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Microwave-induced thermoacoustic tomography was explored to image biological tissues. Short
microwave pulses irradiated tissues to generate acoustic waves by thermoelastic expansion. The
microwave-induced thermoacoustic waves were detected with a focused ultrasonic transducer to
obtain two-dimensional tomographic images of biological tissues. The dependence of the axial and
the lateral resolutions on the spectra of the signals was studied. A reshaping filter was applied to the
temporal piezoelectric signals from the transducer to increase the weight of the high-frequency
components, which improved the lateral resolution, and to broaden the spectrum of the signal,
which enhanced the axial resolution. A numerical simulation validated our signal-processing ap-
proach. ©2001 American Association of Physicists in Medicid®OI: 10.1118/1.1380436
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[. INTRODUCTION the acoustic signals in MITT are usually below 2 MHz, and
_ o ~ the axial resolution is greater than 1 mm. Several investiga-
When electromagnetic radiation is absorbed in biological tisyg g employed microwave-induced thermoacoustic waves in
sues, the heating and the subsequent expansion will caugg 1980s for imaging of biological tissues; these early
emission of acoustic signals, which is called the thermoay, ks however. did not produce any tomographic or depth-
coustic effect. In thermoacoustic tomography, the thermoafesolved image&14 Recent progress realized tomographic

coustic signals from a tissue sample are collected to map th?naging of biological tissues based on microwave-induced
distribution of the radiative absorption within the Sample'thermoacoustic wavds-18

The radiative absorption is closely related to the physiologi- We here present our studies on the signal-processing as-
ect of scanning MITT. Filtering has been applied to signal

cal and pathological status of the tissue: for example, canceF
0 .

ogs breast tissues are 2—5_ times more strongly absorbmg Rrocessmg in photoacoustic tomographand MITT25 how-
microwaves than surrounding normal breast tissues, whic . .. .
ever, it was used to eliminate the ddirect currenk offset

has been attributed to an increase in bound water and sodium .
. . _3 and the effect of the response of the transducer on the piezo-
within malignant cells-

Thermoacoustic tomography combines good imagingelecmc signal, respectively. For the first time, we discuss in

. . . : . details how the spectra of signals influence the resolution of
resolution with good imaging contrast. Purely microwave

imaging has the advantage of good imaging contrast but Suf_hermoacoustlc tomography and how the resolution can be

fers from poor spatial resolution due to the large wavelengtljlrnprovecj by glgnal procegsmg. In our imaging approach, th?
of microwave<'~” On the other hand, purely ultrasonic im- lateral resolution was achieved by use of a focused ultrasonic
aging has good spatial resolution but poor contrast. Therransducer, whereas the axial resolution was obtained by
moacoustic tomography can bridge the gap between them.measuring the temporal profiles of the acoustic signals. The
There are various types of thermoacoustic tomographydominance of the low-frequendy-0.5 MHz) components in

such as photoacoustic tomography and microwave-induceti€ raw temporal signals limited the lateral resolution, and
thermoacoustic tomographyMITT). In photoacoustic the narrow bandwidth of the signals restricted the axial reso-

tomography’ ~** due to the use of short laser puIses—severa|Uti°”- Consequently, the image before signal processing had
nanoseconds in pulse width—and the strong attenuation ¢t0Or lateral resolution and many artifacts. We showed that a
the laser light by tissues, the frequency spectrum of thesimple” filtering method improved the lateral resolution to
acoustic signal from the buried object of several micrometer§ome extent but at the expense of the axial resolution. To
in size is estimated to have significant components up to 78vercome this problem, we proposed a new reshaping filter.
MHz,® which makes its axial resolution as good as /. It was applied to the temporal signals from the transducer to
However, the maximum imaging depth in photoacoustic toincrease the weight of the high-frequency components,
mography is limited by the strong attenuation of the lasewhich improved the lateral resolution, and to broaden the
light and of the high-frequency acoustic waves. On the othespectrum of the signal, which enhanced the axial resolution.
hand, MITT can be used to image much deeper tissues due o numerical simulation validated our signal-processing ap-
the relatively low absorption of microwaves. The spectra ofproach.
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z cross-sectional image of the sample in the or y-z plane,
! v l which is analogous to an ultrasonic B-scan image.
X Ultrasonic transducer Pultaampifier B. Signal processing
Two methods of signal processing in the frequency do-
main based on finite impulse respor{§¢R) filters were ap-
Fupered plied to the experimental data. The filtering is implemented

waveguide Translation stage Oscilloscope by multiplying a properly selected real window function to

3 the spectra of the signals, which introduces no phase distor-
tion. In the first method, all the signals are processed with the
Warside 1 | same bandpass filter, which has a passband between 0.5 and
1.5 MHz with a transition bandwidth of0.5 MHz.

