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Image distortion in thermoacoustic tomography caused by microwave diffraction
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We report an intrinsic image distortion in microwave-induced thermoacoustic tomography. The distortion,
due to microwave diffraction in the object to be imaged, leads to nonuniform excitation of acoustic pressure
during microwave illumination. Both numerical simulations and phantom experiments demonstrate this phenomenon. A method of partial correction is also provided.
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I. INTRODUCTION

Thermoacoustic 共TA兲 tomography 共TAT兲 in biological tissue reconstructs the TA source distribution from the acoustic
signals detected over the tissue surface. The TA source is
generated from thermal expansion due to a small temperature
increase upon absorption of a microwave or radio frequency
共rf兲 pulse 共see Fig. 1兲. TAT combines microwave contrast and
ultrasound resolution. Compared with photoacoustic tomography 共PAT兲, TAT has the advantage of imaging deeper into
tissue because the microwave attenuation coefficient of soft
tissue is smaller than the optical counterpart. TAT has been
studied for both laboratory research and clinical applications
in breast cancer imaging 关1–4兴.
The acoustic pressure p excited by a microwave pulse can
be described by 关5,6兴
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Here j is the real current density, which is related to the
conductivity as
j共r,t兲 =

冕
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共4兲

−⬁

where  is the angular frequency of the field and a variable
with a tilde denotes its counterpart in the frequency domain.
The hat over the conductivity means ˆ generally represents a
3 ⫻ 3 real matrix, which describes the property of an aniso-
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where  is the conductivity, E共r , t兲 is the real electrical field
denoted by a vector
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 is the mass density, and “兩 ¯ 兩” represents the magnitude of
a vector. The 兩E兩2 term represents the EM energy absorption. Since  in tissue is generally dispersive, Eq. 共2兲 is exact
only for monochromatic source illumination. Because the illumination source in TAT is an EM pulse with a finite bandwidth, we must consider the dispersive effect.
From electrodynamics, the rate of the energy absorption
from the EM field per unit volume and per unit time in the
tissue can be calculated by the dot product of the current
density and electric field. Assuming all absorbed energy generates heat, we can write the generalized formulation of the
heating function as
H共r,t兲 = j共r,t兲 · E共r,t兲.

where H共r , t兲 is a heating function defined as the thermal
energy deposited at spatial position r and time t by the electromagnetic 共EM兲 radiation per unit time per unit volume, ␤
is the isobaric volume expansion coefficient in K−1, C p is the
specific heat in J / 共Kkg兲, and c is the acoustic speed. Here, ␤,
C p, and c are assumed to be uniform constants.
In studying electromagnetic energy absorbed by tissue,
the “specific absorption rate” 共SAR兲, which is the EM energy
absorbed by a unit mass of tissue per unit time per unit
volume, is generally used and can be calculated by

SAR =

E共r,t兲 = Ey共r,t兲 ,
Ez共r,t兲

FIG. 1. Illustration of thermoacoustic tomography. A pulsed microwave generated from a radar penetrates the tissue. Because of
dielectric contrast, malignant tissue 共such as a tumor兲 usually absorbs more microwave energy and produces a higher temperature
increase than the surrounding normal tissue. The temperature rise
leads to the generation of ultrasound due to thermoelastic expansion. An acoustic detector receives the ultrasound signals around the
tissue, which are used to reconstruct the microwave absorption
distribution.
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tropic medium. To simplify the problem, we assume that the
tissue is isotropic. Then, the conductivity becomes a real
scalar. Therefore, Eq. 共4兲 can be rewritten as

冕

j共r,t兲 =

+⬁

共r, 兲Ẽ共r, 兲e−itd .

ein共t兲 = A共t兲cos共ct兲.

We can also obtain its spectral component through Fourier
transformation as

共5兲

ẽin共兲 = 关Ã共 − c兲 + Ã共 + c兲兴/2.
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In our experimental system, the microwave source transmits
3.0-GHz center-frequency and 0.5-s wide pulses. Since the
temporal width of the pulse is ⬃1000 times longer than the
EM field oscillation period at the center frequency, the
source has a narrow bandwidth, and so does the internal field
E. We further assume that the conductivity varies slowly
within the bandwidth. Thus, we have the approximation

共r, 兲 ⬇ 共r, c兲,

j共r,t兲 ⬇ 共r, c兲
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Ẽ共r, 兲e−itd = 共r, c兲E共r,t兲.

