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Based on the acoustic radiation theory of a dipole source, the influence of the transducer reception pattern is studied
for magnetoacoustic tomography with magnetic induction (MAT-MI). Numerical studies are conducted to simulate acoustic
pressures, waveforms, and reconstructed images with unidirectional, omnidirectional, and strong directional transducers.
With the analyses of equivalent and projection sources, the influences of the model dimension and the layer effect are
qualitatively analyzed to evaluate the performance of MAT-MI. Three-dimensional simulation studies show that the strong
directional transducer with a large radius can reduce the influences of equivalent sources, projection sources, and the
layer effect effectively, resulting in enhanced pressure and improved image contrast, which is beneficial for boundary
pressure extraction in conductivity reconstruction. The reconstructed conductivity contrast images present the conductivity
boundaries as stripes with different contrasts and polarities, representing the values and directions of the conductivity
changes of the scanned layer. The favorable results provide solid evidence for transducer selection and suggest potential
practical applications of MAT-MI in biomedical imaging.
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1. Introduction
As a noninvasive electrical impedance imaging modal-

ity based on coupling of multi-physics fields, magnetoacous-
tic tomography with magnetic induction (MAT-MI)[1,2] uses
the acoustic signals collected by the transducer around the ob-
ject to reconstruct the conductivity distribution of the scanned
layer. Combining the good contrast of electrical impedance to-
mography (EIT) and the high spatial resolution of ultrasonog-
raphy, MAT-MI has great prospects in the biomedical imag-
ing area.[3–5] Since MAT-MI was first proposed by Yuan Xu
and Bin He in 2005, many relevant works have been carried
out all around the world. Hu et al.[6] reported an experimen-
tal study on magnetoacoustic imaging of superparamagnetic
iron oxide (SPIO) nanoparticles embedded in biological tis-
sues, providing a promising tool for the tomographic recon-
struction of magnetic nanoparticle-labeled diseased tissues in
molecular or clinical imaging. Mariappan et al.[7] proposed a
conductivity reconstruction method based on vector acoustic
source imaging and obtained a reliable conductivity estima-
tion with the proposed reconstruction method. Different from
the previous researches using isotropic conductive models, Li
et al.[8] studied the forward problem of MAT-MI for the con-
ductivity anisotropy model with the aid of the finite element
method (FEM). Mariappan et al.[9] demonstrated that imag-

ing resolution and contrast for the biological tissue conductiv-
ity reconstruction of MAT-MI can be well improved under an
MRI using a high static magnetic field environment.

Owing to the same source distribution of each layer,
cylindrical phantom models were chosen to simplify exper-
iments and simulations.[10–13] The experimental images of
MAT-MI for the cylindrical models were provided and the
reconstructed conductivity contrast images agreed well with
the real conductivity distributions of the scanned layers.[5,14]

As the experimentally used transducer had a strong directiv-
ity due to its large surface radius, two-dimensional (2D) and
three-dimensional (3D) simulation results usually coincided
well with the experimental results. However, additional wave
clusters and image artifacts were still observed clearly without
a reasonable explanation and less attention has been focused
on the pivotal role of the transducer reception pattern in the
2D measurement configuration of MAT-MI.

In MAT-MI, a transducer with an ideal reception
pattern[15] can only detect acoustic signals transmitted along
the normal direction of the transducer surface. The informa-
tion of the acoustic source strength, vibration polarity, and
the location of conductivity boundaries can be easily extracted
from the collected signals, which is beneficial for the conduc-
tivity reconstruction of the scanned layer. Considering the 3D
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acoustic transmission of the dipole source and the reception
pattern of the transducer, the detected pressure should be cal-
culated as the superposition of all the transmitted signals from
the sources inside the object in a limited reception angle scope.
Therefore, besides the sources of the scanned layer, the influ-
ence of the layer effects[16] cannot be ignored, resulting in im-
age artifacts with reduced accuracy of pressure identification
and source localization. However, even though several inves-
tigations of how to compensate for transducer directivity in
photoacoustic tomography have been reported,[17,18] no spe-
cial studies about the production, influence, and solution of
MAT-MI have been published in the previous studies.

