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The effects of acoustic heterogeneities on transcranial brain imaging with microwave-induced ther-
moacoustic tomography were studied. A numerical model for calculating the propagation of ther-
moacoustic waves through the skull was developed and experimentally examined. The model takes
into account wave reflection and refraction at the skull surfaces and therefore provides improved
accuracy for the reconstruction. To evaluate when the skull-induced effects could be ignored in
reconstruction, the reconstructed images obtained by the proposed method were further compared
with those obtained with the method based on homogeneous acoustic properties. From simulation
and experimental results, it was found that when the target region is close to the center of the brain,
the effects caused by the skull layer are minimal and both reconstruction methods work well. As the
target region becomes closer to the interface between the skull and brain tissue, however, the
skull-induced distortion becomes increasingly severe, and the reconstructed image would be
strongly distorted without correcting those effects. In this case, the proposed numerical method can
improve image quality by taking into consideration the wave refraction and mode conversion at the
skull surfaces. This work is important for obtaining good brain images when the thickness of the
skull cannot be ignored. © 2008 American Association of Physicists in Medicine.
�DOI: 10.1118/1.2938731�
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I. INTRODUCTION

Microwave-induced thermoacoustic tomography �TAT� is a
noninvasive and nonionizing imaging modality that can dif-
ferentiate different biological tissues based on their dielectric
properties. In TAT, the tissue absorbs pulsed electromagnetic
energy and subsequently emits acoustic waves through ther-
moelastic expansion. The generated thermoacoustic waves
are then collected by ultrasonic transducers to reconstruct
microwave specific absorption within the tissue.1,2 Because
malignant tissue and normal tissue differ substantially in
their water content, their dielectric properties vary greatly.
TAT, therefore, has the potential for application in tumor
detection. Because of the large penetration depth of micro-
wave energy in biological tissue, one of the potential appli-
cations of TAT is transcranial brain imaging. Current transc-
ranial brain imaging modalities include ultrasound imaging,
x-ray computerized tomography �CT�, and magnetic reso-
nance imaging �MRI�. Ultrasound imaging has been estab-
lished as a routine technique to image intracranial abnormali-
ties in newborns when the fontanelles are open. The quality
of intracranial brain images, however, becomes worse after
closure of the fontanelles. Ultrasound imaging is also limited
by its ability to differentiate different tissues in the brain, and
only a few structures can be identified.3,4 Besides that, ultra-
sound imaging in reflection mode experiences two-way

transmission, whereas TAT has only one-way transmission.
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Therefore, TAT suffers less attenuation and image distortion
than ultrasound imaging. Moreover, a 3 GHz TAT system can
be easily made portable because of its small size. Both CT
and MRI have been shown to be capable of obtaining good
brain images. X-ray CT, however, uses ionizing radiation; it
is unsafe for patients who need long time monitoring of brain
diseases. The cost and availability of MRI limits its applica-
tion. Thus, it is desirable to develop an inexpensive, portable,
nonionizing, and high-resolution imaging modality, such as
TAT, that can be used at the bedside and in the operating
room to monitor brain disorders.

Experimental evidence in a previous study has shown that
some thermoacoustic energy can propagate through the skull
and generate useful information about brain structures.5 Nev-
ertheless, those experimental studies were designed to simu-
late imaging of infants at the age following closure of the
fontanelles. Monkey heads with a skull thickness of approxi-
mately 1 mm were used to simulate the human infant’s head.
The distortion caused by the skull bone was ignored assum-
ing that the thin skull layer has only a negligible influence on
the reconstructed image. No information, however, has been
provided on how the skull bone affects the image quality of
TAT. In addition, studies on the properties of the human
brain have shown that as a child grows, the differences in
dielectric properties of the brain become greater;6 hence, we

expect better image contrasts in young adults. The skull
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bone, however, thickens considerably from the birth of a
child to adulthood, and consequently it causes stronger at-
tenuation and phase distortion as a child grows.7 Skull-
caused distortion remains an obstacle to further improving
image quality in transcranial brain imaging with TAT.

