Imaging of high-intensity focused ultrasound-induced lesions in soft
biological tissue using thermoacoustic tomography
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An imaging technology, thermoacoustic tomogra@AT), was applied to the visualization of
high-intensity focused ultrasour{éhlFU)-induced lesions. A single, spherically focused ultrasonic
transducer, operating at a central frequency of approximately 4 MHz, was used to generate a HIFU
field in fresh porcine muscle. Microwave pulses from a 3-GHz microwave generator were then
employed to generate thermoacoustic sources in this tissue sample. The thermoacoustic signals
were detected by an unfocused ultrasonic transducer that was scanned around the sample. To
emphasize the boundaries between the lesion and its surrounding tissue, a local-tomography-type
reconstruction method was applied to reconstruct the TAT images of the lesions. Good contrast was
obtained between the lesion and the tissue surrounding it. Gross pathologic photographs of the
tissue samples confirmed the TAT images.This work demonstrates that TAT may potentially be used
to image HIFU-induced lesions in biological tissues. 2005 American Association of Physicists

in Medicine [DOI: 10.1118/1.1829403
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I. INTRODUCTION fluenced by gas bubbles and tissue vaporization which makes
the detection unreliable. Studies on the acoustic properties of
High-intensity focused ultrasoun@IFU) has been used as |esions have been carried out by many researchéigheir
an effective minimally invasive treatment for tumors deep inresults show increases in the attenuation coefficient and the
the body. The objective of HIFU treatment is to use a highlysound speed in the lesion region compared to those in un-
focused ultrasound beam to destroy a predetermined volumgeated tissue regions. Imaging techniques based on changes
of malignant tissue while minimizing, or avoiding, damagein acoustic properties have been proposed to visualize HIFU-
to the surrounding tissue. The HIFU beam introduces a rapi¢hduced lesions, and while preliminary results have been ob-
rise in temperature, which results in tissue coagulation, in théained for ultrasonically homogeneous tissues such as liver,
target regiori.* Research using pathologic studiebas results for more heterogeneous tissues are still under
shown irreversible tumor cell death and severe damage twvestigation-
tumor blood vessels in the treated region in human tissue Microwave-induced thermoacoustic tomograptiyAT)
in vivo. The size and shape of the induced lesions are relategses nonionizing radiation. When tissue absorbs pulsed mi-
to the amount of ultrasonic energy delivered to the tissuecrowave energy, it emits acoustic waves as a result of ther-
Monitoring the treated region of the target tumor, as well agnoelastic expansion. The thermoacoustic signals are then re-
the untreated region, is important for providing feedback orcorded to obtain the energy deposition of the microwaves in
the treatment. the tissue. By combining the advantages of traditional micro-
To improve the clinical effectiveness of HIFU treatments,wave imaging and ultrasonic imaging, TAT yields good reso-
much effort has been focused on developing effective imaghution and contrast simultaneously. The high resolution of
ing techniques to visualize the treatment process as well @FAT is brought about by the short wavelengths of the gener-
determine the immediate thermal effects. Currently, HIFUated thermoacoustic wavém our case, the wavelength is
ablation damage is best observed by using magnetic resonagbout 1.5 mm The image contrast of TAT is a result of the
imaging (MRI),°"® but MRI makes the treatment cumber- differences in microwave absorption rates in different
some and expensive. Unfortunately, conventional pulse-echissues->**Although microwave imaging also provides high
ultrasonic imaging methods are not suitable for visualizingcontrast, it offers poor imaging resolution due to the long
thermal damage because the ultrasonic backscattering coefavelengths of microwaves.
ficients of the HIFU-treated regions are not significantly dif- Electromagnetic-energy absorption in biological tissue
ferent from those of the untreated surrounding regions. Thean be measured by a specific absorption (r‘a‘RaR).lF’ SAR
changes in tissue during HIFU treatment that can be obis defined as the absorbed power per unit mass. SAR has a
served by B-mode ultrasound imaging are thought to be inunit of W/kg and can be expressed as SARE?/p, where
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|E| is the amplitude of the loscal electric fiefd/m); o is the z '
conductivity of the tissu€S/m); and p is the density of the JD—»Y Q:—>
tissue (kg/m®). The SAR is the average microwave power X HIFU { T~ Rotation axs
density converted to heat. The conductivity of tiSSUE iS re-reeauer” transducer \/—:—\
lated to its water content and ionic concentration, and the i S mneralsl
imaginary part of the dielectric consta#t,y= o/ w, whereo L
is the angular frequency of the applied fields in radians/s, ] S i m
determines the absorption rate of the microwave energy. 7 i

