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Our study on pulsed-microwave-induced thermoacoustic tomography in biological tissues is pre-
sented. A filtered backprojection algorithm based on rigorous theory is used to reconstruct the
cross-sectional image from a thermoacoustic measurement in a circular configuration that encloses
the sample under study. Specific details describing the measurement of thermoacoustic waves and
the implementation of the reconstruction algorithm are discussed. A two-dimensional~2D! phantom
sample with 2 mm features can be imaged faithfully. Through numerical simulation, the full width
half-maximum~FWHM! of the point-spread function~PSF! is calculated to estimate the spatial
resolution. The results demonstrate that the circular measurement configuration combined with the
filtered backprojection method is a promising technique for detecting small tumors buried in bio-
logical tissues by utilizing microwave absorption contrast and ultrasound spatial resolution~;mm!.
© 2002 American Association of Physicists in Medicine.@DOI: 10.1118/1.1493778#
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I. INTRODUCTION

Pulsed microwave-induced thermoacoustic tomogra
combines the advantages of both ultrasound spatial res
tion and microwave absorption contrast.1–4 The basic idea of
this technique is that a very short microwave pulse~,1 ms!
heats a sample; the sample then absorbs the microwave
ergy and simultaneously generates temporal thermoaco
waves, which are strongly related to the locally absorb
microwave energy. The microwave pulse is so short that
heat diffusion’s effect on the thermoacoustic wave can
ignored. The thermoacoustic signals have a wide freque
range up to MHz and carry the information of the microwa
absorption distribution with millimeter spatial resolution.
practice, microwaves at 300 MHz–3 GHz with 0.1–1ms
pulse are often adopted, which offer penetration depths
several centimeters in biological tissues. For example,
penetration depths for fat and muscle tissues at 3 GHz
crowaves are 9 and 1.2 cm, respectively.3 Most other soft
tissues have penetration depths in between those for mu
and fat tissues. The wide range of values among vari
tissues makes it possible to achieve high image contras
addition, the long penetration depth allows this technique
detect interior tumors.

In our initial studies, we used focused transducers w
big apertures to detect thermoacoustic signals with both
linear scan2,3 and the circular scan methods.4 The big aper-
ture gives us a good signal-to-noise ratio~SNR!, because the
SNR is inversely proportional to the square root of the ap
ture area. Each scan line is converted into a one-dimensi
image along the axis of the transducer, and then cro
sectional images can be obtained by straightforward calc
tions. The axial resolution is obtained by measuring the te
poral profiles of the thermoacoustic signals. However,
lateral resolution is mainly determined by the focal diame
1661 Med. Phys. 29 „8…, August 2002 0094-2405 Õ2002Õ29„
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of the transducer.2,5 The image view is also limited by the
focal length of the transducer.

An alternative method is to use unfocused transduc
with small apertures to record the thermoacoustic signals
then reconstruct the microwave absorption distribution fr
the measured data. The different measurement configura
may, however, result in a different reconstruction algorith
Under certain practical conditions, on a rigorous base,
theoretically reported a modified backprojection method
the planar, cylindrical, and spherical recording co
figurations.6,7 These were computed through temporal spa
backprojection and coherent summation over spherical
faces with spatial weighting factors. This method is som
thing like synthetic aperture. Therefore, the SNR can
greatly improved through coherent summation, although
SNR of each detected temporal signal may be reduced du
the small aperture of the unfocused transducer as comp
to focused transducers with big apertures.

In this paper, we present our study on pulsed-microwa
induced thermoacoustic tomography in biological tissues
der a circular measurement configuration. A wide beam~;22
cm2! of short-pulse~0.5 ms! microwave energy is used t
illuminate a sample from the bottom. The sample absorbs
microwave energy and generates temporal thermoacou
waves simultaneously. An unfocused ultrasonic transdu
with a small aperture~6 mm! is used to record the thermoa
coustic signals. A filtered backprojection~FBP! method
based on rigorous theory is used to reconstruct the cr
sectional image from the measured data. Specific details
scribing the measurement of thermoacoustic waves and
implementation of the reconstruction algorithm are d
cussed. A phantom sample is investigated. The reconstru
image agrees with the original sample very well. Throu
16618…Õ1661Õ9Õ$19.00 © 2002 Am. Assoc. Phys. Med.
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numerical calculation of the point-spread function, the s
tial resolution is estimated to reach;mm.

