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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 well. ©2000 Ameri-
can Association of Physicists in Medicine.@S0094-2405~00!03105-9#
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I. INTRODUCTION

Purely microwave imaging of biological tissues has been
vestigated for a number of years.1–5 The advantages of mi
crowave imaging include the use of nonionizing radiati
and relatively good imaging contrast. However, purely m
crowave imaging has had difficulties in multi-channel det
tion of microwave without cross coupling, in reconstructi
algorithms, and especially in achieving good spatial reso
tion because of the large wavelength of microwaves. Pu
ultrasound imaging~ultrasonography!, an established medi
cal imaging modality, can yield good spatial resolution b
has poor contrast. Microwave-induced thermoacoustics m
bridge the gap and combine the advantages of the two ty
of radiation.

In microwave-induced thermoacoustics, microwa
pulses generate acoustic signals in lossy media. This
nomenon was known as microwave-auditory or microwa
hearing effect in the early years.6 Microwave-induced ther-
moacoustics was used to quantify physical parameter
media such as the power density and the concentration
given substance.7–9 Microwave-induced thermoacoustic
was also employed by several investigators in the 1980s
imaging of biological tissues.10–15 However, these early
works did not produce any tomographic or depth-resolv
images. Recently, images of biological tissues were rec
structed based on microwave-induced thermoacoustics16,17

This approach requires measurements of a large amou
data around the tissue and expensive computation follow
the data acquisition.

Microwave-induced thermoacoustic imaging is based
the detection of the thermoacoustic signals generated by
crowaves in the samples. Pulsed microwave radiation is u
to irradiate the samples. Absorbed microwave energy ca
thermoelastic expansion that radiates acoustic waves. An
trasonic transducer detects the time-resolved thermoaco
1195 Med. Phys. 27 „5…, May 2000 0094-2405Õ2000Õ27„5
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signals. If optical radiation instead of microwave radiation
used, this phenomenon is better known as photoacous
Although microwave-induced thermoacoustic imagi
shares similar principles with the photoacoustic imaging
the optical-wavelength region,18–28 it may have broader ap
plications in medical imaging because microwave radiat
provides a deeper penetration depth in biological tissues
light.

The electric field strength of a plane wave in a lossy m
dia is attenuated exponentially as

E5E0 exp~2az!, ~1!

whereE0 is the electrical field at the sample surface,E is the
electrical field at the depthz, anda is the electric-field ab-
sorption coefficient expressed as

a5vAme

2
FA11S s

ve
D 2

21G , ~2!

wherev is the angular frequency,m is the permeability,e is
the permittivity, ands is the conductivity. The induced ther
moacoustic pressure depends on the intensity of microw
and the complex dielectric constant of the material. In
frequency range of 0.1–10 GHz, the dielectric constant~ratio
of the permittivity in material to that in vacuum! has a value
of 5–70 for soft tissues, and the conductivity has a value
0.02–3V21 m21.29–31The dielectric properties of tissues d
termine the absorption of microwave at various microwa
frequencies. At 3 GHz, the penetration depths for fat a
muscle, which are the inverse of the absorption coefficie
are 9 cm and 1.2 cm, respectively; while at 500 MHz, t
penetration depths for fat and muscle are 23.5 cm and
cm, respectively.32 Most of the other soft tissues have a
absorption coefficient in between those for muscle and
This wide range of values among various tissues can pro
a high imaging contrast for biological tissues. Cancero
1195…Õ1195Õ8Õ$17.00 © 2000 Am. Assoc. Phys. Med.
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breast tissues are 2–5 times more strongly absorbing
surrounding normal breast tissues, which has been attrib
to an increase in bound water and sodium within malign
cells.33–35Therefore, microwave-induced thermoacoustic i
aging may potentially be used to detect early-stage canc

We here present our studies on scanning microwa
induced thermoacoustic tomography toward biomedical
plications. The microwave-induced piezo-electric sign
from the ultrasonic transducer was simulated theoretically
explain the experimental observation for the first time to o
knowledge. Cross sections of biological tissues were ima
in full view using our current 3-GHz imaging system, repr
senting a significant advance from the previous 9-GHz s
tem that imaged cross sections only partially because of
limited penetrating power of the radiation at 9 GHz.36 Our
imaging approach differs significantly from the prior arts
microwave-induced thermoacoustic imaging. Lateral reso
tion was achieved by use of a focused ultrasonic transdu
Axial resolution was obtained by measuring the tempo
profiles of the microwave-induced acoustic signals. Dep
resolved tomographic images were acquired directly with
resorting to image reconstruction.

