance data
recorded with a planar electrode array. A homogeneous infinite
volume conductor containing focal inhomogeneities proved to be
a useful patient-independent model for the breast containing focal
lesions. Lesions polarized through the externally applied electric
field are considered as distributions of aligned dipoles. Indepen-
dence of the lesions’ shape and size is achieved by a multipole
expansion of such a dipole distribution. Thus, lesions are described
by point-like multipoles. Their admittance contributions are given
by a sum over products of multipole-specific source-sensor
transfer functions, called lead fields, multiplied by their moments.
Lesion localization corresponds to multipole search, and uses
orthonormalized lead fields for comparison with a signal subspace
from a singular value analysis of a space-frequency data matrix.
At the locations found, the moments’ frequency behavior is
calculated which is assumed to be tissue-specific due to their
dependence on conductivities. Results from clinical data show
that space-frequency MUSIC successfully localizes lesions. Tissue
differentiation might be possible, especially when the frequency
range of the measurement system will be increased.

Index Terms—Breast cancer, electrical bio-immittance, elec-
trical impedance, lesion localization, MUSIC, tissue classification.

I. INTRODUCTION

BREAST cancer is the most frequent cancer in women in
the Western countries. Nearly 200 000 new cases of breast

cancer are expected in the United States in 2001 [1]. In the
process of diagnosis a rate of 10% of screening cases are sent
to further diagnostic examinations, 25% of which have to un-
dergo biopsy due to equivocal findings. Four out of five of these
biospsies are negative [2]. In absolute figures, this means, up to
800 000 biopsies are unnecessary in the US each year. There-
fore, reduction of unnecessary biopsies is mandatory. It would
increase patient comfort and decrease costs.

The number of unnecessary biopsies can only be reduced by
decreasing the number of equivocal findings through enhanced
sensitivity and specificity. In targeted clinical studies, the ad-
mittance breast scanner TS20001 achieved higher rates of sen-
sitivity and specifity when used adjunctively with X-ray mam-
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1TransScan TS2000 (TransScan Medical, Ltd., Migdal Ha’Emek, Israel)
is the medical industry’s first commercially available electrical immittance
scanner.

mography than mammography alone. It got FDA approval for
adjunctive use with mammography. The TS2000 system will be
briefly described in Section II. Despite of its success, further
improvements of the TS2000 device regarding sensitivity and
specificity, are desirable.

This paper presents a data model generalizing the dipole
model of [4] and—based on it—presents space-frequency
MUltiple Signal Classification (MUSIC) (SF-MUSIC) as a
novel method to analyze TS2000’s multifrequency admittance
data. MUSIC invented for the analysis of space-time data,
originally in radar technology [5], then in biomagnetism
[6]–[8], and in functional magnetic resonance imaging [9], is
transferred to analyze space-frequency bioimmittance data.

The signal generators are supposed to be focal lesions at dif-
ferent positions below the measurement array having different
frequency behavior of their electrical parameters. Additionally,
the lesion-surrounding tissue contributes background signals
over the whole measurement array of narrowly spaced 88 or
16 16 electrodes (interelectrode distance is 3 mm), in case
of the small or the large probe. This and the spatial extension
and shape of focal lesions are taken into account in the data
model, see Section III. Thea priori unknown structure of a
lesion is described by a multipole expansion of a distribution
of molecular and cellular dipoles in its volume.

Results of the SF-MUSIC algorithm, which will be presented
in Section IV, are the three-dimensional (3-D) locations and the
spectral behavior of the conductivity-dependent electrical mul-
tipole moments of possible lesions. Here and throughout this
paper, conductivity means complex electrical conductivity de-
scribing conductive and capacitive tissue properties [10]. Since
electrical conductivity can be assumed as tissue-specific, the
frequency dependence of those moments should allow nonin-
vasive lesion classification provided data are recorded in an
appropriate frequency range. In Section V, results from clin-
ical data are shown. They demonstrate the effectiveness of the
proposed SF-MUSIC method regarding localization. They en-
courage measurements in an increased frequency range to es-
tablish a well-founded tissue classification procedure.