II. METHOD OF MEASUREMENT

There are three typical measurement geometries: linea
planar configuration, circular or cylindrical configuratio
and spherical configuration. The choice of measurement
ometry depends on the practical need. For the purpose
investigating external organs, the second two choices
preferred. In practice, at least two restraints should be c
sidered. One is that the space for delivering microwave
the sample is physically limited. Ideally, the sample sho
be homogeneously illuminated as much as possible. Ot
wise, the thermoacoustic signal will reflect not only the a
sorption differentiation, but also inhomogeneous illumin
tion, which will result in reconstruction artifacts. The oth
restraint is that it is physically impossible to collect measu
ments over a 4p solid angular range. The developed reco
struction algorithm requires that the detectors receive ou
ing thermoacoustic waves from all possible angu
directions.6,7 But, in reality, a limited angular range has to b
tolerated, and the incomplete data also results in some re
struction artifacts.

In this study, we chose a circular measurement configu
tion, as shown in Fig. 1. Tissue, such as breast tissue, is
to compress but easy to deform. A slight force can make
external tissue nearly cylindrical in shape. Then, the mic
wave can be delivered to the tissue from its larger bott
and the detector can measure the outgoing thermoaco
waves in a circular geometry around the tissue. The wa
length of microwaves below 3 GHz is relatively long, e.g.,
3 GHz, 10 cm in air, and 3 cm in soft tissue, compared to
typical size of tissue investigated in several centimeters
ameter. That helps to illuminate the tissue homogeneou
However, because of attenuation, microwaves along thz
axis decay exponentially and the generated thermoaco
signal along thez axis decays exponentially, too, even in

FIG. 1. Scheme of thermoacoustic circular measurement. Microwave pu
are transmitted to the sample from the bottom. The tumor inside absorb
energy and generates thermoacoustic waves. An ultrasonic transduc
position r0 records the thermoacoustic signals.
Medical Physics, Vol. 29, No. 8, August 2002
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homogenous sample. But the circular detection plane,
the horizontalxy plane, is parallel with the incident plane o
microwave pulses. Besides, due to the bounded water
salt in cancer cells,8,9 the tumor will absorb more microwav
energy and generate more intense thermoacoustic waves
the surrounding tissue. Therefore, the thermoacoustic sig
from the circular plane have a significantly reduced dynam
range compared with those in any other planes. This
proves the accuracy of both data acquisition and data re
struction tremendously. As shown below, reasonable rec
struction images are achieved in the experiment.

Figure 2 shows the experimental setup we used for
circular measurement configuration. A Plexiglas containe
filled with mineral oil. An unfocused transducer is immers
inside it and fixed on a rotation device. A step motor driv
the rotation device and then moves the transducer s
around the sample on a horizontalx-y plane, where the
transducer horizontally points to the rotation center.
sample is immersed inside the container and placed o
holder: it is made of a thin plastic material, which is tran
parent to microwaves. The transducer~V323, Panametrics!
has a central frequency of 2.25 MHz and a diameter o
mm.

The microwave pulses transmitted from a 3 GHz micro-
wave generator have a pulse energy of 10 mJ and a p
width of 0.5ms. A function generator~Protek, B-180! is used
to trigger the microwave generator, control its pulse rep
tion frequency, and synchronize the oscilloscope sampl
In our experiments, the pulse repetition frequency is 50
and the oscilloscope sampling frequency is 20 MHz. Mic
wave energy is delivered to the sample by a rectang
waveguide with a cross section of 72 mm334 mm. A per-
sonal computer is used to control the steps. The signal f
the transducer is first amplified through a pulse amplifi
then recorded and averaged 500 times by an oscillosc
~TDS640A, Tektronix!, and finally transferred to a person
computer for imaging.

This system is within the IEEE standard for safety lev
with respect to human exposure to radio frequency elec
magnetic fields~see the Appendix!. The waveguide is filled
with air and has a mode of TE1,0. The wavelength of the
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FIG. 2. Experimental setup.
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emitted microwave is 10 cm in air. The microwave irradia
from the waveguide and then propagates through a thin la
of air into the container and the tissue sample. Due to
relatively long wavelength of microwave in tissue~;3 cm at
3 GHz!, the diffraction causes only smooth variations on
scale comparable to 3 cm. As discussed later, in signal
cessing, we removed the low-frequency component below
KHz, which corresponds to an acoustic wavelength of;3
cm. Therefore, the effect of mode structure of microwa
irradiation on thermoacoustic imaging is minor.

