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Measurement of bioelectric and acoustic profile of breast tissue
using hybrid magnetoacoustic method for cancer detection
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Abstract This paper proposes a novel hybrid magnetoa-
coustic measurement (HMM) system aiming at breast
cancer detection. HMM combines ultrasound and magne-
tism for the simultaneous assessment of bioelectric and
acoustic profiles of breast tissue. HMM is demonstrated on
breast tissue samples, which are exposed to 9.8 MHz
ultrasound wave with the presence of a 0.25 Tesla static
magnetic field. The interaction between the ultrasound
wave and the magnetic field in the breast tissue results in
Lorentz Force that produces a magnetoacoustic voltage
output, proportional to breast tissue conductivity. Simul-
taneously, the ultrasound wave is sensed back by the
ultrasound receiver for tissue acoustic evaluation. Experi-
ments are performed on gel phantoms and real breast tissue
samples harvested from laboratory mice. Ultrasound wave
characterization results show that normal breast tissue
experiences higher attenuation compared with cancerous
tissue. The mean magnetoacoustic voltage results for nor-
mal tissue are lower than that for the cancerous tissue
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group. In conclusion, the combination of acoustic and
bioelectric measurements is a promising approach for
breast cancer diagnosis.
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1 Introduction

Breast cancer is the most common cancer in women
worldwide which accounts for approximately 25 % of all
female malignancies [8]. Breast cancer is characterized by
uncontrolled breast cells growth, in which the cells acquire
genetic alteration that allows them to proliferate outside the
context of normal tissue development [20]. In the cancer-
ous tissue, changes in density occur due to uncontrolled
cell multiplication [20], excessive accumulation of protein
in stroma [1] and enhancement of capillary density from
the preexisting vascular network or also known as angio-
genesis [28]. On the other hand, changes in conductivity
also occur due to the increase of cellular water and elec-
trolyte content as well as altered membrane permeability
and blood perfusion to support high metabolism require-
ments of a malignant cell [5, 20]. There is also enough
evidence from literature indicating that, compared with
normal tissue, malignant tissue has higher conductivity
[6, 30] and permittivity [14, 27] but lower in impedivity
[2, 13]. Given these changes, a hybrid measurement tech-
nique seems very suitable to assess the acoustic and bio-
electric properties of normal and cancerous breast tissues.
An acoustic evaluation of tissue is very useful in estimating
tissue density as the ultrasound attenuation level in tissue
changes with density [16]. A bioelectric evaluation reveals
information related to tissue conductivity. This hybrid
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system is inspired from the previous magnetoacoustic
techniques used to asses bioelectric property only.
Historically, the research in magnetoacoustic measure-
ment system has begun since 1988 by the work of Towe
and Islam in the development of one-dimensional, nonin-
vasive magnetoacoustic system [31]. This system applies a
simultaneous combination of time-varying magnetic field
and static magnetic field onto a conductive object under
test. Time varying magnetic field induces an eddy current
in the object volume. The eddy current in a static magnetic
field produces vibration due to Lorentz force and emits
sound wave in the frequency of the stimulated alternating
magnetic field with intensity that is proportional to the
object conductivity [17]. Hence, the term magnetoacoustic
represents a combination of magnetic field as the input and
acoustic as the output. This very first system was tested to
measure bioelectric current in a living hamster. The
resulting vibration was easily detected using microphone
since the frequency of the stimulating magnetic field was in
the range of audible frequency. In 1994, a complete theo-
retical model of magnetoacoustic technique for bioelectric
current was published by Roth et al. [26]. The theoretical
model is based on the fundamental equation of continuum
mechanics and electromagnetism where feasibility mea-
surement of bioelectric current in vitro and in vivo is dis-
cussed. Later in 2006, Bin He et al. improved the first
system with the development of Magneto Acoustic
Tomography with Magnetic Induction (MATMI) [17]. In
MATMI, time varying magnetic field at the range of
ultrasonic frequency is used to produce image mapping
with a resolution close to sonography [17]. MATMI was
tested to image a wire phantom as well as real biological
tissue with different conductivity in vitro. The result
showed that MATMI was capable to produce a high-res-
olution image and was sensitive to differentiating various
types of tissue with different conductivity in the image.
In 1998 Wen et al. [35] developed another approach of
magnetoacoustic system by combining static magnetic field
and sound wave onto a conductive medium. Propagation of
ultrasound induces the motions of ion in the medium.
Moving ions in a static magnetic field are subjected to
Lorentz force effect that separates the charges according to
their polarity. This charge separation creates detectable
electrical potential or voltage that is proportional to the
conductivity of the medium [34]. Hence, in this approach,
magnetoacoustic refers to the combination of magnetic
field and acoustic as inputs. The system was tested to
image a polycarbonate phantom and biological tissue [33].
A further study by Su et al. [29] had improved Wen’s
technique when a focused ultrasound transducer was used
to focus the sound wave at a focal point to maximize the
interaction effects and increase the resulting voltage value
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at that point. As a result, a better voltage value was
obtained for the conductivity profile assessment of tissue.

