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Microwave-induced acoustic imaging of biological tissues
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We present tomographic imaging of biological tissues by use of microwave-induced acoustic signal.
It was demonstrated that the acoustic signal was proportional to the intensity of the incident
microwave and was related to the absorption property of microwave in the medium. Pulsed
microwave radiation was used to illuminate the samples. Absorbed microwave energy caused
thermoelastic expansion that radiated acoustic waves. A focused ultrasonic transducer detected the
time-resolved acoustic signals. Each acoustic signal was converted into a one-dimensional image. A
linear scanning of the ultrasonic transducer yielded multiple one-dimensional images, which formed
a two-dimensional image. The imaging contrast is based on the difference in the dielectric constants
among biological tissues. Because of the large contrast in microwave absorption among different
tissue types, microwave-induced acoustic tomography could potentially provide a new modality for
detecting early-stage cancers. 1®99 American Institute of PhysidsS0034-67489)04709-7

I. INTRODUCTION The electric field strength in a lossy media is attenuated
exponentially as
Microwave imaging of biological tissues has been inves-
tigated for a number of yeafs® The advantages of the tech- E=Eoexp—a2), @)

nique include the use of nonionizing radiation and high im-whereE, is the electrical field at the sample surfaEds the

aging contrast. However, the technique has had difficulties is|ectrical field at the depth, and« is the electric-field ab-
multichannel detection of microwave without cross coupling,sorption coefficient expressed as

in the reconstruction algorithms, and in achieving good spa-
tial resolution. Ultrasound imagin@ltrasonography an es- we o \?
a=w 1+ —) -1, (2)
we

tablished medical imaging modality, can yield good spatial
resolution but has poor contrast. Microwave-induced acous-
tics (MIA) may bridge the gap and combine the advantagegherew is the angular frequency, is the permeabilityg is
of the two types of radiation. the permittivity, ando is the conductivity. The induced
The phenomenon that pulsed microwave generategcoustic pressure is expected to depend on the intensity of
acoustic signals in lossy media has been recognized singfiicrowave and the complex dielectric constant of the mate-
long ago. This phenomenon was called microwave auditoryial. In the frequency range of 0.1-10 GHz, the dielectric
or MIA. MIA was used to quantify physical parameters in constant(ratio of the permittivity in material to that in
media such as the power density and the concentration of gacuum has a value of 5—70 for soft tissues, and the con-
given substanck&® MIA was also employed by several in- ductivity has a value of 0.02—3 s/##-2The dielectric prop-
vestigators in the 1980s for imaging of biological tissues orerties of tissue determine the absorption of microwave at
tissue phantom:**However, these early works did not pro- various frequencies of microwave. At 9.4 GHz, the penetra-
duce any tomographic or depth-resolved images. Recentlyion depths, which are the inverse of the absorption coeffi-
images of biological tissue were reconstructed based ooients, are 3.4 and 0.35 cm for fat and muscle, respectively;
MIA. =8 This approach requires measurements of a largevhile at 500 MHz, the penetration depths for fat and muscle
amount of data around the tissue and expensive computaticire 23.5 and 3.4 cm, respectivéfyMost of the other soft
following the data acquisition. tissues have an absorption coefficient in between those of
Microwave-induced acoustic imagingMIAl) is based muscle and fat. This wide range of values can provide an
on the detection of the acoustic signals generated by micrextremely high imaging contrast for biological tissdes.
wave in the samples. Pulsed microwave radiation is used t®herefore, MIAI may potentially be used to detect early-
illuminate the samples. Absorbed microwave energy causestage cancers.
thermoelastic expansion that radiates acoustic waves. An ul- We here present our study on MIAI toward biomedical
trasonic transducer or an array detects the time-resolvedpplications. First, some basic properties of MIA were ex-
acoustic signals. Although MIAI shares similar principlesamined using various tissue phantoms. Then, two-
with the photoacoustic imaging in the optical-wavelengthdimensional cross sections of biological tissues were imaged
region?®~?2MIAI may have broader applications in medical using MIAI. Our imaging approach differs significantly from
imaging because microwave has a greater contrast andthe prior arts in MIAI. Lateral resolution was achieved by
deeper penetration depth in biological tissues than light. use of a focused ultrasonic transducer. Axial resolution was
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obtained by measuring the temporal profiles of the
Energy density (mJ/cm?®)

microwave-induced acoustic signals. Depth-resolved tomog-

raphic images were acquired directly without resorting tOriG. 2. Dependence of the microwave-induced acoustic pressure on the
image reconstruction. microwave energy density per pulse. The test sample was an 8-mm-thick gel
made of 5% gelatin and 95% water.