Acoustic speed variations alone can cause displacements
of the thermoacoustic signals both axially and tangentially.
In a previous study, we corrected the effect of first-order
acoustic speed variations on TAT with the acoustic speed
distribution measured by ultrasound transmission
tomography.8 We compensated only for the displacements of
thermoacoustic signals along the assumed linear radiating
propagation paths. For tissue that is more highly refractive
than soft tissue, such as skull bone, we need to consider the
second-order acoustic speed variations that are due to ultra-
sonic refraction from the assumed straight paths. If we ignore
ultrasonic refraction in the reconstruction algorithm, the re-
corded acoustic signals from a given viewing angle would be
back-projected to a wrong location in the imaging region,
causing both blurring and dislocation and reducing image
contrast. Our experimental data also show that the majority
of the frequency components in thermoacoustic signals is
below 1 MHz, and in this frequency range the distortion and
attenuation by the human skull are shown to be minimal
when the incident directions are nearly normal to the skull
surface.9 When the incident directions are oblique, however,
refraction effects become substantial, and shear waves also
arise from mode conversions. It is, therefore, necessary to
consider the distortions caused by the skull to obtain good
transcranial brain images with TAT.

In this study, we first examined the effects of the skull on
transcranial TAT images. Then, we proposed a numerical
model that considers wave reflection and refraction in calcu-
lating the propagation of thermoacoustic waves. In deriving
the model, we introduced some reasonable approximations.
This model was used with both simulated and experimental
data to evaluate the feasibility of transcranial TAT through a
skull. To evaluate the skull-induced effects on the image re-
construction, the results obtained with the proposed model
were compared with the results without considering the
skull-induced distortion. We demonstrated that the image
quality could be improved by incorporating the skull shape
and acoustic properties into image reconstruction.

II. THEORY

II.A. Forward propagation in a heterogeneous
medium

Reconstruction algorithms for TAT have been extensively
studied for a homogeneous medium, in which a constant
acoustic speed is assumed. In biological tissue, the acoustic
speed can be spatially variant. In this case, a mathematical

10,11
model to describe the wave propagation can be written as
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where ��r� is the ultrasonic absorption distribution, ��r� is
the density distribution, � is the thermal expansion coeffi-
cient, Cp is the specific heat, p�r , t� is the measured pressure
at position r and time t, c�r� is the acoustic speed distribu-
tion, and H�r , t� is the microwave heating function. In the
thermal confinement regime, the heating function can be
written as a product of a spatial energy deposition function
��r� and a microwave pulse function I�t�; i.e., H�r , t�
=��r�I�t�. A microwave pulse of sufficiently short duration
in comparison to the acoustic transit time through the char-
acteristic length can be approximated by a delta function
��t�. In the following analysis, we assume that I�t� equals
��t�. The source ��r� excites the initial wave field p0�r�,
which then propagates through the medium with acoustic
speed c�r�.

In Eq. �1�, the speed of sound, density, and ultrasonic
absorption are functions of r. The forward problem is non-
linear because the phase distortion depends nonlinearly on
the speed variation. In a highly refractive medium, such as
the skull bone in soft tissue, where the variation of the speed
of sound is more than 50%, existing reconstruction
algorithms8,12,13 are incapable of obtaining good image qual-
ity without considering wave refraction and other skull-
induced distortion. Owing to high acoustic speed and the
irregular shape and nonuniform thickness of the skull, it is
also practically impossible to obtain an exact closed-form
reconstruction formula from Eq. �1�. Therefore, we develop a
numerical model to simulate the forward problem and to
solve the inverse problem. We will discuss the numerical
model in Sec. II C.

II.B. Effects of skull bone on TAT image

Thermoacoustic waves propagate in brain tissue mainly as
longitudinal waves, but on the inner-skull surface they expe-
rience mode conversion, reflection, and refraction, as shown
in Fig. 1, and, thus, we expect both phase and amplitude
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FIG. 1. Schematic illustration of the reflection, refraction, and mode conver-
sion of longitudinal incident waves.
distortion.
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Shear waves can be produced when ultrasound waves
travel from soft tissue to bone. They are generally neglected
in imaging of soft tissues because they need solid material to
be effectively propagated. Shear waves are generated
through mode conversion in the skull using some of the en-
ergy from the incident longitudinal waves. When ultrasound
waves are normally incident on the skull �incident angle �i

=0°�, no shear waves are produced, so only longitudinal
waves are considered in imaging. In transcranial brain imag-
ing with TAT, oblique incidence is inevitable. As the incident
angle increases, conversion to shear waves gradually in-
creases. The previous studies9,14 show that the conversion to
shear waves in the skull layer is negligible when the incident
angle is less than 20°. As the incident angle becomes greater
than 20°, shear waves gradually dominate the transmitted
ultrasound waves. When the incident angle becomes greater
than the critical angle, only shear waves can propagate into
the skull.

