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Magnetoacoustic tomography with magnetic induction �MAT-MI� is a recently introduced imaging
modality for noninvasive electrical impedance imaging, with ultrasound imaging resolution and a
contrast reflecting the electrical conductivity properties of tissues. However, previous MAT-MI
systems can only image samples that are much more conductive than real human or animal tissues.
To image real biological tissue samples, a large-current-carrying coil that can give stronger magnetic
stimulations and stronger MAT-MI acoustic signals is employed in this study. The conductivity
values of all the tissue samples employed in this study are also directly measured using a well
calibrated four-electrode system. The experimental results demonstrated the feasibility to image
biological tissues with electrical conductivity contrast below 1.0 S/m using the MAT-MI technique
with safe level of electromagnetic energy applied to tissue samples. © 2010 American Institute of
Physics. �doi:10.1063/1.3486685�

Noninvasive electrical impedance imaging methods have
been actively investigated for decades because electrical
properties of biological tissues are known to be sensitive to
physiological and pathological conditions of living systems.
These methods include traditional electrical impedance
tomography,1,2 magnetic resonance electrical impedance
tomography,3,4 magnetic induction tomography,5 magnetoa-
coustic tomography,6,7 and Hall effect imaging.8 Recently,
He and co-workers9–11 proposed a method termed magnetoa-
coustic tomography with magnetic induction �MAT-MI�. In
MAT-MI, a pulsed magnetic stimulation is delivered to a
conductive object �e.g., soft tissue� to induce eddy current.
With the existence of another static magnetic field, acoustic
waves generated by Lorentz force can then be detected for
reconstructing an image with contrast indicating the electri-
cal conductivity of the object. Relevant experiment results
from high salinity gel phantoms or salted tissues have been
previously reported.10,11 The samples used in these studies
are, however, much more conductive than real human or ani-
mal tissues where conductivity is commonly below 1.0 S/m
at MHz ultrasound frequency.12 In addition, as the MAT-MI
signals generated in these systems were quite weak, data
averaging over ten thousand times at each scanning location
was generally required. In the present study, a large-current-
carrying coil is employed to deliver stronger magnetic stimu-
lation in order to induce a large but safe eddy current in real
tissue samples. By collecting ultrasound signals with data
averaging of less than 200 times, we are able to image bio-
logical samples with electrical conductivity contrast below
1.0 S/m.

In MAT-MI experiments, a pulsed magnetic stimulation
B1�r , t� is applied to the conductive medium with conductiv-
ity ��r� and we have the induced electrical field E�r , t� and
current density J�r , t� in the medium. If the duration of the
B1�r , t� is short enough, the E�r , t� and J�r , t� can be written
as E�r , t��E�r���t�, J�r , t��J�r���t�, where ��t� is the delta

function. With static magnetic field B0�r� and the corre-
sponding Lorentz force J�r��B0�r�, a wave equation in the
acoustically homogenous medium can be derived as9

�2p�r�,t� −
1

c2

�2

�t2 p�r�,t� = � · �J�r� � B0�r�� · ��t� , �1�

where the p�r� , t� is the acoustic pressure and c is the acous-
tic speed. The acoustic source distribution, i.e., the right hand
side of Eq. �1� can be reconstructed using the time reversal
method.9,13 In practical experiments, an ultrasound trans-
ducer will act as a bandpass filter. The acoustic sources ap-
pearing at tissue interfaces corresponding to the conductivity
discrepancy can be considered as wideband signals and will
dominate in real ultrasound measurements.10,11 Conse-
quently, the reconstructed acoustic source map reflects the
conductivity boundaries of the tissue, unless using a special
method such as by multiexcitation.14 The measured acoustic
signal pm can be estimated by Eq. �2�

pm�r�,t� �
1

�r − r���V

dr	����r�� � E�r�
 · B0�r� . �2�

In this study, in order to induce detectable MAT-MI sig-
nals in real human or animal tissue samples, we used a cus-
tomized high-voltage coil driver to drive a coil embedded in
a 2 mm thickness plastic cylinder. The charging voltage of
the driver is adjustable from 0 to 24 kV. We estimated the
induced electrical field by using a sensing coil with diameter
of 30 mm. The sensing coil was placed on the surface of the
plastic cylinder containing the magnetic coil. For charging
voltage at 24 kV, the maximum induced voltage in the sens-
ing coil was around 120 V. Consequently, the peak induced
electrical field was estimated to be 1250 V/m. We also con-
ducted a similar test in the previous MAT-MI system.11 Fig-
ure 1 shows the induced voltage from these two systems. For
better comparison, five different charging voltages, i.e., 8,
12, 16, 20, and 24 kV were set in the present coil driver. It is
obvious that the present magnetic stimulator offers much
stronger excitation than the previous stimulator. In our
present experiment system, we have a 15 mm spatial gap
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between the sample and the stimulating coil. The induced
electrical field applied to the sample was around 550 V/m
which is comparable to the stimulating strength in transcra-
nial magnetic stimulation �TMS�.15 However, the total en-
ergy applied to the samples in MAT-MI was much lower than
TMS as MAT-MI pulse duration is at the microsecond level
instead of hundreds of microsecond in TMS.