Il. EXPERIMENTAL SETUP

. bath. The acoustic pressure versus the input energy density is

The experimental setup used for this study is shown 'nplotted in Fig. 2. The input energy density was varied by

Fig. 1. A Cartesian coordinate system was set up for referédjusting the cathode current of the magnetr@n602,

\(/avgcrs' 'ITE(;QX Z;(E \vajs a;cr)ngng}gullj:rr?s?&c d?;l/?/ir?omlt;]% l;pn'dToshiba in the microwave generator. The result shows that
o Perp : . g plane anty, o 4 coustic pressure increased linearly with the input den-
pointed outward. Thg axis was in the drawing plane point-

: : : .. Sity as expected.
ing to the right. A 9.4-GHz microwave generator transmitted i P

: . . . In Fig. 3, the time-domain acoustic waveforms induced
microwave pulses of 10-kW peak power into the mineral oil 9

by the microwave in its full power and 12% of the full power
bath through arX-band 16-dB horn antenna. The aperture Ofare compared. The full-power microwave had a peak power

s ot e e Sor s a3t O 10 anan enrgy densty of 055 mfrne 12

gur experiments. A function generat@S345 S.tanfo%d Re- reduced source power yielded a surface energy density
P ) 9 . " equivalent to the energy density at the penetration depth

search Systejwas employed to trigger the microwave ger]_Yvhen the sample was illuminated with the full power. The

g{Iaézzﬁnwigigt;?;ﬁzgliJrI]SZ Lﬁgiitltllgg ;Lerﬂ;?nneiyér-:—:aerg?&?@ignal-to-noise ratio at the penetration depth was expected to
9 e about 3:1 when the full-power microwave was used in our

on a two-dimensional-y translation stageMD2, Arrick Ro- system based on this measurement. This type of experiments

:)Oc;tslcts()). g‘risgrfﬁgilr::;?;;gﬁrsigng?:e&gf dtW%i‘:’;i%girsmo'may be used for selecting necessary microwave energy den-
9 y ' ity in MIAI applications.

The object to be scanned was put on a Plexiglas stand msmse Three gel slabs were made of the same amount of gelatin

the br?lth. Mineral oil has a very small abs_orptlon _coeff|C|er_1t(5%) and different amounts of Na@%, 3%, and 5% The
for microwave and allowed good acoustic coupling. Plexi-

dimensions of the slabs were 30, 30, and 10 mm inxhe

glas has low microwave absorption as well. An ultrasonic L . :
andz directions, respectively. The ultrasonic transducer was

transducer was immersed in the mineral oil facing the micro- . . :
9 scanned across each of the slabs alongtdeection while

wave antenna. Two ultrasonic transducers were used in this
study. For the first on€v314, Panametrigsthe central fre-

guency of the ultrasonic transducer was 1 MHz, the band- 50 - [ RS AR RS,
width was 0.65 MHz, the diameter was 1.9 cm, and the focal 40 fi] === Full power
length at 1 MHz was 2.5 cm. For the second @84, 3 30 i} —__12% full power
Panametrics the central frequency was 3.5 MHz, the band- % N
width was 2.5 MHz, the diameter was 0.64 cm, and the focal E 20 ¢ ,' i ]
length at 3.5 MHz was 1.8 cm. The transducer was con- S 10} i ]
nected to a pulse amplifig600PR, PanametritsThe am- by m‘ !-" .'-! .
plified signal was recorded by an oscillosco@®S-640A, § 0 Y HEWG R A
Tektronix) and transferred to a personal computer. § 0} il YR

-20 ‘,'
Il. RESULTS .