To overcome the difficulties of the first method, we pro-
posed a reshaping method in the frequency domain. This
method can make the bandwidth of the processed signal
broader to enhance the axial resolution and weigh the high-
frequency components more heavily to improve the lateral
II. METHODS resolution. The essence of this method is to apply a reshap-
ing filter to each temporal signal. The shape of the reshaping
filter for the signal at anyy position is chosen to be the
inverse of the envelope of the original frequency spectrum,

The experimental setup for this study is shown in Fig. 1. : .
! ) " __ where the envelope of the spectrum is obtained by connect-
A Cartesian coordinate system was set up for reference: The

. . . . Ing the major local maxima. Without distorting the positions
x axis pointed outward perpendicularly to the drawing plane . . o .
: : S X of the pulses in the temporal signal, this filter can achieve the
they axis pointed to the right in the drawing plane, and zhe

axis pointed upward along the acoustic axis. A 3 GHz micro-WIdeSt possible bandwidth in the filtered signal and conse-

. . guently the best axial resolution. Moreover, to filter out the
wave generator transmitted microwave pulses. The puls

. o o , .~ “very low-frequency disturbance—which is caused by the
width was modified from the original manufacturer’s setting reamplifier—and the hiah-frequency noise bevond the cut-
to 0.5 us. A function generator was employed to trigger thep P g q Y Y

. . iy off frequency—where the signal-to-noise ratio is unity, a
microwave generator, to control its pulse repetition fre- q Y g Y

quency, and to synchronize the sampling by the oscilloscop smoothing filter is applied to the signal. Unlike the reshaping

Microwave enerav was delivered by a tapered wave uidefrlter, the smoothing filter is the same for the signals from all
gy y P 9ul% e scanned positions of the transducer. The final filter is the

with a cross section that gradually narrowed from 72 mm ' . :
) : product of the above two filters in the frequency domain. To
X34 mm to 72mnx5 mm. The object to be imaged was a . :
increase the contrast, the background value is subtracted

slab of chicken muscle with g-z cross section of 14mm from the spectrum before the final filter is applied. Lastly, to
X8 mm, and the slab was plunged into lard contained in a P ppiied. Y,

plexiglass tank. The tank was mounted on a two—dimensiona{[nprove the lateral resolution, the final filter is scaled by a
s . : . constant factor such that the spectral amplitudes of all the
(2D) x-y translation stagedMD2, Arrick Roboticg, which

was driven by two computer-controlled stepper motors. I_arci:nezoelectrlc signals at a selected high frequency remain un-

and plexiglass were used for their low absorption to micro-Changed after filtering.

waves. Lard also provided good acoustic coupling to an ul-
trasonic transducer facing the microwave waveguide. Thdll- RESULTS AND DISCUSSION
central frequency of the ultrasonic transdu¢¢814, Pana- An image of the chicken muscle is presented in Fig).2
metricg was 1 MHz, the bandwidth was 0.6 MHz, the diam- Each vertical line in this 2D image was obtained from a
eter of the active element was 1.9 cm, and the focal lengthemporal piezoelectric signal of the ultrasonic transducer,
was 2.5 cm. The transducer was connected to a low-noisend the sample was scanned horizontally alongttexis
pulse preamplifier. The amplified signal was averaged 10With a step size of 1 mm to acquire the multiple vertical
times, recorded by an oscilloscoEDS-640A, Tektronix,  lines. Figures @) and 2c) show the temporal wave forms
and then transferred to a personal computer. and the corresponding frequency spectra, respectivelyy for
In our scanning MITT, the ultrasonic transducer measurecqual to 20 mm—where the transducer axis crossed the
the time-of-arrival signals of the thermoacoustic waves. Thanuscle—and equal to 2 mm—where the transducer axis did
distances between the thermoacoustic sources and the tramst cross the muscle. The buried muscle was clearly imaged
ducer were calculated by multiplying the time of arrival with as shown in Fig. @): The white line atz=17 mm corre-
the speed of sound in the medium. Therefore, a time-domaisponds to the upper boundary between the lard and the
signal can be converted into a one-dimensiogd®) image  muscle, and the dark line a=25.1 mm to the lower one.
along the acoustic axig axis), which is similar to an ultra- The thickness of the muscle in the image is 8.1 mm and
sonic A-scan image. Scanning the sample alongxtbethe  agrees with the actual one. But the lateral resolution is poor:
y axis and combining the multiple 1D images yielded a 2DThe width of the muscle in the image appears to be 36 mm,

Mi g l4— Function g [ — Computer

Fic. 1. Experimental setup for scanning MITT.