II. M EASUREMENTDEVICE

The measurement tools are scan probes and a reference
electrode. The probes contain each a planar array of electrodes
(16 16 and 8 8 on the large and small probes, respectively).
Each electrode has an area of 33 mm . The center-to-center
distance between electrodes is 4 mm, thus leaving a space
of 1 mm between adjacent electrodes. The sensing area is
surrounded by a metallic strip of 7 mm width, termed the guard
ring, which hinders electrical edge effects. Thus, the total probe
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Fig. 1. Breast examination with the TransScan TS2000 breast scanner. The
patient lies recumbent, holding the cylindric reference electrode in the hand
contralateral to the examined breast.

areas are 79 79 mm and 47 47 mm of large and small,
respectively. The reference electrode is a metallic cylinder
(diameter: 3.4 cm; length: 12 cm) which is held by the patient
in her hand, Fig. 1.

Current flow through the breast is induced by a potential dif-
ference between probe electrodes being at ground potential, and
the reference electrode. The potential of the reference electrode
is adjusted automatically such that the current signals are op-
timal. Safety regulations limit the voltage to 2.5 V and the cur-
rent to 5 mA. The TS2000 currently operates with up to 30
voltage frequencies in the range from 58 Hz to 5 kHz.

For each sensor, signal amplitude and phase shift are derived
from the current data measured during recording time [4]. These
quantities are converted into admittances, which are visualized
as maps over the electrode array. Actually, grey scale maps of
conductances and capacitances are displayed.

III. B REAST AND LESION MODEL

The breast containing focal lesions is considered as a homo-
geneous volume conductor except for the regions of the lesions.
They are assumed to have different electrical conductivity than
the surrounding. The volume conductor is supposed to be of in-
finite extent. This means, boundary influences are assumed to be
negligible which has been verified by clinical data analysis, so
far. Thus, the breast model is completely patient-independent.

In absence of conductivity inhomogeneities, the electric field
in such a breast model is homogeneous provided the external
field sources are far away. In a lesion-less case, this picture of
a homogeneous electric field also applies to the breast region
below the planar TS2000 measurement array due to a uniform
potential across this array and a reference potential in the con-
tralateral hand of the patient [4]. The electric field is directed
normal to the measurement array.

In the presence of lesions, the externally applied electric field
polarizes the lesion due to conductivity differences of the lesion

and the surrounding breast tissue . Permanent and in-
duced dipoles are oriented along this electric field. Therefore,

a lesion is a region of aligned dipoles. It can be considered as
an externally induced and as a spatially extended source of an
electrical polarization field. The aim of this section is to express
the admittance measured through lesion-specific quantities de-
scribing the polarization field.

The polarization field of a cancerous lesion with higher con-
ductivity than the surrounding tissue, e.g., a cancerous lesion,
enhances the current flow along the applied electric field inside
and outside the lesion where it is decreasing with distance. De-
pending on its distance with respect to the measurement grid,
and on its size, shape, and orientation, the lesion is detectable
through increased current signals [12].

The total current density is a sum of the current densitiy
due to the externally applied field , and of the lesion-induced
polarization current density . It can be related to the potential
of the polarization field.

(1)

The applied electric field and the measured currents are ac quan-
tities of a definite, but adjustable frequency. In the subsequent
text, electric field and currents stand always for the respective
amplitude quantities. Due to the electric properties of tissue, the
currents measured depend on the frequency of the applied elec-
tric field.

The admittance measured at the th electrode (position
vector ) is determined by the component of the total current
density normal to the electrode surface. Since the measurement
array is planar, all normals are equal, and—without loss of gen-
erality—are assumed to direct into-direction. Therefore, we
have

(2)

where is the total number of electrodes, the area of
each electrode, the potential difference between measurement
array and reference electrode,the frequency of the applied
voltage, and the unit vector in direction.

