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Microwave-induced thermoacoustic tomography (TAT) is a noninvasive, nonionizing modality
based on the inherent di®erences in microwave absorption of malignant breast tissues and normal
adipose-dominated breast tissues. In this paper, a TAT system based on multielement acquisition
system was built to receive signals. Slices from di®erent layers in the sample were composed into a
three-dimensional (3D) volume. Based on the 3D volume, inherent di®erences in microwave
absorption between di®erent biological tissues can be converted into structure information. Our
experimental results of some mimicked and human tumors indicate that TAT may potentially be
used to detect early-stage breast cancers with high contrast.

Keywords: Early breast cancer; microwave-induced thermoacoustic tomography; dielectric
properties.

1. Introduction

Breast cancer, which is a leading cause of cancer
deaths among women, can be much improved by
detection at its early stage. X-ray mammography,
ultrasonography, and nuclear magnetic resonance
imaging (NMRI) are the current clinical tools for
detection of breast cancer.1�3 However, mammo-
graphy inevitably brings about exposure to ionizing
radiation and has di±culty in imaging pre-meno-
pausal breasts. Ultrasonography, which usually

used as an adjunct tool to X-ray mammography,
tends to miss nonpalpable tumors and has poor
imaging contrast. NMRI is suitable to detect
tumors that usually have high water content.
However, limited by its long detection time and
high price, there is a tendency to not use NMRI in a
large-scale physical examination. For this reason,
mammography, ultrasonography, and NMRI are
unsuited to medical census to detect early breast
cancer.
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Microwave-induced thermoacoustic tomography
(TAT), which is similar to photoacoustic imaging,
is a hybrid of microwave imaging and ultrasound
imaging, as it achieves excellent microwave absorp-
tion contrast and ultrasound spatial resolution.4 As
the thermoacoustic (TA) wave contains microwave
absorption characteristics of the tissue, TAT can
map the microwave absorption distribution, which
is related to the physiological state. Therefore, the
detection of breast tumor by TAT is feasible, and
recently, increasing attention is paid to applying
TAT to the detection of breast cancer.5�10

In this paper, we developed a TAT system
and performed experiments to demonstrate the
feasibility of detecting and evaluating early breast
tumor. The results indicate that the nonionizing
TAT may contribute to the detection and esti-
mation of early-stage breast cancer and has the
potential to be used for general examination of early
breast cancer.

2. Approach and Methods

2.1. Theory of thermoacoustic imaging

When a biological tissue is illuminated by a micro-
wave pulse, the electromagnetic energy changes into
heat. A small transient temperature rise can be
produced, the heated tissue then expands and con-
tracts, and the thermoacoustic wave emerges as the
output. This thermoacoustic wave pðr; tÞ can be
expressed by the following equation11:

pðr; tÞ ¼ �I0c0
4�Cp

�
d

dt

Z Z
jr�r 0j¼c0t

Aðr 0Þ dr
0

c0t
; ð1Þ

where � is the isobaric volume expansion coe±cient,
I0 is intensity of the irradiating energy (assumed to
be constant throughout the tissue volume), c0 is the
speed of ultrasound, Cp is the speci¯c heat, and
Aðr 0Þ is the spatial distribution of microwave
absorption coe±cient at position r 0. From Eq. (1),
TAT can map the spatial distribution of microwave
absorption coe±cients, because �, c0, and Cp vary
little between di®erent tissues.

2.2. Thermoacoustic computed

tomography

In this paper, a combined scanning technology was
used to realize 3D imaging, as shown in Fig. 1.
Multielement linear focus detector in the X-Y plane

was along the center of the object to set a rotating
scanning. Usually, once signals are gathered from
the transducer at a 100 positions, the ¯lterback
projection method can e®ectively reconstruct a two-
dimensional image which re°ects the microwave
absorption di®erences. After acquisition of a two-
dimensional image, the detector is placed along the
Z-axis for scanning. Slices from di®erent layers in
the sample were composed into a 3D volume.

2.3. Microwave absorption coe±cient

of breast tissues

According to electrodynamics, themicrowave absorp-
tion coe±cient of biological tissues can be expressed
as:

� ¼ !
ffiffiffiffiffiffi
�"

p 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ �2

"2!2

r
� 1

 !" # 1
2

; ð2Þ

where ! is the angular frequency of microwave
irradiated, � is the permeability; " is the relative
dielectric constant, and � and is the conductivity.
Usually, the relative dielectric constant and con-
ductivity are taken into account because per-
meability is of little di®erence in the biological
tissues. At 6GHz, the relative dielectric constant
and conductivity of the tumor tissue is 10 times
bigger than the normal breast tissue.12 The micro-
wave absorption coe±cient was calculated by
Eq. (2), shown in Fig. 2, which indicates that the
microwave absorption coe±cient of malignant
breast tissues is 45 to 90m�1 larger than the
microwave absorption of normal adipose-dominated
breast tissues. The di®erence in microwave absorp-
tion coe±cient between the malignant and normal
breast tissues is large enough for detection by TAT.
It is also demonstrated that the TAT can reveal

Fig. 1. Schematic of three-dimensional thermoacoustic
scanning.
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label-free margin morphological features of tumors
based on intrinsic contrast.