30 b

o
(6]

In order to study the dependence of the acoustic pressure 10 15 20 25 30 35
on the microwave power, we tested a gel made of 5% gelatin Time (us)
0 , .
and 95% water. The gel was a slab with a.thICkness of 8 mrTl:EIG. 3. Waveforms of the microwave-induced acoustic pressure when the
and an area much greater than the recening Surfa_‘ce of ﬂ_'k%mple was exposed to the full power of the microwave genettéb
ultrasonic transducer. The gel was buried in the mineral oilnJ/cn?) and to 12% of the full power.
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FIG. 4. One-dimensional images of the gel slabs that contain 0%, 3%, and Horizontal axis x (mm)

5% NaCl, respectively. The slabs were 30 mm wide and 10 mm thick,
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0

located between 0 and 30 mm on the horizontal axis.
10 20 30 40 50 60 70 80

the microwave-induced acoustic signals were recorded. Fig-
ure 4 shows the scanned one-dimensional images based on
the peak amplitude of the acoustic signals from the bottom Peak acoustic pressure (a.u.)
surface of the slabs. The peak amplitude increased with in- (a)

creased NaCl concentration because increasing NaCl led to

an increase in the conductivity of microwave. According to

Eq. (2), the energy absorbed by the gel would increase with 5 70 %

an increased conductivity and result in an increased acoustic % 60 \

amplitude. These three samples had similar values of acous- 5 50 / \ SN

tic impedance. This experiment demonstrated the contrast ﬁ f \ ’ \
mechanism of MIAI compared with that of the conventional & / ' i |
ultrasound imaging. MIAI depends on the difference in di- % 30 \\ : \\
electric constant among different tissue types or materials, 2 20 \ ¢ |
while ultrasound imaging depends on the difference in o / . \
acoustic impedance. Therefore, MIAI has potential to image = 10

objects that are invisible with ultrasound imaging. c“f 0o 10503040 50 60 70

To examine soft tissue contrast, we scanned inxtye
plane a tissue sample containing muscle and fat. The dimen-
sions of the sample were 60, 60, and 15 mm alongxthe (b)
and z directions, respectively. The fat at the center of the _ _ _ _
sample was a 1 mm tal ylinder ith a dameter of 16 mm 19, %, & [uensions sues age ol e e b e
Figure 5a) shows a two-dimensional image based on theportion in the image corresponded to the muscle, and the outer black portion
peak amplitude of the acoustic signals generated at the boterresponded to the mineral oil backgrourfd) One-dimensional image
tom surface of the sample. Figure(bb shows a one- along the horizontal line across the center of the two-dimensional image in
dimensional image along the horizontal line across the centef:
of the two-dimensional image. A good soft tissue contrast
was observed, where the peak acoustic amplitude from thacoustic sources. The distance between the acoustic sources
muscle was approximately six times as much as that from thand the transducer was calculated by multiplying the time of
fat. arrival and the speed of sound in the medium. Therefore, a

Since the broad 2.2 us) microwave pulses and the time-domain signal could be converted into a one-
low-frequency(1 MHz) ultrasonic transducer were used for dimensional image along the transducer gzisxis). Scan-
the experiments shown in Figs. 4 and 5, the lateral resolutioning the transducer across the sample alongxtbey axis
was not very good. If the microwave pulses are shortenedvould yield a two-dimensional cross-sectional image of the
and the bandwidth of the ultrasonic transducer is broadenedample in thex-z or y-z plane.
the frequency of the received acoustic signal would be in-  Figure 6 shows a typical acoustic signal from a slice of
creased leading to improved resolution. However, the keyat tissue as a function of the relative time of arrival. The first
point of these two experiments was to study the contrast. pulse near Jus came from the top surface of the fat tissue.