Since size and shape of the lesions are unknown, a possible
way of data description is to get rid of the explicit dependence
on their geometry. This is achievable by a multipole expansion
of the distribution of the aligned dipoles.

The electrical potential at position due to an arbitrary
distribution of elemental dipoles in a lesion of volume

within an infinite volume conductor, is given by

(3)
where

frequency of the externally applied electric field;
frequency-dependent elemental dipole moment
density;
center-of-gravity (CoG) of the lesion of volume;
Nabla operator acting on the position vector.
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More precisely, is a current dipole density. By writing
and using ( : permittivity of vacuum),

we obtain a potential expression with permittivity and stan-
dard dipole density replacing conductivity and current dipole
density. Therefore, description in terms of current dipoles or
in terms of harmonically varying electric dipoles is equivalent.
We continue the discussion with the current dipole density
without using explicitly the term “current dipole,” later on.

As can be seen from (3), the tissue-specific frequency depen-
dence of the lesion signal is now ascribed to the frequency be-
havior of the elemental dipoles. In (3), dipole–dipole interac-
tions within are assumed to be considered by ascribing an
effective polarizability to each elemental dipole [13]. The ex-
pression in (3) can be generalized to multiple lesions by sum-
ming over all existing polarized regions. The interactions be-
tween separated polarized regions will be neglected [14]. For
the sake of notational clarity we continue with asinglelesion.

The multipole expansion of (3) up to third-order with respect
to the CoG of the lesion yields the following expression

(4)

where the denotes the tensor product, and the big dot means
complete contraction of all vector or tensor indexes, respec-
tively. The first term of (4)—the monopole term of the expan-
sion of a dipole distribution—is the overall dipole moment of the
lesion, denoted as. The second term has a quadrupolar struc-
ture, and the third term is of octupolar type. In general, the mul-
tipole nature of the contributions of (4) is augmented by one,
compared with a corresponding expansion of a charge distri-
bution. The potential can be thought of as being generated by
point-likemoments located at the lesion’s CoG. They are given
by

and

(5)

The dependence on the lesion’s geometry has disappeared at the
expense of a series of terms. In (4) and (5), the CoG as the lo-
cation of the point-like moments and the frequency are omitted
in order to facilitate readability.

The multipole structure of (4) becomes similar to that of a
charge distribution, if the alignment of the dipoles is taken into
account. As assumed above, the externally applied electrical
field and the elemental dipole moment vectors are oriented
along the direction. Thus, the dipole moment density is

, and has only a single nonvanishing component. It can
be considered henceforth—like a charge density—as a scalar.
Considering in (4) the orientations described, calculating the
gradient of the potential, and inserting the result into (1), and
then inserting the current density expression into (2), we get

for the admittance measured at theth electrode position at
frequency

(6)

Equation (6) expresses the admittance in terms of the “back-
ground” current density and in terms of geometrical and elec-
trical multipole quantities , , , , , and describing
a lesion with CoG at position and a frequency-depen-
dent strength. Thus, lesions are considered as multipolar signal
sources, in addition to the inevitable “background” signals from
surrounding breast tissue. Subsequently, the multipole quanti-
ties are discussed.

The tensor rank of the moments, compared with (5), is re-
duced by one. The total scalar dipole momentof the lesion is
given by

(7)

The quadrupole moment reduced to a vector is

(8)

In case of a homogeneous spherical dipole distribution, the re-
duced quadrupole moment is zero, as is easily seen and as it
should be. The second-rank tensoris defined by

(9)

where is the 3-D unit tensor, andis related to the octupole
moment of (5) via

(10)

As mentioned above, the elemental dipoles are assumed to be
frequency dependent in a tissue-specific way. Through the mul-
tipole expansion, this frequency dependence is adopted by the
multipole moments, see (7)–(10). Thus, the frequency depen-
dence of the admittance, initially given by the elemental dipoles,
is now explained by the frequency behavior of the multipole mo-
ments. Further, their in- and out-of-phase parts, i.e., their real
and imaginary parts, are related to real and imaginary part of
the admittance data.

