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Scanning thermoacoustic tomography was explored in the microwave region of the electromagnetic
spectrum. Short microwave pulses were used to induce acoustic waves by thermoelastic expansion
in biological tissues. Cross sections of tissue samples were imaged by a linear scan of the samples
while a focused ultrasonic transducer detected the time-resolved thermoacoustic signals. Based on
the microwave-absorption properties of normal and cancerous breast tissues, the piezoelectric sig-
nals in response to the thermoacoustic contrast were investigated over a wide range of electromag-
netic frequencies and depths of tumor locations. The axial resolution is related to the temporal
profile of the microwave pulses and to the impulse response of the ultrasonic transducer. The lateral
resolution is related to the numerical aperture of the ultrasonic transducer as well as to the fre-
quency spectra of the piezoelectric signals in the time window corresponding to the axial resolution.
Gain compensation, counteracting the microwave attenuation, was applied to enhance the image
contrast. ©2001 American Association of Physicists in Medicif®OI: 10.1118/1.1333409
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[. INTRODUCTION microwave pulses. This scanning approach can potentially
provide real-time imaging and coregistration with ultrasonic
B-scan images.

Microwave-induced thermoacoustic imaging is based on
the detection of the thermoacoustic signals generated by mi-

microwave imaging has had difficulties in multichannel de_crowave.radlgtlon in the samples. Pulses of'mlcrowaves are
tection of microwaves without cross coupling, in reconstruc-used to irradiate the_ samples._Absorb_ed microwave energy
tion algorithms, and especially in achieving good spatialCaUSes thermoelastic expan_smn, which radiates _acoustlc
resolution because of the strong diffraction of microwavesVaves, termed thermoacoustic waves. An ultrasonic trans-
determined by the long wavelength. Purely ultrasound imagducer detects the time-resolved thermoacoustic signals. If
ing (ultrasonography an established medical imaging mo- optical radiation instead of microwave radiation is used, this
dality, can yield good spatial resolution but has poor contrasthermoacoustic phenomenon is better known as photoacous-
for early-stage tumors. Microwave-induced thermoacoustic§ics. Microwave-induced thermoacoustic imaging shares
can potentially bridge the gap and fuse the advantages of ttemilar principles with its optical counterp&ft.?*However,
two imaging modalities. microwave-induced thermoacoustic imaging may find unique
In microwave-induced thermoacoustics, microwaveapplications in medical imaging because microwave radia-
pulses generate acoustic waves in electromagnetically 10s§}6n provides a deeper penetration depth in biological tissues

media. This phenomenon was known as the microwavethan does optical radiation and has different contrast mecha-
auditory or microwave-hearing effect in the early yéars. nisms.

Microwave-induced thermoacoustics was used to quantify We further investigated scanning microwave-induced

physical parameters n '.“ed'a such r?_s%the power den_slty armermoacoustic tomography toward biomedical applications.

:gresCgnmcrigg,r:gOgizfrfwﬂ\\fgznzuuiséz fhesravoearglnljns\;s:ssu?r?_ th The piezoelectric §igna|, which is relgted to the thermoacous-

1980s for imaging of biological tissué$:** However, these fic contrast, was simulated over a wide range of electromag-
netic frequencies and depths of tumor locations based on the

early works did not produce any tomographic or depth- "~ . i
resolved images. Recently, images of biological tissues werlicrowave-absorption properties of normal and cancerous

computationally reconstructed based on microwave-induceBréast tissues. The imaging resolutions were investigated in
thermoacoustic®'” This approach requires measurements'elation to the experimental parameters. Images of thick bio-
of a large amount of data around the tissue and postogical tissue samples were acquired experimentally, which
processing computation. Our group explored scanninglearly revealed both artificially buried tissue objects and in-

microwave-induced thermoacoustic tomography?Our ap-  trinsic structures as well. Gain compensation based on elec-
proach is similar to the conventional ultrasonic B scan exceptromagnetic attenuation was applied to enhance the image
that the ultrasound is produced internally inside the tissue bgontrast.

Purely microwave imaging of biological tissues has been in
vestigated for a number of yedrs The advantages of mi-

crowave imaging include the use of nonionizing radiation
and its relatively good imaging contrast. However, purely
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IIl. METHODS nected to a pulse amplifier. The amplified signal was aver-

. : . I aged 10-100 times by an oscilloscopEDS-640A, Tek-
The experimental setup for this study is shown in Fig. 1'tronix) and then transferred to the personal computer.

