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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-dimensiondlD) 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. @001 American Association of Physicists in Medicine.
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[. INTRODUCTION by microwave pulses and the construction of images from

) ) ) _ _the acquired data. One approach is to use focused ultrasonic
Microwave-induced thermoacoustic tomography of biologi-yransducers to localize the thermoacoustic sources. The ma-
cal tissues has recently attracted considerable intbrést. ture scanning techniqueiinear and sector scanin ultra-
With this technique, a short-pulsed microwave beam is usegonography can be used to detect the thermoacoustic

to irradiate tissue samples. The tissue absorbs the minOWﬁ\é?gna|Sf_3 Each scan line may reflect the profile of the medium

energy and excites thermoacoustic waves by thermoel""St;L;ﬁong the acoustic axis of the focused transducer. However,

eEpa?stlr(])n. The generatgd actq ustic Wavis carfr){[r:nformatllogn acoustic source has a strong direction of radiation, espe-
fT_hZu diﬁe?errzlgfgg)?vgoﬁ Sr%rpe'girésp;?ﬁg; Iegif?eren? tsa;nspoegially if the surface is relatively smooth, from which the
. . P prop Among. typ acoustic energy is mainly transmitted out in one direction.
tissue permit the construction of a distribution of microwave . . .

o . . The higher the frequency of the acoustic wave is, the stron-
absorption in a homogeneous acoustic medium.

The microwave penetration depth in most soft tissues liedC" the radiatipn direction is. The thermoacoustic sigr)als
somewhere between that of the fat tissue, which lacks wat craused by microwave pulses are composed of high-
equency components as well as low-frequency compo-

and salt, and muscle tissue, which is abundant in water and dthe i - f the hiah-f
salt? Specifically, the penetration depths for fat and muscld'€Nts, and the intensities of the high-frequency components

tissue at 3-GHz microwave are 9 cm and 1.2 cm, respec®’® far less than the ultrasonic pulses used in ultrasonogra-
tively. The wide range of microwave absorption coefficientsPy- Only if its acoustic axis is nearly perpendicular to the
among various other tissues can lead to a high imaging corsurface of the acoustic source, can the focused transducer
trast for biological tissues. However, it is difficult to achieve acduire enough high-frequency components for accurate spa-
good spatial resolution using pure microwave imaging oftial localizations of the thermoacoustic sources. Therefore, it
biological tissues because of the long wavelength of microlS necessary, with this method, to scan the sample from all
waves, e.g., 3 cm at 3 GHZ This problem can be overcome possible directions by a focused transducer. Since the ther-
by the use of microwave-induced thermoacoustic waves. Benoacoustic wave is weak, in order to get a good signal-and-
cause the velocity of acoustic waves in soft tissue is nearljioise ratio(SNR), we use a focused transducer with a big
1.5 mmjus, thermoacoustic signals at mega Hz can providedperture area in our initial study, because the SNR is propor-
millimeter spatial resolution. tional to the square root of the aperture area.

The intensities of the microwave-induced thermoacoustic Here we present our study on microwave-induced ther-
signals are far lower than the ultrasonic pulses used in pureljnoacoustic tomography of inhomogeneous tissues by a two-
ultrasound imaging(ultrasonography However, a unique dimensional(2D) full-directional scan—the combination of
advantage of thermoacoustic tomography is the detection dghultiple-sector scans at various positions on a circle around
the inhomogeneous microwave absorption property of tisthe sample. Each detected time-resolved signal is converted
sues when the acoustic property is homogeneous. Suchisto a one-dimensional image along the acoustic axis. The
capability may lead to early detection of cancer. axial resolution is obtained by measuring the temporal pro-

Key problems in microwave-induced thermoacoustic to-files of the acoustic signals, and the lateral resolution is
mography are the measurement of acoustic signals excitadainly determined by the focal diameter of the transducer.
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The two-dimensional2D) cross-sectional images are calcu-
lated from the data acquired in the same planes. Some im-
ages of biological-tissue samples are achieved experimen-
tally. These images clearly reveal the boundaries of different
tissues as well as their locations, which are in good agree-
ment with the actual samples.
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When the microwave pulse duration is very short, the
thermal conduction time is far greater than the thermoacous-
tic transit time. In practice, the duration of the microwave
pulse is less than Ls, which meets this criteriohin this
case, the heat diffusion’s effect to the thermoacoustic wave
in the tissue can be neglected. Consequently, the generation
of thermoacoustic wave by deposition of microwave energy

Rotation radius

can be described by the following equatibn:

1 5 B al(t)
2~ 7 __ P\

(V 2 atz)D(",t) c, at A(r), )
wherep(r,t) is the thermoacoustic pressure at positiaand
time t, c is the speed of sound3 is the isobaric volume
expansion coefficientC, is the heat capacity(t) is the
temporal profile of the microwave pulse, ardr) is the