Shear wave imaging has some drawbacks. It has been
shown that, although a shear wave has lower acoustic speed
than a longitudinal wave, and thus a better impedance match
with the surrounding medium, the attenuation coefficient for
the shear wave is much higher than that for the longitudinal
wave in the skull.14 Due to the lower acoustic speed in the
skull, the wavelength of the shear wave is shorter than that of
the longitudinal wave at the same frequency. The resolution
of the shear wave, however, may turn out to be worse than
that of the longitudinal wave, because the attenuation coeffi-
cient increases as the frequency increases. After the ultra-
sonic pulses pass through the skull, the central frequency of
the shear wave is lower than that of the longitudinal wave.
For the same reason, the signal-to-noise ratio of longitudinal
wave images is better than that of the shear wave counter-
parts. In this study we neglect shear waves and, thus, model
only longitudinal waves.

Phase distortion is primarily induced by the high acoustic
speed in the skull. As the control factor for reconstructing an
undistorted TAT image, the phases of the received signals
need to be corrected so that, when propagated back to the
source, the signals can be added in phase. In normal inci-
dence, the skull thickness of an infant is about 1 mm, and the
phase shift caused by the skull is linear over a large range of
frequencies. As a child grows, the skull becomes thicker, and
the phase shift at higher frequency begins to depart from
linearity. Nevertheless, in the frequency range from 0.3 to
1.0 MHz, where the main components of the TAT signals
reside, the phase shift caused by the skull remains linear with
the frequency.9 Therefore, the phase correction for normal
incidence can be easily implemented by adding a constant
time shift term when we reconstruct the image in the time
domain. If the time shift is much less than 0.5 �s �the pulse
width of the microwave source used in our current TAT sys-
tem�, we can neglect the shift. Oftentimes the thermoacoustic
waves are obliquely incident on the inner skull, and we have
to perform phase compensation on each single source to ob-
tain a focused image at the target region inside the brain.

As it travels through the skull, the thermoacoustic wave is

attenuated in amplitude by absorption, scattering, and reflec-
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tion; the absorption and scattering are mainly brought about
by the diploe layer in the skull. The diploe layer is cancellous
bone with a blood and fat-filled porous structure, and the
insertion loss increases with frequency. Infant skull bones are
thin, with little or no diploe layers, and the attenuations are
low over a large frequency range.9 The absence of a diploe
layer also eliminates the dependence of insertion loss with
the frequency. We can, therefore, neglect the amplitude at-
tenuation caused by absorption and scattering in the infant
skull. For small children, ultrasonic waves passing through
the skull reach the receiver with nearly linear attenuations for
frequencies less than 1.0 MHz. The attenuation induced by
absorption and scattering, however, is smaller than reflection
loss,9 and, thus, in this study we simplify Eq. �1� by neglect-
ing the effects of the absorption loss on ultrasonic waves,
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Wave reflection and refraction are also important sources of
the amplitude distortion. To simplify our analysis, the skull
has been treated as a homogeneous material, and the thick-
ness of the skull bone is assumed to vary slowly on the scale
of the wavelengths used for imaging. Under these assump-
tions, the skull is modeled as having a local constant thick-
ness, and the pressure transmission coefficient at each inter-
face is expressed as10

T =
2�2c2 cos �i

�2c2 cos �i + �1c1 cos �t
, �3�

where �1 and c1 are the density and acoustic speed of the
incident medium, respectively; �2 and c2 are the density and
acoustic speed of the transmission medium, respectively; and
�i and �t are the incident and refracted angles, respectively.
The refracted angle can be eliminated by using Snell’s law.
The expression for the transmittance is more complicated
when mode conversion—which involves both longitudinal
and shear impedances—is considered. Therefore, Eq. �3� is
only an approximation for the forward transmission through
the skull. Because we are only interested in longitudinal
waves in reconstruction, we will use this approximated form
in our numerical model. Multipath interferences induced by
wave reflection at the interfaces can also induce amplitude
distortion, and their effects can be corrected by considering
wave reflection and refraction in reconstruction.