2.4. Data acquisition system

and imaging procedure

The schematic of thermoacoustic system is shown
in Fig. 3, and a Cartesian coordinate system
(X, Y , Z) is also depicted. A 6GH microwave gen-
erator (BW-6000HPT, China) transmitted 0.5�s
microwave pulses at a maximum pulse repetition
frequency of 500Hz controlled by a function gen-
erator. The size of waveguide for microwave radi-
ation is 34:8� 15:8mm2.

The sample was immersed in a polyvinyl chloride
tank and ¯xed on a sample stage which can rotate
and lift to achieve 3D scanning. Both sample and
stage were immersed in mineral oil to couple ther-
moacoustic waves.

Three commercial linear transducer arrays
(L2L50A, SIUI, China) are used, which are similar
to the transducer used in our previous study,13,14

with 128 elements arranged at the three vertices of
the equilateral triangle. The central frequency of the
linear multielements transducer array was 2.5MHz
with a bandwidth of 70%.

A custom-made parallel data acquisition system
(DAS) was employed to transmit the acquired raw
thermoacoustic signals from the transducer arrays.
The signals from each transducer array are acquired
at the same time. After time-division multiplexing
circuit, the 384-channel (384 ch) signals came from
three transducers are converted into six groups, and
signals of each group (64 ch) are ampli¯ed, ¯ltered,
and acquired in proper sequence. Then the signals of
six groups are recorded in the computer in order.
The DAS is triggered by the same function gen-
erator which triggers the microwave generator
synchronously. With the parallel DAS, a frame of
signals is acquired and transmitted in 1/100 s. To
acquire 2D image of the sample, the sample stage
scans around the axial of center of waveguide for 10
steps, with each step of 36�, when the three trans-
ducers keep relative position unchanged. At each
step, signals are averaged by eight times. Therefore,
when using microwave repetition frequency of
10Hz, it takes less than 1 s for the acquisition,
transmission, recording, and mechanical motion for
a step and the whole scan process for acquisition of a
2D image lasts about 10 s. To acquire 3D volume,
the steps of 2D image data acquisition above are
repeated along the axis of the center of waveguide
for 40 steps, with step distance of 0.5mm.

The signals acquired from each horizontal plane
of the sample were calculated by an image ¯ltered
backprojection reconstruction algorithm. By Vol-
View (Kitware, Inc., USA), slices of the sample were
composed into a 3D volume.

3. Results

3.1. 3D imaging of mimicked samples

TAT provides a cross-sectional image, and it is
necessary to adjust the detecting cross-section
carefully to the tumor before the experiment.
However, in the actual detecting process, it is im-
possible to know the tumor deposition in advance
and it is likely to miss the tumor if only one cross-
section in the breast is detected. Therefore, it is

Fig. 3. Schematic of the experimental setup for microwave-
induced thermoacoustic data acquisition system.

Fig. 2. Microwave absorption coe±cient of normal breast
tissue and tumor.
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necessary to detect multiple cross-sections covering
the entire breast and reconstruct a 3D volume.
More signi¯cantly, the largest diameter and volume
of the tumor, which are important parameters to
estimate clinical pathological stage of the tumor
and decide treatment, can be judged from the 3D
volume.

In this paper, a subuniform mimicked tumor,
whose height is about 18mm, was used to test the
3D imaging capability of this system, shown in
Fig. 4. In Fig. 4(a), the reconstructed 3D volume
can be seen, and actual sample in size and relative
position are highly consistent as well. Figure 4(b)
shows the four slices of the 3D volume, which is
2mm apart from its upper slice. The diameter of the
highlighted areas indicates the di®erence of micro-
wave absorption coe±cient and has obvious di®er-
ence between the various slices; for each image,
contrast was enough to distinguish the image
anomaly area.

The microwave-induced thermoacoustic waves
emitted from the boundaries and notches of the
round are blocked in virtue of microwave absorption
heterogeneity. However, subjected to spatial resol-
ution15 (0.5mm), signals from boundary of forward
and backward cannot be distinguished if the diam-
eter of tissue is less than or equals to 1mm.Therefore,
the reconstructed image of tissue whose diameter less
than or equals to 1mm will be a solid point, and the
reconstructed image of tissue whose diameter is more
than 1mm will be a circular ring, which is a good
coincidence with the result in Fig. 4. Therefore, the
3D image obtained by this system is reliable.