III. METHOD OF RECONSTRUCTION

We assume a tissue with inhomogeneous microwave
sorption but a relatively homogeneous acoustic prope
When the microwave pulse duration is,1 ms, the heat dif-
fusion’s effect on the thermoacoustic wave in the tissue
be ignored. The speed of sound in most soft tissue is r
tively constant at;1.5 mm/ms. Therefore, the pressur
p(r ,t) produced by the heat sourceH(r ,t) obeys the follow-
ing equation:10

c2¹2p~r ,t !2
]2

]t2 p~r ,t !52G~r !
]H~r ,t !

]t
, ~1!

where the Gru¨neisen parameterG(r )5bc2/Cp , c is the
speed of sound;b is the isobaric volume expansion coef
cient;Cp is the heat capacity; andH(r ,t) is the heating func-
tion defined as the thermal energy per unit time and u
volume deposited by the energy source. Basically, the h
ing function can be written as the product of a spatial abso
tion function and a temporal illumination function:

H~r ,t !5A~r !I ~ t !. ~2!

Suppose a delta illuminating functiond(t), the detected
acoustic pressurep(r0 ,t) on the circular surfacer5r0

5(r0 ,w0 ,z0), and timet can be written as6

p~r0 ,t !5
1

c

]

]t E E E d3r D ~r !
d~ct2ur02r u!

4pur02r u
, ~3!

where D(r )5A(r )G(r ). The inverse problem is to recon
struct the spatial distributionD(r ) from a set of datap(r0 ,t)
measured at a different positionr0 .

Due to the finite bandwidths of the transducer, the p
amplifier and the microwave pulse, only a portion of t
information about the absorption structure can be resto
The high-frequency component of the thermoacoustic sig
primarily reflects the small size structure while the lo
frequency component primarily reflects the large size str
ture. If challenged to detect small size tumors, we can sa
remove the low-frequency component. Besides, the wa
lengths of the high-frequency thermoacoustic waves
much smaller than the detecting distance between the t
moacoustic source and the transducer. Under the above
ditions, i.e., r0k@1 or kur2r0u@1, wherek is the wave
number, we have shown theoretically that the distribut
D(r ) can be calculated by the following 2D surface integ
in the cylindrical configuration:7
Medical Physics, Vol. 29, No. 8, August 2002
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D~r,w,z!52
1

2pc2 E E
S0

dS0@n"n0#
1

t

]p~r0 ,t !

]t U
t5ur2r0u/c

,

~4!

where

n"n05
ur2r0u
ur2r0u

5Ar21r0
222rr0 cos~w02w!

ur2r0u2

5A12
~z02z!2

ur2r0u2
, ~5!

dS05r0dw0 dz0 , r andr0 are the projections ofr andr0 on
thez plane, respectively, andn andn0 are unit vectors point-
ing along the line joiningr andr0 and along the line joining
r andr0 , respectively. This is a modified backprojection fo
mula of quantity2(1/t)@]p(r0 ,t)/]t#. The weighting factor
@n"n0# is less than 1, except ifz5z0 , @n"n0#51. That indi-
cates that the cross-sectional image of anyz0 plane is mainly
determined by the data measured on the circle of the samz0

plane. In other words, if some small absorption sources
located on az0 plane, a set of circular measurement data
the same plane would be sufficient to yield a good cro
sectional image.

The quantity]p(r0 ,t)/]t can be calculated through th
Fourier transform,

]p~r0 ,t !

]t
5FFT21$2 ivp~r0 ,v!WV~v!%, ~6!

where FFT21 denotes the fast inverse Fourier transform;v is
angular frequency and equal to 2p f ; WV(v) is a window
function; and the Fourier transform defines

•~v!5E
2`

1`

•~ t !exp~ ivt !dt. ~7!

We want to point out that the factorv in Eq. ~6! actually
represents a pure ramp filter, which will significantly depre
the low-frequency signal. That is helpful to guarantee
validity of the reconstruction, Eq.~4!. The ramp filter can
also amplify the high-frequency noise in such a way that
reconstructed image is not acceptable from the physical p
of view. In order to avoid this effect, it is necessary to intr
duce a relative low-pass filterWV(v) characterized by a
cutoff angular frequencyV52p f V . A Hanning window is
our choice in this case:

WV~v!5H 0.510.5 cosS p
v

V D , if uvu,V,

0, otherwise.