The MAT-MI system setup in the present study is similar
to the previously reported system.10,11 The transducer was
mounted to a step motor to facilitate scanning in the XY
plane. The unfocused 25 mm diameter transducer �TRS Ce-
ramics� has a center frequency of 0.5 MHz, �6dB fractional
bandwidth of 0.71. Two permanent magnets were placed on
the top and under the bottom of the sample. The average
magnetic flux density was 0.20 T. At each view angle, 2048
data points were recorded at a 5 MHz sampling rate.

Experiments on well-controlled saline-gel phantoms
were first conducted. The phantom had a two layer structure
as shown in Fig. 2�a�. The outer layer and inner layer have
diameters of 50 mm and 15 mm, respectively. The sample
thickness was 25 mm. The outer layer was made with gel
with 0.2% salinity to simulate healthy tissue with low con-
ductivity. The inner layer was filled with a higher concentra-
tion saline solution to simulate cancerous tissue exhibiting
high conductivity. Five different samples with salinity con-
centrations of 0.4%, 0.5%, 0.6%, 0.7%, and 0.8% were pre-
pared for the inner layer. In ultrasound signal data collec-
tions, 100 times data averaging was adopted to improve the
signal-to-noise ratio. After each test, direct conductivity mea-
surements were conducted on the phantoms by four-
electrode technique.16 All electrodes had 300 �m diameter
and were coated for electrical isolation, except for the 1.5
mm conductive. The separation of the adjacent electrode was
2 mm. Probe constant was obtained by measuring standard
saline solution �Oakton� with a known conductivity of 0.86
S/m at the experimental temperature of 23 °C. The conduc-
tivity for 0.4%, 0.5%, 0.6%, 0.7%, and 0.8% salinity solu-
tions were 0.74 S/m, 0.91 S/m, 1.06 S/m, 1.21 S/m, and 1.34
S/m, respectively. The outer gel had a conductivity of 0.40
S/m. All of these data were obtained at 0.5 MHz, similar to
the center frequency of MAT-MI ultrasound signals. A pho-
tograph of the phantom was taken immediately after the ex-
periments with the injection of blue ink into the inner layer
for contrast enhancement. We reconstructed the images using
the back-projection algorithm.9 Figures 2�b�–2�f� depict the
tomographic images with different conductivity contrasts
ranging from 0.34 to 0.94 S/m. It can be seen that the recon-
structed images are well consistent with the phantom geom-

etry shown in Fig. 2�a�. As shown in Fig. 2, the outer bound-
aries of the phantoms in the reconstructed MAT-MI images
show almost the same image contrast as expected. Whereas
the inner boundaries show increased image contrast as the
target conductivity contrast increases.

We have also studied the imaging sensitivity at different
magnetic stimulation strengths. Here, the contrast to noise
ratio �CNR�, defined as the ratio of the dynamic range of the
reconstructed image to the standard deviation of the back-
ground noise, is used to evaluate the system sensitivity. In
this study, single layer uniform phantoms with diameter of
50 mm, thickness of 25 mm, and different conductivities
were placed in distilled water media which acts as a back-
ground with almost zero conductivity. Three different salini-
ties, i.e., 0.3%, 0.5%, and 0.7% �corresponding to 0.52S/m,
0.91S/m, and 1.21S/m, respectively� and five different charg-
ing voltages, i.e., 8, 12, 16, 20, and 24 kV �corresponding to
the stimulations in Fig. 1� are chosen. The testing results are
illustrated in Fig. 3. We see better image contrast is obtained
with the increase in the charging voltage/magnetic stimula-
tion strength and conductivity contrast. This is consistent
with our prediction in Eq. �2�.

Real biological tissues generally have complex geom-
etry, inhomogeneous conductivity distribution, and also at-
tenuate ultrasound signals more significantly. We first used a

FIG. 1. �Color online� Comparison of the induced voltages in a sensing coil
produced by the present MAT-MI system in comparison to previously re-
ported MAT-MI system �see Ref. 11�. Five different charging voltages in the
present coil driver, i.e., 8, 12, 16, 20, and 24 kV were used for comparison.