We note that H takes the form of a monochromatic SAR,
apart from a factor of .
The local electric field E共r , t兲 is determined by the source
properties 共such as polarization state and illumination direction兲 as well as the tissue morphology and its microwave
dielectric property. Here we assume that the illumination
source is a plane wave with linear polarization, which is
similar to the source used in our experimental system. From
Maxwell’s equations, we obtained the linear relation
Ẽ共r, 兲 = ␣ˆ 共r, 兲Ẽin共兲,

共8兲

where Ẽin is the spectral component of the source plane
wave, and ␣ˆ is a 3 ⫻ 3 complex matrix that relates the local
field to the source 共using a complex matrix recognizes that
the local field could have a different polarization state and
phase from that of the source field兲. Let n̂ denote the unit
vector of the polarization direction, and then we have
Ẽin共兲 = ẽin共兲n̂,

共9兲

where ẽin共兲 is a scalar representing the amplitude and phase
of the source. Then, we obtain the relation in the time domain
E共r,t兲 =
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As mentioned, we use a narrow bandwidth microwave
source in our experimental system. Let the source ein共t兲 be
the product of a slowly varying function A共t兲 共envelope兲 and
a high frequency oscillating function 共carrier兲 as

冕
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where Tc = 2 / c. Substituting Eq. 共10兲 and Eq. 共12兲 into Eq.
共13兲 and using the narrow bandwidth approximation, we obtain the following equation after several mathematical manipulations 共details in the Appendix兲

−⬁

Substituting Eq. 共6兲 into Eq. 共3兲, we obtain

共12兲

Since A共t兲 is slowly varying, its spectral component Ã共⬘兲
has significant values only in the narrow bands of 兩⬘兩  c.
In practice, the detected acoustic signal usually corresponds to the short-time averaged heating function 共7兲. We
thus calculate the short-time average of the intensity of the
electric field by
具兩E共r,t兲兩2典 =

where c = 2 f c and f c = 3.0 GHz. Therefore, the current
density can be approximately written as

共11兲

共14兲
where 共¯兲 and 共¯兲† denote the transpose and conjugate
transpose, respectively. Further, Ie共t兲 = A2共t兲 / 2 is the electric
field intensity of the microwave source, and ␥共r , c兲 represents the field distribution at the center frequency with
source polarization along n̂ as

␥共r, c兲 = n̂␣ˆ †共r, c兲␣ˆ 共r, c兲n̂.

共15兲

From Eqs. 共7兲 and 共14兲, we obtain the short-time average of
the local heating function
具H共r,t兲典 ⬇ 共r, c兲␥共r, c兲Ie共t兲.
Let the spatial distribution of the EM energy absorption
s共r兲 = 共r , c兲␥共r , c兲. From Eqs. 共8兲, 共9兲, and 共15兲, we have
s共r兲 =

共r, c兲兩Ẽ共r, c兲兩2
兩ẽin共c兲兩2

.

共16兲

Its relation to SAR is
SAR =

s共r兲兩ẽin共c兲兩2
,


共17兲

where the local total electric field in Eq. 共2兲 is replaced by
the local illuminating electric field. The total electric field is
the vector sum of the illuminating field and the scattered
field.
TAT reconstructs images based on s共r兲. Previous studies
show that large differences exist in conductivity and permittivity between excised malignant and normal breast tissues
关7–11兴. Thus 共r , c兲 contains information about the position
and the shape of a malignant breast tissue object. In previous
literature, it was assumed that the reconstructed images represent the real structure of the sample, i.e., the distribution of
the dielectric conductivity. This assumption is valid only if
s共r兲 is proportional to the conductivity inside the target 共such
as a tumor兲.
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In this paper, we first calculate s共r兲 by simulating the
tissue phantom illuminated by a monochromatic plane wave.
Our simulation results point out that s共r兲 is generally nonuniform, and images generated from TAT are thus distorted
even with exact reconstruction methods. Then phantom experimental results are presented to demonstrate both the distortion as well as a correction method. Finally, we discuss the
result.
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II. NUMERICAL SIMULATION