A Cartesian coordinate system was set up for reference. The ) :
. . . . Because the propagation speed of electromagnetic waves
z axis was along the acoustic axis pointing upward. khe .

. . . . is much greater than the speed of sound, the microwave
axis was perpendicular to the drawing plane and pointed out: . S . :
ward. They axis was in the drawing plane pointing to the pulses stimulated the entire tissue sample essentially simul-

right. A 3-GHz microwave generator transmitted microwaye'@neously. The induced thermoacoustic waves took different

pulses toward the tissue samples. The pulse width was set mounts of time to reach the ultrasonic transducer. The ul-
0.5 us for most of the experimentls unless it is stated otherli@senic transducer measured the time of arrival of the ther-

wise. The energy of a single microwave pulse was estimateg]OaCOLlStIC waves. The distance between the_ a_coust|c
’ . . . sources and the transducer was calculated by multiplying the

tobe 5mJ, causing a temperature rise<df mK in the tissue time of arrival with the speed of sound in the medium, as-

samples. A function generat@gDS345, Stanford Research P '

. . suming the speed of sound is constant and known. Because
System was employed to trigger the microwave generator, . . S
- . .. ’the ultrasonic transducer was focused, it responded primarily
to control the pulse repetition rate of microwave radiation,

and to synchronize the sampling by the oscilloscope. Micro:[O the acoustic sources along its focal column. Consequently,

. . . a time-domain signal can be converted into a one-
wave energy was delivered through two waveguides in tan- g

dem: a standard rectangular waveguide with a cross sectioq’}'rr:ﬁ;s'tzn::"m?rgio"’::icz:n%tgfaicgjcs;fnﬁﬂﬁﬁjégmcg'zlon
of 72 mmx34 mm and a tapered waveguide that narrowe ’ 9 P 9

the output cross section to 72 m¢B mm. The narrow output _hex or they axis yielded a two-dimensional cross-sectional
ort helped concentrate the microwave energy into the imag'-mage of the sample.
P The narrow elongated output port of the tapered wave-

ing zone in the samples near the port; however, the imaging . : o
uide may be considered as a “line source” of electromag-

zone far from the port may receive less energy than it would®” . A L )

. . . .. hetic radiation. Cylindrical wave propagation was assumed
otherwise from the original port as a result of increased dif- hrouahout the ranae of frequencies in our simulation of the
fraction. The object to be imaged was placed on a pl":ISti%hermgoacoustic Si gr]1als altr?ou h waveguides are rarely em-
holder, which was fixed onto a two-dimensiomxal transla- . - SI9 ' 9 guide y

ployed in practice for the low-frequency region of the con-

tion stage(MD2, Arrick Roboticg. A personal computer " . .
controlled the two stepper motors to drive the translations'dered electromagnetic spectrum. An electromagnetic wave

stage in thex and they directions. An extension tube filled was emitted from the tapered waveguide and attenuated in

with acoustic-coupling water was mounted onto the ultra—tIssue approximately as

sonic transducer. The length of the extension tube was deter-

mined such that its focal zone was inside the region of im- |(Z):|OeXp(_2“Z) (1)
aging interest in the samples. The bottom surface of the Jz '

extension tube was in contact with the samples for good

acoustic coupling. The central frequency of the ultrasoniovherel, is the intensity at the output port of the tapered
transducerV314, Panametrigswas 1 MHz, the bandwidth waveguidezis the distance from the output port to the point
was 0.6 MHz, the diameter was 1.9 cm, the focal length wa®f observation along the vertical axigz) is the intensity at
2.5 cm, and the focal diameter at 1 MHz was 0.2 cm. Thez, and « is the field-absorption coefficient in the tissue
piezoelectric output of the ultrasonic transducer was consamples.
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The absorption coefficient can be expressed as - T T
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wherew is the angular frequencyy is the permeabilitye is
the permittivity, ando is the conductivity. In the frequency
range of 0.1-10 GHz, the dielectric constdrdtio of the
permittivity in the material to that in vacuunhas a value of
5-70 for soft tissues, and the conductivity has a value of
0.02-30"*m 1.25-2" The complex dielectric properties of
tissues at various microwave frequencies determine the
propagation and absorption distribution of microwaves. Con- 0.1
sequently, the induced thermoacoustic pressure depends 0(a)
the microwave intensity and the complex dielectric constant
of the tissue samples. 0.25
A model was used to estimate the microwave-induced

thermoacoustic signals. A small breast tumor was embeddec
in normal breast tissue. The normal breast tissue predomi-
nantly determined the microwave attenuation. The thermoa- ~
coustic pressurg@ was proportional to the local absorbed
microwave power:
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The ultrasonic transducer responded to the components of
the thermoacoustic pressure within its response bandwidth 0 T i
and rejected the components outside the bandwidth. The pi- 10 100 1000
ezoelectric signaV/, from the ultrasonic transducer was pro- (o) Frequency (MHz)

portional to the thermoacoustic contrast:

