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A study of microwave-induced thermoacoustic tomography of inhomogeneous tissues using multi-
sector scanning is presented. A short-pulsed microwave beam is used to irradiate the tissue samples.
The microwave absorption excites time-resolved acoustic waves by thermoelastic expansion. The
amplitudes of the acoustic waves are strongly related to locally absorbed microwave-energy density.
The acoustic waves may propagate in all spatial directions. A focused ultrasonic transducer is
employed to acquire temporal acoustic signals from multiple directions. Each detected signal is
converted into a one-dimensional~1D! image along the acoustic axis of the transducer. The cross-
sectional images of the tissue samples are calculated by combining all of the 1D images acquired in
the same planes. ©2001 American Association of Physicists in Medicine.
@DOI: 10.1118/1.1395037#
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I. INTRODUCTION

Microwave-induced thermoacoustic tomography of biolo
cal tissues has recently attracted considerable interes1–3

With this technique, a short-pulsed microwave beam is u
to irradiate tissue samples. The tissue absorbs the microw
energy and excites thermoacoustic waves by thermoela
expansion. The generated acoustic waves carry informa
about the microwave absorption properties of the sam
The different absorption properties among different types
tissue permit the construction of a distribution of microwa
absorption in a homogeneous acoustic medium.

The microwave penetration depth in most soft tissues
somewhere between that of the fat tissue, which lacks w
and salt, and muscle tissue, which is abundant in water
salt.2 Specifically, the penetration depths for fat and mus
tissue at 3-GHz microwave are 9 cm and 1.2 cm, resp
tively. The wide range of microwave absorption coefficien
among various other tissues can lead to a high imaging c
trast for biological tissues. However, it is difficult to achie
good spatial resolution using pure microwave imaging
biological tissues because of the long wavelength of mic
waves, e.g., 3 cm at 3 GHz.4,5 This problem can be overcom
by the use of microwave-induced thermoacoustic waves.
cause the velocity of acoustic waves in soft tissue is ne
1.5 mm/ms, thermoacoustic signals at mega Hz can prov
millimeter spatial resolution.

The intensities of the microwave-induced thermoacou
signals are far lower than the ultrasonic pulses used in pu
ultrasound imaging~ultrasonography!. However, a unique
advantage of thermoacoustic tomography is the detectio
the inhomogeneous microwave absorption property of
sues when the acoustic property is homogeneous. Su
capability may lead to early detection of cancer.

Key problems in microwave-induced thermoacoustic
mography are the measurement of acoustic signals exc
1958 Med. Phys. 28 „9…, September 2001 0094-2405 Õ2001Õ2
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by microwave pulses and the construction of images fr
the acquired data. One approach is to use focused ultras
transducers to localize the thermoacoustic sources. The
ture scanning techniques~linear and sector scans! in ultra-
sonography can be used to detect the thermoacou
signals.6 Each scan line may reflect the profile of the mediu
along the acoustic axis of the focused transducer. Howe
an acoustic source has a strong direction of radiation, e
cially if the surface is relatively smooth, from which th
acoustic energy is mainly transmitted out in one directio
The higher the frequency of the acoustic wave is, the str
ger the radiation direction is. The thermoacoustic sign
caused by microwave pulses are composed of hi
frequency components as well as low-frequency com
nents, and the intensities of the high-frequency compone
are far less than the ultrasonic pulses used in ultrasono
phy. Only if its acoustic axis is nearly perpendicular to t
surface of the acoustic source, can the focused transd
acquire enough high-frequency components for accurate
tial localizations of the thermoacoustic sources. Therefore
is necessary, with this method, to scan the sample from
possible directions by a focused transducer. Since the t
moacoustic wave is weak, in order to get a good signal-a
noise ratio~SNR!, we use a focused transducer with a b
aperture area in our initial study, because the SNR is pro
tional to the square root of the aperture area.