When a microwave pulse illuminated a sample and deThe second pulse near 1f@s originated from the bottom
posited energy into the sample, acoustic signals were genesurface of the fat tissue. The third pulse neapkbwas from
ated wherever microwave energy was absorbed. The ultrahe downward propagating acoustic wave originated from the
sonic transducer detected the time of arrival signal of theop surface but reflected by the bottom surface of the fat

Horizontal axis x (mm)
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FIG. 6. Sample waveform of microwave-induced acoustic pressure in an
8-mm-thick fat tissue.
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tissue. Because the thickness of the sample was 8 mm and 0 10 20 30 40 50 60
the speed of sound was 1.5 mmjus, the expected time
interval between the adjacent pulses should-b&.3 us,
which matched the observed values very well. The ultrasonic o 5 B§ &6
transducer had a central frequency of 3.5 MHz and a 6-dB ,

. Acoustic pressure (a.u.)
bandwidth of 2.5 MHz. Therefore, the transducer acted as a (b)
band-pass filter and rejected the low-frequency acoustic sig-
nal originated between the two tissue boundaries.

The sample was translated along thaxis with a step
size of 2.6 mm. At each step, the time-domain signal similar
to that in Fig. 6 was recorded, which revealed the tissue
structure along thez axis. Two-dimensionalx-z cross-

Horizontal axis (mm)

W

N
o

sectional images were then formed by combining the re-
corded signals at all of the steps, where the negative portion
of the signals was set to zero. Three different tissue samples
were imaged. Figure(@ shows the image of an 8-mm-thick
fat slab. The top and bottom surfaces were clearly visible.
Figure 1b) shows the image of an 8-mm-thick fat slab with

a U-shaped ditch in the middle. The ditch had a width of 20

Vertical axis (mm)
o

0 10 20 30 40 50 60

Horizontal axis (mm)

0 10 20 30

Acoustic pressure (a.u.)

©)

mm and a depth of 5 mm. The observed maximum thickness

and minimum thickness in the image were 8 and 3 mmFIG. 7. Two-dimensional tomographic images of samples with different
; ; ; ; ; hapes by use of MIAl@ An 8-mm-thick, 30-mm-wide fat tissue slath)

respelctlvFe_Iy, which r?gree(:] W.Ith the ?Ctual §I|ze8of the ;I.ST(UéAn 8-mm-thick fat tissue slab with a U-shaped ditch in the middle, which

sampie. 'Qure (¢) shows the _|mag_e ora Sm_" ar -mm-t l(_: was 20 mm long and 5 mm widéc) A similar fat tissue slab as itb) but

fat slab with a U-shaped ditch in the middle filled with having a ditch filled with muscle.

muscle. The bottom surface of the muscle was visible, but

the top surface was invisible because of the high attenuatiofhe yitrasonic transducer and by the pulse width of the mi-

of microwave at 9.4 GHz in muscle. Microwave with lower crowave as well. The lateral resolution of our current setup

frequencies would be necessary to image thicker tisSUgas ~10 mm and was to be improved by optimizing the

samples because of the deeper penetration depth of micrgyrameters of the ultrasonic transducer and the microwave

wave at onver frequgncies. . ) transmitter. Synthetic aperture technique may be used to fur-
The axial resolution along theaxis was determined by ther improve the lateral resolutidA.

the pulse width of the microwave and the bandwidth of the

uItr:_asomc transducgr. We observed _that the 3:5—MHz uItraiV_ DISCUSSION
sonic transducer yielded better axial resolution than the
1-MHz transducer. For the results shown in Figs. 6 and 7, the
pulse width of the microwave signal was Ou6s, and the induced acoustic pressure was proportional to the intensity of
temporal width of the acoustic signal was limited+d s.  the incident microwave. The difference in dielectric constant
The corresponding axial resolution was approximately 1.%etween different tissue types should provide good imaging
mm along thez axis under the present experimental condi-contrast in MIAI, which is a different contrast mechanism
tions. The lateral resolution perpendicularly to thaxis was from that in the conventional ultrasound imaging. We
determined by the numerical aperture and the bandwidth a§howed that the MIAI technique was able to generate tomog-

Our experimental results demonstrated that microwave-
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