Scanning thermoacoustic tomography in biological tissue
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Microwave-induced thermoacoustic tomography was explored to image biological tissue. Short
microwave pulses irradiated tissue to generate acoustic waves by thermoelastic expansion. The
microwave-induced thermoacoustic waves were detected with a focused ultrasonic transducer. Each
time-domain signal from the ultrasonic transducer represented a one-dimensional image along the
acoustic axis of the ultrasonic transducer similar to an ultrasonic A-scan. Scanning the system
perpendicularly to the acoustic axis of the ultrasonic transducer would generate multi-dimensional
images. Two-dimensional tomographic images of biological tissue were obtained with 3-GHz mi-
crowaves. The axial and lateral resolutions were characterized. The time-domain piezo-electric
signal from the ultrasonic transducer in response to the thermoacoustic signal was simulated theo-
retically, and the theoretical result agreed with the experimental result very welRO@® Ameri-

can Association of Physicists in Medicirjf&0094-24080)03105-9
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[. INTRODUCTION signals. If optical radiation instead of microwave radiation is
used, this phenomenon is better known as photoacoustics.
Purely microwave imaging of biological tissues has been inalthough microwave-induced thermoacoustic  imaging
vestigated for a number of yealrs’ The advantages of mi- shares similar principles with the photoacoustic imaging in
crowave imaging include the use of nonionizing radiationthe optical-wavelength regiofi;?8it may have broader ap-
and relatively good imaging contrast. However, purely mi-plications in medical imaging because microwave radiation
crowave imaging has had difficulties in multi-channel detecprovides a deeper penetration depth in biological tissues than
tion of microwave without cross coupling, in reconstruction jight.
algorithms, and especially in achieving good spatial resolu- The electric field strength of a plane wave in a lossy me-
tion because of the large wavelength of microwaves. Purelylia is attenuated exponentially as
ultrasound imagindultrasonography an established medi-
cal imaging modality, can yield good spatial resolution but E=Eyexp(—az), @
has poor contrast. Microwave-induced thermoacoustics mayhereE, is the electrical field at the sample surfaBds the
bridge the gap and combine the advantages of the two typeSectrical field at the deptl, and « is the electric-field ab-
of radiation. sorption coefficient expressed as
In  microwave-induced thermoacoustics, microwave
o
—| -1}, 2

pulses generate acoustic signals in lossy media. This phe- s
a=w 1+
we

nomenon was known as microwave-auditory or microwave-
hearing effect in the early yeafsMlicrowave-induced ther-
moacoustics was used to quantify physical parameters iwherew is the angular frequency is the permeabilitye is
media such as the power density and the concentration of the permittivity, ands is the conductivity. The induced ther-
given substancé:® Microwave-induced thermoacoustics moacoustic pressure depends on the intensity of microwave
was also employed by several investigators in the 1980s fasind the complex dielectric constant of the material. In the
imaging of biological tissue¥™® However, these early frequency range of 0.1-10 GHz, the dielectric consteatto
works did not produce any tomographic or depth-resolvedf the permittivity in material to that in vacuunhas a value
images. Recently, images of biological tissues were recorsf 5-70 for soft tissues, and the conductivity has a value of
structed based on microwave-induced thermoacou$tids. 0.02—-30 *m~12°-%'The dielectric properties of tissues de-
This approach requires measurements of a large amount trmine the absorption of microwave at various microwave
data around the tissue and expensive computation followinfrequencies. At 3 GHz, the penetration depths for fat and
the data acquisition. muscle, which are the inverse of the absorption coefficients,
Microwave-induced thermoacoustic imaging is based orare 9 cm and 1.2 cm, respectively; while at 500 MHz, the
the detection of the thermoacoustic signals generated by mpenetration depths for fat and muscle are 23.5 cm and 3.4
crowaves in the samples. Pulsed microwave radiation is usezh, respectively? Most of the other soft tissues have an
to irradiate the samples. Absorbed microwave energy causedsorption coefficient in between those for muscle and fat.
thermoelastic expansion that radiates acoustic waves. An uFhis wide range of values among various tissues can provide
trasonic transducer detects the time-resolved thermoacoustic high imaging contrast for biological tissues. Cancerous
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2 imaged was placed on a plastic stand inside a plexiglass con-
¥ tainer filled with mineral oil. The container was fixed on a
l two-dimensionak-y translation stagéMD2, Arrick Robot-
x I Pulse amplifier ics). A personal computer con_trolled the two stepper motors
to drive the translation stage in tlxeandy directions. Both