A. Experimental setup
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Fic. 2. (a) 2D image of they-z cross section of the sample obtained by
scanning MITT before data processindg temporal microwave-induced
thermoacoustic signals at different positigns 20 and 2 mmjc) the main

panel shows both of the corresponding spectra on a linear scale, and the

inset shows the spectrum fgre=20 mm on a logarithmic scale.
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much greater than the actual 14 mm width. Furthermore, % 0,01
there appear many ghost objects between the two boundaries §’ . n fAni
and below the lower boundary. Because the muscle and the g PV I\; Uk bl
lard are almost uniform, no heterogeneity in the image is % 001 |
expected from other than the boundaries. o -002

To explain these problems, we resort to the relationship * o0
between the lateral resolution of the detecting ultrasonic ¢ s 151'im2e°(ps)25 % % %

transducer and the frequency spectrum of the received tem-

poral wave form. The lateral resolution of the ultrasonic

Fic. 4. (a) The 2D image after filtering the temporal signals with a standard
bandpass filter(b) the filtered temporal signal gt=20 mm.

transducer is determined by its focal diameter, which is given

by
1.020,),
df—m, (1)

wherev, is the speed of sound in the mediumjs the focal
length of the transduced, is the diameter of the active
element in the transducer, aifig is the acoustic frequency.
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FiG. 3. The distributions of the signal components arofirdl.31 and 0.44
MHz along they axis.
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Therefore, the lateral resolution is inversely proportional to

the frequency of the acoustic signal or the piezoelectric sig-
nal. Because the dominant frequency components of the
piezo-electrical signals are far below 1 MHz, as shown in

Fig. 2(c), the lateral resolution is much worse than the focal

diameter of the transducer, 2 mm, at its 1 MHz central fre-

guency.

The dependence of the lateral resolution on the frequency
spectra is illustrated more clearly in Fig. 3, which displays
the 1D lateral images—along theaxis—corresponding to
the 1.31 and 0.44 MHz components of the spectra, respec-
tively. The 1.33 MHz image is sharper than the 0.44 MHz
one, and therefore, has superior lateral resolution. Poor reso-
lution that is caused by the dominating low-frequency com-
ponents is also responsible for the ghost piezoelectric signals
at y=2 mm, where the transducer axis does not cross the
buried muscle and thus the received piezoelectric signals can
be only wide-angle low-frequency signals. In comparison,
the piezoelectric signal ag=20 mm—where the acoustic
axis of the transducer crosses the muscle—is primarily from
the transducer axis and hence has greater high-frequency
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components than the piezoelectric signalyat2 mm, as final filter in the time domain is shown in Fig(d. To in-
shown in Fig. 2c). crease the contrast, the background value—which is deter-
From the above discussion, it is clear that increasing thénined by the amplitude at both the ends of the solid curve in
high-frequency components of the piezoelectric signals cafrig. 3—is subtracted from the spectrum before applying the
improve the lateral resolution. The most natural solution is tdinal filter. As we wish to obtain a lateral resolution ap-
apply a bandpass filter to cut off the low-frequency compo-Proaching that at 1.31 MH@ig. 3), the final filter is scaled
nents. An example of such processing, in which the filter ha®y a constant factor such that the spectral amplitude of the
a passband between 0.5 and 1.5 MHz with a transition bandinal filter at 1.31 MHz is set to unity; consequently, the
width of ~0.5 MHz, is shown in Fig. &). The lateral reso- spectral amplitudes of the piezoelectric signals for all piezo-
lution is much improved but still unsatisfactory; however, theelectric signals remain unchanged at 1.31 MHz. The spec-
axial resolution seems worse, and some artifacts were gendfum and the temporal wave form of the processed signal at
ated, as shown in Fig.(8). The poor axial resolution is due Y=20mm are displayed in Figs.(& and 8d). The axial
to the decrease of bandwidth in the signal processing. Agesolution of the processed signal is much better than that of
shown in the inset of Fig.(2), the spectral amplitude drops the unprocessed signgFig. 2(b)] because the processed
exponentially with the frequency; therefore, the filtered sig-spectrum is much broader than the unprocessed|Bite
nal has a narrower bandwidth than the original one. A nar2(c)]. The processed 2D imag€&ig. 6) is also clearer than
rower bandwidth in the frequency domain results in athe original image. The ghost objects in the original images
broader signal in the time domain thus poor axial resolutionwere removed, and the two boundaries became quite distinct
To overcome the difficulties of the simply filtering, we from the background. The muscle along theaxis in the
applied reshaping filters to the signals. The shape of the rémage is about 15 mm, which agrees well with the 14 mm
shaping filtef Fig. 5(b)] for the signal ay=20 mm is chosen actual size.
to be the inverse of the envelope of the original frequency A numerical simulation was implemented to test our re-
spectrum; where the envelope of the spectrum is obtained b§haping method. A simulated temporal wavefdifig. 7(a)]
connecting the major local maxima, as shown by the dasheiiicludes three pulses &t 20, 21, and 3Qus. The 20 and 30
curve in Fig. %a). Without distorting the positions of the uS pulses are determined by
pulses in the temporal signal, this filter can achieve the wid- (t—tg)?
est p053|ble_bandW|dth_ in the filtered 5|gna_l and consequently s(t):ex% - —Or> , )
the best axial resolution. Moreover, to filter out the very W
low-frequency disturbance—which is caused by the - ;
preamplifie—and the high-frequency noise beyond the cut?md the 21us pulse is determined by
off frequency—where the signal-to-noise ratio is unity, a (t—tg)?
smoothing filter is applied to the signal. Unlike the reshaping S(t)=1/ (1+ W2 )
filter, the smoothing filter is the same for the signals from all
the scanned positions of the transducer. wherew is the pulse width and is set to 048. The corre-
The final filter, which is the product of the above two sponding spectrum is shown in Fig(b}, which resembles
filters in the frequency domain, is shown in Figbp the the spectrum of the signal =20 mm in our image. Be-