In this paper, based on the theory of acoustic dipole radia-
tion, the influence of the transducer reception pattern on MAT-
MI is investigated with 3D numerical simulations of acous-
tic pressure, waveform, and image reconstruction using unidi-
rectional, omnidirectional, and strong directional transducers.
Based on the analyses of the equivalent source and the pro-
jection source, the generations of abrupt and gentle pressure
changes and additional pressure variations are qualitatively
discussed. With various reception patterns, the influences of
model dimensions and layer effects on detected pressures and
reconstructed images are also analyzed. The favorable results
provide the bases for transducer selection and suggest the fea-
sibility of boundary pressure extraction for the conductivity
image reconstruction with MAT-MI.

2. Principles and methods
The schematic diagram of MAT-MI is illustrated in Fig. 1.

An object with conductivity distribution σ(𝑟) is placed in a
complex magnetic field composed of a static magnetic field
𝐵0 = B0𝑧̂ and a time-varying magnetic field 𝐵(t) = B(t)𝑧̂.
For simplicity, the magnetic field is assumed to be homoge-
neous, covering the whole object. Induced by 𝐵(t), eddy cur-
rents 𝐽(𝑟, t) appear in close loops on each layer parallel to
the xy plane inside the object. With the interaction between
𝐵0 and 𝐽(𝑟, t), the medium at 𝑟 is exerted by Lorentz force
𝐽(𝑟, t)×𝐵0 to produce an acoustic vibration. Centered at
the origin, the transducer travels around the object to detect
acoustic signals transmitted from all vibration sources inside
the object, which can be used to reconstruct the conductivity
distribution for the scanned layer. Therefore, at the observa-
tion point 𝑟′ around the object, the acoustic pressure satisfies
the wave equation[1–5,19]

∇2 p(𝑟′, t)− 1
c2

∂ 2 p(𝑟′, t)
∂ t2 =−∇ · [𝐽(𝑟, t)×𝐵0] , (1)

where p(𝑟′, t) is the acoustic pressure at observing point 𝑟′,
∇2 and ∇ are the Laplacian and the divergence operator, re-
spectively, and c is the acoustic speed in the media.
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Fig. 1. Schematic diagram of MAT-MI.

To simplify the principle derivation, the pulsed mag-
netic field is set to be a step function as 𝐵(t) = ε(t)𝑧̂, then
the induced electric field 𝐸δ(𝑟, t) satisfies ∇×𝐸δ(𝑟, t) =
−δ (t)𝑧̂ and the acoustic source strength can be expressed as
Qδ(𝑟, t) = ∇ · [𝐽δ(𝑟, t)×B0]. Therefore, the acoustic pres-
sure detected at the observation position 𝑟′ can be described
as[13,20–22]

p(𝑟′, t) =
∫ ∫ ∫

V

ξ η cosθD(β )

4π|𝑟′−𝑟|
Qδ(𝑟, t)d𝑟

⊗δ

(
t− |𝑟

′−𝑟|
c

)
, (2)

where ⊗ is the convolution operator, 𝑟 and 𝑟′ are the posi-
tions of the acoustic source and the receiver, respectively, ξ

is the pressure conversion efficiency of the transducer, η =

−jk∆r = −j2π∆r/λ is a dimensionless constant[13] deter-
mined by the fixed wavelength λ and the distance ∆r between
the two monopole sources of each acoustic dipole, and θ is
the radiation angle between the transmission path (𝑟′−𝑟) and
the normal direction 𝑛̂(𝑟) of the induced eddy current, and
cosθ is the radiation pattern of each acoustic dipole, produc-
ing a pressure attenuation from −1 to 1. For the sources with
the same source strength, the detected pressure is determined
greatly by the radiation angle θ , and opposite pressure polar-
ities are produced for 0 ≤ θ < π/2 and π/2 < θ ≤ π . What
is more, the acoustic pressure is zero when θ = ±π/2 and
it reaches the maximum when θ = 0 or π . The D(β ) is the
reception pattern of the receiver, which is determined by the
characteristics of the transducer, where β is the reception an-
gle β between (𝑟′−𝑟) and the normal direction 𝑛̂(𝑟′). For
example, the reception pattern of a planar piston transducer
can be expressed as |2J1(kasinβ )/(kasinβ )|, where a is the
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radius of the transducer, J1(·) is the regular cylindrical Bessel
function of the first order, and k is the wave number. Here
δ(t − |𝑟′−𝑟|/c) introduces the time delay of the transmis-
sion distance |𝑟′−𝑟|. It can be concluded that the detected
pressure p(𝑟′,𝑟) produced by the acoustic source at 𝑟 is de-
termined by the source strength, the radiation angle, the recep-
tion angle, and the transmission distance |𝑟′−𝑟|. As shown in
Fig. 1, to simplify the source analysis for pressure calculation,
the acoustic sources on the spherical surface A centered at 𝑟′

with radius |𝑟′−𝑟| can be equivalent to source S′, which is on
the normal direction of the transducer.[23]