--------------------- mineral oil and plexiglass have a small absorption coefficient
for microwaves. Mineral oil also provides good acoustic cou-

Mineral oil | pling. An ultrasonic transducer was immersed in the mineral
Sample oil facing the microwave waveguide. The transducer was
h 4 connected to a pulse amplifier. The amplified signal was re-
Translation stage Oscilloscope corded and averaged 100 times by an oscilloscOp2S-
T T x 640A, Tektroniy and then transferred to a personal com-
. puter for imaging.
Waveguide

Two ultrasonic transducers were used in this study. For
[ : v the first one(V314, Panametrigs the central frequency of
the ultrasonic transducer was 1 MHz, the bandwidth was 0.6
MHz, the diameter was 1.9 cm, and the focal length at 1
MHz was 2.5 cm. For the second ofi¢384, Panametrigs

Fic. 1. Experimental setup for scanning thermoacoustic tomography. the central frequency was 3.5 MHz, the bandwidth was 2.5
MHz, the diameter was 0.64 cm, and the focal length at 3.5
a'\AHZ was 1.8 cm. Unless otherwise stated, the first ultrasonic

breast tissues are 2-5 times more strongly absorbing th ! q d to obtained th it ted h
surrounding normal breast tissues, which has been attributggf'SAucer was used to obtained the resufis presented here.
In our scanning microwave-induced thermoacoustic to-

to an increase in bound water and sodium within malignant . .

cells®*~35Therefore, microwave-induced thermoacoustic im-m29raphy. the ultrasonic transducer measured the time-of-

aging may potentially be used to detect early-stage cancer rrival signals of the thermoacousnc waves. The distance
We here present our studies on scanning microwaveletween the thermoacoustic source and the transducer was

induced thermoacoustic tomography toward biomedical ap(_:alculated by multiplying the time of arrival with the speed

plications. The microwave-induced piezo-electric signalOf sound in the medium. Therefore, a time-domain signal

from the ultrasonic transducer was simulated theoretically tg/as converted into a one-dimensional image along the

explain the experimental observation for the first time to ouraCOUStIC axis(z axig), which is similar to an ultrasonic

knowledge. Cross sections of biological tissues were imageé'Scan image. Scanning the sample alongxtiey axis and

in full view using our current 3-GHz imaging system, repre_combining the multiple one-dimensional images yielded a

senting a significant advance from the previous 9-GHz Sys'gwo-dlmensmnal cross-sectional image of the sample in the

tem that imaged cross sections only partially because of th& 2 0ry-z plane.
limited penetrating power of the radiation at 9 G#&z0ur
imaging approach differs significantly from the prior arts in lll. RESULTS AND DISCUSSION

microwave-induced thermoacoustic imaging. Lateral resolu- Tpe generation of thermoacoustic waves by deposition of

tion was achieved by use of a focused ultrasonic transducegicrowave energy can be described by the following differ-
Axial resolution was obtained by measuring the temporagptial equation:

profiles of the microwave-induced acoustic signals. Depth- 5
resolved tomographic images were acquired directly without v2_ i (9_ p(r,t)=—
resorting to image reconstruction. v§ at? '

Microwave generator  |«@=] Function generator [€f== Computer

B oH

——, 3

Cp dt ®

wherep(r,t) is the thermoacoustic pressure at positicand

Il. METHODS time t, v is the speed of soung is the isobaric volume
The experimental setup used for this study is shown irexpansion coefficientC, is the heat capacity, anid is the

Fig. 1. A Cartesian coordinate system was set up for referheating function describing the microwave-energy deposition

ence. Thez axis was along the acoustic axis pointing up-in the sample per unit volume per unit time. Thermal-

ward. Thex axis was perpendicular to the drawing plane andconfinement condition is assumed, where the acoustic transit

pointed outward. Thg axis was in the drawing plane point- time across the acoustic source is less than the heat conduc-

ing to the right. A 3-GHz microwave generator transmittedtion time. The solution of the three-dimensional wave equa-

microwave pulses. The peak power was estimated to be #on under the zero-initial-value condition®0,y)=0 and

kW. The pulse width was modified to 0,8s. A function  (d/dt)p(0r)=0 can be expressed as an integral:

generatofDS345, Stanford Research Sysjemas employed B 1 GH(r' t)

to trigger the microwave generator, control its pulse repeti- p(r,t)= ﬁf f f — at’, dr’. 4

tion frequency, and synchronize the oscilloscope sampling. Tp r=r’]

