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ABSTRACT 

Breast cancer is the most frequent malignant neoplasm and the leading cause of cancer death in women in the world. 
Early detection techniques have been proposed on the basis of bioelectrical measurements. The aim of this study was to 
evaluate analytically and experimentally the inductive phase shift as a function of multi-frequency induced currents in 
breast cancer conditions. Virtual simulation by biophysical models and experimental measurements by magnetic induc-
tion in agar phantoms were developed to estimate the inductive phase shift as a function of the bulk electrical properties 
in typical breast volumes with tumors in specific positions. The analytical and experimental results are qualitatively 
consistent and provide evidence that the inductive phase shift has a potential clinical value to detect cancerous tumors 
toward inside a typical volume of breast tissue. 
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1. Introduction 

Breast Cancer (BC) is the most frequent malignant neo- 
plasm and the leading cause of cancer death in women in 
the world. Of the nearly 6 million of malignant tumors 
that occur in women, the most common is BC with about 
21% of cases [1,2]. Current limitations in the treatment of 
BC are associated to late diagnosis of the disease and the 
inability to continuously monitor the therapeutic response, 
since even with current imaging systems, a low or no 
availability of equipments on the first level health care 
does not allow early screening in women with potential 
risk of developing BC [3]. 

To counter the limitations mentioned above, early de- 
tection techniques have been proposed by measurements 
of tissue electrical properties based on the principle that 
in the hyper-vascularization of malignancies promotes 
changes in Electrical Impedance (EI) of the tissue. This 
has suggested the use of bioimpedance measurements for 
the detection of cancer in different organs and tissues. 
Scharfetter and collaborators have considered the Elec- 
trical Impedance Spectroscopy (EIS) as a possibility to 
produce information on abnormal conditions in tissues [4]. 
Some researchers such as Newell and Holder have pro- 
posed the Electrical Impedance Tomography (EIT) as 
another important method to assess and monitor tumors  

in different organs and tissues [5,6]. EIT uses an array of 
electrodes to inject currents and measure subsensory 
voltages. The data are used to reconstruct a map of the EI 
of the tissue, the main disadvantage is that the measure- 
ments depend on proper electrode-skin galvanic coupling 
and sweating or the hydration level of the skin frequently 
affects it. 

Griffiths and Watson have proposed the use of bio- 
electrical measurements through magnetic induction at a 
single frequency with noninvasive coils as a valuable 
alternative to monitor, non-invasively, the health of or- 
gans and tissues [7-9]. Other authors such as Al-Zeiback 
and Korjenevsky have agreed to propose non-contact 
measurements for the development of alternative electri-
cal imaging Magnetic Induction Tomography (MIT) [10- 
12]. Recently, MIT has been proposed to obtain three- 
dimensional images on the basis of a matrix-free recon-
struction method [13]. 

The sensitivity of the EIT and the MIT is a function of 
the electrical properties of the organ or tissue under study 
(mainly electrical conductivity) and its primary applica- 
tion has focused on the detection of edema (fluid accu- 
mulation). The application of bio-impedance measure- 
ments in the detection of malignant tumors has technical 
feasibility because the electrical conductivity of cancer- 
ous tissue is differentiable with respect to normal tissue, 
for example, in a study reported by Burdette [14], human  *Corresponding author. 
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breast tissue tumor shows an increase in electrical con- 
ductivity from 4 to 8 mS/cm compared to normal tissue. 