II. METHODS

The experimental setup used for this study is shown
Fig. 1. A Cartesian coordinate system was set up for re
ence. Thez axis was along the acoustic axis pointing u
ward. Thex axis was perpendicular to the drawing plane a
pointed outward. They axis was in the drawing plane poin
ing to the right. A 3-GHz microwave generator transmitt
microwave pulses. The peak power was estimated to b
kW. The pulse width was modified to 0.5ms. A function
generator~DS345, Stanford Research System! was employed
to trigger the microwave generator, control its pulse rep
tion frequency, and synchronize the oscilloscope sampl
Microwave energy was delivered by a rectangular wavegu
with a cross section of 72 mm334 mm. The object to be

FIG. 1. Experimental setup for scanning thermoacoustic tomography
Medical Physics, Vol. 27, No. 5, May 2000
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imaged was placed on a plastic stand inside a plexiglass
tainer filled with mineral oil. The container was fixed on
two-dimensionalx-y translation stage~MD2, Arrick Robot-
ics!. A personal computer controlled the two stepper mot
to drive the translation stage in thex andy directions. Both
mineral oil and plexiglass have a small absorption coeffici
for microwaves. Mineral oil also provides good acoustic co
pling. An ultrasonic transducer was immersed in the mine
oil facing the microwave waveguide. The transducer w
connected to a pulse amplifier. The amplified signal was
corded and averaged 100 times by an oscilloscope~TDS-
640A, Tektronix! and then transferred to a personal co
puter for imaging.

Two ultrasonic transducers were used in this study.
the first one~V314, Panametrics!, the central frequency o
the ultrasonic transducer was 1 MHz, the bandwidth was
MHz, the diameter was 1.9 cm, and the focal length a
MHz was 2.5 cm. For the second one~V384, Panametrics!,
the central frequency was 3.5 MHz, the bandwidth was
MHz, the diameter was 0.64 cm, and the focal length at
MHz was 1.8 cm. Unless otherwise stated, the first ultraso
transducer was used to obtained the results presented h

In our scanning microwave-induced thermoacoustic
mography, the ultrasonic transducer measured the time
arrival signals of the thermoacoustic waves. The dista
between the thermoacoustic source and the transducer
calculated by multiplying the time of arrival with the spee
of sound in the medium. Therefore, a time-domain sig
was converted into a one-dimensional image along
acoustic axis~z axis!, which is similar to an ultrasonic
A-scan image. Scanning the sample along thex or y axis and
combining the multiple one-dimensional images yielded
two-dimensional cross-sectional image of the sample in
x-z or y-z plane.

III. RESULTS AND DISCUSSION

The generation of thermoacoustic waves by deposition
microwave energy can be described by the following diff
ential equation:

S ¹22
1

vs
2

]2

]t2D p~r ,t !52
b

Cp

]H

]t
, ~3!

wherep(r ,t) is the thermoacoustic pressure at positionr and
time t, vs is the speed of sound,b is the isobaric volume
expansion coefficient,Cp is the heat capacity, andH is the
heating function describing the microwave-energy deposit
in the sample per unit volume per unit time. Therma
confinement condition is assumed, where the acoustic tra
time across the acoustic source is less than the heat con
tion time. The solution of the three-dimensional wave eq
tion under the zero-initial-value conditionsp(0,r )50 and
(]/]t)p(0,r )50 can be expressed as an integral:

p~r ,t !5
b

4pCp
E E E 1

ur2r 8u
]H~r 8,t8!

]t8
dr 8. ~4!

The integral is calculated inside a sphere with a radius ofvst
centered atr , andr 8 is the position inside the sphere whe
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FIG. 2. Simulation of the piezo-electric signal in re
sponse to the microwave-induced thermoacoustic sig
from a 4.8 mm thick gel slab.~a! Thermoacoustic signal
in a slab induced by an ideal microwave impulse;~b!
Temporal profile of the microwave pulses used in t
experiment;~c! Thermoacoustic signal in a slab induce
by the microwave pulses used in the experiment;~d!
Piezo-electric impulse response of the ultrasonic tra
ducer; ~e! Experimental and simulated piezo-electr
outputs of the ultrasonic transducer in response to
thermoacoustic signals.
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microwave is absorbed and acoustic signal is generated
the integration, the heating function is not taken at timet but
at an earlier timet85t2ur2r 8u/vs ; therefore, the integra
tion function is also called retarded potential.37 Analytic so-
lutions can be obtained for simple geometric structures s
as an infinite layer, a sphere, and a cylinder under delta h
ing, where the heating function is a delta function in time38