Microwave energy was delivered by a rectangular waveguid@he integral is calculated inside a sphere with a radius,bf

with a cross section of 72 mrB4 mm. The object to be centered at, andr’ is the position inside the sphere where
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microwave is absorbed and acoustic signal is generated. wave absorption coefficient, argft) is the temporal profile
the integration, the heating function is not taken at tirbet  of the microwave pulse. Figur€l® shows the temporal pro-
at an earlier timet’=t—|r—r’|/v,; therefore, the integra- file of the microwave pulses used in our experiment.
tion function is also called retarded potenflalnalytic so- The thermoacoustic pressure induced by the microwave
lutions can be obtained for simple geometric structures suchulses can be derived by the following convolution:
as an infinite layer, a sphere, and a cylinder under delta heat-
ing, where the heating function is a delta function in titfle.
For a slab with a thicknesd under delta heating, the p(z,t):f pi(z,7)H(zt—7)d7. (6)
impulse-response pressure is
o2 Figure Zc) illustrates the thermoacoustic pressure at the ul-
Pzt = =—u(z—vg), (5)  trasonic transducer generated from the slab, which was ob-
2C, tained by convolving the two temporal waveforms in Figs.
whereu(z—v ) is defined as a function that is unity when 2(@ and 2b) by use of Eq(6).
Og(z—vst)gd and zero otherwise. The impu|se response is For more general nonthermal-confined cases when heat
a traveling square wave as shown in Figa)Zor a 4.8 mm transfer in the medium cannot be neglected, the following
gel slab if the microwave attenuation across the slab is ned?€at conduction equation must be taken into account in the
ligible. Because the propagation speed of electromagnetieressure calculation:
wave is much greater than the speed of sound, the sample
volume illuminated by microwave pulses radiates acoustic aT(r,t)
waves simultaneously. P gt
The heating function in one-dimensional lossy media may
be expressed ad(z,t)=ae “*s(t), wherea is the micro-  wherep is the density of the mediunk, is the thermal con-

=kV2T(r,t)+H(r,1), (7)
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ductivity, and T(r,t) is the temperature distribution in the ! T
microwave-illuminated space. The thermoacoustic pressure T os /\
is: ;3 / \
1 [oH(r't) g "
pir g [ [ [ 2] 2 s \
47C, [r—r’| at 3 0.4 / \
! 2 o2 |
+kvzw}dr' ®) @ RN
00 0.5 1I 156 2 25 3 35 4
The integration involves the heat conducted from the sur- Frequency (MHz)
rounding medium besides the heat due to the absorbed mi-
crowave energy. (a)
The experimentally measured piezo-electric impulse re-
sponseq(t) of the ultrasonic transducer is shown in Fig. 1.2 I I T
2(d). The piezo-electric output of the ultrasonic transducer in -~ 4 ;
response to thermoacoustic pressure can be calculated by the s
following convolution between the thermoacoustic pressure '3; 08 \
at the transducer and the impulse response of the transducer: ?;x 0.6
Poz)= | plz.a(r—tdr © i \k
The piezo-electric signal from a 4.8 mm slab was obtained 00 05 1 15 2 25 3 35 4
by the convolution of the two waveforms in Figs(cRand Frequency (MHz)
2(d) with Eq. (9) and is plotted in Fig. @) as a dashed line.
The experimental piezo-electric signal from a 4.8 mm gel (b)
slab is plotted in Fig. @) as a solid line for comparison,
where the slight offset was caused by the dc drift of the 1 ! [
amplifier in the experimental detection. There are two dipo- - §
lar structures in each waveform in Fig(e? and the signal 3 o
between the dipolar structures is weak. The dipolar structures 2 eeln { A
from the upper and lower surfaces of the slab have opposite 3 ’ /\
polarities, which could not be explained by any existing E 0.4
theories in the literature. The polarity, the width of each di- £ ! \-\
pole, and the distance between the two dipolar structures are & o2 \\L ‘ i
in good agreement between the results of our theory and o l l
experiment. Because the piezo-electric signal of the ultra- 0 o5 1 F;’:’uen’cy(;:z) 338 4
sonic transducer can be simulated by the two convolutions as
shown above, the dipole width is related to the width of the (©)

microwave pulses and the width of the impulse response of
the ultrasonic transducer, which were QU5 and 1.7us, Fic. 3. Frequency-domain analysis of the microwave-induced thermoacous-
respectively. The time intervals between the zero-crossingc signals.(a) Spectrum of the 1 MHz ultrasonic transducgs) Spectrum
points of the two dipolar structures in the two waveforms are®f the microwave-induced thermoacoustic sigiial;Spectrum of the piezo-
. . electric signal, which was the filtered microwave-induced thermoacoustic

determined by the slab thickness and are equal to the acouggn,).
tic transit time 3.2us over the 4.8-mm-thick slab.