The source-electrode-dependent functions, , and
give rise to maps specific for each point-like multipole moment,
Fig. 2. Following bioelectricity [15] and biomagnetism [16],
they are calledlead fields. From the multipole expansion up to
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Fig. 2. Multipole lead fields of a source in a depth of 6 mm. LF1: dipole lead
field; LF2: vectorial quadrupole lead field; LF3: tensorial octupole lead field,
according to the first, second, and third term of the multipole expansion of a
distribution of aligned dipoles (see text).

third-order of a focal distribution ofaligneddipoles, we have a
single dipole, three quadrupole, and six octupole lead fields.

The first lead field is a scalar field due to the scalar dipole
moment (7). Correspondingly, the vector nature ofis related
to the reduction of the quadrupole moment to a vector (8), and
the second-rank tensor property of is a consequence of the
reduction of the octupole moment to such a tensor.

The complexity of their map structure increases with multi-
pole order, Fig. 2. The component lead fields (LF1, LF2.z,
and LF3.zz) describe the symmetric shape of a lesion signal.
Asymmetry is modeled by the other lead fields. Thus, linear
combination of maps from multipole lead fields increasing with
order, allows description of data maps of increasingly compli-
cated structure caused by shape and size of a lesion.

From (6) it can be seen that the lead fields define a model sub-
space of the -dimensional ( -D) data space. This model sub-
space depends on the multipole source position, thus describing
the fact that the admittance data depend on the position of the
lesion.

The admittance expression in (6) can be generalized to mul-
tiple lesions by summing over the different CoGs and the asso-
ciated multipole moments. This generalization will be presented
in Section IV-D. There, the spectral behavior of the multipole

moments will be determined by inverting the set of linear equa-
tions relating measured admittances and the multipole moments
from different lesions.

IV. SPACE-FREQUENCYMUSIC

The problem to be solved in this work, is the 3-D localization
of focal lesions, and subsequently the estimation of the spec-
tral behavior of the localized lesions, in order to diagnose their
benign or malignant nature. The mathematical structure of this
localization problem is the same as that used to estimate the di-
rections of arrival of wavefronts impinging onto a sensor array in
radar measurements, or to estimate the three-dimensional posi-
tions of focal brain activities in magnetoencephalographic mea-
surements. In these applications, spatio-temporal data, recorded
with a sensor array at different time instants, are used to de-
rive a signal subspace of the data space. At each point within
the volume-of-interest, a measure of orthogonality between this
signal subspace and an application-specific model subspace is
calculated. The peaks of the three-dimensional distribution of
measures are identified as source locations. At the positions lo-
cated, the source strengths as a function of time are calculated
by inverting the set of linear equations relating the measured
data and the source strengths.

A. Space-Frequency Data Matrix

Given the breast and lesion model of Section III, it is obvious
to analyze space-frequency admittance data with the MUSIC
algorithm. Therefore, the SF-MUSIC method requires TS2000
admittance maps at different frequencies .
The maps are reformatted as-D column vectors in order
to define a space-frequency data matrixof measured
admittances

(11)

The column vectors characterized by simple underline, are de-
fined as

(12)

The underline is also used later in the text and has the meaning
as in (12). Note, the matrix is a complex matrix. In case of
conductance or susceptance data only, the matrix in (11) will be
real.

B. Singular Value Decomposition

The number of sources, i.e., of lesions, is supposed to be
extractable from a singular-value decomposition (SVD) of

. This assumes, lesions with perfectly coherent frequency
behavior signal generators are not present. The SVD is

(13)

where are the real singular values, and and are -D
and -dimensional ( -D) unitary vectors, respectively [17],
being orthonormalized vectors in case of real matrices. The
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-D vectors depend on spatial, i.e., electrode position
indexes, only. If reformatted two-dimensionally, they can be
displayed as maps like the original data. They form a set
of basis vectors of the complex data space. The frequency
dependence is contained in the-D vectors . It should be
noted, that the vectors and are dimensionless, and that
singular values have the dimension of the measured data.