Thermal ablation of tumorous tissue is associated with a \ngul g e/
decrease in water content and conductivity. There are twc
explanations for the loss of water in the lesion region. To kill -
malignant tissue with ultrasonic ablation, the temperature in onorator
the target region is elevated to 65 °C or higher. At such high
temperatures, tissue begins to coagulate and subsequently Fic. 1. Side view of the experimental setup.

water evaporatejf. Due to water vaporization, the lesion re-
gion has less water content than the untreated region. In ad-
dition, reduced blood flow results in water loss. Experiments
on breast tumor and liver tumor have shown that HIFU treat-
ments interrupt the blood flow within tumor vessels, and,position of the muscle with a thl” string. The porcine muscle
consequently, that the blood flow within the tumor vesseldhad a water content ef 75%," which is similar to the water
declines dramatically following HIFU treatmerifs’’ Be-  content of cancerous tissue.
cause the lesion region has less water content than the un- The ultrasonic receiver was an unfocused transducer
treated area and the conductivity of this region is, therefore(V323, Panametrics-NDT, Waltham, MAwith a central fre-
lower than that of the untreated area, it absorbs less micraguency of 2.25 MHz and a diameter of 6 mm. This receiver
wave energy than the untreated area. The effect of the heawas scanned around tiZeaxis, and its axis was aligned with
ing on the intracellular ionic concentration, however, is stillthe center of the muscle. Thermal lesions were induced in the
not clear. Some research has claimed that no significanhuscle using a spherically focused transdy€anda Corpo-
changes in ionic concentration occur during or afterration, Sunnyvale, CA which irradiated the sample from
heating%8 Because TAT can differentiate thermally induced above, along th& direction.
lesions from untreated tissue based on differences in their The HIFU transducer operated at a central frequency of
electromagnetic properties, it has the potential to imagepproximately 4 MHz, with a focal length of 25 mm. It was
HIFU-induced lesions. driven by a continuous sinusoidal voltage produced by a sig-
The purpose of this paper is to establish the feasibility ofnal generatoDS345, Stanford Research, Sunnyvale,)CA
using TAT to noninvasively detect the coagulated damage imnd passed through a RF amplifi@40L, ENI). The HIFU
tissue that is being treated. Two reconstruction algorithms arransducer was immersed in mineral oil to provide coupling
explored: a filtered backprojection and a local-tomography+to the sample. Because the HIFU-induced lesion was formed
type algorithm, where the latter was implemented to emphapreferentially before the focus, the distance between the
size the boundaries between the different tissues. To veriffAlFU transducer and the tissue sample was less than 25 mm.
that TAT can differentiate low water-content tissue from high  Pulsed microwave radiation was used to irradiate the tis-
water-content tissue, a sample was made by embedding losue samples through an air-filled pyramidal horn antenna
water-content fat in high water-content porcine muscle. Thisvith an opening of 120 mm 88 mm. The frequency of the
sample was then imaged. Subsequently, a HIFU-induced lenicrowaves was 3 GHz. At this frequency, the penetration
sion in porcine muscle was produced for the purpose oflepth in fat is 9 cm, and the penetration depth in muscle is
evaluating the ability of TAT to detect ablation. Good con- 1.2 cm. Most other soft tissues have penetration depths be-
trast was obtained between the lesion and the tissue suween these two values. The width of the microwave pulse
rounding it. A comparison of the size of the lesion measuredvas 0.5 ps, which means that ultrasonic waves up to
with TAT and the size measured by a gross pathologic pho=-2 MHz were generated, thus providing spatial resolution

tograph is also presented. on the millimeter scale. The peak power of the microwave
pulse was estimated to be 20 kW, leading to an estimated
Il. METHODS total energy per microwave pulse of about 0.0120 kW

X 0.5 us=0.01 J. The microwave generator and the oscillo-
scope were synchronized by a function generator. The tissue

A side view of the experimental setup is shown in Fig. 1.sample was placed above the opening of the antenna as
The tissue sample was constructed by embedding a piece shown in Fig. 1. Several minutes after the lesion was gener-
fresh porcine muscle in fat. The whole tissue sample wasted in the tissue, we turned on the microwave generator and
immersed in mineral oil and placed on a base in X3  began to collect the thermoacoustic signals. The estimated
plane. In the experiments, we carefully removed the aimmicrowave radiation level based on the above settings con-
bubbles between the fat and muscle and fixed the relativeorms to the safety requiremeﬁ%