)
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on the image, as shown in Fig. 6. In contrast, the simple
filtering did not produce as a good outcoifiiég. 7(d)].

Our reshaping method is especially efficient for signals
that consist of multiple pulses of similar shapes, which is
quite common in ultrasonic detection. Assuming a temporal
signal comprises two identical pulses—for illustration
purposes—at different times, its spectral amplitude can be
written as

A(f)=s(f)|1+expi2nfAt)|=s(f)p(f), 4

wheref is the frequencys(f) is the spectral amplitude of a
single pulse, and\t is the time interval between the two

0 10 20 30 pulses. Because the oscillatqeyf ) has a flat envelope, the
) envelope ofA(f) approximately equals that a{f ), which
Horizonal axis y (mm) determines the shape of a single pulse. On the other hand, the

features and the phase of the spectrum contain the position-
m ing information of the pulses, which is the most important
! information in imaging. In our reshaping method, the signal
-0.03 0.00 0.03 is multiplied by the reciprocal of its own spectral envelope,
Pi lectric si | resulting in a flat envelope in the processed spectrum; con-
Iezoelectric signa (a'u') sequently, the pulses are narrowed in the time domain. As the
Fic. 6. The 2D image after applying the final filter to the temporal piezo- reshaping filter is smooth, it does not alter the features and
electric signals. the phase of the spectrum; accordingly, the positions of the
pulses in the time domain remain unchanged.

In general, applying the reshaping filter will sharpen the
cause the 20 and 2is pulses are too close to each other,boundaries of signals, which can be illustrated with an ideal
they merge into one pulse in the original constructed signalslab. The thermoacoustic wave from a slab irradiated by a
In the signal processed by our methidelg. 7(c)], the two  sufficiently short microwave pulse can be represented by a
pulses are separated distinctively, and all the pulses beconsguare wave. It can be shown that filtering the square wave
sharper. The positioning errors of the restored peaks ar@ith the reshaping filter is equivalent to taking the first de-
within 10% of the pulse width. However, the signal-to-noiserivative of the wave in the time domain, which yields the two
ratio (SNR) in Fig. 7(c) is lower than that in Fig. (&) as a boundaries of the slab. The spectral amplitude of the square
result of the increased weighting of the noisy high-frequencywave with a duratiora is |sin(waf )/(«f)|; thus its envelope
components in the reshaping process. Nevertheless, the deg-1/(wf ), and the reshaping filter igf. Applying the re-
radation of SNR in the processed signals has little influencehaping filter to the square wave in the frequency domain is
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