Previous magnetoacoustic methods manipulated magne-
toacoustic interaction for bioelectric profile assessment only.
The output of stimulated ultrasound that was used to initiate
electrical charge movement in the second approach was
ignored, although it presumably contained valuable infor-
mation with regards to tissue density. In addition to that, the
magnetoacoustic techniques were so far not applied to study
pathological tissue, such as cancerous tissue. Hence, this
study proposes the concept of hybrid magnetoacoustic
measurements (HMM) which considers the acoustic and
bioelectric outputs for breast cancer detection.

2 Materials and methods

Theoretically, the HMM system that is developed in this
study manipulates the interaction between the ultrasound
wave motion and magnetic field onto ions or electrical
charges in a conductive media such as breast tissue based
on the second approach of magnetoacoustic technique.
Consider an ion in a breast tissue sample with charge q that
is exposed to ultrasound wave from z direction and mag-
netic field from y direction. The longitudinal motion of an
ultrasound wave in z direction will cause the ion to oscillate
back and forth in the medium with velocity V,. In the
presence of constant magnetic field By in y direction, the
ion is subjected to the Lorentz Force [35].

F = g[v. x By (2.1)

From (2.1), the equivalent electric field is [23]

EO =V, X BO (22)

The field Ey and current density J, oscillate at the
ultrasonic frequency in a direction mutually perpendicular
to the ultrasound propagation path and the magnetic field
By (x direction). The electric current density is given by
[23, 35]

J() = 0.‘)'[Vz X B()] (23)

Finally, the magnetoacoustic voltage, V across a set of
measurement electrodes a and b due to J, can be calculated
following the reciprocity theorem defined elsewhere [29]:

V= /// [(vs % B)Jap/[dV

where J,p, is the current density that is induced under the
electrode surface in the breast tissue if an one-ampere
current, I, is applied onto the sample through the mea-
surement electrodes [29]. The measured voltage is pro-
portional to the tissue conductivity and velocity of ions
induced by the ultrasound motion in the tissue.

(2.4)
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Simultaneously, the ultrasound wave input that is ini-
tially used to induce ionic motion inside the tissue will be
sensed back for tissue acoustic evaluation.

2.1 Experimental setup

This experimental study was conducted in an anechoic
chamber with shielding from 18 kHz to 40 GHz. The HMM
system consists of a 5077PR Manually Controlled Ultra-
sound Pulser Receiver unit (Olympus-NDT, Massachussets,
USA). The unit was set to deliver 400 V of negative square
wave pulses at the frequency of 10 MHz and PRF of 5 kHz,
to 2 units of 0.125 inch standard contact, single element
ceramic ultrasound transducers having peak frequency at
9.8 MHz. Transducers were used to transmit and receive the
ultrasound wave in the transmission mode setting from the
z direction. The pulser receiver unit was also attached to a
digital oscilloscope (model TDS 3014B, Tektronix, OR,
USA) for signal display and storage purposes.

Fig. 1 Block diagram of the (a)
hybrid magnetoacoustic system

a side view. b Cross-sectional

view (not to scale)

A custom-made, 15 cm height, diameter pair magne-
tized NdFeB permanent magnet was used to produce static
magnetic field, with the intensity of 0.25 T at the center of
its bore with homogeneity of 45 ppm. The diameter of the
magnet bore was 5 cm and the direction of magnetic field
was set from y axis (see Fig. 1), whilst the real experi-
mental assembly is shown in Fig. 2.

Magnetoacoustic voltage measurements were conducted
from the x direction with respect to measurement chamber
by using 2 units ultrasensitive carbon fiber electrodes (ALA
Scientific Inc, Farmingdale, USA). Carbon fiber electrodes
provide low noise measurements [7] and have very weak
paramagnetic properties compared with conventional
electrodes [3, 19]. In addition to that, studies reported that
carbon fiber electrodes have sensitivity down to 1 nV [21].