Our group has proposed bioelectric measurements 
through multi-frequency magnetic induction as a valuable 
alternative to monitor, non-invasively, growths in breast 
tissue. We have developed a prototype inductor-sensor 
low intensity magnetic field at non-ionizing frequencies; 
the system uses the technique of Magnetic Induction 
Spectroscopy (MIS) to measure the volumetric electrical 
properties of tissue by magnetic fields at multiple fre- 
quencies. The aim of this study was to evaluate analiti- 
cally and experimentally changes in the inductive phase 
shift as a function of multi-frequency induced currents in 
biophysical models and agar phantoms of breast cancer 
with tumoral volumes in representative positions. The pre- 
sent report is structured as follows: 1) The introduction 
section reviews an epidemiological view of breast cancer 
around the world, relevant studies regarding the use of 
bioelectronic measurements to detect the disease as well 
as the goal of this study; 2) In the virtual method section 
is described the biophyscial concept proposed to detect 
tumoral volumes in breast by magnetic induction, a de-
scription of the used three-dimensional breast model, 
simulation criteria accordingly to time-harmonic and quasi- 
static assumption for inductive phase shift estimation as 
well as the mathematical analysis; 3) The experimental 
design with agar phantom and an experimental inductive 
spectrometer prototype are detailed; 4) Analytical and 
experimental results are discussed and concluded. 

2. Virtual Simulation Method and  
Experimental Design 

2.1. Biophysical Concept 

The geometrical configuration of the biophysical concept 
proposed to detect non-invasively malignant neoplasms 
in breast tissue by MIS measurements is shown in Figure 
1. Two coupled coils of different radii in an inductor-sensor 
arrangement were coaxially centred and spaced in such a 
way that a typical breast tissue volume is placed along 
the centre line. An alternating current Iejwt is injected to 
the inductor coil to generate a primary magnetic field B 
and to induce Eddy currents in the tissue volume as well 
in the sensor coil by magnetic induction, the induced 
currents promotes a perturbation of the primary magnetic 
field (ΔΒ) as a function of the bulk conductive electrical 
properties of the breast and tumour volumes, and gener- 
ates an inductive phase shift (Δθ), which is detected as a 
composite magnetic field B + ΔΒ in the sensor coil. 
Since the phase shift of the total detected magnetic field 
in the sensing coil could be obtained experimentally 
through an arrangement “voltage relative to voltage” [11, 
12]. Hence, the phase difference voltage relative to volt-
age between the inductor and sensor coils is used to es-
timate the inductive phase shift. 

2.2. Three-Dimensional Simulation Study 

2.2.1. 3D Ideal Breast Model 
The three-dimensional pixel model of the ideal semi- 
sphere breast considered was designed on the basis of 
tridimensional polygons (meshes), which use orthogonal 
bi-dimensional views as reference guides. The semi-sphere 
and coil configuration were designed in proportional di- 
mensions in the scale 1:10 by the geometry module of 
the commercial software COMSOL Multiphysics V3.3a 
(COMSOL, Inc. Boston Ma. USA, 2005). This software 
was also the plattform for biophysical simulation by the 
finite element method. The pixel model includes healthy 
and tumor breast tissue as structural components (sub- 
domains). Circular inductive and sensor coils were placed 
along the model in such a way that the semi-sphere breast 
volume occupied a concentric position between the coils 
(see Figure 2). 

2.2.2. Simulation Criteria 
The breast and tumor volume tissues were considered to 
be homogeneous and isotropic with electrical properties 
of NaCl 0.9% and 3% respectively; those values were 
selected to generate electrical conductivity differences in 
the order 1:4 as healthy and tumoral ideal breast tissue 
conditions. 

 

 

Figure 1. Biophysical concept for non-invasive detection of 
malignant neoplasms in breast tissue by MIS measurements. 
An alternating current Iejwt flowing in an inductor coil gen- 
erates a primary magnetic field B, the bulk electrical prop- 
erties of the breast and tumour volumes generates a per- 
turbation (ΔΒ) as a measurement inductive phase shift (Δθ), 
which is detected as a composite magnetic field B + ΔΒ in a 
sensor coil. The phase difference relative to coils voltage is 
used to estimate the inductive phase shift. 
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Figure 2. Three-dimensional pixel model for virtual simula- 
tion of ideal semi-sphere breast and cylinder tumour designed 
on the basis of tridimensional polygons (meshes). The breast- 
tumour model is placed coaxially centred along the induc- 
tor-sensor coils configuration. 