Here we present our study on microwave-induced th
moacoustic tomography of inhomogeneous tissues by a t
dimensional~2D! full-directional scan—the combination o
multiple-sector scans at various positions on a circle aro
the sample. Each detected time-resolved signal is conve
into a one-dimensional image along the acoustic axis. T
axial resolution is obtained by measuring the temporal p
files of the acoustic signals, and the lateral resolution
mainly determined by the focal diameter of the transduc
19588„9…Õ1958Õ6Õ$18.00 © 2001 Am. Assoc. Phys. Med.
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The two-dimensional~2D! cross-sectional images are calc
lated from the data acquired in the same planes. Some
ages of biological-tissue samples are achieved experim
tally. These images clearly reveal the boundaries of differ
tissues as well as their locations, which are in good ag
ment with the actual samples.

II. THEORY

A. Thermoacoustic wave

When the microwave pulse duration is very short, t
thermal conduction time is far greater than the thermoaco
tic transit time. In practice, the duration of the microwa
pulse is less than 1ms, which meets this criterion.1 In this
case, the heat diffusion’s effect to the thermoacoustic w
in the tissue can be neglected. Consequently, the gener
of thermoacoustic wave by deposition of microwave ene
can be described by the following equation:7

S“22
1

c2

]2

]t2D p~r ,t !52
b

Cp

]I ~ t !

]t
A~r !, ~1!

wherep(r ,t) is the thermoacoustic pressure at positionr and
time t, c is the speed of sound,b is the isobaric volume
expansion coefficient,Cp is the heat capacity,I (t) is the
temporal profile of the microwave pulse, andA(r ) is the
fractional energy-absorption per unit volume of soft tissue
position r , which is proportional to the microwave absor
tion coefficient of the tissue at positionr .

Equation~1! shows that the amplitudes of the thermo
coustic waves are strongly related to locally absorb
microwave-energy density, i.e., the local microwave abso
tion coefficient or penetration depth. Considering a sph
cally symmetric deposition of microwave energy with radi
R,

A~r !5A0U~2r 1R!, ~2!

where the step function

U~j!5H 1, j>0,

0, j,0.

Assuming a delta pulse of the formI (t)5I 0d(t), the ther-
moacoustic pressure at detection positionr for t.0 is found
from Eq. ~1! to be7

p~r ,t !5
bI 0c2

Cp

A0

2r
~r 2ct!@U~2r 1R1ct!

1U~r 1R2ct!#. ~3!

Moreover, the first derivative of the thermoacoustic press
is written as

]p~r ,t !

]t
52

bI 0c3

2rCp
A0U~2uct2r u1R!. ~4!

Equation~4! indicates that the first derivative of the thermo
coustic pressure is a mapping of the spherically spatial
ergy deposition of Eq.~2!. Therefore, we can use either th
detected thermoacoustic pressure or its first derivative
Medical Physics, Vol. 28, No. 9, September 2001
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construct the microwave absorption distribution and the
ter is found to be better. In general, a large medium can
regarded as a set of small media or thermoacoustic sou
which have different microwave absorption coefficien
Through the following multi-sector scan method, each sm
thermoacoustic source can be localized.

B. Multi-sector scan

A diagram of the 2D multi-sector scanning scheme
shown in Fig. 1. A rectangular coordinate system (x,y) is set
up for reference. Each sector-scan frame has a set of
lines, which originate from the same location and radiate
in different directions as in ultrasonography. The origins
different frames are set on a circle around the sample so
the focused transducer may detect the signals from all di
tions in the same plane. For convenience, the center
radius of the circle are referred to as the rotation center
the rotation radius, respectively.

The microwave absorption and sample heating occur
very short time, and the propagation velocity of the elect
magnetic wave is far greater than that of an ultrasonic o
Therefore, it is reasonable to assume that the sample ex
sion resulting from the microwave pulses causes acou
waves instantaneously. The distance between the therm
coustic source and the transducer is simply calculated
multiplying the time of arrival by the velocity of the acoust
wave. Therefore, at each scan line, the thermoacoustic p
sure along the acoustic axis induced by the microwave pu
can be obtained directly from the detected temporal sign

All scan lines are used to construct a cross-sectional
age by the method of linear interpolation. A sector frame c
only detect part of the sound source. Figure 2~a! shows the
samex–y plane as in Fig. 1. The transducer is now set at
position of pointO1 . A local polar coordinate system (d,a)
is set up for the sector frame with the originO1 , and its polar
axis is through the rotation center pointO. The angleu be-
tween the polar axis andy axis is called the rotation angle

FIG. 1. A diagram of the multi-sector scan scheme.
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The rotation radius between pointO and O1 is R. The dis-
tance between the thermoacoustic source and the transd
is d. Therefore, at each scan line, the pointA(x,y) in the
rectangular coordinate system can be denoted asA(d,a,u)
in the local polar coordinate system with rotation angleu.
The relationship between (x,y) and (d,a,u) is determined
by the following equations:

d5Ar 21R222rR cosg,

u5arcsin~r sing/d!,

b5arctan~y/x!, ~5!

g5p/22a2b,

r 5Ax21y2.