~8!

Thus, the reconstruction algorithm can also be termed a
tered backprojection~FBP! with the modified ramp filter
vWV(v). Unlike the FBP algorithm used in x-ra
tomography,11 which uses surface integration over interse
ing planes, the method in our problem is calculated throu
temporal backprojection and coherent summation o
spherical surfaces with a certain spatial weighting factor.
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IV. EXPERIMENT

The experimental conditions necessitate special care.
reconstruction theory requires point detectors, and the
transducer must never be a point. But, we can ignore its
if we put it at a distance from the sample that is greater t
the size of the transducer aperture. In addition, we m
shield both the transducer and the electrical transmis
cables from microwave illumination. Otherwise, the micr
wave pumping will cause harmful electrical signals via ele
tromagnetic induction. If well shielded, the induced sign
decays very rapidly. A time gate can cut out the induc
signal before the arrival of the thermoacoustic signal. S
posep(r0 ,t) is the thermoacoustic signal with delta-pul
microwave pumping, then the measured thermoacoustic
nal can be written as a convolution with the measurem
system responseH(t):

S~r0 ,t !5p~r0 ,t !* H~ t !. ~9!

Considering the temporal responseM (t) of the amplifier, the
impulse responseR(t) of the transducer and the tempor
profile I (t) of the microwave pulse,H(t) can also be written
as a convolution,

H~ t !5M ~ t !* I ~ t !* R~ t !. ~10!

In the frequency domain, Eq.~9! can be written as

S~r0 ,v!5p~r0 ,v!H~v!. ~11!

Basically, we cannot recover all of the available informati
because of the limited bandwidth of the detection syste
The information we can acquire depends on the system
sponseH(v). In practice,M (v) is very wide and;1; I (v)
determines the bandwidth of the generated thermoacou
signal, which is approximately inversely proportional to t
width of its temporal profile;R(v) is a wide-band transduce
with a central frequencyvc . If H(v) is known, an appro-
priate deconvolution algorithm can be used to figure
p(r0 ,v).

In our experiments, the illuminationI (t) is approximately
a rectangular function with durationt50.5 ms, and its tem-
poral profile is shown as the short dashed line in Fig. 3~a!,
which determines the frequency of the generated therm
coustic signal below 2 MHz. The transducer that we use
of the videoscan type with a central frequency off c

52.25 MHz, and its temporal profile is shown as the so
line in Fig. 3~a!. In the frequency range below 2 MHz, th
response of the transducer approximates a ramp filter
shown in Fig. 3~b!, the calculatedH( f ) ~solid line! was com-
pared with a pure ramp filterf ~short dashed line!. In this
special case for our measurement system, the filte
]p(r0 ,t)/]t can be approximately calculated by an inver
Fourier transformation as

]p~r0 ,t !

]t
'FFT21$S~r0 ,v!WV~v!%. ~12!

Next, we imaged a phantom sample with a complex
sorption structure using the following procedure. First,
used screwdrivers to carve a structure: the word ‘‘OIL’’~ab-
Medical Physics, Vol. 29, No. 8, August 2002
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breviation for Optical Imaging Lab! in a large fat base. The
diameter of the dent was about 2 mm. In the meantime,
prepared a hot solution with 5% gelatin, 1% salt, and a d
of dark ink to improve the photographic properties. Then
used an injector to inject several drops of the hot solut
into the dents and subsequently blew out the air to ass
good coupling between the gelatin solution and the fat tiss
The gelatin word was cooled at room temperature until
lidified. The photograph of the sample at this stage is sho
in Fig. 4~a!. Finally, we added a piece of fat both on the to
and on the bottom of the sample so that the gelatin word
buried inside the fat tissue. The diagram of the structure
side view is shown in Fig. 4~b!.