Ex

A. Simulation method

Microwaves with frequencies from several hundred MHz
to several GHz have wavelengths ranging from meters to
centimeters in vacuum. Wavelength in tissue is also comparable with the size of detected sample even with the high
tissue permittivity in the microwave range. For instance, a
3.0-GHz microwave has a wavelength of 10 cm in vacuum
and about 4.5 cm in breast tissue with a relative permittivity
of 5, which is comparable with the size of the adult breast.
Two diffraction effects must be considered in TAT: first, the
global EM field distribution inside the tissue depends on the
morphology of the bulk tissue 共such as the shape of the
breast兲 as well as the microwave source; second, the local
field distribution depends on the local dielectric heterogeneity. Both effects play important roles in TAT since they affect
the EM energy dissipation. Although the first effect can be
controlled by changing the bulk tissue shape or by controlling the microwave source as is done in pure microwave
detection 关12兴, the second effect is difficult to control or
predict since the structure of the object 共such as a breast
tumor兲 is unknown. In this paper, we focus on the second
effect.
Since diffraction is beyond geometric optics, we use the
finite-difference time domain 共FDTD兲 关13,14兴 technique to
perform the numerical simulations. The FDTD method,
originally developed by Yee 关13兴 in 1966, is suitable for
simulating radiative interactions with particles of complex
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morphology in the diffraction region. The basic principle of
this method is to compute the discretized version of the two
Maxwell’s curl equations
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where E , D are the electric field and displacement, respectively; H , B are the magnetic field and magnetic flux, respectively; ជj represents the electrical current density, which is
equal to E in the tissue. The electric and magnetic fields are
spatially discretized as shown in Fig. 2.
Then the second order leapfrog algorithm is used to discretize both the spatial and temporal derivatives in Eq. 共18兲.
As an example, Eq. 共19兲 gives the time-domain iteration formula for Ex and Hx fields in the vacuum 共jជ = 0, D = 0E, and
B = 0H; 0 and 0 are the vacuum’s permittivity and permeability, respectively兲. To simplify the case, we also choose
⌬x = ⌬y = ⌬z = ⌬s.
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FIG. 2. Three dimensional FDTD grid. I, J, and K represent the
grid spatial indices. ⌬x, ⌬y, and ⌬z are edge length of the grid.
Electric fields locate at the center of the edges, and the magnetic
fields locate at the center of the faces.
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where ⌬t is the temporal interval, and the superscripts of the
fields represent the discretized time-domain indices.
In practice, the computational domain is bounded by
proper boundary condition layers. The electric and magnetic
fields within the domain are simulated by the finite-

,

共19兲

difference analog of Maxwell’s equations. The presence of a
dielectric object in the computational domain is specified by
properly assigning permittivity and conductivity values at
grid points. In this manner, the FDTD method is flexible in
simulating various radiative interactions involving complex
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FIG. 4. Computational domain. The EM plane wave is illuminating along the ẑ direction, with polarization along x̂.

FIG. 3. Simulation model. The malignant tissue is in cylindrical
shape, and surrounded by the normal tissue with different dielectric
parameters. The microwave illuminates upward along ẑ with polarization along x̂.

object morphologies and system configurations.
The FDTD code that we developed uses the uniaxial perfect matched layer 共UPML兲 关15兴 boundary condition to absorb outgoing EM waves. Its accuracy is shown in Ref. 关16兴
by comparing the simulated results of light scattering in
vacuum with the analytical results based on the Mie theory.
Since tissue, such as breast fat, is also microwave absorbing,
we modified the UPML boundary based on the method in
Ref. 关17兴 to match the absorbing medium.
In the following subsection, we simulated using TAT to
detect a small cancerous tissue inside the breast. The malignant tissue is small enough that the source illuminating microwave in its vicinity can be treated as a plane wave. We
further simplify the malignant tissues into cylinders, which is
consistent with the experimental phantoms in Sec. III.