II.C. Numerical model for acoustically heterogeneous
problem

In this section, we describe a method to calculate the for-
ward propagation of thermoacoustic waves through the skull
and then propose an image reconstruction method. The simu-

lation is based on a three-layer linear transmission model,
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which takes into account acoustic wave refraction and reflec-
tion at the tissue interfaces. The whole imaging area is di-
vided into three acoustically homogeneous layers: The brain,
the skull, and the skin �along with the coupling medium�.
Here, we assume that the brain, skin, and coupling medium
are acoustically identical. Under the assumption that the
skull is homogeneous with constant acoustic speed and den-
sity, the skull thickness and shape are the main parameters
affecting the amplitude attenuation and phase distortion.

Consider a simple source S at an arbitrary location r0

within the brain, as shown in Fig. 2. Here, we assume that
source S is at least several wavelengths away from the skull
surface. The coordinate origin O is chosen at a selected
center—referred to as the image center in this article—inside
the skull. If the source S emits ultrasonic waves isotropically
in all directions, the spectrum of the pressure at an arbitrary
point r� within the brain tissue can be written as12,15,16

p̃�r�,k1� = −
ik1

4�

exp�ik1	r� − r0	�
	r� − r0	

p0�r0� , �4�

where p0�r0�=��r0�	�r0�, 	�r0�=�c1
2 /Cp, and wave number

k1=
 /c1=2� /� �
 is the angular frequency and � is the
wavelength in the brain tissue�. We use the Fourier transfor-

mation pair f̃�k�=
−�
� f�t̄�eikt̄dt̄ and f�t̄�=1 /2�
−�

� f̃�k�e−ikt̄dt̄,
where t̄=ct. Because the wavelength in the skull can be com-
parable to or even larger than the thickness of the skull,
diffraction dominates the wave propagation on the inner-
skull surface. The condition under which ray theory works is
violated,10 and, therefore, we treat the inner-skull surface
area as a secondary source. Let us consider a small surface
area ds2 on the inner-skull surface. One side of the surface
has brain tissue with density �1 and sound speed c1, and the
other side has skull tissue with density �2 and sound speed
c2. Here, ds2 can be regarded as a baffled simple source. The
spectrum of the pressure at r� within the brain tissue is re-
lated to the velocity potential �r� ,k1� by10

p̃�r�,k1� = ik1�1c1�r�,k1� . �5�

The radial particle velocity with respect to source S in the
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FIG. 2. Schematic illustration of forward TAT propagation.
brain before reaching the skull is

Medical Physics, Vol. 35, No. 7, July 2008
u1 = − ��r�,k1� = �� i

k1�1c1
p̃�r�,k1�� . �6�

The particle velocity transmission coefficient T12 is written
as ��1c1 /�2c2�T �T is defined in Eq. �3��. The particle veloc-
ity in the skull is equal to the product of u1 and T12, and thus
the particle velocity u2 that is normal to the interface in the
skull becomes u1T12 cos��1t�, where the refracted angle �1t in
the skull layer is related to the incident angle on the inner-
skull surface �1i by Snell’s law. By combining Eqs. �5� and
�6�, the spectrum of the pressure p�r1� on the inner-skull
surface due to the simple source S can be approximated
by15,16

p̃�r1,k1� = ��2c2�u2 =
ik1�2c2

4��1c1
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If we divide the imaging region into M small point sources,
then the spectrum of the total pressure at r1 on the inner-
skull surface can be written as

p̃��r1,k1� = �
m=1

M

p̃�r0m,k1� . �8�

The subscript m is the index of the simple sources. Similarly,
the spectrum of the pressure induced by the inner-skull sur-
face area ds2 at an arbitrary point r� inside the skull can be
written as

p̃¨�r�,k2� =
− ik2
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where k2 is the wave number in the skull layer. After leaving
the skull, the ultrasonic waves propagate into the skin and
coupling medium and are received by the ultrasonic trans-
ducer in the far field. Because diffraction effects no longer
dominate the wave propagation at this interface, under the
assumption that energy is transmitted along a well-defined
path, we can use rays rather than waves to investigate their
effects. Thus, we use Snell’s law and Eq. �3� to compute
approximately the strength of the pressures obtained by the
receiver. Let the inner skull have N secondary sources and
the outer skull be discretized by L parts. Then, the spectrum
of the pressure on the transducer at location rd can be com-

puted as
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where the subscripts n , l represent the location at the inner-
skull and outer-skull surfaces, respectively, T23nl means the
transmission coefficient at the outer-skull interface, and k3 is
the wave number in the coupling medium. Next, we trans-
form Eq. �10� back into the time domain. By neglecting the
imaginary part, we can get the following approximation in
the time domain:
p�rd,t� � −
�2