 
Theoretically, ionic solutions such as aqueous NaCl 

exhibit no dielectric dispersion at frequencies below 1 
MHz, thus the conductivity should be considered con- 
stant and just a function of the electrolytic concentration. 
In this study electrical conductivity of NaCl 0.9% and 
3% were taken as 1.93 y 6.46 S/m respectively; accordingly 
with molar conductivity criteria reported in [15]. The 
whole simulated model was surrounded by a sphere of 20 
cm of radius that had electrical parameters correspond to 
the air. The inductor and sensor coils were taken to have 
electrical properties of copper (σ = 5.998 × 107 S/m and 
εr = 1), a thickness of 0.5 cm and diameters of 5.5 and 
13.5 cm respectively. A sinusoidal current in the induc- 
tive coil was considered as a magnetic field generation 
signal. We simulate different induced current densities 
inside the semi-sphere model by 1 Ampere/m2 of alter- 
nating currents in the inductor coil at four frequencies 
(0.001, 0.01, 0.1 and 1 MHz). The induced Eddy currents 
into the model promote an inductive phase shift spectrum 
detected in the sensor coil. To investigate the effect of the 
tumor position inside the semi-sphere, four representative 
tumor positions were evaluated (1, 2 and 4 cm, as well as in 
the center with respect to the external border). Figure 3 
shows the simulation of electrical conductivity distribu- 
tion specified to breast and tumor tissue as well as tumor 
positions evaluated into the geometrical volume configu- 
ration. 

2.2.3. Time-Harmonic and Quasi-Static Assumption 
In the time-harmonic case we omit the displacement cur-
rents in the Ampere’s equation [16]. To simplify initial 
conditions; we consider a non-moving geometry (ν = 0) and 
no external electric potential gradient (ΔV = 0) on the 

border of the breast pixel model. In addition, we have 
assumed that the border of the sphere surrounding the 
system defined in above section is grounded. Thus, we 
can obtain: 

   12 ej      
  A A J      (1) 

where: σ is the medium conductivity (siemens/meter), ω 
is the angular frequency (rad/s), e

J  is a current density 
generated externally (ampere/meter2), μ is the medium 
permeability (henry/meter) and ε is the medium permit- 
tivity (farad/meter). In this study Equation (1) was solved 
to obtain the magnetic vector potential ( )


A , a detailed 

deduction of (1) and its solution is shown in [17]. 

2.2.4. Inductive Phase Shift Estimation 
We consider the semi-sphere breast model and coil con- 
figuration shown in Figure 1 with an alternating current 
Iejwt flowing through the inductor coil. The presence of a 
conductive sample (the semi-sphere breast model) pro- 
duces phase shift in the sensor coil current as a function 
of the structural composition and its electrical properties 
of the sample (σ, ε). In this study four different structural 
compositions are represented by the tumor position, which 
are detected trough changes in the induced current phase 
at the sensor coil. The induced sensor coil current can be 
separated in its complex coefficients [18] given by: 

      cos sinI t I t j t            (2) 

where the argument can be obtained: 

1 1Im ( ) sin( )
tan tan

Re ( ) cos( )

I t t
t

I t t

  
 

  
  


    (3) 

We define a basal induced current argument in the 
sensor coil as (ωt + ) and the argument influenced by 
the tumor position as (ωt + 1). To estimate the inductive 
phase shift (Δ) we can use the argument differences at 
specific frequency and time according to the following 
expression: 

1( ) ( )t t 1                   (4) 

2.2.5. Mathematical Analysis 
The mathematical analysis was performed with COM- 
SOL Multiphysics (COMSOL, Inc. Boston Ma. USA, 2005) 
which employs the finite element method to solve (1) for 
the magnetic vector potential. Every structural compo- 
nent (subdomain) of the model was meshed in triangular 
elements. To define boundary conditions the inner electrical 
parameters of the surrounded sphere correspond to the air 
and represent electric and magnetic insulation. The induced 
complex current densities in the sensor coil were calcu- 
lated by post-processing options available in COMSOL 
Multiphysics (subdomain integration). Those values were 
used to estimate spectra of inductive phase shift at the  
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Figure 3. Electrical conductivity distribution specified for simulated breast and tumor tissue as well as geometrical tumour 
positions evaluated into three-dimensional pixel models. Four representative tumour positions are considered (1, 2 and 4 cm, 
as well as in the centre with respect to the external border). 