The acoustic waveform w(𝑟′, t) collected at 𝑟′ can be ob-
tained as the convolution result[11] between p(𝑟′, t) and the
system transfer function h(t) =− [dB(t)/dt]⊗R(t) as

w(𝑟′, t) = −ξ η

4π

∫ ∫ ∫
V

Qδ(𝑟, t)cosθ

|𝑟′−𝑟|
D(β )d𝑟

⊗δ

(
t− |𝑟

′−𝑟|
c

)
⊗ dB(t)

dt
⊗R(t), (3)

where R(t) and B(t) are the waveforms of the transducer im-
pulse response and the pulsed magnetic field, respectively.
Based on the simplified back projection algorithm[22] for
diffraction sources, the 2D cross sectional conductivity con-
trast image of the scanned layer can be reconstructed with the
waveforms collected around the object

I(𝑟) =
1

2πc2

∫ 2π

0

(𝑟′−𝑟)𝑛(𝑟′)

|𝑟′−𝑟|2
w(𝑟′, t)dϕ, (4)

where I(𝑟) is the reconstructed intensity at source position 𝑟

and ϕ is the measure angle of the transducer.

3. Numerical simulations
To verify the influence of the reception pattern on MAT-

MI, numerical simulations were conducted with a two-layer
coaxial cylindrical model. Figures 2(a) and 2(b) illustrate
the 3D diagram of the model and the cross sectional con-
ductivity distribution for z = 0, respectively. The height of
the model was set to be 70 mm, and the radii of the outer
and the inner media were set to be 24 mm and 12 mm, re-
spectively. The conductivities of the outer and the inner me-
dia were σ1 = 1 S/m and σ2 = 0 S/m. Both the transducer
and the model were placed in distilled water with conductiv-
ity σ0 = 0 S/m for acoustic coupling. The transducer moved
around the model in a circular orbit centered at the origin with
a radius of 60 mm to collect acoustic waveforms. For simplic-
ity, the acoustic impedances of the media were assumed to be
homogeneous to ignore acoustic reflection, dispersion, and at-
tenuation. The acoustic velocity and the calculation grid were
set to be 1500 m/s and 0.3 mm at the sampling rate of 5 MHz.
In order to improve the comparability between numerical sim-
ulations and experimental results, the actual waveforms of the

impulse response of the transducer R(t) and the differential of
the pulsed magnetic field dB(t)/dt were used in the simulation
studies. The system transfer function h(t) of the MAT-MI ex-
perimental system was a three-cycle damping wave cluster at
the center frequency of 0.5 MHz.[19]
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Fig. 2. Illustration of the two-layer coaxial cylindrical model: (a) 3D
diagram of the model, (b) the cross sectional conductivity distribution
for z = 0.

3.1. Equivalent source analysis

The cross sectional diagram of the two-layer cylindrical
model is shown in Fig. 3. For the transmission time t, the
detected pressure is the summation for all the sources on the
source arc with the transmission distance ct, whcih can be con-
sidered as one equivalent source on the normal direction of
the transducer. For example, the sources on arc B1BB2 can be
equivalent to source B′ with the time delay of |BT |/c, while
the source arc E1E2EE3E4 can be equivalent to source E ′ with
a longer time delay of |ET |/c.