Fic. 2. (a) Penetration depths of various biological tissues versus the micro-
V% (py—Pr) (4) wave frequency(b) simulated piezoelectric signal in response to a thermoa-
p t n/s . . LS .
coustic wave from a tissue sample containing a buried tumor versus the

wherep; andp, were, respectively, the thermoacoustic pres-microwave frequency.
sures in the tumor and the normal background tissue at depth
z, where the tumor and the normal tissue interfaced. Based

on Egs.(3) and (4), we obtained and 4.4 cm, respectively. Malignant breast tissues are more
strongly absorbing than surrounding normal breast
2(ay— ap)exp — 2a,2) tissues’?31
Vp=lo Jz ' 5 Water and ion concentrations are key factors in micro-

wave absorptiori? Muscle and fat tissues have very high and
where a; and a, represented the microwave-absorption co-very low water contents, respectively, and therefore repre-
efficients of the tumor and the normal breast tissue, respegent the extreme microwave absorption properties. Most
tively. other soft tissues have an absorption coefficient in between
those for muscle and fat tissues. This wide range of values
among various tissues is desired to achieve a high image
lIl. RESULTS AND DISCUSSION contrast. . o .
We calculated the piezoelectric signal as a function of the
Figure Za) shows the penetration depth of electromag-electromagnetic frequency and tumor location using (&yg.
netic waves in various human tissues as a function of th¢Fig. 2(b)]. If the detection system is instrument-noise lim-
electromagnetic frequency in the radio frequefridyregion, ited, the signal-to-noise rati®NR) of the system is different
where the penetration depth is the inverse of the absorptiofitom this piezoelectric signal by a constant factor. The noise
coefficient. The penetration depths of muscle and fat tissueis our detection system was mainly from the pulse amplifier,
are plotted in solid line&® At the frequency of our experi- which was used to amplify the piezoelectric signal from the
mental setup, 3 GHz, the penetration depths for fat andiltrasonic transducer. The noise remained almost constant in
muscle are 9 and 1.2 cm, respectively. The penetrationur experiment and was independent of the microwave fre-
depths of normal and malignant human breast tissues aiguency or the depth of the tumor. The SNR decreased as the
plotted in dashed linés. At 3 GHz, the penetration depths tumor location increased because of the increasingly attenu-
for malignant and normal breast tissue are approximately 2.8ted microwave intensity. When the tumor was located near
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the tissue surface, e.g., at 1 cm depth, the SNR was better a

higher frequencies. When the tumor was located more

deeply, the choice of frequency for an optimal SNR was

rather broad. This was because the decrease in thermoacous 1.0 ps

tic pressure was compensated by the increasing difference of
the rf-absorption coefficients between the tumor and the nor-
mal breast tissues as the frequency increased.
The axial resolution is limited by two factors: the tempo- 0.5 ps

ral width of the microwave pulse and the temporal width of
the impulse response of the ultrasonic transducer. The tem-
0.1 us
o o5 4

poral width of the impulse response of the ultrasonic trans-
ducer is inversely proportional to the bandwidth of the ultra-
sonic transducer. To illustrate the effect of the microwave-
pulse width on the axial resolution, we simulated the (@) Time (ps)
thermoacoustic pressures and the corresponding piezoelectrir
signals from a microwave-absorbing slab of 5 mm in thick- 10
ness using Eq.3) and the convolution method that was de-
scribed previously® The excitation microwave pulses had 1.0 ps
the same peak power but different pulse widths: 1.0, 0.5, and =
0.1 ws (Fig. 3. There were two dipolar structures corre-
sponding to the two boundaries of the slab. The width of the
dipolar structures was determined by the width of the micro-
wave pulses and the impulse response time of the ultrasonica
transducer. The distance between the dipolar structures Was-§
determined by the acoustic-transit time across the slab. For3
the 5-mm thick slab, the acoustic-transit time was s
based on the speed of sound-e1.5 mmjus. Pumping with
a narrower microwave pulse decreased the width of the di- 0 . !
polar structures and therefore improved the axial resolution Y 2 4 6 8
because the dipolar structures defined the time window for (0) Time (ns)
the axial resolution. The narrower microwave pulses of the
same peak pressure also produced smaller signals. Likewise
an ultrasonic transducer of a higher central frequency and a__
broader bandwidth produced narrower dipolar structures and 3
therefore improved the axial resolution at the expense of sig-f
nal strength. 2
The lateral resolution at the focal plane was limited by the -
focal diameter of the ultrasonic transducer. Based on the ul-.
trasound reciprocity, the focal diameter determined both the g
beam diameter when the ultrasonic transducer transmits ul-
trasound and the detection directivity factor when the ultra- ¥
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sonic transducer detects ultrasound. The focal diameter was-
determined approximately by , ' . 1 .
di=Na/NA=c,/(NAT,), (6) 0 4 8 12 16