2�1c1
2

�2

�t2�
l=1

L

�
m=1

M

�
n=1

N

�T12mnT23nlp0�r0m�cos��1tm�

t̄1t̄2t̄3 � t̄1=	r1n−r0m	

t̄2=	r2l−r1n	

t̄3=	rd−r2l	

t=t1+t2+t3

� , �11�
where t̄1=c1t1, t̄2=c2t2, and t̄3=c3t3. Here, we assume the
microwave source is a delta function. In a real application,
we need to do a convolution of Eq. �11� with the profile of
the microwave pulse. In this preliminary study, we neglect
multiple reflections at the boundaries. The implementation of
Eq. �11� will be discussed in Sec. III C.

III. MATERIALS AND METHODS

III.A. Experimental setup

A schematic of the experimental setup for TAT is shown
in Fig. 3�a�. The experiment was conducted in a plastic con-
tainer filled with mineral oil, which has a speed of sound of
1.437 mm /�s. The plastic container was large enough that
the reflection of the thermoacoustic waves from the bound-
aries of the container would not interfere with reconstruction.
The microwave energy was delivered into the biological tis-
sue through the bottom of the container. The central fre-
quency of the microwave source was 3 GHz, the pulse was
0.5 �s, and the peak power was estimated to be 2 kW. The
frequency that contributes to the reconstruction was around 1
MHz. As for the receiver, we used an unfocused ultrasonic
transducer �Panametrics-NDT, model C3015, Waltham, MA�
with a central frequency of 1 MHz and a bandwidth of 0.8
MHz. The amplitude of the received data was at �v level.
The received signal was averaged 150 times to minimize the
noise. We amplified the thermoacoustic signal by 40–60 dB
with an ultrasound pulser-receiver �Panametrics-NDT, model
5072PR, Waltham, MA� and then sampled the data with an
oscilloscope �Tektronix, model TDS640, Beaverton, OR� at
20 MHz. The data were then transmitted to the computer and
recorded for further processing. The microwave radiation
level on human subject was estimated to be under the safety
limit,5 and, thus, microwave-induced-biological effects were
minimal. The microwave radiation time can be further re-
duced by using an ultrasonic array as the receiver in the
III.B. Experimental procedure

To study the effects of acoustic heterogeneities on the
TAT image, we first applied the proposed method to simu-
lated data. Here, we used the previously mentioned three-
layer model. The acoustic speeds in the brain tissue, coupling
medium, and skull were chosen to be 1.51, 1.43, and
2.37 mm /�s, respectively.9,18 The density of the brain tis-
sue, skull, and coupling medium were chosen to be 1035,
1700, and 850 kg /m3, respectively.17,18 We simulated TAT
results of a sample with five small, strong absorbers placed
in a straight line with an equal space of 4 mm and a diameter
of 1.5 mm. The skull surfaces were in elliptic shapes. The
outer-skull surface had a semimajor axis of 26 mm and a
semiminor axis of 22 mm, and the inner-skull surface had a
semimajor axis of 23.5 mm and a semiminor axis of 20 mm
as shown in Fig. 4�a�. A close-up view of the absorbers is
shown in Fig. 4�b�.

We then experimentally studied the effects of the skull
attenuation on TAT. A side view of the experimental setup is
shown in Fig. 3�b�. A piece of formaldehyde-fixed parietal
bone of a 10-year-old male M. nemestrina monkey was used
to simulate the skull bone of small children. Formaldehyde-
fixed skull bone has been shown to be able to maintain the
bone properties of a fresh skull,9 and, thus, we assume that
the acoustic properties of the skull are similar to those of a
fresh skull. The size of the skull segment was large enough
to entirely cover the transducer element �6 mm diameter ac-
tive element�. The attenuation of the skull fragment was
about 6 dB. It has been shown that the thickness of children’s
skulls ranges from 1 to 7 mm from birth to 16 years old.7

The thickness of the skull used in our experiment was mea-
sured to be around 6 mm, which was comparable to the
thickness of a child’s skull at the age of around 14. A phan-
tom was made by embedding four small pieces of porcine
muscle into a piece of porcine fat. Porcine muscle was used
as absorbers because of its strong microwave absorption. The

size of the porcine fat was approximately 42�30 mm, and
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the diameters of the four absorbers were �3.5 mm. The
phantom sample was fixed on a sample holder and controlled
by a stepping motor with a step size of 2.25°. The distance
between the inner-skull surface and the image center was
approximately 85 mm. The skull was positioned so that the
incidence angles of the ultrasonic waves were approximately
normal upon the inner-skull surface. The skull segment and
phantom sample were immersed in mineral oil. The ultra-
sonic receiver and the skull remained fixed, and their dis-
tance was kept constant during the experiment. The position
of the skull was obtained using the ultrasonic pulse-echo
method.