For acoustic detection, the pressure is closely related with
the reception pattern of the transducer. Figure 4(a) describes
the ideal reception pattern of a unidirectional transducer,[15]

indicating that only the pressure transmitted along the nor-
mal direction of the transducer can be detected. So for the
2D measurement configuration in Fig. 3, only four pressure
spikes at 24 µs, 32 µs, 48 µs, and 56 µs are obtained as shown
in Fig. 5(b) (solid line), corresponding to the four sources A,
B, C, and D located at the conductivity boundaries along the
normal direction of the transducer. For the sources with the
radiation angles 0 and π , the pressure amplitudes are deter-
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mined by the source strengths, the transmission distances, and
cosθ . Positive and negative pressure polarities imply the con-
ductivity changes of 1→0 S/m and 0→1 S/m at the conductiv-
ity boundaries. By convoluting the detected pressure with the
system transfer function, the collected waveform is obtained
as presented in Fig. 4(b). The time delays, amplitudes, and
phases of the wave clusters agree well with the correspond-
ing pressure spikes, reflecting the information of conductivity
changes at the boundaries.
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Fig. 3. Analysis diagram of 2D equivalent sources for the cross section
of the two-layer cylindrical model.

With the simulated waveforms collected around the
model, a 2D conductivity contrast image was reconstructed
as shown in Fig. 4(c). Two obvious circles in stripes with dif-
ferent radii, contrasts, and polarities represent the inner and
the outer conductivity boundaries of the scanned layer, which
agree well with the configuration in Fig. 2(b) in terms of shape
and size. Suppose that the polarity of the outer circular bor-
derline stripe is positive, corresponding to the conductivity
change of 0→ 1 S/m, then it is negative for the inner stripe
with the conductivity change of 1→ 0 S/m. Therefore, oppo-
site directions of conductivity changes at the media boundaries
can be identified from the reconstructed conductivity contrast
image. However, besides the two conductivity boundary cir-
cles, several artifacts introduced by the system transfer func-
tion are visualized, resulting in reduced spatial resolution and
image quality.

In practical applications, the reception pattern of the com-
monly used planar piston transducer is mainly determined by
the frequency and the radius. For a transducer with an in-
finitesimal radius of ka� 1, D(β )≡ 1 and the corresponding
hemispherical omnidirectional reception pattern in Fig. 5(a)
indicates that the transducer can detect the acoustic pressures
transmitted in the reception angle from −π/2 to π/2 without
any direction attenuation. As displayed in Fig. 3, the source
A at the outer boundary has the shortest transmission distance
|AT | and produces the first positive pressure at time |AT |/c.
While the source D has the same source strength and an op-
posite vibration direction, producing the last negative pressure
with the longest time delay |DT |/c. For the source arc B1BB2,

sources from B1 to B2 in the outer medium have the same dis-
tance |BT | and the pressure of the equivalent source B′ can be
calculated by

pB′(𝑟
′, |BT |/c) =

∫
B1B2

Qδ(𝑟, t)cosθ

4π |BT |
d𝑟.

This is also the case for the source arc C1CC2. In addition,
for the source arc E1E2EE3E4 with the transmission distance
|ET |, the equivalent source E ′ can be considered as the sum-
mation of all the sources in the outer and the inner media as

pE ′(𝑟
′, |ET |/c) =

∫
E1E2+E3E4

Qδ(𝑟, t)cosθ

4π |ET |
d𝑟 |σ1

+
∫

E2E3

Qδ(𝑟, t)cosθ

4π |ET |
d𝑟 |σ2 ,

where the first and the second terms are calculated for the two
conductive homogeneous media with the conductivities σ1 and
σ2, respectively.
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Fig. 4. (color online) 2D simulations with a unidirectional transducer:
(a) reception pattern, (b) pressure and waveform, (c) reconstructed con-
ductivity contrast image.
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The simulated pressure of the two-layer cylindrical model
detected using an omnidirectional transducer is depicted in
Fig. 5(b). Compared with Fig. 4(b), four abrupt pressure
changes at 24 µs, 32 µs, 48 µs, and 56 µs are observed, reflect-
ing the positions and the polarities of the conductivity changes
at A, B, C, and D. Meanwhile, owing to the omnidirectional
reception pattern, the amplitudes of the pressure spikes B, C,
and D are enhanced and gentle pressure changes appear be-
tween adjacent spikes, which can be explained by the contin-
uously distributed equivalent sources with different transmis-
sion distances. Despite the obvious differences between the
pressures, similar waveforms are obtained in Figs. 4(b) and
5(b). Four wave clusters are consistant with the abrupt pres-
sure changes in amplitude and phase. Due to the convolution
effects, no cluster can be observed corresponding to the gentle
pressure changes. Similar to Fig. 4(c), the reconstructed image
in Fig. 5(c) shows the cross sectional conductivity boundaries

of the model with opposite borderline stripes. Furthermore, an
improved image contrast with reduced artifacts is identified.
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Fig. 6. (color online) 2D simulations with a strong directional trans-
ducer: (a) reception pattern, (b) pressure and waveform, (c) recon-
structed conductivity contrast image.