 
2.3.2. Experimental Inductive Spectrometer Prototype evaluated frequencies (0.001, 0.01, 0.1 and 1 MHz). Phase 

shift simulations without tumor volume were taken as 
basal values. Inductive phase shift values were estimated 
as homogenized data with respect to the semi-spherical 
breast model without tumor. All calculations were devel- 
oped by a personal computer Dell Precision 490 with two 
processors double core Intel® Xeon® 5130 2GHz (Dell 
Inc. Round Rock, Texas, USA). 

An experimental inductive spectrometer to use MIS-
measurements in a typical breast tissue volume was de- 
signed and constructed. Figure 5 shows a block diagram 
of the experimental prototype and the measurement con- 
cept. The system consists of five modules: digital syn- 
thesizer, transceiver, phase detector, data acquisition and 
data processing. A brief description of the different mod- 
ules follows: the digital synthesizer was implemented by 
a signal generator AD9958 (Analog Device Inc. Norwood, 
MA, USA), which supplies a signal Icos(ωt) of approxi- 
mately 10 mA in the range of 0.001 - 1 MHz at pre-prog- 
rammed steps (0.001, 0.01, 0.1 and 1 MHz) controlled by 
PC. The transceiver consists of an arrangement of induc- 
tor and sensor coils coaxially centred as the concept shown 
in Figure 2. Both coils were built from five turns of 
magnet wire AWG32 rolled on a coil holder ergonomi- 
cally adapted to the anatomy of the breast. The inductor- 
sensor coils geometrical disposition correspond to diame- 
ters 1 = 5.5 and 2 = 13.5 cm respectively, both coils 
spaced a distance d = 5 cm as shown in Figure 2. The coil 
inductances, as calculated on the basis of Faraday’s law, 
were 14.9 and 89.9 μH for inductor and sensor respec- 
tively. The estimated mutual inductance coefficient was 
M = 0.01 μH approximately. A resonance frequency of 
the digital synthesizer-inductor coil system was deter- 
mined experimentally around 90 KHz; this frequency is  

2.3. Experimental Study 

2.3.1. Agar Phantom Design 
Agar phantoms to emulate semi-spherical breast volumes 
were designed and build with saline solution (C. S. PISA 
calve 3608), Agar (Invitrogen Cat No. 30391) and Sucrose 
(Gibco BRL Cat. No. 5503UA) accordingly to the tech- 
nique previously described in [19]. In brief, a volume of 
275 ml of NaCl 0.9%, Agar 5% and Sucrose 3% were 
homogenized at 90˚C and dropped in a semi-spherical 
ceramic model. Additional cylindrical phantoms to emulate 
tumor volumes of 1 ml were developed with NaCl 3% (J. 
T. Baker, Cat. No. 3624-01) Agar 5% and Sucrose 3%, 
such cylinders were inserted in the posterior side of the 
semi-spherical phantom at four representative tumor po- 
sitions (1, 2, and 4 cm with respect to the external border, 
as well as in the center of the model) see Figure 4. An 
additional phantom without tumor cylinder was built. 
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Figure 4. Agar phantoms to emulate healthy and tumor 
conditions in a typical breast tissue volume. Semi-spherical 
healthy breast volumes of 275 ml were built with NaCl 
0.9%, Agar 5% and Sucrose 3%. Cylindrical tumor vol- 
umes of 1 ml were built with NaCl 3%, Agar 5% and Su- 
crose 3%, and were inserted in the posterior side of the 
semi-spherical phantoms at four tumor positions (1, 2 and 4 
cm, as well as in the center with respect to the external 
border). Figure shows a representative tumor position at 2 
cm with respect to the external border of the healthy tissue. 