(c) Time (us)
where\ , was the acoustic wavelength, NA was the numeri-
cal aperture of the ultrasonic transducgy was the speed of Fic. 3. (8) Waveforms of the microwave pulses of various pulse widths that
sound, and, was the central frequency of the piezoelectric ‘évi;iqtf;?kdn'qr:ctrgsvz\’l(gear'bn;gg:];'ggﬁfj t:]heemggf,‘v’gjgcpmg:igﬁf" a
signal. The numerical aperture NA was solely determined bYated piezoelectric signals of the thermoacoustic wave)in
the geometric properties of the ultrasonic transducer. The
speed of souna, was relatively constant throughout the
frequency range. The central frequency of the piezoelectrito the frequency content of the thermoacoustic signal in the
signal f, was determined by the frequency spectrum of thedipolar structures. A high frequency was obviously desired
thermoacoustic signal in the dipolar structures and by thdor high-resolution imaging.
frequency response of the ultrasonic transducer. Therefore, The ultrasonic transducer functioned as a frequency filter
the lateral resolution was not only related to the ultrasonido the thermoacoustic signals. The homogeneous tissue be-
parameters, including the numerical aperture and the fretween interfaces produced slowly varying thermoacoustic
guency response of the ultrasonic transducer, but also relatesignals. The slowly varying signals were outside the band-
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Fic. 4. (a) Photograph of g-z cross
section of a lard sample containing a
piece of muscle tissue, which was
taken after the sample was imaged
with the scanning thermoacoustic im-
aging system; (b) two-dimensional
thermoacoustic image of the cross sec-
tion; (c) typical temporal thermoa-
coustic signal corresponding to a ver-
tical line in the two-dimensional
thermoacoustic image.
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width of the ultrasonic transducer and therefore were rethe upper surface of the lard. The following signals corre-

jected. The variations in microwave absorption at tissue insponded to the two surfaces of the muscle and the bottom
terfaces caused abrupt changes in the thermoacoustsurface of the lard.

pressure. The abruptly varying signals had frequency com- Because the sample was in the near field of microwave, a
ponents falling into the response bandwidth of the ultrasonidogical question was whether the heterogeneity of the elec-
transducer and made a primary contribution to the piezoeledromagnetic field would cause heterogeneity in thermoacous-
tric signals of the ultrasonic transducer. An ultrasonic transtic images. As shown in Fig. 4, the signal from the back-

ducer of a higher central frequency would provide better latground lard is very weak, indicating the heterogeneity of the

eral resolution. Such a transducer usually has a broade&lectromagnetic field does not affect thermoacoustic imaging
bandwidth and would consequently yield better axial resolusignificantly. The heterogeneity of the electromagnetic field

tion as well. If the resolution were improved by varying the is of the scale of the wavelength, several centimeters in bio-
ultrasonic parameters, the SNR would be reduced becausegical tissue at the 3-GHz frequency. Spatial variations of

the volume of the thermoacoustic signal contributing to thethis scale correspond to low-frequency thermoacoustic sig-
piezoelectric signal is reduced. Therefore, there is a tradeofials and are therefore filtered out by the ultrasonic trans-
between imaging resolution and SNR. ducer.