3.2. 3D imaging of human tumor

A 3D imaging experiment of a human tumor, which
was acquired from the First A±liated Hospital of
Ji'nan University, China, was conducted. The
tumor was embedded 2 cm into the fat, which is
part of a simulated normal breast tissue. Figure 5(a)
depicts a 3D reconstructed TAT volume and the
maximum amplitude projections in XZ, YZ and XY
planes. It can be seen that the maximum amplitude
projections of XY-plane well corresponded with the
X-ray image of the top view in Fig. 5(c). Figure 5(b)
shows the photograph of the tumor after surgical
extraction.

Through the three-dimensional imaging, changes
of electromagnetic parameters, which indicate
pathological changed, can be changed into structure
information. Some medical information, such as
shape, location and size of the tumor, can be
obtained by the 3D volume.

4. Discussion

According to the IEEE standard,16 when microwave
exposure occurs under a controlled environment,
which means exposure to persons who are aware
of the potential of exposure and use for partial-
body exposure, the upper limit of energy deposition

Fig. 4. (a) Three-dimensional thermoacoustic imaging of a
mimicked tumor. (b) Four slices of two-dimensional thermo-
acoustic images of the tumor correspond to Fig. 4(a).

Fig. 5. (a) Three-dimensional thermoacoustic imaging of a
human breast tumor. (b) Photographs of breast tumor after
surgery. (c) X-ray image of breast tumor in top view.
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is 20mW/cm2 for 6GHz microwaves. Microwave
pulse energy in our system can be estimated
as following: Supposing the microwave energy is
uniform after emergence in waveguide (3.48�
1.58 cm), the energy deposition in surface of the
biological tissue can be estimated by the microwave
pulse energy and radiation area. In the experiment,
the display of voltage meter in microwave generator
is 25KV, which corresponds to the microwave
peak power is 80KW, according to the speci¯ca-
tion of microwave generator. The pulse width is
about 0.5�s. The energy density is E � ð80� 0:5Þ=
ð3:48� 1:58Þ ¼ 7:3mJ/cm2 in waveguide, and that
the power deposition is 73mW/cm2 at repetition
frequency of 10Hz. In fact, the microwave illumi-
nated area will expand sharply due to di®raction
after the microwave exits the waveguide. In actual
detection, the sample or breast is placed at a dis-
tance from the waveguide, where the power density
is much less than 73mW/cm2 due to space scat-
tering. In this way, the energy density is close to
safety standards 20mm away from the waveguide,
as our repetition frequency is 10Hz. In the detection
process, reducing the microwave peak power and
the pulse repetition frequency can ensure safety. In
the future, we will use antenna with high directivity
to transmit microwave, in order to increase the
illuminated area to ensure safety and ensure that
the microwave energy covered the whole breast.
Also, the space divergence can be reduced, so that
the SNR in deep depth can be improved, where
SNR ¼ As=An, with As being the average ampli-
tude of the microwave signal and An representing
the average amplitude of undesired noise.

Microwave could achieve excellent penetration
depth. Theoretically, the penetration depth can be
expressed as:

d ¼ 1=�; ð3Þ
where � is the absorption coe±cient. Therefore, the
penetration depth in normal adipose-dominated
breast tissues or in fat with 6GHz is about 28.5mm.
In fact, it has the possibility of receiving signal when
sample is below penetration depth, because 36.8%
of microwave energy remains at the penetration
depth. In Fig. 6, the relationship between signal
intensity and depth is experimentally measured.
The sample is round 5% agar that is 10mm in di-
ameter. The distance between the axis line of the
transducer and the waveguide is de¯ned as d. The
sample, which was set to be at the same altitude as

the transducer, was placed in a container that was
¯lled with fat. At ¯rst, d was set to be 5mm. Then,
d was increased to 5mm, namely, the sample and
transducer drops 5mm at the same time in each
step. This curve re°ects the combined action of
spatial divergence and the attenuation in fat, with
the former playing a leading role. Served as con-
trols, a similar experiment was performed using
mineral oil. At the time of the experiment, the
whole space is ¯lled with mineral oil, which is a
weak microwave absorption substance, so this curve
re°ects the spatial divergence of the microwave
energy. In Fig. 6, it is clear to see that SNR ¼ 1:5 in
mineral oil and SNR ¼ 1:3 in fat at a depth of
60mm. The results show that the imaging depth of
TAT can achieve 60mm, which is deeper than the
microwave penetration depth. Therefore, TAT can
detect tumor at a depth of 60mm which is the
maximum depth at which breast tumor exists.
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