Fic. 1. A diagram of the multi-sector scan scheme.

construct the microwave absorption distribution and the lat-
ter is found to be better. In general, a large medium can be
regarded as a set of small media or thermoacoustic sources,
which have different microwave absorption coefficients.
Through the following multi-sector scan method, each small
thermoacoustic source can be localized.

fractional energy-absorption per unit volume of soft tissue at

position r, which is proportional to the microwave absorp-

tion coefficient of the tissue at positian

Equation(1) shows that the amplitudes of the thermoa-

B. Multi-sector scan

A diagram of the 2D multi-sector scanning scheme is

coustic waves are strongly related to locally absorbedshown in Fig. 1. A rectangular coordinate systeryy] is set
microwave-energy density, i.e., the local microwave absorpup for reference. Each sector-scan frame has a set of scan
tion coefficient or penetration depth. Considering a spherilines, which originate from the same location and radiate out
cally symmetric deposition of microwave energy with radiusin different directions as in ultrasonography. The origins of

R,
A(r)=AU(—r+R), 2
where the step function
1, £&=0,
0, &<O0.

Assuming a delta pulse of the forhft)=1,46(t), the ther-
moacoustic pressure at detection positidor t>0 is found
from Eq. (1) to be

U=

different frames are set on a circle around the sample so that
the focused transducer may detect the signals from all direc-
tions in the same plane. For convenience, the center and
radius of the circle are referred to as the rotation center and
the rotation radius, respectively.

The microwave absorption and sample heating occur in a
very short time, and the propagation velocity of the electro-
magnetic wave is far greater than that of an ultrasonic one.
Therefore, it is reasonable to assume that the sample expan-
sion resulting from the microwave pulses causes acoustic
waves instantaneously. The distance between the thermoa-
coustic source and the transducer is simply calculated by
multiplying the time of arrival by the velocity of the acoustic
wave. Therefore, at each scan line, the thermoacoustic pres-
sure along the acoustic axis induced by the microwave pulses

Moreover, the first derivative of the thermoacoustic pressurgan be obtained directly from the detected temporal signals.

_ﬂloCZAo
p(r,t)= c, E(r—ct)[U(—r+R+ct)
+U(r+R—ct)]. 3
is written as
ap(r,)  Ploc®
p ——ZGCAOU(—|ct—r|+R). (4)

All scan lines are used to construct a cross-sectional im-
age by the method of linear interpolation. A sector frame can
only detect part of the sound source. Figufe) Zhows the
samex—y plane as in Fig. 1. The transducer is now set at the

Equation(4) indicates that the first derivative of the thermoa- position of pointO; . A local polar coordinate systend («)
coustic pressure is a mapping of the spherically spatial enis set up for the sector frame with the origy , and its polar
ergy deposition of Eq(2). Therefore, we can use either the axis is through the rotation center poidt The angled be-
detected thermoacoustic pressure or its first derivative toween the polar axis ang axis is called the rotation angle.
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tween the thermoacoustic source and the transducer and is

y 4 O calculated by multiplying the time of arrivd| (i=1,2) by
the velocity of the acoustic wave in the medium, i.e.d;
2\ 4 =ct; (i=1,2). ThenA(d,«) can be calculated by
a _

d—d;
A(d,a)=m(A2—A1)+A1,
A(x.y)=A(d.a,6) 2 1

J A(dy, @) —A(dy,a)
B \L Ar=A(dy,ap)+ — X(a—aq), (6)
Lo Aoy~ (g
X
A(dy,az) —A(dz,a1)
A,=A(dy,aq)+ — (a—ay).
ar—ay
FunctionA could be the thermoacoustic presspfe¢) or the
derivativedp(t)/dt. The derivative is helpful for improving
the sharpness of the boundaries between different tissues,
which can be calculated through an inverse fast Fourier
@ transformation(FFT) as
a
dp(t) .
TZFFT {pr(w)}, (7)

wherep(w) is the Fourier transformation qf(t).

In this way, we can compute each image(x,y) from
each sector framé\(d,«) at rotation angled. A full 2D
cross-sectional image is obtained with the following summa-
tion:

Aldy @) A2 A(x,y)=20 Ay(X,Y). (8)

b
) Ill. EXPERIMENTAL METHOD

Fic. 2. (a) The rectangular coordinate system,Y) and the local polar We use a focused transducer to implement a multi-sector
coordinate systemd(«, 6); (b) the diagram of the linear interpolation. scan. Figure 3 shows the experimental setup. A plexiglass
container is filled with mineral oil. A rotation stage and a
focused transducer are immersed inside it in the same
lane. The sample can be set in the rotation stage. The trans-
éc)ﬁ[cer is used to detect the thermoacoustic signal from the
sample. The angle panel indicates the angle between the
acoustic axis of the transducer and the rotation radius. We
manually turn the transducer to point to one direction. A step
motor directly drives the rotation stage while the transducer
is fixed. Obviously, this is equivalent to a transducer that
d=r’+R?-2rR cosy, rotationally scans around the sample with a manual sector
scan. The transduc€¥314, Panametrigshas a central fre-
quency of 1 MHz, a bandwidth of 0.6 MHz, a diameter of