For a slab with a thicknessd under delta heating, the
impulse-response pressure is

p1~z,t !5
bvs

2

2Cp
u~z2vst !, ~5!

whereu(z2vst) is defined as a function that is unity whe
0<(z2vst)<d and zero otherwise. The impulse response
a traveling square wave as shown in Fig. 2~a! for a 4.8 mm
gel slab if the microwave attenuation across the slab is n
ligible. Because the propagation speed of electromagn
wave is much greater than the speed of sound, the sam
volume illuminated by microwave pulses radiates acou
waves simultaneously.

The heating function in one-dimensional lossy media m
be expressed asH(z,t)5ae2azs(t), wherea is the micro-
Medical Physics, Vol. 27, No. 5, May 2000
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wave absorption coefficient, ands(t) is the temporal profile
of the microwave pulse. Figure 2~b! shows the temporal pro
file of the microwave pulses used in our experiment.

The thermoacoustic pressure induced by the microw
pulses can be derived by the following convolution:

p~z,t !5E p1~z,t!H~z,t2t!dt. ~6!

Figure 2~c! illustrates the thermoacoustic pressure at the
trasonic transducer generated from the slab, which was
tained by convolving the two temporal waveforms in Fig
2~a! and 2~b! by use of Eq.~6!.

For more general nonthermal-confined cases when
transfer in the medium cannot be neglected, the follow
heat conduction equation must be taken into account in
pressure calculation:

rCp

]T~r ,t !

]t
5k¹2T~r ,t !1H~r ,t !, ~7!

wherer is the density of the medium,k is the thermal con-
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ductivity, andT(r ,t) is the temperature distribution in th
microwave-illuminated space. The thermoacoustic press
is:

p~r ,t !5
b

4pCp
E E E 1

ur2r 8u F]H~r 8,t8!

]t8

1k¹2
]T~r 8,t !

]t8 Gdr 8. ~8!

The integration involves the heat conducted from the s
rounding medium besides the heat due to the absorbed
crowave energy.

The experimentally measured piezo-electric impulse
sponseq(t) of the ultrasonic transducer is shown in Fi
2~d!. The piezo-electric output of the ultrasonic transduce
response to thermoacoustic pressure can be calculated b
following convolution between the thermoacoustic press
at the transducer and the impulse response of the transd

P0~z,t !5E p~z,t!q~t2t !dt. ~9!

The piezo-electric signal from a 4.8 mm slab was obtain
by the convolution of the two waveforms in Figs. 2~c! and
2~d! with Eq. ~9! and is plotted in Fig. 2~e! as a dashed line

The experimental piezo-electric signal from a 4.8 mm
slab is plotted in Fig. 2~e! as a solid line for comparison
where the slight offset was caused by the dc drift of
amplifier in the experimental detection. There are two dip
lar structures in each waveform in Fig. 2~e!, and the signal
between the dipolar structures is weak. The dipolar structu
from the upper and lower surfaces of the slab have oppo
polarities, which could not be explained by any existi
theories in the literature. The polarity, the width of each
pole, and the distance between the two dipolar structures
in good agreement between the results of our theory
experiment. Because the piezo-electric signal of the ul
sonic transducer can be simulated by the two convolution
shown above, the dipole width is related to the width of t
microwave pulses and the width of the impulse respons
the ultrasonic transducer, which were 0.5ms and 1.7ms,
respectively. The time intervals between the zero-cross
points of the two dipolar structures in the two waveforms
determined by the slab thickness and are equal to the ac
tic transit time 3.2ms over the 4.8-mm-thick slab.

Dipolar structures were also observed in photoacous
by lasers, where a Q-switched laser with a pulse width
;10 ns and a wide-band ultrasonic transducer were
ployed. Our detected dipolar structures resemble the w
known dipolar structures that originate from small spheri
or cylindrical objects excited by laser pulses39 or from acous-
tic reflection at soft acoustic interfaces.40 However, our de-
tected dipolar structures in the thermoacoustic signals
slabs resulted from the limited bandwidth of the ultraso
transducers.