In this study, the carbon fiber electrodes were connected
to a high-frequency lock-in amplifier (model SR844,
Stanford Research System, CA, USA). The full-scale sen-
sitivity of the amplifier is 100 nV,,,,. Magnetoacoustic
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Fig. 2 Real experimental assembly that consists of a measurement
chamber which placed the tissue sample inside the permanent magnet
bore. It was filled by non-conducting oil to prevent ultrasound leakage
current from contaminating the magnetoacoustic voltage measure-
ments. Ultrasound transmitter and receiver are attached to the
measurement chamber from the z direction

voltage measurement was made by touching the electrodes
onto the tissue in x direction. Figure 1 shows the block
diagram of Hybrid Magnetoacoustic System.

2.2 Preparation of samples

Two types of samples were used in this study. The first sample
was a set of tissue-mimicking gel that was designed with
properties of normal breast tissue. Another sample was a set of
animal breast tissues that was harvested from a group of tumor-
bearing laboratory mice and its control strain. The tissue
mimicking gel was used in the early part of this study to
understand the basic response of HMM system to linear sam-
ples before it was tested to complex samples like real tissues.

The use of animal in this study was approved by the
National University of Malaysia Animal Ethics Committee.
Transgenic mice strains FVB/N-Tg MMTV PyVT 634 Mul
and its control strain FVB/N were obtained from the
Jackson Laboratory, USA. Transgene expression of the
mice strain is characterized by the development of breast
cancer which usually metastases to lung cancer in both
male and female carriers with 100 % penetrance at 40 days
of age [32]. All female carriers are capable to develop
palpable cancer from as early as 5 weeks of age [10]. The
breast cancer that arose was observed to be multifocal,
highly fibrotic and involved the entire mammary fat pad
[10]. Mice carrying the PyVT transgene also showed loss
of lactational ability since the first pregnancy [32].

The female mice were palpated every 3 days from
12 weeks of age to identify tumors. They were used as
subjects when their tumor diameter reached 2 cm or when
they reached 18 weeks of age for normal mice. During
the surgery procedure, anesthesia was performed using the
Ketamin-Xylazil-Zoletil cocktail dilution. 0.2 ml of the
anesthetic drug was administered intravenously from
the mouse tail and an additional of 2 ml of the drug was
delivered intraperitoneally. Fur around the breast area was
shaven. Excised breast specimens were cut down to an
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Table 1 Weight variation of tissue specimen

No. Tissue group Weight variation mean + SD (g)
1 Cancerous tissue 0.257 £ 0.03
2 Normal tissue 0.225 £ 0.02

approximately 1 cm x 1 cm square shape with thickness
of 2 mm immediately after the surgery to maintain the
tissue physiological activities. Each tissue was carefully
trimmed down to the required thickness and the standard-
ization was made using a custom-made U-shaped mold
with 2 mm opening. The mice were then euthanized by
using drug overdose method.

The overall process of trimming down after excision took
an average time of 6 min and the samples were immediately
immersed in the measurement chamber for scanning to
maintain their physiological activities [6, 30]. A total of 24
normal and 25 cancerous breast tissue specimens were used
in this study and the variation in the tissue weight for normal
and cancerous tissue group is presented in Table 1.

2.3 Measurement and analysis

Three different types of measurements were conducted in
this study: conductivity and density measurements, HMM
ultrasound measurements and HMM magnetoacoustic
voltage measurements.

In conductivity and density measurements, one sample
of gel, one sample of real tissue from the normal and the
cancerous group were selected for conductivity and density
measurements. Density measurement involves the quanti-
fication of tissue mass and volume of each sample. The
final sample density was calculated by dividing the average
tissue mass with its average tissue volume. On the other
hand, the conductivity measurement was performed using
the potential divider method. The potential divider method
is a simplification of Wheatstone bridge method as used by
Fricke et al. to determine unknown electrical conductivity
or resistance of tissue including fat, gland, mastitis, fibro-
adenoma and carcinoma by measuring its parallel capaci-
tance and resistance [27].

In HMM ultrasound measurement, all samples were
immersed in measurement chamber and their positions
were aligned with the position of ultrasound transmitter
and receiver [22]. Then their positions were fixed using a
nylon fiber. The ultrasound transmitter emitted 9.8 MHz
ultrasound wave in a transmission mode from the z direc-
tion. The distance between the ultrasound transmitter and
receiver was set constant to 6 mm. Measurement was
performed using the insertion loss method [9, 36] at a
constant temperature of 21 °C. Vegetable oil was used as
medium for ultrasound propagation to prevent any leakage
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of current from contaminating the measurement chamber
and interfering with the HMM magnetoacoustic voltage
output [29]. Measurement was repeated for 5 times for
every biological sample at any random position on the
sample surface and 2 times for gel samples.