Finally, we experimentally examined the effects of wave
refraction and mode conversion on TAT. The small size of
the brain and the skull covering the brain of the monkey used
in the previous experiment limited its use in investigating the
human skull-induced distortions on TAT. Because we fo-
cused on studying the effects of refraction on the TAT image,
in this preliminary study we used a PVC tube to mimic the
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FIG. 3. Numerical simulation: �a� Schematic illustration of the phantom
sample used in the simulation; �b� close-up view of the five absorbers,
shown as white spots in the imaging area; �c� reconstructed TAT image
without correction for skull effects; �d� reconstructed image after correction
for skull effects; and �e� comparison of the reconstructed signals across the
five absorbers.
reflection and refraction effects of the skull and to obtain its
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position by using ultrasonic pulse-echo imaging. We chose a
PVC tube because of its high acoustic speed, which was
close to the acoustic speed in the skull. The thickness of the
PVC tube was approximately 3 mm, the acoustic speed was
measured to be 2.39 mm /�s, and the density was estimated
to be 1380 kg /m3. First, we made a tissue phantom by em-
bedding two small, circular cylindrical absorbers made of
porcine muscle into porcine fat. The size of the porcine fat
was 30�15 mm, the diameters of the absorbers were
�3.5 mm, and the thickness of the tissue phantom was
�1 cm. The whole phantom was then immersed in mineral
oil and placed on a sample holder on the X-Y plane. The
densities of the fat and mineral oil were approximately 920
and 850 kg /m3, respectively.18 The experimental setup is
shown in Fig. 3�a�. The transducer was mounted on a me-
chanical arm controlled by a stepping motor, and then
scanned around the tissue sample circularly to acquire two-
dimensional projection data. The position of the PVC tube
was obtained by ultrasonic pulse-echo imaging. Then, we did
another phantom experiment by using porcine fat and a thin
metal wire. The size of the porcine fat was 40�16 mm, the
diameter of the metal wire was 0.1143 mm, the length of the
metal wire was 40 mm, and the thickness of the tissue phan-
tom was �13 mm. The PVC tube was the same as that used
for the experiment with two small absorbers.

III.C. Implementation of the proposed method

For the forward transmission, we partitioned the imaging
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mental setup using a piece of monkey skull bone.
region into small cells �much less than the acoustic wave-
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lengths used for imaging�, and then calculated ultrasonic re-
flection and refraction based on the digitized model. We as-
sumed that the skull surfaces were continuous and
differentiable. To compute the refracted angle, we first cal-
culated the normal direction at the intersecting point, and
then applied Snell’s law. A locally weighted smoothing
method with least-squares quadratic polynomial fitting was
used when necessary. Depending on the location of the
simple source within the brain, the incident angles could be
normal or oblique. In calculating the wave refraction on a
cell, we took into account the total internal reflection by
calculating the incident angle for each ray from any prece-
dent simple source to the current cell and comparing the
incident angle with the critical angle. The refracted ray after
leaving the outer-skull surface traveled several centimeters
before it reached the ultrasonic receiver; then, it was addi-
tively received by the ultrasonic transducer. The computation
complexity is determined by the number of simple sources in
the imaging area and the secondary simple sources on the
inner-skull surface. In our simulations and experiments, non-
linear effects �such as induction of harmonic frequency� and
brain tissue absorption were ignored because their effects are
minimal in the frequency range used in the experiments.

For the inverse problem, the thermoacoustic signal re-
ceived by each ultrasonic receiver was back-projected along
the refracted path to the imaging region. The path to calcu-
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late the phase delay was computed in the same way as in the
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forward problem, except with an inverted sequence. In order
to compensate for the energy loss during transmission, the
transmission coefficients are replaced by their inverse value
at each interface during reconstruction.