To illustrate the 3D distribution of the EM energy dissipation s共r兲, we plotted our results on three horizontal cross
sections at 1/4, 1/2, and 3/4 of the cylinder length 共Fig. 5兲. At
each cross section, we calculated the energy absorption both
inside and outside the cylinder.
Figure 5共a兲 shows the simulation result for a cylinder of
radius 4.0 mm and length 15.0 mm, illuminated by a plane
microwave along the symmetry axis. It is obvious from the
figure that the EM energy dissipation inside the cylinder is
nonuniform. The distribution has a “split” pattern with
greater s共r兲 values located near the boundaries intersecting
with the x̂ direction, which happens to be the source polarization direction. Further, the EM dissipation outside the cylinder is also nonuniform and reaches maximum values that
are comparable with the values in the middle part of the
cylinder.
Figure 5共b兲 shows the simulation result for the larger cylinder, of radius 8.0 mm and length 15.0 mm. The EM energy
dissipation inside the cylinder is highly heterogeneous. The
EM energy dissipation is “focused” inside the cylinder along
the ẑ direction, with maximum values located close to the
center region, while the EM energy dissipation outside the
cylinder is relatively small. Thus the resultant image distortion is different for larger targets.

B. Simulation results

The phantoms used in the simulation are dielectrically
homogenous cylinders of radii 4.0 and 8.0 mm, with equal
lengths of 15.0 mm. Based on the most recent studies
关10,11兴, the two cylindrical tumor phantoms have a relative
permittivity and conductivity of
r = 55,

 = 2.0 S/m.

According to Refs. 关10,11兴, the dielectric properties of the
surrounding normal breast tissue depend on the per cent of
adipose tissue. We chose low water content 共more than 85%
adipose tissue兲 sample values in our simulation, which are
about
r⬘ = 5.0,

⬘ = 0.2 S/m.

As shown in Fig. 3, a plane wave propagating in the ẑ direction with frequency f = 3.0 GHz and x̂ polarization is used as
the illumination source. A cross section of the FDTD computational region is shown in Fig. 4. The electric field and
the magnetic field distributions are calculated by FDTD, and
Eq. 共16兲 is then used to obtain s共r兲.

C. Image distortions

The simulation result of the smaller target shown in Fig.
5共a兲 demonstrates two possible image distortions. The first is
“image splitting” along the local polarization direction 共it
may not be the same as the polarization direction of the
illumination source兲. The image of a single small object
could look similar to an aggregation of two 共or more兲 different objects. Another distortion comes from the EM dissipation outside the object. The reconstructed image may have a
different shape and a larger size than the actual object.
The image distortion for larger targets is different from
that for smaller targets. Since the EM dissipation is focused
inside the object, there is little distortion due to energy dissipation outside the target. However, the image distortion for
larger targets is not less important, because a highly focused
field inside the target causes the image to reveal only parts of
the target. Thus, the resultant image distortion includes
shrinkage in size and artificial internal structures.
In addition to the distortion in the morphology reconstruction, the values of s共r兲 are also very different in the two
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FIG. 5. Simulation results of s共r兲 for homogenous cylinders with a length of 15.0 mm each.
共a兲 For the cylinder with a radius of 4.0 mm. 共b兲
For the cylinder with a radius of 8.0 mm.

simulation models, although they have the same conductivity. This difference will affect the quantitative analysis of the
reconstructed images.
The size of the target here is relative to the illuminating
wavelength. For instance, if we use a shorter wavelength,
such as half of the one we used in our experiment, the cylinder with radius 4 mm will be considered as a “large” target,
and the corresponding image distortion pattern will be different.
III. EXPERIMENT

Experiments were carried out to demonstrate the image
distortion in TAT. Figure 6 shows two phantoms made of
porcine fat. Each phantom had a hole in the middle filled
with a water-based gel sample. The gel and the porcine fat
were used to mimic tumor and normal breast tissue, respectively. The gel has much higher refractive index and conductivity than the fat, and thus the phantom qualitatively simulate the differences in dielectric properties of a breast tumor
and normal breast tissue. Both samples are made of 8% gelatin and 92% water. The gel in the sample was in the form of
cylinders of length 15 mm, with radii of 4 mm and 8 mm,
respectively. The samples were placed inside a bath of mineral oil, which has a very small absorption coefficient for
microwaves and provides good acoustic coupling.
A 3.0-GHz 0.5-s microwave pulse source was used in
the experiment. The source included a commercial magnetron 共Marconi, MG5223兲 and home-made circuit. It had a
repetition rate of 10 Hz to irradiate the sample using an airfilled pyramidal horn type antenna 共WR284 horn antenna
W/EEV flange, HNL Inc.兲 with an opening of 7.34
⫻ 10.69 cm2 and TE10 mode. The pulse energy was estimated to be around 10 mJ. For detecting the ultrasound sig-