In experiments, a series of discrete data are acquired in
local polar coordinate system. We use linear interpolation
project the data from each local polar coordinate system
the rectangular coordinate system. For simplicity, we neg
the symbolu in the following description. As shown in Fig
2~b!, suppose that point (d,a) is among the measured da
A(d1 ,a1), A(d2 ,a1), A(d1 ,a2), and A(d2 ,a2), i.e., a1

<a<a2 , d1<d<d2 , wheredi ( i 51,2) is the distance be

FIG. 2. ~a! The rectangular coordinate system (x,y) and the local polar
coordinate system (d,a,u); ~b! the diagram of the linear interpolation.
Medical Physics, Vol. 28, No. 9, September 2001
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tween the thermoacoustic source and the transducer an
calculated by multiplying the time of arrivalt i ( i 51,2) by
the velocity of the acoustic wavec in the medium, i.e.,di

5cti ( i 51,2). ThenA(d,a) can be calculated by

A~d,a!5
d2d1

d22d1
~A22A1!1A1 ,

A15A~d1 ,a1!1
A~d1 ,a2!2A~d1 ,a1!

a22a1
3~a2a1!, ~6!

A25A~d2 ,a1!1
A~d2 ,a2!2A~d2 ,a1!

a22a1
~a2a1!.

FunctionA could be the thermoacoustic pressurep(t) or the
derivativedp(t)/dt. The derivative is helpful for improving
the sharpness of the boundaries between different tiss
which can be calculated through an inverse fast Fou
transformation~FFT! as

dp~ t !

dt
5FFT21$ ivp~v!%, ~7!

wherep(v) is the Fourier transformation ofp(t).
In this way, we can compute each imageAu(x,y) from

each sector frameA(d,a) at rotation angleu. A full 2D
cross-sectional image is obtained with the following summ
tion:

A~x,y!5(
u

Au~x,y!. ~8!

III. EXPERIMENTAL METHOD

We use a focused transducer to implement a multi-se
scan. Figure 3 shows the experimental setup. A plexig
container is filled with mineral oil. A rotation stage and
focused transducer are immersed inside it in the samex–y
plane. The sample can be set in the rotation stage. The tr
ducer is used to detect the thermoacoustic signal from
sample. The angle panel indicates the angle between
acoustic axis of the transducer and the rotation radius.
manually turn the transducer to point to one direction. A s
motor directly drives the rotation stage while the transdu
is fixed. Obviously, this is equivalent to a transducer th
rotationally scans around the sample with a manual se
scan. The transducer~V314, Panametrics! has a central fre-
quency of 1 MHz, a bandwidth of 0.6 MHz, a diameter
1.9 cm, a focal length of 2.5 cm at 1 MHz, a 3-dB foc
diameter of 2.1 mm, and a focal zone of 1.76 cm along
acoustic axis.

The microwave pulses transmitted from a 3-GHz mic
wave generator have a pulse energy of 10 mJ and a p
width of 0.5ms. A function generator~Protek, B-180! is used
to trigger the microwave generator, control its pulse rep
tion frequency, and synchronize the oscilloscope sampl
Microwave energy is delivered to the sample by a rectan
lar wave guide with a cross section of 72 mm334 mm.

A personal computer is used to control the step moto
rotating the sample. The signal from the transducer is fi
amplified through a pulse amplifier, then recorded and av
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FIG. 3. Experimental setup.