Two samples were imaged with our microwave-induced In the second sample the background was left with het-
thermoacoustic imaging system. The background of the firstrogeneity. A piece of swine muscle tissue 66 mm in
sample was made intentionally as homogeneous as possibtbickness was buried inside a piece of swine fat tissue. The
A piece of muscle tissue was embedded into melted lardat tissue was naturally separated into several layers by thin
before it solidified, where the lard was used for its homoge{<1 mm in thicknessconnective tissue that has greater mi-
neity. The sample was cut across to reveal the cross sectiamowave absorption than the adjacent fat tissue. A cross sec-
after it was imaged with scanning thermoacoustic tomogration of the sample was exposed and photographed after the
phy (Fig. 4). The time-resolved thermoacoustic signals weresample was imaged with our scanning thermoacoustic imag-
acquired at each step while the sample was scanned horizoimg setup(Fig. 5. Both the buried muscle and the connective
tally along they axis with a step size of 1 mm. Each vertical tissue are clearly visible in the thermoacoustic image.
line in this two-dimensional thermoacoustic image was ob- Because of microwave attenuation, the deeper structures
tained from a temporal thermoacoustic waveform. Figuren the tissue samples received less microwave radiation and
3(c) shows the temporal thermoacoustic signaly@qual to  produced weaker thermoacoustic signals than did the shal-
23 mm as an example. The earliest arriving signal came fronower structures. Consequently, the deeper structures were
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9 G. Ku and L. V. Wang: Scanning microwave-induced thermoacoustic tomography 9

~ 15 - 1 L L 2 L )
3 Inverse gain, 11
& 10
[ 1 c
s si || Tw-_ 05 £
8o ~ o
o - [
e 0] ; 10 o
E v | Vi TR °
g 5] |Nongina W I 2
S .10 Compensated !! i 108°=
§ 1] i
8
& 15 T T T T T T T ] -1 Fic. 5. (a) Photograph of g-z cross
0 s 136"1]";3'232“5215(,“3:‘) 35 40 section of a fat—tissue sample contain-
ing a piece of muscle tissue, which
was taken after the sample was imaged
with the scanning thermoacoustic im-
- - aging system;(b) two-dimensional
£ 30 £ thermoacoustic image of the cross sec-
E E tion; (c) gain compensation to a typi-
- o cal piezoelectric signal;(d) two-
g 20 'g dimensional thermoacoustic image of
= = the cross section after the gain com-
(2] O H
i) L pensation.
1 5
> >
0 10 20 30 40 50 20 30 40 50
Horizontal axis x (mm) Horizontal axis x (mm)
10 O 10 -50 0 50
Piezoelectric signal (a.u.) Piezoelectric signal (a.u.)
(b) (d)

not imaged as clearly as the shallower ones. To enhance tlegh-frequency components that pass through a long path in
image contrast, we compensated the piezoelectric signal witthe tissue samples. The preferential reduction in the high-

the following gain factor: frequency components would adversely affect the imaging
resolution.
9(2)= \/Eexp(ZaZ), @) We also assumed that the tissue samples were electromag-

which is the inverse of microwave intensity attenuation. Innetically heterogeneous and acoustically homogeneous, and
Fig. 5(c), the original piezoelectric signal for equal to 20 hence we revealed the electromagnetic contrast. However, if
mm was plotted with a solid line. The microwave-inducedthe tissue samples were also acoustically heterogeneous, ad-
thermoacoustic signal decreased for increasing distance ditional measures would have to be taken to account for the
The inverse of the gain factor was shown in the figure with aeffect of the acoustic heterogeneity. One straightforward
dashed line for a comparison with the decay of the originainethod would be to co-register the thermoacoustic images
piezoelectric signal. The deeper signals were compensatedth conventional ultrasonograms of the same imaging
with greater gains. The compensated data, shown as a poimitanes. Of course, the purpose of thermoacoustic tomogra-
dashed line, had a nearly constant envelope throughout thghy is to image objects that do not have acoustic contrast and
imaged depth. The gain-compensated imdféy. 5(d)] cannot be imaged by conventional ultrasonography.
shows the deeper structures clearly as well. Some interfer-
ence from the pulse amplifier was also amplified by the
“gain compensation,” shown as the artifacts in the imagelv' CONCLUSIONS
near the upper surface of the muscle tissue. This technique is We have investigated scanning microwave-induced ther-
similar to the “time-gain compensation” in conventional ul- moacoustic tomography both experimentally and theoreti-
trasonography. Of course, the decay constant in(Bqde-  cally. Our theoretical analysis of the SNR showed that for
pends on the types of tissue being imaged, but it can benalignant tumors located at a 3—6 cm depth, the choice of
adjusted dynamically to optimize the image quality. the optimal microwave frequency was broad, ranging be-
It is worth noting that the tissue samples also function agween 100 MHz and 3 GHz. The axial resolution was ob-
a frequency filter to the thermoacoustic signals. Highertained by measuring the time-resolved microwave-induced
frequency components experience greater attenuation thahermoacoustic signals. Depth-resolved tomographic images
the lower-frequency ones. This attenuation is severe for thevere acquired directly without resorting to computational
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