The rotation radius between poi@ and O; is R. The dis-
tance between the thermoacoustic source and the transdu
is d. Therefore, at each scan line, the poi(x,y) in the
rectangular coordinate system can be denoted(asc«, 6)

in the local polar coordinate system with rotation angle
The relationship betweerx(y) and d,«, 6) is determined
by the following equations:

0=arcsinr siny/d),

B=arctarty/x), (5) 1.9 cm, a focal length of 2.5 cm at 1 MHz, a 3-dB focal
diameter of 2.1 mm, and a focal zone of 1.76 cm along the

y=ml2—a—-p, acoustic axis.

= \/szyz The microwave pulses transmitted from a 3-GHz micro-

wave generator have a pulse energy of 10 mJ and a pulse
In experiments, a series of discrete data are acquired in eaetidth of 0.5 us. A function generato{Protek, B-18Qis used
local polar coordinate system. We use linear interpolations téo trigger the microwave generator, control its pulse repeti-
project the data from each local polar coordinate system ttion frequency, and synchronize the oscilloscope sampling.
the rectangular coordinate system. For simplicity, we neglecMicrowave energy is delivered to the sample by a rectangu-
the symbolé in the following description. As shown in Fig. lar wave guide with a cross section of 72 m34 mm.
2(b), suppose that pointd(«) is among the measured data A personal computer is used to control the step motor in
A(dy,aq), A(ds,aq), A(dy,@,), and A(d,,a5), i.e.,, ay  rotating the sample. The signal from the transducer is first
<a<a,, dy=d=d,, whered, (i=1,2) is the distance be- amplified through a pulse amplifier, then recorded and aver-
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aged 100 times by an oscilloscofEDS640A, Tektroniy, center of the sample, each scan line is nearly perpendicular
and finally transferred to a personal computer for imaging. to the boundaries of the muscle or fat, and the transducer can

receive sufficient thermoacoustic signals from the radius di-
IV. RESULTS AND DISCUSSION rections alone for imaging.

The first sample we tested was a piece of muscle tissue— The second sample had a structure as shown in kg 5 .
centered in a fat disc as shown in Figa—which was cut which was also cut'across and photographed.after th_e experi-
across and photographed after the experiment. Both thgent. The fat was first cut from pork: .the maximum diameter
muscle and fat were cut from pork. The maximum diamete the sample was 39 mm; and the thickness was 5 mm. Then
of the sample was 38 mm, and the thickness was 5 mm. Th&& cut away a hole far away from its center and filled in a
rotation center was set inside the muscle. The transduc&mall piece of muscle, which was also cut from pork. The
rotationally scanned the samplenly in the rotation-radius Muscle size was about 10 mm in diameter and 5 mm in
directions from 0 to 360 degrees with a step size of 2 ogthickness. The rotation center was set outside the muscle.
degrees. We then used these 160 scan lines to calculate a D€ rotation radius was 12.5 cm, which included the length
cross-sectional image with linear interpolations. Good agreeof the transducer. The transducer rotationally scanned the
ment between the original profile in Fig(a} and the con- sample from O to 360 degrees with a step size of 2.25 de-
structed images in Figs.(d) and 4c) was obtained, where grees, and at each stop a set of sector directions frdito
Figs. 4b) and 4c) were computed from the measured piezo-12 degrees with a step size of 2 degrees was scanned. Totally,
electric signals and the first derivative of those, respectively2080 scan lines were acquired to construct 2D cross-section
The boundaries between the fat and muscle or oil are clearlynages. Figure ) was constructed directly from the piezo-
imaged. This is because when the rotation center is in thelectric signals, which was in good agreement with the origi-
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nal profile in Fig. %a). The boundaries between the fat and are in good agreement with the original cross-section profiles
muscle or oil are clearly visible, except the rear boundary obf the samples, and the boundaries between different tissues
the muscle. Figure(8) was constructed from the first deriva- are clearly imaged. Results indicate that this technique is a
tives of the piezoelectric signals, which agreed with thepowerful imaging method with good spatial resolution that
original profile of Fig. %a) very well. The boundary of the can be used for the investigation of inhomogeneous tissues.
muscle was clearer than that in Figbh In particular, the In the future, a circular array could be used to replace the
sizes and locations of the muscle and fat zones agreed witingle transducer, and some numerical compensation meth-
the original shapes. It indicates that the first derivative pro-ods could be introduced to improve the spatial resolution
duces a better mapping of the microwave absorption distrifurther.
bution than the plezoelt_actrlc §|gnal, i.e., the th.erm.oacousnﬁ\cKNOWLEDGMENTS
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