This phenomenon can also be explained in the freque
domain, where the ultrasonic transducer acts as a band
filter. A frequency spectrum of the ultrasonic transducer
Medical Physics, Vol. 27, No. 5, May 2000
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shown in Fig. 3~a!. The temporal profile of the thermoacou
tic pressure varies sharply near the slab boundaries
slowly inside the slab as shown in Fig. 2~c!. The correspond-
ing spectrum is peaked at dc as shown in Fig. 3~b!. The
filtered spectrum is peaked near 0.5 MHz as shown in F
3~c!, where the dc is rejected and the low-frequency com
nents are attenuated significantly. In other words, the ul
sonic transducer cannot respond efficiently to the therm
coustic waves emitted between the sample boundaries, w
have a lower-frequency spectrum. Therefore, the obser
piezo-electric signal between the two sample boundarie
low.

FIG. 3. Frequency-domain analysis of the microwave-induced thermoac
tic signals.~a! Spectrum of the 1 MHz ultrasonic transducer;~b! Spectrum
of the microwave-induced thermoacoustic signal;~c! Spectrum of the piezo-
electric signal, which was the filtered microwave-induced thermoacou
signal.
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This model includes only the key concept. Scattering a
diffraction of microwaves becomes certainly important
strictly quantitative modeling is performed. The detect
thermoacoustic signals are also related to other factors
cluding microwave attenuation, conversion efficiency fro
microwave energy to acoustic energy, acoustic scattering
diffraction, and acoustic attenuation.

A tissue sample with a fat-muscle-fat structure as sho
in Fig. 4~a! was placed on the plastic stand inside the c
tainer as shown in Fig. 1. Figure 4~b! shows a 2D image o
the sample obtained with the scanning thermoacoustic
mography technique. Thermoacoustic signals were acqu
in the time domain while the fat-muscle-fat sample w
scanned horizontally along they axis with a step size of 1
mm. The 2D image of the sample was formed by combin
these temporal waveforms taken successively at the scan
stops along they axis. Each vertical line in this 2D imag
was from a temporal waveform. The muscle inside the fa
clearly visible with a good contrast. The fat-tissue interfa
to the left of the muscle is also visible, which was possib
caused by the slight difference in the microwave proper
between the two fat sections.

Figure 4~c! illustrates a time-domain waveform that wa
measured above the center of the sample aty equal to 54
mm. The strongest dipole near 27ms was from the bottom
boundary of the sample where microwave experienced
least attenuation, whereas the weakest dipole near 14ms was
from the top boundary of the sample where microwave
perienced the most attenuation. The two dipolar structu
corresponding to the boundaries of the muscle layer are
clearly distinguishable. The time intervals between the ad
cent dipolar structures agree with the thickness values of
tissue layers very well. However, the vertical boundaries
the muscle slab are not visible in the image because
thermoacoustic waves from these boundaries propagate
pendicularly to the acoustic axis of the ultrasonic transdu
and therefore cannot be received by the transducer.

The axial resolution along the acoustic axis~z axis! is
determined by the width of the thermoacoustic dipolar str
tures, which is related to the width of the microwave pu
and the width of the impulse response of the transducer~the
inverse of the bandwidth of the ultrasonic detector!. When
the 1 MHz ultrasonic transducer was used, the width of
thermoacoustic signal was estimated to be 2.2ms, which was
the sum of the width of the microwave pulses~0.5 ms! and
the width of the impulse response of the transducer~1.7 ms!.
Because the speed of sound in tissue is;1.5 mm/ms, the
corresponding axial resolution should be approximately
mm along thez axis. For the 3.5 MHz ultrasonic transduce
the axial resolution should be improved to 1.4 mm theor
cally.

Figure 5 shows the thermoacoustic signals from s
samples of various thickness values measured by the 1 M
ultrasonic transducer. The slab samples were made of
gelatin and 5% NaCl, where NaCl controlled the microwa
absorption. As the thickness of the samples decreased
temporal distance between the adjacent dipolar struct
corresponding to the two boundaries of the slabs decre
Medical Physics, Vol. 27, No. 5, May 2000
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as well. The two dipolar structures became barely dis
guishable when the thickness was reduced to 3.8 mm
completely inseparable when the thickness was reduced
mm. Therefore, the experimentally measured axial resolu
was;3.8 mm, close to the above calculated resolution of
mm based on the dipole width. The discrepancy was cau
by the long tail of the dipolar structures. The relative var
tion in intensity between the two dipolar structures w
caused by microwave attenuation in the slabs.