IV. RESULTS

IV.A. Simulations of transcranial brain imaging
with TAT

Because the experimental setup was a two-dimensional
system, we showed simulations results in two dimensions to
make the results comparable with experimental results. Re-
constructed images for the simulated data were obtained with
a filtered back-projection method �Fig. 4�c��13 and the pro-
posed method �Fig. 4�d��. In Fig. 4�e�, we compare the line
plots across the five absorbers in the two reconstructed im-
ages. We find that when the absorber was close to the image
center, we could obtain a good image by simply using the
filtered back-projection method. But, as the absorber came
closer to the inner-skull surface, the filtered back-projection
method yielded blurred images due to neglecting the refrac-
tion and mode conversion of the skull. By using the proposed
numerical method, we obtained better images for the absorb-
ers closer to the skull surfaces, but we can only partially
reconstruct the strength of the absorber because shear waves
were neglected. This becomes increasingly true when the
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face. Nevertheless, compared with the filtered back-
projection method, our proposed numerical method still
shows much improvement of image quality.

IV.B. Experimental results

Figure 5�a� shows the time shift induced by acoustic
speed variations after thermoacoustic waves passed through
the monkey skull. The time shift is marked by two perpen-
dicular dotted lines on the graph. If we assume a constant
acoustic speed in the reconstruction, time shifts of this mag-
nitude will have a substantial effect on the formation of a
focused TAT image through the skull. After we compensated
for the phase distortion, the thermoacoustic signals with and
without the skull present were compared in Fig. 5�b�. We
further compared the spectra of the thermoacoustic signals
with and without the skull present in Fig. 5�c�. We found that
the microwave-generated thermoacoustic signals were
mostly below 1 MHz, with the majority of the frequency
components less than 0.5 MHz. It was also observed that the
attenuation induced by the skull was stronger in the fre-
quency range of �0.5 MHz. Our results agree well with the
results obtained by Fry et al.9 on a skull with the same thick-
ness in the same frequency range.

Because higher frequency components determine the
boundary of the reconstructed image, the amplitude of the
image boundaries will be dampened most by the skull, and
consequently we expect blurred boundaries but still good
contrast in the reconstructed image. Figure 6�a� is the recon-
structed TAT image with the skull absent, and Fig. 6�b� is the
reconstructed TAT image with the skull present, using the
filtered back-projection method. To minimize the distortion
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FIG. 6. Reconstructed TAT image: �a� Using the filtered back-projection
method when skull was absent; �b� using the filtered back-projection method
when skull was present; �c� using the proposed numerical method when
skull was present; �d� comparison of the reconstructed signals at the depth as
marked on �a�, �b�, and �c�. We shifted the positions of the plots for �b� and
�c� along the y axis by −0.3 and −0.7, respectively.
induced by the higher frequency components, especially
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noise and other interferences, we filtered out frequency com-
ponents that were greater than 2 MHz in the postprocessing
of the data. To get better contrast, we also filtered out dc and
low-frequency components that were less than 0.1 MHz. We
further processed the data using the proposed numerical
method based on estimated skull information from ultra-
sound measurement, and the reconstructed image is shown in
Fig. 6�c�. With the skull present, skull-induced attenuation
was strong, and consequently the intensities of the recon-
structed images in Figs. 6�b� and 6�c� were weaker than that
in Fig. 6�a�, and the boundaries also looked less sharp. In
spite of that, both reconstruction methods showed good im-
ages when the skull was present. We further compared in
Fig. 6�d� the line plots across the three reconstructed images
at the depths marked by arrows in Figs. 6�a�–6�c�. Although
the measurement errors of the skull introduced some noise
into the image obtained with the proposed numerical method,
the line plots in Fig. 6�d� showed that both reconstruction
methods have similar results. The four absorbers were close
to the image center in this experiment, and the effects of
wave refraction and mode conversion are minimal, and con-
sequently the distortion is negligible in the reconstructed
images.