FIG. 6. Porcine fat phantoms used in the experiment. 共a兲 Phantom with a small hole 共radius of 4 mm兲 in the middle filled with gel.
共b兲 Phantom with a large hole 共radius of 8 mm兲 in the middle filled
with gel. The microwave illuminates upward along ẑ, with polarization along x̂.

nal, we used a 2.25-MHz central frequency, 1.27-cm diameter active area unfocused transducer 共ISS 2.25⫻ 0.50NF,
Krautkramer兲. The transducer was scanned around the
sample on a plane perpendicular to the gel cylinder axis for a
full 360°, with 160 stops, as shown in Fig. 7. At each stop,
the signal was first amplified by a low-noise pulse amplifier
共5072PR, OlympusNDT兲, then filtered electronically and finally recorded using an oscilloscope 共TDS640A, Tektronix兲.
The signal was recorded 100 times at each stop, then averaged to reduce noise and transferred to a PC for image reconstruction. A function generator 共10 MHz pulse generator
4010, Global Specialties兲 triggered the microwave pulses
and synchronized the sampling of the oscilloscope. A simple
delay-and-sum reconstruction algorithm 关18兴 was used to reconstruct the 2D images from the acquired data 共shown in
Fig. 8兲. Because the thickness of the image slice is
⬃12.7 mm 共about the diameter of the transducer’s active
area兲, the images correspond to the overlap of the patterns of
different layers in Fig. 5.
Significant distortions are shown in Fig. 8 when the image
is compared to the actual phantom sample 共Fig. 6兲. Reconstructed image of the target with smaller radius 关Fig. 8共a兲兴
clearly shows the “splitting” phenomenon. Two dark regions
are separated approximately along x̂, the polarization direction of the microwave source. We can also find gray regions
outside the dark area along x̂, which means that there are
signals from the surrounding medium as expected from the
simulation. These distortions are consistent with the numerical simulation.
The reconstructed image for the larger target shows no
“splitting” but a more focused pattern, as shown in Fig. 8共d兲.

FIG. 7. Experiment setup. The phantom and transducer are
placed in a tank filled with the mineral oil. Microwave is illuminating upward from the horn. The dashed line represents the scanning
trajectory.
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IV. CONCLUSIONS AND DISCUSSION

In this paper, we reported an image distortion mechanism
in TAT. Both numerical simulations and experiments demonstrated this phenomenon. The distortion arises from the diffraction effects of the microwave interacting with the tissue.
The distortion not only depends on the dielectric properties
of the tissue 共normal and malignant兲 and the microwave
source, but also on the geometry 共location, size, orientation,
etc.兲 of the target. In reality, tumors may have various morphologies. Thus the distortion patterns will not be limited to
the patterns shown in this paper.
New algorithms are needed to recover the real target morphology from the distorted image. Experimentally, the distortion for small targets can be partially alleviated by rotating
the polarized EM source. Another possible solution to the
image “splitting” in smaller targets is to use a circularly polarized EM wave as the illumination source. Although we
used a monochromatic source approximation in this paper,
the discussions in the introduction can be straightforwardly
generalized to study wide band illuminations.
FIG. 8. Reconstructed images by delay-and-sum reconstruction
algorithm. 共a兲 Image of the phantom with a water gel cylinder of
radius 4.0 mm, using the illumination source with x̂ polarization.
There is a clear “split” pattern. 共b兲 Image of the phantom with a
water gel cylinder of radius 4.0 mm, using the illumination source
with ŷ polarization. 共c兲 Image of the average of 共a兲 and 共b兲. 共d兲
Image of the phantom with a water gel cylinder of radius 8.0 mm,
using the illumination source with x̂ polarization. 共e兲 Image of the
phantom with a water gel cylinder of radius 8.0 mm, using the
illumination source with ŷ polarization. 共f兲 Image of the average of
共d兲 and 共e兲.