Similarly, Fig. 6 shows the thermoacoustic signals fro
slab samples of various thickness values measured by the

FIG. 4. ~a! Cross section of a fat-muscle-fat sample on they-z plane; ~b!
Two-dimensional image of they-z cross section of the sample obtained b
scanning thermoacoustic tomography;~c! Temporal microwave-induced
thermoacoustic signal along the vertical center line of the sample. Th
MHz ultrasonic transducer was used in this experiment.
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1200 G. Ku and L. V. Wang: Scanning thermoacoustic tomography 1200
MHz ultrasonic transducer. The experimentally measu
axial resolution was;1.9 mm, close to the above calculate
resolution of 1.4 mm based on the dipole width. As expec
from the theoretical consideration, the wider-bandwid
transducer produced better axial resolution. Potentia
shorter microwave pulses and deconvolution may be use
improve the axial resolution further.

FIG. 5. Microwave-induced thermoacoustic signals in gel slabs of vari
thickness values:~a! 4.5 mm, ~b! 3.8 mm, and~c! 2 mm. The 1 MHz
ultrasonic transducer was used.
Medical Physics, Vol. 27, No. 5, May 2000
d

d

,
to

The lateral resolution is determined by the numerical
erture of the ultrasonic transducer. The ultrasonic transdu
responds to the thermoacoustic signals along its acou
axis. The detected source area is related to the nume
aperture of the ultrasonic transducer and the distance
tween the thermoacoustic source and the ultrasonic tr
ducer. The minimum detected source area is at the fo

sFIG. 6. Microwave-induced thermoacoustic signals in gel slabs of vari
thickness values:~a! 3.4 mm, ~b! 1.9 mm, and~c! 1 mm. The 3.5 MHz
ultrasonic transducer was used.
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1201 G. Ku and L. V. Wang: Scanning thermoacoustic tomography 1201
plane of the ultrasonic transducer. Therefore, a better lat
resolution is expected when the sample is located within
focal column. We examined the lateral resolution with the
MHz ultrasonic transducer. The ultrasonic transducer has
dB focal diameter of 2.1 mm and a focal zone of 17.6 m
along the acoustic axis. Several pieces of rectangular
slabs were arranged linearly along they direction as shown
in Fig. 7~a!. The y-z cross section was imaged with a st
size of 1 mm when the sample was scanned along they axis.
Figure 7~b! shows the two-dimensional image when t
sample was on the focal plane of the ultrasonic transdu
The bright upper band nearz514 mm is the primary image

FIG. 7. Two-dimensional tomographic images of a linear array of gel sl
obtained by scanning thermoacoustic tomography.~a! y-z cross section of
the sample~units in mm!; ~b! Image of they-z cross section when the
sample was placed at the focal plane of the ultrasonic transducer;~c! Image
of they-z cross section when the sample was placed far from the focal p
of the ultrasonic transducer.
Medical Physics, Vol. 27, No. 5, May 2000
ral
e
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from the thermoacoustic waves propagating directly upw
toward the ultrasonic transducer, whereas the dark lo
band nearz59 mm is the ‘‘ghost’’ image caused by acoust
reflection from the plastic stand. The gaps of greater tha
mm can be easily recognized. The gap of 2.5 mm can
barely identified, which defines the lateral resolution and
comparable with the focal diameter of the ultrasonic tra
ducer.

The measured thermoacoustic signal is a convolution
tween the thermoacoustic signal in the sample and
detection-sensitivity distribution of the ultrasonic transduc
over the detected area. The convolution reduces the la
resolution, which is worsened when the ultrasonic transdu
is out of focus. Figure 6~c! was acquired when the ultrason
transducer was deliberately moved far away from the sam
so as to create defocusing. The gaps are not distinguish
in the 2D image due to reduced resolution.

IV. CONCLUSIONS

The simulation of the piezo-electric signal, by convolvin
the thermoacoustic signal of delta heating with t
microwave-pulse waveform and then with the impulse
sponse of the ultrasonic transducer, can be used to exp
the bipolar experimental data. Our studies show that sc
ning microwave-induced thermoacoustic tomography is
promising imaging tool for biological tissue. The boundari
of different tissue constituents can be imaged clearly. T
width of the microwave pulses and the bandwidth of t
ultrasonic transducer determine the axial resolution along
acoustic axis of the ultrasonic transducer, which is;1.9 mm
under our current experimental conditions. The axial reso
tion can be improved by employing broader-band ultraso
transducers and shorter microwave pulses. The lateral r
lution is determined by the numerical aperture of ultraso
transducers and is;2.5 mm in our current setup.
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