Dipolar structures were also observed in photoacoustics
by lasers, where a Q-switched laser with a pulse width oshown in Fig. 8a). The temporal profile of the thermoacous-
~10 ns and a wide-band ultrasonic transducer were entic pressure varies sharply near the slab boundaries and
ployed. Our detected dipolar structures resemble the wellslowly inside the slab as shown in Figc2 The correspond-
known dipolar structures that originate from small sphericaling spectrum is peaked at dc as shown in Fig).3The
or cylindrical objects excited by laser puls&er from acous- filtered spectrum is peaked near 0.5 MHz as shown in Fig.
tic reflection at soft acoustic interfac&sHowever, our de-  3(c), where the dc is rejected and the low-frequency compo-
tected dipolar structures in the thermoacoustic signals iments are attenuated significantly. In other words, the ultra-
slabs resulted from the limited bandwidth of the ultrasonicsonic transducer cannot respond efficiently to the thermoa-
transducers. coustic waves emitted between the sample boundaries, which

This phenomenon can also be explained in the frequencllave a lower-frequency spectrum. Therefore, the observed
domain, where the ultrasonic transducer acts as a bandpagiezo-electric signal between the two sample boundaries is
filter. A frequency spectrum of the ultrasonic transducer idow.
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This model includes only the key concept. Scattering and i S Muscle Fat
diffraction of microwaves becomes certainly important if
strictly quantitative modeling is performed. The detected L] Lo -
thermoacoustic signals are also related to other factors in- — T

cluding microwave attenuation, conversion efficiency from
microwave energy to acoustic energy, acoustic scattering and
diffraction, and acoustic attenuation. (a)
A tissue sample with a fat-muscle-fat structure as shown
in Fig. 4@ was placed on the plastic stand inside the con-
tainer as shown in Fig. 1. Figurgb} shows a 2D image of

[-2]
o

the sample obtained with the scanning thermoacoustic to- E
mography technique. Thermoacoustic signals were acquired 540
in the time domain while the fat-muscle-fat sample was E
scanned horizontally along theaxis with a step size of 1 T 20
mm. The 2D image of the sample was formed by combining £

>

these temporal waveforms taken successively at the scanning
stops along they axis. Each vertical line in this 2D image 0 20 40 60 80 100
was from a temporal waveform. The muscle inside the fat is
clearly visible with a good contrast. The fat-tissue interface

o

Horizontal axis x (mm)

to the left of the muscle is also visible, which was possibly [ A
caused by the slight difference in the microwave properties 15 05 05 15
between the two fat sections.

. . . . Piezoelectric signal (a.u.)
Figure 4c) illustrates a time-domain waveform that was (b)

measured above the center of the samplg atjual to 54
mm. The strongest dipole near 25 was from the bottom
boundary of the sample where microwave experienced the

least attenuation, whereas the weakest dipole neaisixtas 2 AR AL AL AL RS

from the top boundary of the sample where microwave ex- ~ 1.5 [ Muscle boundaries potocaiani

perienced the most attenuation. The two dipolar structures ;_ 1 | Fat boundary ' ]

corresponding to the boundaries of the muscle layer are also 2 s —_‘\ ]

clearly distinguishable. The time intervals between the adja- 2 7

cent dipolar structures agree with the thickness values of the L o P/\/.“"'q

tissue layers very well. However, the vertical boundaries of 3 05F ]

the muscle slab are not visible in the image because the :o: 1t 3

thermoacoustic waves from these boundaries propagate per- 2 ash ]

pendicularly to the acoustic axis of the ultrasonic transducer ]

and therefore cannot be received by the transducer. 205 0 15 20 25 30 35 40
The axial resolution along the acoustic axisaxis) is Time (us)

determined by the width of the thermoacoustic dipolar struc- (©)

tures, which is related to the width of the microwave pulse

and the width of the impulse response of the transd(tber Fic. 4. (a) Cross section of a fat-muscle-fat sample on yhe plane; (b)

inverse of the bandwidth of the ultrasonic detegtdWhen  Two-dimensional image of thg-z cross section of the sample obtained by

the 1 MHz ultrasonic transducer was used, the width of thecanning thermoacoustic tomographl) Temporal microwave-induced

thermoacoustic signal was estimated to be,LZSZWhiCh was thermoacoust‘ic signal along the verti_cal (_:enter Ii_ne of the sample. The 1

. . MHz ultrasonic transducer was used in this experiment.

the sum of the width of the microwave puls@s5 us) and

the width of the impulse response of the transdy&er us).