FIG. 4. ~a! Cross section of a sample
on thex–y plane; 2D constructed im-
ages of thex–y cross section of the
sample~b! from the piezoelectric sig-
nals and~c! from the first derivative of
the piezoelectric signals.
Medical Physics, Vol. 28, No. 9, September 2001
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FIG. 5. ~a! Cross section of a sample
on thex–y plane; 2D constructed im-
ages of thex–y cross section of the
sample~b! from the piezoelectric sig-
nals and~c! from the first derivative of
the piezoelectric signals.
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aged 100 times by an oscilloscope~TDS640A, Tektronix!,
and finally transferred to a personal computer for imagin

IV. RESULTS AND DISCUSSION

The first sample we tested was a piece of muscle tissu
centered in a fat disc as shown in Fig. 4~a!—which was cut
across and photographed after the experiment. Both
muscle and fat were cut from pork. The maximum diame
of the sample was 38 mm, and the thickness was 5 mm.
rotation center was set inside the muscle. The transd
rotationally scanned the sample~only in the rotation-radius
directions! from 0 to 360 degrees with a step size of 2.
degrees. We then used these 160 scan lines to calculate
cross-sectional image with linear interpolations. Good agr
ment between the original profile in Fig. 4~a! and the con-
structed images in Figs. 4~b! and 4~c! was obtained, where
Figs. 4~b! and 4~c! were computed from the measured piez
electric signals and the first derivative of those, respectiv
The boundaries between the fat and muscle or oil are cle
imaged. This is because when the rotation center is in
Medical Physics, Vol. 28, No. 9, September 2001
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center of the sample, each scan line is nearly perpendic
to the boundaries of the muscle or fat, and the transducer
receive sufficient thermoacoustic signals from the radius
rections alone for imaging.

The second sample had a structure as shown in Fig. 5~a!,
which was also cut across and photographed after the ex
ment. The fat was first cut from pork: the maximum diame
of the sample was 39 mm; and the thickness was 5 mm. T
we cut away a hole far away from its center and filled in
small piece of muscle, which was also cut from pork. T
muscle size was about 10 mm in diameter and 5 mm
thickness. The rotation center was set outside the mus
The rotation radius was 12.5 cm, which included the len
of the transducer. The transducer rotationally scanned
sample from 0 to 360 degrees with a step size of 2.25
grees, and at each stop a set of sector directions from212 to
12 degrees with a step size of 2 degrees was scanned. To
2080 scan lines were acquired to construct 2D cross-sec
images. Figure 5~b! was constructed directly from the piezo
electric signals, which was in good agreement with the or
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nal profile in Fig. 5~a!. The boundaries between the fat a
muscle or oil are clearly visible, except the rear boundary
the muscle. Figure 5~c! was constructed from the first deriva
tives of the piezoelectric signals, which agreed with t
original profile of Fig. 5~a! very well. The boundary of the
muscle was clearer than that in Fig. 5~b!. In particular, the
sizes and locations of the muscle and fat zones agreed
the original shapes. It indicates that the first derivative p
duces a better mapping of the microwave absorption dis
bution than the piezoelectric signal, i.e., the thermoacou
pressure. Due to the high microwave absorption in mus
and the low absorption in fat, the muscle and fat can
differentiated by their ‘‘brightness’’ in the images.

In the above examples, the size deviations between
original objects and their constructed images are abou
mm, which agree with the theoretical spatial resolution
proximations as follows. The axial resolution along t
acoustic axis is dependent on the width of the microwa
pulse~0.5 ms! plus the width of the impulse response of t
transducer~1.5 ms!; therefore, it should be approximately
mm, because the velocity of the acoustic waves in the tis
is about 1.5 mm/ms. The lateral resolution is determined b
the focal diameter of the focused transducer,;2 mm for the
1 MHz transducer used in the above experiments. The us
shorter microwave pulses and narrower focal diameter u
sonic transducers can improve the spatial resolution.3

V. CONCLUSION

Microwave-induced thermoacoustic tomography of inh
mogeneous tissues by using multiple sector scans was
ied. Cross-sectional images can be obtained by a
straightforward calculations from the temporal data acqui
by a focused transducer rotationally sector scanning
samples. The experiments show that the constructed im
Medical Physics, Vol. 28, No. 9, September 2001
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are in good agreement with the original cross-section profi
of the samples, and the boundaries between different tis
are clearly imaged. Results indicate that this technique
powerful imaging method with good spatial resolution th
can be used for the investigation of inhomogeneous tiss
In the future, a circular array could be used to replace
single transducer, and some numerical compensation m
ods could be introduced to improve the spatial resolut
further.
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