Simultaneously, the magnetoacoustic voltage measure-
ment was made by touching the carbon fiber electrodes
onto the tissue surface from the x direction. The electrodes
were attached to the SR844 lock-in amplifier for signal
detection and recording. The resulting magnetoacoustic
voltage was in the form of digital reading displayed by the
lock-in amplifier indicating the value of the acoustically
induced magnetoacoustic voltage in the samples along the
duration of ultrasound propagation.

The electrode tip was the only contact point between the
tissue and the detection circuit. The input impedance of the
lock-in amplifier was set to 1 MQ while the time constant
was set to 3 ms. The experimental reading was updated
every | s since the amplifier requires a few times of con-
stant cycle to stabilize the output reading. In this study, the
lock-in amplifier functions as a high-precision voltage
reader and a filter that detects signal as low as 100 nV at
9.8 MHz and eliminates other surrounding noises. Mea-
surement was repeated ten times for every biological tissue
sample and two times for gel samples.

The ultrasound data were further processed to calculate
the power spectral density of the signal in Matlab (The
MathWorks, Natick MA, USA). The processing steps
involved the determination of frequency content of an
ultrasound waveform via frequency decomposition to find
its attenuation in each tissue group and gel. The attenuation
level was calculated by subtracting the log mean squared
spectrum of the ultrasound signal propagating through the
oil without tissue (Py), by the log mean squared spectrum
of ultrasound signal propagating through the oil with tissue
(Py), following the equation [9, 36]:

Attenuation (dB) = 10 (log Py — log Py) (3.14)

Later, all HMM ultrasound attenuation and HMM
magnetoacoustic voltage data were statistically analyzed

Table 2 Conductivity and density value for each tissue group mea-
sured from one random sample

Samples Conductivity S/m Density (kg/m®)
Normal mice breast 0.239 1,121
Cancerous mice breast 0.547 1,319
Gel 0.270 1,114

in PASW statistics 18 software (SPSS Ltd, Quarry Bay,
Hong Kong). Paired sample ¢ test was used to test the
significance of numerical mean differences between the
normal and cancerous group.

3 Results
3.1 Conductivity and density measurements

The conductivity and density measurement results shown
in Table 2 indicate that cancerous mice breast tissue has
higher density and conductivity compared with its corre-
sponding normal tissue. This finding agrees well with the
expectations. In addition to that, the conductivity and
density measurement results for gel are close to that of the
normal tissue as it is designed to resemble the character-
istics of a normal tissue.

3.2 Ultrasound measurements

Table 3 shows the statistical analysis result including mean
and standard deviation of tissue acoustic attenuation and
magnetoacoustic voltage from samples in this study.

The HMM ultrasound measurement result shows that
normal breast tissue attenuates ultrasound energy at a
higher rate compared with the cancerous tissue group
whilst the gel phantom attenuates the ultrasound energy
even less. The obtained result also shows that a small part
of the attenuation level of normal and cancerous tissue
overlapped due to its large standard deviation. However,
paired ¢ test result shows a significant difference in

Table 3 Overall HMM output

Type of Number of Number of Attenuation scale Magnetoacoustic
sample ultrasound voltage (dB mm™") voltage (LV)
measurements measurements mean £ SD mean £+ SD
Tissue 30 30 0.501 £ 0.440 0.56 £+ 0.21
mimicking
gel
Normal 106 212 2.329 £+ 1.103 042 £ 0.16
breast
tissue
Cancerous 106 212 1.760 £ 1.080 0.80 £ 0.21
breast
tissue
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ultrasound attenuation between normal and cancerous tis-
sue group (p < 0.0001).

3.3 Magnetoacoustic voltages

The magnetoacoustic voltage measurement result shows
that its value is the highest for the cancerous tissue group,
followed by the gel group and finally the normal tissue
group (Table 3). Paired 7 test result also shows a significant
difference in magnetoacoustic voltage value between the
normal and cancerous group (p < 0.0001).

The voltage value for cancerous tissue is high since it
has a high conductivity value. However, the measured
magnetoacoustic voltage values for gel and normal tissue
are different though the conductivities of normal tissue and
homogenous gel are almost the same. In general, it is noted
from the ultrasound measurement result that normal tissue
group highly attenuates ultrasound energy. In the case of
large amount of attenuation, the sound energy that is left to
move the particles in the tissue decreases. Hence, the
resulting particle velocity is reduced and consequently, the
value of the acoustically induced magnetoaocustic voltage
is also lower for the normal tissue.