FIG. 2. �Color online� �a� Photograph of a double-layer saline phantom. The
outer layer has 0.2% NaCl salinity with conductivity of 0.40 S/m. ��b�–�f��
Reconstructed MAT-MI images of phantoms with different inner layer con-
ductivity of 0.74 S/m, 0.91 S/m, 1.06 S/m, 1.21 S/m, and 1.34 S/m,
respectively.
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sample of fresh pork to check imaging sensitivity. This
sample retained the naturally formed fat-muscle-fat structure
as shown in Fig. 4�a�. The two outer fat portions had a width
of 6 mm and the inner muscle portion had width of 3 mm.
The size of the whole sample was 25 mm�15 mm
�25 mm. The pork tissue was surrounded by gel with a
salinity of 1.5%. Scanning of this phantom was done with an
angular step of 2° and data averaging of 200 times at each
view angle. In the conductivity measurements, the fat tissue
exhibited very low conductivity around 0.02–0.03 S/m and
no significant difference was found between the two fat por-
tions. The muscle �in the longitudinal direction� showed
much higher value ranging from 0.55 to 0.62 S/m. The gel

conductivity was 2.41S/m. Figure 4�b� shows the recon-
structed MAT-MI image of the phantom. A good agreement
can be observed between the reconstructed image and the
phantom geometry shown in Fig. 4�a�. The two inner vertical
lines correspond to the two muscle-fat interfaces. The 3 mm
spacing can be also distinguished. Figure 4�d� shows another
imaging result from a tissue phantom shown in Fig. 4�c�. In
order to simulate abnormal tissue �e.g., tumor� surrounded by
healthy tissues, the phantom was made by putting smashed
turkey breast into a 6 mm diameter hole centered in a sample
of pork fat tissue with a size of 20 mm�16 mm�10 mm.
The conductivity of the turkey breast tissue was measured to
be 0.46–0.48 S/m, and the conductivity of the pork fat tissue
was 0.02–0.04 S/m. A digital bandpass filter was used in this
experiment. From Fig. 4�d�, we can still see the interface
between the turkey breast and fat tissue as marked by the
arrow. Compared to the pork phantom result, image quality
is reduced because the sample is significantly thinner. Being
that both the pork fat and turkey breast are soft tissues, it is
difficult to build a perfect contact between these two tissue
types in order to simulate the sharp tissue interfaces that
usually exist in naturally formed tissue samples. In addition,
we find that the conductivity interface between the turkey
breast tissue and fat tissue is not very uniform along the Z
direction, which may further deteriorate the signal quality.

In summary, we report that, using safe magnetic stimu-
lation energy, the MAT-MI technique is capable of imaging
real soft tissue with a conductivity contrast lower than 1.0
S/m, which suggests that the MAT-MI technique is sensitive
enough for potential clinical applications.
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FIG. 3. �Color online� CNRs in the reconstructed MAT-MI images under
different magnetic stimulation strengths and conductivity contrasts. Mag-
netic stimulations given by five charging voltages, i.e., 8, 12, 16, 20, and 24
kV were applied to a 50 mm diameter phantom with three conductivity
contrasts, i.e., 0.52 S/m, 0.91 S/m, and 1.21 S/m.

FIG. 4. �Color online� �a� Photograph of a fresh pork tissue sample. The
muscle portion has 3 mm width. �b� Reconstructed MAT-MI image of the
tissue sample shown in �a�. �c� Photograph of a phantom made with turkey
breast embedded in a piece of pork fat tissue. The turkey breast piece has a
diameter of 6 mm. �d� Reconstructed MAT-MI image of the tissue sample
shown in �c�.

103705-3 Hu, Li, and He Appl. Phys. Lett. 97, 103705 �2010�

Downloaded 18 Oct 2010 to 160.94.105.71. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1109/42.251118
http://dx.doi.org/10.1038/380509a0
http://dx.doi.org/10.1016/0730-725X(89)90328-7
http://dx.doi.org/10.1109/10.979355
http://dx.doi.org/10.1088/0957-0233/7/3/006
http://dx.doi.org/10.1109/10.7300
http://dx.doi.org/10.1109/10.310087
http://dx.doi.org/10.1109/10.650364
http://dx.doi.org/10.1088/0031-9155/50/21/015
http://dx.doi.org/10.1063/1.2186371
http://dx.doi.org/10.1063/1.2772763
http://dx.doi.org/10.1088/0031-9155/41/11/002
http://dx.doi.org/10.1103/PhysRevLett.92.033902
http://dx.doi.org/10.1038/35036239
http://dx.doi.org/10.1109/10.995686
http://dx.doi.org/10.1109/10.995686