For the experimental transducer (center frequency
0.5 MHz, diameter 38 mm), a strong directional reception pat-
tern with a main lobe of about ±8◦ is achieved as shown in
Fig. 6(a). The simulated pressure displayed in Fig. 6(b) is
similar to that in Fig. 4(b). Corresponding to the conductiv-
ity boundaries A, B, C, and D, four pressure spikes are clearly
displayed. Owing to the narrow angle scope of the main lobe,
gentle pressure changes between adjacent spikes are greatly
attenuated. Meanwhile, slight pressure disturbances near each
spike can also be identified, which are produced by the side
lobes of the reception pattern. In addition, the relative ampli-
tudes of the pressure spikes B, C, and D are enhanced due to
the wider source arcs of longer transmission distances. There-
fore, four wave clusters with opposite phases and enhanced
amplitudes are achieved in Fig. 6(b), and the small clusters
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induced by the slight pressure disturbances can hardly be dis-
tinguished from the adjacent boundary clusters. The recon-
structed image displayed in Fig. 6(c) shows good consistency
with those in Figs. 4(c) and 5(c) in the shape, size, and polar-
ity of the borderline stripes. The image contrast of the bound-
ary borderline stripes is improved obviously with reduced ar-
tifacts.

3.2. Projection source analysis

In MAT-MI, each Lorentz force induced acoustic dipole
source generates a 3D acoustic radiation, and the detected
pressure is the summation for the sources in all layers of the
model. The acoustic sources on the layers at different heights
can be equivalent to projection sources on the scanned layer,
and the projection sources can be further simplified to equiva-
lent sources along the normal direction of the transducer. The
diagram of the projection sources for the longitudinal section
of the two-layer cylindrical model is shown in Fig. 7(a). The
transducer is placed on the middle layer at z = 0 to detect
the acoustic signal transmitted from the longitudinal section.
The detected pressure produced by the sources in each layer
is determined by the height, which has a great impact on the
transmission distance and the radiation angle. Considering the
different transmission distances, the boundary sources A1, B1,
C1, and D1 at z =−h can be regarded as the projection sources
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Fig. 7. (color online) (a) Diagram of projection sources, (b) pres-
sure and waveform for the longitudinal section of the two-layer coaxial
cylindrical model with an omnidirectional transducer.

A′, B′, C′, and D′. The distances from the transducer to the
projection sources are longer than those to the corresponding
boundary sources of the scanned layer. For example, |A′T |
is longer than |AT | and it introduces an additional time delay
(|A′T |− |AT |)/c. By taking the superposition for all the lay-
ers, the pressure detected with an omnidirectional transducer
is shown in Fig. 7(b). Four abrupt pressure changes at 24 µs,
32 µs, 48 µs and 56 µs are displayed, representing the con-
ductivity boundaries A, B, C, and D of the scanned layer, re-
spectively. Gentle pressure changes with positive and nega-
tive polarities appear due to the continuous distribution of the
dipole sources. Meanwhile, several additional pressure vari-
ations AH , BH , CH , and DH with the time delays of 33.2 µs,
39.3 µs, 53.1 µs, and 60.4 µs are visualized, corresponding to
the boundaries AH1, BH1, CH1, DH1 for z = H and AH2, BH2,
CH2, DH2 for z = −H. Therefore, besides four wave clusters
A, B, C, and D, four additional clusters with relatively lower
amplitudes are found in the waveform. The clusters BH , CH ,
and DH at 39.3 µs, 53.1 µs, and 60. 4 µs are visualized dis-
tinctly, while the cluster AH can hardly be distinguished from
the adjacent cluster B. Due to the existence of the additional
clusters, the spatial resolution of the reconstructed image is
reduced with more artifacts.