 
excluded from the analysis. To avoid inductive pickup 
the leads of the coils are twisted. The inductor coil gen- 
erates the primary magnetic field B and it induces a cur- 
rent in the sensor coil by magnetic induction, a perturba- 
tion of the primary magnetic field (ΔB generates an in- 
ductive phase shift (Δ) as a function of the bulk electri- 
cal properties of the breast and tumour volumes, which is 
detected as a composite magnetic field B + ΔB in the 
sensor coil. A phase detector as the voltage phase differ- 
ence between the inductor and sensor coils estimates the 
inductive phase shift. The phase detector was designed 
on the basis of the AD8302 (Analog Devices Inc. Nor- 
wood, MA, USA). The AD8302 is a fully integrated RF 
IC for measuring differences in phase between two signals 

with a resolution of 10 mV/degree. The signals of the 
inductor and sensor coils were connected trough a 5× 
preamplifier SR445 (Standford Research System Inc. 
Sunnyvale, CA, USA) directly to the digital synthesizer 
and phase detector module as shown in Figure 5. The data 
acquisition (A/D) module uses a 10-Bit Analog-to-Digital 
module of the microcontroller 18F4550 (Microchip Tech- 
nology Inc. Chandler, Arizona, USA). For each frequency, 
the data are an average of 1024 measurements. Figure 6 
shows the experimental inductive spectrometer prototype 
manufactured. 

2.3.3. Experimental Design 
Agar phantoms were built as described in previous sub- 

 

 

Figure 5. Block diagram of the experimental inductive spec- 
trometer prototype designed and build for non-invasive 
detection of malignant neoplasms in a typical breast volume. 
The system consists of five modules: digital synthesizer, 
transceiver, phase detector, data acquisition and data proc- 
essing. The biophysical concept to measure inductive phase 
shift by MIS is shown. 

 

 

Figure 6. Experimental inductive spectrometer prototype 
manufactured to detect non-invasively malignant neoplasms 
in a typical breast volume by inductive phase shift measure- 
ments. Experimental setup to measure inductive phase shift 
in agar phantoms at preprogramed frequencies. Agar phan- 
toms are placed in the arrangement of inductor-sensor coils 
coaxially centered on a plastic support ergonomically adapted 
to the mama anatomy. 
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section, and were placed in the arrangement of inductor- 
sensor coils coaxially centered on the plastic support in 
such a way that keep the coil configuration showed in 
Figure 2. Spectra of inductive phase shift were measured 
by the experimental inductive spectrometer prototype 
manufactured at our laboratory, and at the frequencies 
described in previous subsections. Inductive phase shift 
values were estimated as homogenized data with respect 
to the semi-spherical breast agar without tumor cylinder. 
A picture of the experimental set-up is shown in Figure 6. 

3. Results 

The simulation of induced current density in biophysical 
breast models with four tumor positions as well as its 
corresponding agar phantoms are shown in Figure 7. The 
induced current density lines show a major concentration 
around the tumoral volume consistently with a major 
electrical conductivity determined in this region, interest- 
ingly; a major concentration of current lines is observed 
when the tumor position shifts to the center, this behavi- 
our is a function of the bulk electrical properties of the 
breast and tumour volumes and must reflect the perturba- 
tion of the primary magnetic field and its generated in- 
ductive phase shift, which is detected as a composite 
magnetic field in the sensor coil. Figure 8 shows theo- 
retical and experimental inductive phase shift estimations. 
To compare qualitative behaviors in the same dynamic 
range, every position data were homogenized with respect 

to the no-tumor phantom measurements (Δθ_Xcm/Δθ_no 
tumor). The obvious observation suggests that increments 
of inductive phase shift as a function of frequency are 
more evident in the phantom with tumor position in the 
center, this condition is coherent in both; analytical and 
experimental estimations, and seems reflect the effect of 
a major concentration of induced current density lines 
around the tumor volume as far as the tumor position 
shifts to the center, this observation is discussed in detail 
in following section. 