The number of numerically significant singular values
is related to sources behaving linearly independently with
frequency. This behavior is determined by thepolarizability of
the source regions, which in turn depend on both, the conduc-
tivities of the polarized regions and those of the surroundings.
For a sphere the polarizability is known to be proportional to

. E.g., the frequency behavior of signals
from two spherical lesions can differ in case of equal lesion
conductivities but different conductivities of the surroundings.

The basis vectors related to the significant singular values
are called signaleigenmaps, and show regular structures deter-
mined by signals from the background tissue, and from lesions,
if present. They span the so-calledsignal subspace. The residual
maps are eigenmaps, which are mostly determined by noise, and
they define theorthogonalsignal subspace.

C. Localization

Based on the data model presented, localization of focal le-
sions corresponds to find point-like multipoles by comparing the
signal subspace with the position-dependent lead field or model
subspace in the volume conductor. The first steps of a search
procedure are discretization of the search volume, and evalua-
tion of a localization function, localizer for short, at each grid
point. Depending on the type of localizer, its minima or maxima,
respectively, are interpreted as CoGs of lesions.

The localizer proposed here and most approved with clinical
data, uese uses lead fields which are de-
rived from the lead fields , , and of Section III.
The steps of derivation are first normalization and second or-
thogonalization. The initial normalization compensates the de-
crease of higher order multipole fields with increasing distance
from the measurement array: map structures of such lead fields
are considered taken into account at all positions. Additionally,
normalized lead fields are dimensionless: lead fields of different
multipole orders are treated on equal footing. Recall, the basis
vectors of the signal subspace and its orthogonal compliment
are also dimensionless. Next, the orthogonalization leads to lead
fields with a mixed multipole structure as real lesion are sup-
posed to have. These orthogonalized lead fields also
depend on the positionof the point-like multipoles as the orig-
inal lead fields do. They can be regarded as test fields corre-
sponding to possible lesions at the position under consideration.

At each grid point , the orthogonalized lead fields
are tried to be expressed in a least squares sense in terms of the

eigenmaps. This allows defining cost functionsas

with (14)

The with the best fit determines the value of the localizer
. This means

with

(15)

The in (15) denotes Hermitian conjugation of the complex
eigenmaps. Using the projector , we
see that (15) corresponds to a measure of orthogonality onto the
orthogonal signal subspace. We get

(16)

In the presence of lesions and under the assumption that model
errors are tolerable, this measure exhibitslocal minima. They
are identified as CoGs of the lesions.

Since lesions give rise to peaks in an admittance map, the
search can be restricted to a line search below the peaks into
depth direction. This procedure corresponds to the picture of an
algorithmic needleinserted into a virtual breast.

In case of several focal lesions with linearly independent fre-
quency behavior, the localizer is expected to have the corre-
sponding number of local minima.

D. Multipole Spectroscopy and Tissue Classification

The frequency courses of the lesions’ multipole moments are
assumed to be tissue-specific, see Section III. They are calcu-
lated by inverting the linear relation between the measured ad-
mittances and the moments at the positions of the lesions lo-
cated.

This inversion requires the localization result, since the posi-
tion vector of the lesion has to be inserted into the lead fields of
(6).In case of several localized lesions, the contributions from
moments at all locations are considered by summing over all
localized positions. The multiple lesion version of (6) will now
be given in matrix form in order to discuss the inversion for le-
sion sources at multiple locations. The single source
lead field matrix ( : number of lead fields;: source location)
is defined as

(17)
As before, see (12), the underline denotes a-D vector in

data space. The multipole expansion up to third-order of Sec-
tion III has yielded ten lead fields. The ten source and frequency-
dependent moments, (7)–(9), are collected into a column vector
( : frequency)

(18)

The extension to localized lesions, requires a multiple source
lead field matrix . Its dimensions are

(19)
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Correspondingly, the multiple source moment vector is a
-dimensional column vector

(20)

For each frequency, we get from the multiple lesion version
of (6), the following relation between the admittances and the
multipole moments of localized lesions

(21)

where is -D column vector with ones as components, and
denotes the component of the background current density.