3.3. Layer effects analysis

To investigate the layer effects of MAT-MI, the detected
pressures produced by the acoustic sources on the layers
at z = 0 mm, 18 mm, and 35 mm are simulated using an
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waveforms.
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omnidirectional transducer as shown in Fig. 8(a). Four pres-
sure spikes denoting the four boundaries on each calculation
layer are displayed. For z = 0 mm, the times of the pressure
peaks A and D at 24 µs and 56 µs represent the transmission
distances of 36 mm and 84 mm for the corresponding sources,
and the distance of 48 mm reflects the diameter of the outer
medium. So are the cases for the pressure peaks B and C
with the time delay of 16 µs, corresponding to the diameter
of 24 mm of the inner medium. With the increase of z, ex-
tended time delays and strengthened pressure attenuations of
the pressure peaks are also observed. For z= 18 mm, the times
of the pressure peaks A and D are 26.8 µs and 57.3 µs, reflect-
ing the distance of 45.6 mm, which is smaller than the actual
diameter of the outer medium. For z = 35 mm, the times of the
pressure peaks A and D increase to 33.5 µs and 60.7 µs with a
decreased distance of 40.8 mm. The corresponding waveforms
for the layers of z = 0 mm, 18 mm, and 35 mm are shown in
Fig. 8(b). Four wave clusters are clearly displayed, denoting
the four boundaries of the calculated layers with correspond-
ing time delays and amplitudes.

3.4. 3D simulation studies

By combining the analyses of equivalent source, projec-
tion source, and layer effects, 3D numerical studies for the
two-layer cylindrical model were conducted and the simu-
lated results using an omnidirectional transducer are shown
in Fig. 9(a). Influenced by the dimension and layer effects of
the model, the detected pressure is quite different from those
in Figs. 5(a), 6(b), and 8(a) in shape and amplitude. How-
ever, four abrupt pressure changes A, B, C, and D at 24 µs,
32 µs, 48 µs, and 56 µs still present the exact locations of the
four conductivity boundaries of the scanned layer. Produced
by the projection sources and the layer effects, abrupt pressure
changes E, F , G, and H at about 33 µs, 44 µs, 53 µs, and 60 µs
are also identified. From the simulated waveform in Fig. 9(a),
four wave clusters with opposite vibration phases are clearly
observed, corresponding to the abrupt pressure changes of A,
B, C, and D. Meanwhile, two small clusters generated by the
abrupt pressure changes F and H are also visualized. Over-
lapped with the clusters B and D, the clusters produced by the
abrupt pressure changes E and G can hardly be differentiated.
In Fig. 9(b), the reconstructed image agrees well with the con-
ductivity configuration in Fig. 2(b). The conductivity bound-
aries of the outer and the inner media are displayed as positive
and negative borderline stripes with improved contrast, repre-
senting the opposite conductivity changes of 1→ 0 S/m and
0→ 1 S/m. Owing to the existence of the clusters F and H,
two additional stripes near the origin and outside the outer bor-
derline are also visualized as image artifacts.
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Fig. 9. (color online) 3D simulations with an omnidirectional trans-
ducer for the two-layer cylindrical model: (a) pressure and waveform,
(b) reconstructed conductivity contrast image.
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Fig. 10. (color online) 3D simulations with a strong directional trans-
ducer for the two-layer cylindrical model: (a) pressure and waveform,
(b) reconstructed conductivity contrast image.
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Figure 10(a) illustrates the 3D simulated pressure and
waveform using a strong directional transducer for the two-
layer cylindrical model. Due to the strong directivity of the
transducer, the pressure distribution is similar to that detected
by a unidirectional transducer in Fig. 4(b). Owing to the side
lobes of the reception pattern, slight pressure disturbances are
observed, which are close to the pressure spikes of the bound-
aries A, B, C, and D of the scanned layer. What is more, with
the increase of the time delay, the relative pressure amplitudes
of the spikes are enhanced obviously. Therefore, only four
wave clusters with opposite vibration phases are in existence,
and the tiny clusters produced by the slight pressure distur-
bances are too weak to be identified. An improved image con-
trast with reduced artifacts can be obtained from the recon-
structed conductivity contrast image as shown in Fig. 10(b).