4. Discussion 

The analytical estimations indicate a major concentration 
of the induced current density lines as the tumor position 
shifts to the center, consistently; increments of theoretical 
and experimental inductive phase shift, as a function of 
frequency and when the tumor position shifts to the center 
are evident. The observations suggest that increments of 
the electrical conductivity (tumor volumes) in the central 
region of the biophysical model promotes major perturb- 
bations of the primary magnetic field B. It could be ex- 
plained by the Biot-Savart Law, which relates magnetic 
fields to the currents which are their sources. Electric 
current in a circular loop creates a magnetic field, which 
is more concentrated in the center and along the axis “z” 
of the loop (see axis “z” in Figure 2). The application of 
the Biot-Savart principle on the centerline of a current 
loop involves integrating the z-component in such a way  

 

 

Figure 7. Simulation of the induced current densities in biophysical breast models with four tumor positions as well as its 
corresponding agar phantoms views. A major concentration of induced current density lines is observed when the tumor 
position shifts to the center. 
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Figure 8. Theoretical estimations and experimental measurements of inductive phase shift in typical healthy-tumor breast 
tissue biophysical models (upper) and agar phantoms (lower) with four tumor positions (1, 2 and 4 cm, as well as in the center 
with respect to the external border). To compare qualitative behaviors, every position data were homogenized with respect to 
no-tumor phantom estimation and measurements (Δθ_Xcm/Δθ_no tumor). Increments of inductive phase shift as a function 
of frequency are more evident in the phantom with tumor position in the center. 

 
than the magnetic field at a distance along the axis “z” of 
the loop is given by: 

 
2

0
3 22 2

2

4πz

R I

z R

 



B               (5) 

where R = 2.75 cm and I = 10 mA are the radius and cur- 
rent of the loop respectively. Accordingly to the defined 
geometrical and electrical model parameters, the estimated 
magnetic field at the center of the coil (z = 0), is approxi- 
mately Bz=0 = 11.42 mG. Given the cylindrical symmetry 
of the model configuration, the magnitude B at the four 
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tumor positions are calculated by its components Bz and 
By only, thus; the magnetic field magnitude in terms of 
Bz=0 at the four evaluated tumor positions (z = 5 cm, y = 5 
cm), (z = 5 cm, y = 4 cm), (z = 5 cm, y = 2 cm) and (z = 5 
cm, y = 0 cm) calculated on the basis of Biot-Savart Law 
and the numerical method reported in [20] are approxi-
mately 0.046Bz=0, 0.062Bz=0, 0.097Bz=0, and 0.113Bz=0 
respectively. Then, the effect of a concentric distribution 
of the magnetic flux density given by the geometrical 
configuration of the inductor element is evident when 
changes in electrical conductivities are focused in con-
centric positions inside the model. 

The observed increments of magnetic inductive phase 
shift, as a function of frequency must be limited by the 
skin depth effect, a calculation of the penetration depth (δ) 
as a function of frequency for saline was done according 
to the expression:  1 2

02   , where μ0 is the per- 
meability of free space. The fluid was taken as a 0.9% 
NaCl solution with electrical conductivities of 1.93 S/m 
and a relative permittivity εr = 80. The result shows that at 1 
MHz, the skin depth is around 36 cm, this value is larger 
than the thickness of the biophysical model evaluated (5 
cm), then; losses by the skin depth effect is negligible 
and the experimental results correspond to the coupling 
in the close field, where the electrical conductivity of the 
coupling material (tissue volumes) play a relevant role. 

Given the explored bandwidth, the electrical conducti- 
vity of NaCl 0.9% and 3% should not vary with frequency 
because ionic solution exhibit no dielectric dispersion [13], 
therefore; in the agar phantoms evaluated the inductive 
phase shift observed must be influenced mostly by the 
tumoral position. In this sense, EIM measurments by the 
proposed coils configuration seems to have the hability 
to detect non-invasively neoplasms volumes as small as 1 
ml, even located towards the interior of a characteristic 
breast tissue volume; where detection by physical palpation 
has limitations. In practice is possible that experimental 
artefacts as parasite capacitances might introduce freq- 
uency-dependent variations. 

5. Conclusion 

The analytical and experimental observations suggest that 
EIM measurments have a potential value to detect non-in- 
vasively small neoplasms (1 ml) inside a characteristic 
breast tissue volume, and the proposed coils configuration 
seems to have technical viability to detect neoplasms 
located towards the interior of breast tissues. 
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