The ones-column appears because a homogeneous background
current density across the measurement array is assumed.

The frequency dependence of the moments is now calculated
by solving (21) at all measured frequencies. The solution is ob-
tained by a generalized inversion of (21). Due to the complex
nature of admittance, the moments and the background current
density are complex, too. Thus, their real and imaginary parts,
or their magnitudes and phases are subject to further analyses.

V. RESULTS

SF-MUSIC has been applied to clinical TS2000 data. The fre-
quency range was between 100 Hz and 5 kHz, and the number
of frequencies varied between four and seven. The data have
been recorded without knowledge of any further data analysis.
Therefore, edge artifacts due to bad probe-breast contact have
occurred in several cases. They have been removed in a prepro-
cessing step. The same holds for boundary data due to probe
movements while measuring. Otherwise, they introduce artifi-
cial frequency dependence. Too noisy data, up to now only mea-
sured in the low-frequency range from 100 Hz to 2 kHz, have
been excluded from the study.

A first analysis involved 41 data sets from histologically
proven cases. All lesions besides three benign ones, could be
localized. The depth positions from line searches below peaks
were compared with the CoG depths determined by ultrasound.
The differences have been smaller than half of the lesions’
extension in depth direction. This means, the SF-MUSIC
locations have been found to be always within the lesions’
volumes as determined by ultrasound.

The localization results are suitably assessed and visualized
by means of a normalized localization error. It is defined as the
difference between the ultrasonic CoG depth and the depth
localized divided by half of the lesion’s depth extension

, i.e., . Positions found within
the lesions’ volumes havevalues between 1 and 1. With
the direction of increasing depth as positivedirection, posi-
tive values are related to positions localized between the mea-
surement array and the ultrasonically determined CoG depth,
whereas negative values are from positions found in a depth
greater than the “ultrasonic” CoG depth.

The plots in Figs. 3 and 4 show, the localization results do not
depend on the depths and the volumes of the lesions, as known
from ultrasound. However, notice, the volumes have been of

Fig. 3. Normalized localization error of the search results versus the depth of
the lesion as determined by ultrasound. Localizations within the lesions’ volume
are within the shadowed region (see text).

Fig. 4. Normalized localization error of the search results versus the volume of
the lesion as determined by ultrasound. Localizations within the lesions’ volume
are within the shadowed region (see text).

moderate size. The three outliers, i.e., the positions found out-
side the lesions’ volume are from benign cases. Since the aim
of the localization method is to find malignant lesions, and all
of them have been found, these three results are not considered
as serious.

As an example of a SF-MUSIC application, results from data
generated by a cancerous lesion in a depth of 13 mm are pre-
sented. The preprocessed conductance maps are shown in Fig. 5.
From single focal lesion data, Fig. 5, two significant singular
values and two signal eigenmaps are expected due to two tissue
components leading to signals with linearly independent fre-
quency behavior: the lesion and the surrounding tissue, Fig. 6.
The eigenmaps are shown in Fig. 7.



594 IEEE TRANSACTIONS ON MEDICAL IMAGING, VOL. 21, NO. 6, JUNE 2002

Fig. 5. Multifrequency TS 2000 conductance data from a malignant lesion. Its
depth is 13 mm, and its spatial extensions are 12, 8, and 6 mm inx, y, andz
direction , as determined by ultrasound. Boundary artifacts are removed.

Fig. 6. Singular value spectrum of admittance data, the real part of which is
shown in Fig. 5. There are two significant singular values.