4 Discussion

Absorption, scattering and reflection are the processes that
contribute to ultrasound energy attenuation in tissue, with
absorption being considered as the most dominant factor
[4, 11]. Tissue mimicking gel that is used in this study has a
homogenous structure. The attenuation level is very small
and is mainly contributed by the absorption process (scat-
tering and reflection inside the gel are minor). The
observed standard deviation of the attenuation is also
smaller compared with real biological tissue due to the
structural homogeneity. On the contrary, a real breast tissue
has a complex and heterogeneous structure. It consists of
viscous extracellular matrix and individual cells with
elastic membrane and viscous cytoplasm [12, 15, 18]. As
ultrasound wave travels through a viscoelastic media, the
molecules in the medium move back and forth from their
equilibrium position. This movement requires energy that
is provided to the medium by the ultrasound source,
causing ultrasound energy dissipation via absorption pro-
cess. Normal breast tissue is considered to be more vis-
coelastic than a cancerous tissue. Hence, the molecules in
normal tissue have more freedom of motion and are
capable to have larger displacement and longer oscillation
when induced with ultrasound, compared with the elastic
and high-density cancerous tissue [25]. Its dense property
gives the cancerous tissue higher inertia to resist dis-
placement and acceleration that are caused by the
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ultrasound wave at its resting state [24]. Therefore, the
energy of ultrasound beam is reduced in a higher rate as it
passes the viscoelastic normal tissue compared with a more
elastic cancerous tissue [24]. Another factor of attenuation
is the reflection process that occurs at the interface between
the oil and the tissue. The amount of reflection at the
interface is determined by the acoustic impedance differ-
ence between the oil and its adjacent medium. In addition
to that, the heterogeneity of the breast tissue encourages
further energy loss due to scattering [24]. This complex
cellular and tissue heterogeneity is likely the cause for the
relatively high standard deviation of the attenuation levels
for both tissue groups.

The measured magnetoacoustic voltages in Table 3 are
found to be in principle agreement with the theoretically
predicted magnetoacoustic voltage based on the simplified
model calculations outlined in Sect. 1.2 (last row in
Table 4). Table 4 also gives a comparison of the parame-
ters of HMM and the Magneto-Acousto electrical
Tomography (MAET) [29]. MAET uses the same magne-
toacoustic approach as HMM and shares the same funda-
mental calculation principle in estimating the voltage
output. Hence, MAET is the closest approach to HMM.

The estimated calculation of MAET [37] is conducted
using static magnetic field with field intensity of 1T. In
HMM, fourfold lower magnetic field intensity is used and
the result is proportional to MAET. In general, the appli-
cation of higher magnetic field intensity requires higher
production cost for better permanent magnet materials and
design. On the other hand, lower field intensity magnet is
cheaper but a proper voltage detection circuit is necessary
since the signal level is within the range of ambient noise.
Unlike HMM, the final amplitude of MAET signal is
higher and is less vulnerable to ambient noise due to the
stronger magnetic field.

HMM uses higher ultrasound wave frequency compared
with  MAET. High-frequency ultrasound offers high-

Table 4 Comparison of parameters for HMM and MAET

Parameter HMM MAET
[37]
Material Biological tissue ~ Agar gel
(0.2-0.5 S/m) (0.5 S/m)
Magnetic induction 025T 1T
Ultrasound frequency (MHz) 9.8 2.25
Specimen volume 3.88¢ 7% m? 2¢°m’
Distance of ultrasound propagation 6 100
path in z direction (mm)
Distance between 2 electrodes 10 50
(mm)
Calculated magnetoacoustic 5.43¢°V 21.39e 7%V

voltage
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resolution information when the sound wave propagates
through tissues. However, the attenuation of higher fre-
quency ultrasound is also high, limiting its propagation
distance to only thinner materials.

Overall, the amplitude of the final magnetoacoustic
voltage signal generated by MAET is fourfold higher than
the calculated value of HMM output. This observation
complies very well with the previous study by Wen et al.
[29, 33, 34] that stated the amplitude of magnetoacoustic
voltage signal is linearly proportional to the particle
velocity induced by the ultrasound propagation and also
magnetic field intensity. Since the particle velocity induced
by ultrasound ranges only 1,400-1,600 m s~ ' in soft tis-
sues, the resulting fourfold increase in MAET voltage
amplitude is proportional to its higher magnetic field
intensity.

In conclusion, this work has proposed a new Hybrid
Magnetoacoustic approach which is capable of accessing
simultaneously the electric and acoustic properties of tis-
sue. The experimental results show that HMM can be a
promising tool for breast cancer detection. HMM has low
costs and can be easily incorporated into the existing MRI
setups. Further research will concentrate on the develop-
ment of a 2D HMM system for breast imaging.
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