A dominant but shrunken dark region is located close to the
center, as expected from the simulation. There is also a gray
region close to the left boundary, which is not expected from
the simulation.
Although the image distortion in this experiment can be
explained by the numerical simulation, not all distortion patterns shown in the simulation are found here, due to differences between the theoretical simulations and the actual experiments. For instance, the permittivity and conductivity
values used in the simulation are those of human breast fat,
which may not be the same as those of porcine fat; also the
background medium 共porcine fat兲 itself is not homogenous;
the water based gel contains some small air bubbles, and the
microwave may not be aligned to propagate in the exact
direction of the cylinder axis. All these discrepancies could
change the EM energy dissipation from the theoretical prediction.
We also rotated the polarization direction of the microwave source to get other images, as shown in Figs. 8共b兲 and
8共e兲. Then we averaged the reconstructed images from the
two perpendicular polarization states. The results are shown
in Figs. 8共c兲 and 8共f兲 for the smaller and larger targets, respectively. From Fig. 8共c兲, although there is still distortion in
the center region, the image no longer looks like split into
two parts. As expected, this solution does not reduce the
image distortion for the larger target 关Fig. 8共f兲兴.
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APPENDIX: DERIVATION OF EQ. (14)

From Eq. 共10兲, we have
兩E共r,t兲兩2 =

冕冕

+⬁

关␣ˆ 共r, 兲n̂ẽin共兲兴

−⬁

⫻ 关␣ˆ 共r, ⬘兲n̂ẽin共⬘兲兴†e−i共−⬘兲tdd⬘
=

冕冕

+⬁

n̂␣†共r, ⬘兲␣ˆ 共r, 兲n̂

−⬁

⫻ ẽin共兲eⴱin共⬘兲e−i共−⬘兲tdd⬘ ,

共A1兲

where 共¯兲 and 共¯兲† denote the transpose and conjugate
transpose, respectively. From Eq. 共9兲, we have
1
ẽin共兲eⴱin共⬘兲 = 关Ãⴱ共⬘ − c兲 + Ãⴱ共⬘ + c兲兴
4
⫻ 关Ã共 − c兲 + Ã共 + c兲兴,
1
= 关Ãⴱ共⬘ − c兲Ã共 − c兲 + Ãⴱ共⬘ + c兲Ã共
4
+ c兲 + Ãⴱ共⬘ − c兲Ã共 + c兲
+ Ãⴱ共⬘ + c兲Ã共 − c兲兴.

共A2兲

According to the narrow bandwidth approximation, A共兲 has
significant values only when 兩兩  c. Then substituting Eq.
共A2兲 into Eq. 共A1兲, we have
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兩E共r,t兲兩2 ⬇ n̂␣†共r, c兲␣ˆ 共r, c兲n̂A2共t兲/2
+ n̂␣†共r, c兲␣ˆ 共r,− c兲n̂
⫻

冕冕

+⬁

Ãⴱ共⬘ − c兲Ã共 + c兲e−i共−⬘兲tdd⬘

The narrow bandwidth approximation also determines that
the two integral terms have significant values only when 兩
− ⬘兩 ⬇ 2c. Thus, the short-time average of the exponential
terms in Eq. 共A3兲 will be

冕

−⬁

+ n̂␣†共r,− c兲␣ˆ 共r, c兲n̂
⫻

冕冕

+⬁

t+Tc

e−i共−⬘兲tdt ⬇

t

Ãⴱ共⬘ + c兲Ã共 − c兲e−i共−⬘兲tdd⬘ ,

⬇

−⬁

共A3兲

e−i共−⬘兲t −i共−⬘兲T
c − 1兲
共e
⫾2ic
e−i共−⬘兲t ⫾2i T
c c − 1兲 = 0.
共e
⫾2ic

共A4兲

where we use the relation ␣ˆ 共r , −兲 = ␣ 共r , 兲 from Eq. 共8兲.

Finally, the short-time average of 兩E共r , t兲兩2 is proved to be
Eq. 共14兲.
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