The transducer rotationally scanned the sample from
360° with step size 2.25° in the plane, including the wo
‘‘OIL.’’ The distance between the transducer and the rotat
center was 8 cm. The sampling frequency of the oscillosc
was 20 MHz. We chose the cutoff frequencyf V54 MHz in
the filter WV . The filtered temporal thermoacoustic signa
are shown in Fig. 4~c!. Because of some time delay in th
oscilloscope, the rotation origin is at timet536.8ms. Unlike
X-ray tomography,11 these data have no symmetric prope
in a 2p period. The reconstructed image produced by o
filtered backprojection method, which agrees with the ori
nal sample very well, is shown in Fig. 4~d!. However, when

FIG. 3. ~a! The impulse response of the transducerR(t) and the temporal
profile of the microwave pulseI (t); ~b! the system responseH( f ) and the
pure ramp filterf.
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1665 M. Xu and L. V. Wang: Pulsed-microwave-induced thermoacoustic tomography 1665
the filter WV was not used to depress the high-frequen
noise, the reconstructed image displayed certain rando
distributed spots, as shown in Fig. 4~e!, which degrade the
image quality a lot.

FIG. 4. ~a! Cross-sectional photograph of the sample;~b! the diagram of the
measurement in side view;~c! the filtered thermoacoustic temporal signa
detected at different angular positions from 0°–360°;~d! the reconstructed
image with filtering;~e! the reconstructed image without filtering.
Medical Physics, Vol. 29, No. 8, August 2002
y
ly

In signal processing, we removed only the low-frequen
component below 50 KHz. As shown in Fig. 4~d!, the bound-
ary and location of the large fat base with a 5 cmdiameter
was also faithfully imaged. Therefore, we conclude that
removal of low frequencies in signal processing will n
have much effect on the detection of relatively large str
tures. The location and boundary of the microwave abso
tion structures are primarily determined by the relative
high-frequency component of the thermoacoustic signals

V. NUMERICAL SIMULATION

The full width half-maximum ~FWHM! of the point-
spread-function~PSF! profile can be used to represent th
spatial resolution.12 Through numerical simulation, we ca
calculate the PSF profiles and then estimate the spatial r
lution.

The limit band of the detection system is a primary fac
in limiting the spatial resolution. Consider a point source
axis x5xp , which can be written in the circular polar coo
dinates as

D~r p!5
d~r2xp!d~w!d~z!

r
. ~13!

Substituting it into Eq.~3!, and taking the Fourier transform
it is easy to obtain the generated thermoacoustic wave in
frequency domain,

p~r0 ,v!5
2 iv

4pc2

exp~ ikd!

d
, ~14!

where d is the distance between the point source and
detector,

d5Ar0
21xp

222r0xp cosw01z0
2. ~15!

For simplicity, we only consider a circular measurement
the planez050. We assume the sampling frequency is
MHz and use the Hanning window to simulate the limit ba
of the detection system. Figure 5~a! shows three examples o
ramp filters modified by Hanning windows with cutoff fre
quencies at 4, 2, and 1 MHz, respectively. We use Eq.~6! to
calculate derivatives of the temporal thermoacoustic sign
Finally, the FBP, Eq.~4!, is employed to reconstruct image
from the simulated data.

The numerical calculations demonstrate that the PSF
radially symmetric only when the point source is located
the origin. Such examples of PSF radial profiles with diffe
ent cutoff frequencies are shown in Fig. 5~b!. When a point
source is off center, the PSF is not radially symmetric. Fig
5~c! shows some examples of PSF radial profiles when
point source is atxp530 mm. The farther the point is off the
origin, the more distortion the PSF has. But the distortion
not significant and the PSF does not expand in either
lateral or axial direction by very much. Therefore, the P
and FWHM can be regarded as nearly space invariant.
course, if the detector system has a lower cutoff frequen
the width of the PSF profile has more extension and
spatial resolution becomes lower. Only a wide band signa
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FIG. 5. ~a! The pure ramp filterf ~dashed line! and the modified filters by Hanning windows with different cutoff frequencies: 4 MHz~solid line!, 2 MHz ~short
dash dotted line! and 1 MHz~short dashed line!; Examples of PSF radial profiles with Hanning windows at cutoff frequencies: 4 MHz~solid line!, 2 MHz
~short dash dotted line! and 1 MHz~short dashed line!, when the point source at~b! the origin and~c! the axisx530 mm; ~d! examples of PSF profiles in
lateral view with different detector aperture sized51 mm ~solid line!, 3 mm ~short dash dotted line!, and 6 mm~short dashed line!, respectively;~e! an
example of a comparison withRa , Rb , andR, whered51 mm.
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a sufficiently high frequency can restore good spatial res
tion and accurate position orientation. Actually, the distort
of the PSF results from the approximation of the FBP al
rithm.