A line search below the peak signal yielded the cost function
of Fig. 8. It shows a local minimum at a depth of 11 mm which
is within the lesion as determined by ultrasound. The localized
CoGs differ by 2 mm only, the normalized localization error is

2/3.
At the location found, the frequency behavior of the com-

plex multipole moments can be calculated according to Sec-
tion IV-D. A discussion of moment-versus-frequency curves is
meaningful only if curves fromlarge set of patient data of the
samehistology would be available. The number of patient data
analyzed up to now, is too low to show representative curves and
to draw statistically significant conclusions. Therefore, display
of such curves is omitted.

Fig. 7. The real eigenmaps from the SVD of the data displayed in Fig. 5. The
first two eigenmaps are considered as basis vectors of the signal subspace.

Fig. 8. Cost function of the localizer defined in Section IV-C for the
admittance data of Fig. 5.

VI. DISCUSSION

The MUSIC method was transferred and adapted to the
analysis of multielectrode and multifrequency admittance data
from the breast recorded with the TS2000 system. The goal has
been to present an algorithmic tool which will allow decision
whether admittance data are generated by benign or malignant
lesions. Since the SF-MUSIC line search for lesions can be
imagined as conduction of an algorithmic needle, the term
virtual electrical biopsyseems appropriate.
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The immediate results of SF-MUSIC are 3-D positions of
focal lesions, and the frequency behavior of electrical parame-
ters. In this version of the algorithm these parameters are multi-
pole moments. Since they depend on the lesions’ conductivities,
a tissue-specific frequency behavior can be expected.

The first action in SF-MUSIC is extraction of the number
of conductivity regions and definition of the signal subspace
through an SVD of the space-frequency data matrix. This re-
quires that both, the polarizabilities of the lesions and the con-
ductivity of the tissue surrounding the lesions, behave linearly
independent with frequency. Multifocal lesions with identical
frequency behavior of their signals will be detectable in a future
version of this SF-MUSIC part.

Localization of the lesions, is the second step and is a precon-
dition for calculation of the multipole moments. Inputs are the
signal subspace and the lead fields as model maps from sources
modeling the lesions. These maps arepatient-independentand
the sources, the multipoles, are point-like. Therefore, they are
independent of the unknown size and shape of the lesions. Size
and shape are shifted to the moments of the multipoles. This
description has been obtained from a multipole expansion of a
distribution of aligned dipoles representing the lesion, within
an infinite volume conductor representing the breast. The suc-
cessful localizations of lesions from patient data suggest that
this patient-independent breast model and the lesion model are
justified, at least for the medium-sized lesions investigated so
far.

In the case of artifact-free data, localization errors less than
half of the lesions’ depth extension, indicate that model errors
are small. This is certainly also related to the design of the
TS2000 measurement probe. Within the ultrasound and TS2000
measurement errors, the locations from both methods agree.
Also, the orthogonal lead field localizer has turned out to be su-
perior to other localizers. Taking the maximum principal angle
[18] between the signal and the lead field subspaces as a local-
izer, outliers have occurred. Likewise, the projection localizers
from biomagnetism [6] have yielded too much inacceptable re-
sults. In investigating localizers it has been advantageous not to
incorporate an expression for the background field.

Up to now, multipole moments have been calculated for a too
small number of clinical data. Additionally, they have been mea-
sured in the probably too restricted frequency range between
100 Hz and 5 kHz. Measurements including frequencies of the

-dispersion range [10] up to some megahertz, are expected to
lead to moments from which the tissue-specific behavior can
be better observed or deduced. This expectation is based on
the conductivity measurements of various types of breast tissue
[19], [20]. Future research should include a statistically suffi-
cient number of patients in order to be able to draw diagnosti-
cally relevant conclusions.

In summary, in this paper, a physically consistent and a math-
ematically transparent approach toward virtual electrical breast
biopsy has been proposed.
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