Figure 7�a� is a schematic of the sample with two small
absorbers and the PVC tube used in the experiments, where
the phantom sample was close to the left side of PVC tube.
Figure 7�b� is the reconstructed TAT image without the PVC
tube present. Here, we fixed the sample and rotated the trans-
ducer. The reconstructed images for the absorbers were not
uniform as compared with the images in Fig. 6 due to a
nonuniform distribution of electrical field in the tissue. This
problem can be alleviated by rotating either the imaging ob-
ject or microwave source. A detailed discussion of the effects
of nonuniform distribution of electrical fields on TAT images
is presented in another article.19 Figure 7�c� is the recon-
structed TAT image with the PVC tube present, using the
filtered back-projection method. By neglecting the wave re-
fraction and mode conversion at the interfaces between the
PVC tube and the surrounding media, the imaging region
close to the inner-tube surface was distorted seriously. By
using the proposed method, we partially corrected refraction
effects and improved the image quality. Figure 7�d� is the
corrected image, which shows improvement of the uncom-
pensated image. The boundaries of the distorted absorbers
are marked by black arrows in Figs. 7�c� and 7�d�. In Fig.
7�e� we further compared the two reconstruction methods
with the result without the PVC tube present, by plotting
their reconstructed signals at the depths marked by arrows in
Figs. 7�b�–7�d�. The FWHM sizes of the absorbers in Figs.
7�b� and 7�c� are marked by perpendicular lines, respectively,
and the FWHM size of the absorber in Fig. 7�d� is marked by
two black arrows. The image improvement by the proposed
method is obvious, as seen in Fig. 7�e�. The major sources of
discrepancy between the TAT image without the PVC layer
present and the one with the PVC layer present may have
resulted from neglecting shear waves and measurement

errors.
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Figure 8�a� is a schematic of the wire sample and the PVC
tube used in this experiment. Figure 8�b� is the reconstructed
TAT image without the PVC layer present. Figures 8�c� and
8�d� are the reconstructed images with the tissue sample
close to the upper side of the PVC tube. In Fig. 8�c�, the wire
was distorted seriously in the region close to the inner-tube
surface due to neglecting the effects of the wave refraction
and mode conversion. By using the proposed numerical
method, we corrected those distortions with the measured
information about the tube in Fig. 8�d�. The line plots across
the regions marked by arrows in Figs. 8�b� and 8�c� were
compared in Fig. 8�e�. The proposed method shows im-
proved image quality as compared with the filtered back-
projection method.

V. DISCUSSION

The purpose of this article is to explore the effects of
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acoustic heterogeneities on transcranial brain imaging with
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TAT. By examining the effects of wave reflection and refrac-
tion on the TAT image, it is shown that, when the skull shape
and acoustic properties are provided, we can correct the
phase distortions and minimize the artifacts.

The skull is assumed to be acoustically homogeneous in
this preliminary study. We used ultrasonic pulse-echo imag-
ing to get the position of a PVC tube, which was then used to
correct the distortion of the TAT image. In real applications,
the skull bone is an acoustically heterogeneous material that
consists of three relatively homogeneous layers: The outer
and the inner ivory tables and the central diploe layer. The
ivory tables cause attenuation primarily through reflections at
the interfaces. It has also been shown that acoustic speeds
can vary greatly in those three layers. Due to the intrinsic
weakness of ultrasonic imaging, the effectiveness of the nu-
merical compensation method is, thus, limited by the accu-
racy of the information on the inner and outer skull surfaces,
thickness of the skull, and internal structure of the skull For-
tunately, it has been shown that MRI and CT can provide
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tom sample used in experiments; �b� Reconstructed image with no PVC tube
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accurate shape and thickness information on the skull, and



3214 Jin, Li, and Wang: Effects of acoustic heterogeneities on thermoacoustic tomography 3214
especially, CT can also provide position-dependent density,
speed of sound, and absorption information about the three
different layers in the skull. Thus, it is preferable to use
CT-derived skull information to compensate for the distor-
tion induced by the skull on TAT brain images in real
applications.11,20 With good image registration, the skull in-
formation obtained with CT can be used with TAT for long-
term monitoring of brain disorder.

The effects of shear waves on TAT image have been ne-
glected in this proposed numerical method. When the target
regions are close to the skull surface, however, more incident
angles become large. By neglecting shear waves in our re-
construction, we lose information in those regions and con-
sequently weaken the image intensity in those regions. Stud-
ies show that if we can quantitatively evaluate the shear
waves in the skull bone, we can also incorporate shear waves
for imaging.14,21 Further experimentation by including shear
waves in the numerical model may enhance the image qual-
ity in the region close to the inner-skull surface.

VI. CONCLUSION

We evaluated the effects of acoustic heterogeneities on
transcranial brain imaging with TAT. A numerical model was
proposed and applied to reconstruct images with experimen-
tal data. We evaluated the conditions under which we can
ignore the skull effects in image reconstruction, and showed
that by incorporating the skull shape and acoustic properties
into image reconstruction, the image quality can be im-
proved. This study is an important step toward improving the
image quality of transcranial brain imaging with TAT.
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