4. Discussion
Assuming that the transducer has an omnidirectional re-

ception pattern, the distributions of the detected pressures are
affected greatly by the model dimensions, especially by the
model height. (i) For a short model, the projection sources of
the top and the bottom layers are close to the corresponding
sources of the scanned layer, producing superimposed pres-
sures and clusters. The 3D simulation is approximate to the
2D one, and the reconstructed image can be regarded as the
conductivity contrast image of the scanned layer. (ii) With the
increase of the model height, the detected pressures generated
by the sources of the top and the bottom layers are separated
from those generated by the scanned layer, which will intro-
duce additional wave clusters and result in boundary artifacts
and reduced spatial resolution for the image reconstruction.
(iii) If the model height is increased to an infinite value, the
detected pressures generated by the sources of the top and the
bottom layers tend to be zero due to the radiation angle of
π/2. Therefore, only the wave clusters corresponding to the
conductivity boundaries of the scanned layer can be achieved
and no additional boundary artifacts will be produced.

The detected pressure is also influenced greatly by the
reception pattern of the transducer. (i) For an ideal unidirec-
tional reception pattern, only the acoustic signals transmitted
along the normal direction of the transducer can be detected.
The conductivity contrast image of the scanned layer can be
reconstructed and the influence of the model dimensions can
be neglected. (ii) For an omnidirectional reception pattern,
acoustic signals produced by sources on all layers within the
entire object can be detected without directional attenuation.
Besides the abrupt pressure changes generated by the bound-
ary sources, gentle pressure changes produced by equivalent
and projection sources can also be detected. Additional pres-
sure disturbances introduced by the model dimensions and the
layer effects can be detected, resulting in additional boundary

artifacts and a reduced spatial resolution for the image recon-
struction. (iii) For a strong directional reception pattern, only
the signals transmitted in a limited angle scope can be detected
with corresponding pressure attenuation. Pressure peaks ap-
pear in the form of sharp spikes, approaching the results of the
ideal reception pattern. Therefore, the strong directional re-
ception pattern can effectively reduce the influences of equiv-
alent sources, projection sources, and layer effects, leading to
an enhanced pressure contrast and reduced image artifacts.

In most previous studies[1–4,6,7,9,11,13,15,16] of MAT-MI
experiments, planar piston transducers with a radius of about
1–3 cm were used as the receiver to detect the acoustic pres-
sure. Although the conductivity boundary of the scanned layer
can be presented in the reconstructed images, the broad bor-
derline stripes are observed with reduced image resolution and
contrast, and the conductivity changes cannot be reflected ac-
curately by the amplitudes of the boundary stripes due to the
influence of the transducer reception pattern. In addition, the
artifacts introduced by the side lobe of the transducer can also
be seen in the reconstructed images with reduced image qual-
ity. The problems can be explained well with the proposed
theories of equivalent and projection sources in this paper. To
enhance the directivity of the transducer, Xia et al.[5] and Li
et al.[12] conducted their MAT-MI experiments with focused
transducers and the spatial resolutions of the reconstructed im-
ages were enhanced, which are beneficial for the quantitative
conductivity reconstruction in MAT-MI. In addition, consid-
ering the high spatial resolution and the improved contrast of
the ultrasound imaging with a sector array transducer,[24] the
application of the sector array transducer might be employed
in further studies of MAT-MI.

5. Conclusion
Based on the acoustic dipole radiation theory, the influ-

ences of the transducer reception pattern on MAT-MI are stud-
ied with a two-layer cylindrical phantom model in this paper.
Numerical studies for acoustic pressures, waveforms, and re-
constructed images using unidirectional, omnidirectional, and
strong directional transducers are performed with the analyses
of equivalent source, projection source, and layer effects. The
generations of abrupt and gentle pressure changes, additional
pressure disturbances, as well as the influences on the image
reconstruction are discussed qualitatively. The reconstructed
conductivity contrast image indicates the conductivity bound-
aries of the scanned layer as stripes with different contrasts
and polarities, representing the values and directions of the
conductivity changes. A strong directional transducer can ef-
fectively reduce the influence of equivalent source, projection
source, and layer effects, resulting in the enhanced pressures,
an improved image contrast, and reduced artifacts, which are
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beneficial for boundary pressure extraction in conductivity re-
construction. The favorable results provide numerical evi-
dence for transducer selection and suggest potential practical
applications of MAT-MI in biomedical imaging.
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