For the PSF profiles in Fig. 5~b!, the FWHM were mea-
sured to be 0.4, 0.9, and 1.5 mm for the cutoff frequencie
2, and 1 MHz, respectively. These values are equivalen
the corresponding half-wavelengths of the central or do
native frequencies of the modified ramp filters: 1.7, 0.8, a
0.4 MHz, respectively. Therefore, the spatial resolution
Medical Physics, Vol. 29, No. 8, August 2002
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sulting from the bandwidth of the detection system can
estimated by

Rb'
lc

2
, ~16!

wherelc is the wavelength of the central or dominative hig
frequency of the detection system.

In addition to the limitations resulting from the bandwid
of the detection system, the size of the detector apertur
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FIG. 6. Examples of reconstructed images with Hanni
windows at different cutoff frequencies:~a! 4 MHz, ~b!
2 MHz, ~c! 1 MHz, and~d! 0.5 MHz respectively.
s
he
fa
lc
or

e
th
-

in

n
b

a

he
n
.

he
gion
ion

wn
m.
e

on-
y a
use
also
re-

her-
lcu-
nt
r

ra-
e
at
.5

r 3
6

s.
ut-

are
another factor, which limits spatial resolution. We also cho
to investigate its effect through numerical simulation. T
received signal in the detector can be simulated by a sur
integral divided by its aperture. Then the PSF can be ca
lated through the FBP, Eq.~4!. We assume that the detect
has a flat surface with diameterd.

The simulation demonstrates that the PSF gradually
tends along the lateral side but changes very little along
axial direction. Figure 5~d! shows examples of lateral pro
files for d51, 3, and 6 mm, respectively, where the po
source atxp530 mm andf V54 MHz. It is expected that a
big detector aperture will greatly blur the lateral resolutio
For convenience, this kind of spatial resolution can
termedRa , which can be estimated by

Ra'
r

r 0
d, ~17!

wherer 0 is the radius of the measurement geometry andr is
the distance of the point source and the origin. Figure 5~e!
shows an example of a comparison withRa , Rb , and the
lateral resolutionR, where d51 mm; r 0580 mm and f V

54 MHz. Near the origin,Ra,Rb , the lateral resolutionR
is still dominated byRb . Beyond that whereRa.Rb , the
lateral resolutionR is greatly degraded by the aperture sized
and finally equalsRa . The result also indicates that either
large detector radiusr 0 or a small detector apertured can
improve the lateral resolution in the central region of t
detection system. ButRb , i.e., the band limit of the detectio
system, determines the highest resolution we can obtain
Medical Physics, Vol. 29, No. 8, August 2002
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Let us review the experiment in the previous section. T
detector aperture has a 6 mm diameter, and the image re
is 30 mm in diameter. Therefore, the worst spatial resolut
at r 530 mm still has;2 mm. The dominative high fre-
quency of the detection system is about 1.6 MHz, as sho
in Fig. 3~b!. Thus, the highest resolution is about 0.5 m
That explains why the word ‘‘OIL’’ in 2 mm diameter can b
clearly imaged.

Next, we conduct some numerical experiments. We c
sider a set of uniform spherical absorbers surrounded b
nonabsorbing background medium. For convenience, we
the centers of the absorbers to denote their positions. We
assume that the pulse duration is very short and can be
garded as a delta function, and, consequently, that the t
moacoustic signal received by the transducer can be ca
lated by Eq. ~3!. We employ the circular measureme
configuration, as shown in Fig. 1~a!. Suppose the circula
ultrasonic array consists of 160 elements. The detection
dius is 80 mm. There are six spherical absorbers in thz
50 plane: a pair of tiny absorbers in diameter 0.75 mm
the positivex axis, a pair of small absorbers in diameter 1
mm at the negativey axis, a moderate absorber in diamete
mm at the negativex axis, and a big absorber in diameter
mm at the positivey axis. Equation~6! is used to compute
the filtered thermoacoustic signals with Hanning window
Figure 6 shows the reconstructed images with different c
off frequencies:~a! 4 MHz, ~b! 2 MHz, ~c! 1 MHz, and~d!
0.5 MHz, respectively. As expected, all of the absorbers
clearly imaged, as shown in Fig. 6~a!, when the frequency
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band is sufficiently wide. However, in the absence of a hi
frequency signal, the small size structure is lost. For
ample, if the cutoff frequency is 1 MHz, the tiny absorbe
disappear. For the even lower cutoff frequency of 0.5 MH
not only do the small absorbers disappear, but also the o
nally sharp borders of the big absorbers are greatly degra