Because the speed of sound in tissue-is.5 mmjus, the

corresponding axial resolution should be approximately 3.3s well. The two dipolar structures became barely distin-

mm along thez axis. For the 3.5 MHz ultrasonic transducer, guishable when the thickness was reduced to 3.8 mm and

the axial resolution should be improved to 1.4 mm theoreti-completely inseparable when the thickness was reduced to 2

cally. mm. Therefore, the experimentally measured axial resolution
Figure 5 shows the thermoacoustic signals from slalwas~3.8 mm, close to the above calculated resolution of 3.3

samples of various thickness values measured by the 1 MHom based on the dipole width. The discrepancy was caused

ultrasonic transducer. The slab samples were made of 5%y the long tail of the dipolar structures. The relative varia-

gelatin and 5% NaCl, where NaCl controlled the microwavetion in intensity between the two dipolar structures was

absorption. As the thickness of the samples decreased, tltaused by microwave attenuation in the slabs.

temporal distance between the adjacent dipolar structures Similarly, Fig. 6 shows the thermoacoustic signals from

corresponding to the two boundaries of the slabs decreasettab samples of various thickness values measured by the 3.5

Medical Physics, Vol. 27, No. 5, May 2000
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Fic. 5. Microwave-induced thermoacoustic signals in gel slabs of variousFic. 6. Microwave-induced thermoacoustic signals in gel slabs of various
thickness values(a) 4.5 mm, (b) 3.8 mm, and(c) 2 mm. The 1 MHz thickness valuesfa) 3.4 mm, (b) 1.9 mm, and(c) 1 mm. The 3.5 MHz
ultrasonic transducer was used. ultrasonic transducer was used.

MHz ultrasonic transducer. The experimentally measured The lateral resolution is determined by the numerical ap-

axial resolution was-1.9 mm, close to the above calculated erture of the ultrasonic transducer. The ultrasonic transducer
resolution of 1.4 mm based on the dipole width. As expectedesponds to the thermoacoustic signals along its acoustic
from the theoretical consideration, the wider-bandwidthaxis. The detected source area is related to the numerical
transducer produced better axial resolution. Potentiallyaperture of the ultrasonic transducer and the distance be-
shorter microwave pulses and deconvolution may be used tiwween the thermoacoustic source and the ultrasonic trans-
improve the axial resolution further. ducer. The minimum detected source area is at the focal
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25 4 6 7 from the thermoacoustic waves propagating directly upward

_"LE:H:H:P‘_ toward the ultrasonic transducer, whereas the dark lower
band neaz=9 mm is the “ghost” image caused by acoustic

reflection from the plastic stand. The gaps of greater than 4

(@) mm can be easily recognized. The gap of 2.5 mm can be

barely identified, which defines the lateral resolution and is

comparable with the focal diameter of the ultrasonic trans-

ducer.

The measured thermoacoustic signal is a convolution be-
tween the thermoacoustic signal in the sample and the
detection-sensitivity distribution of the ultrasonic transducer
over the detected area. The convolution reduces the lateral
resolution, which is worsened when the ultrasonic transducer
0 10 20 30 40 50 60 is out of focus. Figure @) was acquired when the ultrasonic
transducer was deliberately moved far away from the sample
S0 as to create defocusing. The gaps are not distinguishable
in the 2D image due to reduced resolution.

20

Vertical axis z (mm)
N _
o o

Horizontal axis y (mm)

:
-0.02 0.00 .0.02

V. NCLUSION
Piezoelectric signal (a.u.) CONCLUSIONS

The simulation of the piezo-electric signal, by convolving
h) the thermoacoustic signal of delta heating with the
microwave-pulse waveform and then with the impulse re-
sponse of the ultrasonic transducer, can be used to explain
the bipolar experimental data. Our studies show that scan-
ning microwave-induced thermoacoustic tomography is a
promising imaging tool for biological tissue. The boundaries
of different tissue constituents can be imaged clearly. The
10 20 30 40 50 60 70 width of the microwave pulses and the bandwidth of the
ultrasonic transducer determine the axial resolution along the
Horizontal axis y (mm) acoustic axis of the ultrasonic transducer, which-I5.9 mm
under our current experimental conditions. The axial resolu-
| tion can be improved by employing broader-band ultrasonic
.0.02 0.00 0.02 0.04 transducers and shorter microwave pulses. The lateral reso-
lution is determined by the numerical aperture of ultrasonic
Piezoelectric signal (a.u.) transducers and is2.5 mm in our current setup.

©
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