The above numerical simulations gives us clear directi
for designing a good image system with;mm spatial reso-
lution. The duration of the microwave pulse should be le
than 1 ms, which allows a thermoacoustic signal up
;MHz frequency to be generated. The measurement de
tors and the preamplifier should have sufficiently wi
bands, and the central frequency of the detection sys
should reach 1–2 MHz. The transducer with a small ap
ture, such as 1 mm in diameter, is preferred. The small
erture will have less effect on the lateral resolution, and
will reduce the SNR as well. Alternatively, a big detectio
radius 10–15 cm can be adopted with the sacrifice of sig
amplitude because of the acoustic wave propagation att
ation. A wide microwave frequency range from 300 MHz
3 GHz can be used as the irradiation source. A low
frequency microwave might be better to image relativ
large size samples because it can penetrate deeper.

Finally, we must point out that incomplete measurem
data will result in reconstruction artifacts and will degra
the spatial resolution. This topic will be addressed m
completely in future work.

VI. CONCLUSION

We have presented our study on pulsed-microwa
induced thermoacoustic tomography in biological tissues
a circular measurement configuration. A filtered backproj
tion algorithm is used to reconstruct the cross-sectional
ages. The reconstructed image of a phantom sample ag
with the original values very well. Through numerical sim
lation, the point-spread function is calculated to estimate
spatial resolution. The results demonstrate that the circ
measurement configuration combined with the filtered ba
projection method is a promising technique for using mic
wave absorption contrast and ultrasound spatial resolu
~;mm! to detect small tumors buried in biological tissues

ACKNOWLEDGMENTS

This project was sponsored in part by the U.S. Arm
Medical Research and Material Command Grant N
DAMD17-00-1-0455, the National Institutes of Health Gra
No. R01 CA71980, the National Science Foundation Gr
No. BES-9734491, and Texas Higher Education Coordin
ing Board Grant No. ARP 000512-0123-1999.

APPENDIX

According to the IEEE standard for safety levels w
respect to human exposure to radio frequency electrom
netic fields 3 KHz to 300 GHz~IEEE Std C95.1, 1999 edi
tion!, the peak power of maximum permissible exposu
~Peak MPE! for a controlled environment in the frequenc
rangef ~300–3000 MHz! can be computed by
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Peak MPE5
0.24

N
3

f

Pulse width
~mW/cm2!,

where N is the pulse number per second (N.5) and the
pulse width ~,100 ms! is in seconds. In other words, th
permissible pulse energy with illumination areaS ~cm2! can
be estimated by

Pulse Energy5Peak MPE3Pulse width3S

5
0.24S f

N
~mJ!.

In our system,N550, pulse width50.5 ms, and the area
of the waveguideS57.233.4 cm2'22 cm2. Therefore, the
permissible pulse energy50.2432233000/50'300 mJ. But
the pulse energy that we used is only 10 mJ, which is m
less than the above permissible value.

Actually, the pulse width is so short that only tiny energ
is delivered to the sample. The microwave is not focused
the illumination area is so big that the energy density in
tissue is very low. Suppose the penetration depth of mic
wave is 1 cm, the energy densityEa due to a pulse micro-
wave excitation can be estimated by

Ea5Pulse energy/~Illumination areaS31 cm)

510 mJ/22 cm3'0.45 mJ/cm3.

Then, we can estimate the pressure and temperature ris
cited by a pulse microwave in tissue. The muscle conta
about 75% water. We take it as an example. In muscle,
volume expansion coefficient isb'3.831024 K21, the heat
capacity isCp'3.7 mJ/~g mK), and the mass density isr'1
g/cm3. Therefore, the Gru¨neisen parameter5bc2/Cp'0.23,
and the generated pressure rise,

p50.2330.45 mJ/cm3'0.1 mJ/cm351 mbar,

and the temperature rise,

dT5Ea /~Cpr!50.45/3.7'0.1 mK.

As discussed in the paper, the penetration depth in tissue
a microwave below 3 GHz is several centimeters. The Gr¨n-
eisen parameter in other soft tissue should be close to
value 0.23 in muscle. Therefore, we can conclude that a
crowave pulse only causes pressure rise with several m
bars and temperature rise with millidegrees. Such tiny val
are far beyond causing tissue damage.
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