A. Tissue sample handling and lesion generation
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Fic. 2. (@) Gross pathologic photo-
graph of the sample used in the experi-
ment. (b) Reconstructed image using
the local-tomography-type algorithm.
(c) Reconstructed image using the ap-
proximate filtered backprojection al-
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B. Reconstruction method tomography-type reconstruction method, the reconstructed

The reconstruction methods are based on a previouiénage in Fig. 2b) is not a direct energy deposition image.
study?® An approximate two-dimensional filtered back- Next, to examine the image contrast that results from the
: differences in water content in the different tissues, we began

projection algorithm was applied to obtain an energy depo-", . : X
sition image first. To emphasize the sharp details in the re\-NIth a ;ample of two §mal| pieces of fat embedded in a piece
f porcine muscle. Figure(8 shows a photograph of the

constructed image, we then used a Iocal-tomography-typ8

reconstruction algorithm that was also studied in the pape?almple used. The sample consisted of two fat cylinders with

referenced above. In the following experiments, we recon? diameter of about 7 mm and a thickness of 6 mm. Because

structed the image with fulfpanoramig view data, which the water content in fat is much lower than the water content

were collected by scanning the ultrasonic transducer around muscle, we expected a large contrast between the two

the tissue sample in a full circle. In practice, we often Cansmall pieces of fat and their surrounding areas in the recon-

obtain only limited-view data and then must use the Iimi'[ed-StrUCted image. Figure(8) shows the reconstructed image

view algorithm discussed previou%?yto reconstruct the im- using the local-tomography-type reconstruction method. We
observe large changes in the fat regions. This experiment

age- verifies that image contrast is related to differences in the
water content of biological tissues.

ll. RESULTS AND DISCUSSION Our final step was to generate HIFU-induced lesions in

A. Experimental results the tissue and obtain TAT images of them. Because our ob-

. ) ) . jective was to visualize HIFU-induced lesions with TAT, we
First, the reconstructed images, using two different recongtempted to simplify the creation of the lesions by not add-
struction methods, are compared in Fig. 2. Figua® 8hows g a Jayer of normal tissue above the tissue to be treated.
a gross pathologic photograph, and Figo)2shows the re-  This should have no effect on our results in terms of micro-
sults of the approximate filtered backprojection method. Beyaye penetration because the microwave energy source was
cause of the band-limited effect of the receiving transducerp|aced beneath the sample to force the microwave pulses to
the low-frequency components of the thermoacoustic Signa'ﬁropagate through the tissue. The tissue sample was con-

detected by the receiver were filtered out. To reconstruct thgycted of a piece of muscle surrounded by fat. Figues 4
image through the approximate filtered backprojection

method, we estimated the ultrasound pressure by integration.
The integration process resulted in only an approximation of
the nonfiltered thermoacoustic signals. From Fi¢c),2we
observe that the reconstructed image is uniform due to thi
smoothing effect of this integration. Figuréb? is the result
using a local-tomography-type algorithm; here the recon-
structed image has better contrast. To better characterize tt
size and position of the lesion in the reconstructed image, wi
were interested in the interfaces between the muscle and tt
HIFU induced lesion, in which high-frequency components
of the thermoacoustic signals dominated. For this reason, w(@) Horizontal axis X (mm)
used the local-tomography-type reconstruction method in ou

analysis. The image contrast in Figlb® is improved as a L .
result of removing the low-frequency components and em- (b) 100 100
phasizing the boundaries between the different tissues. Bss 3. (a) Photograph of the phantom used in the experiméntRecon-
cause of the filtering effects and our use of the local-structed image using local-tomography-type method.
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Fic. 4. (a) Gross pathologic photograph of the sample
used in the experiment; the lesion was induced at a
radio frequency power of 15 W for one and one half
minutes.(b) Schematic side view of the sample. Recon-
structed image using local-tomography-type reconstruc-
0 20 40 6o tion method:(c) before heatingyd) after heating.(e)
Horizontal axis X (mm) The differential image obtained by subtracting the data
collected before heating from the data collected after

—:l —: heating. The lesion regions are indicated by dashed
circles.
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shows a photographic top view of the sample. Figu@ie) 4 rate of 50 MHz. The transducer was circularly scanned
depicts a schematic side view of the phantom used in tharound the sample at a radius of 7.8 cm with a step size of
experiment. The approximate dimensions of the muscle wer2.25°. At each detection angle, 200 thermoacoustic waves
40 mmx 30 mm, and the thickness of the muscle was 6 mmwere averaged to abate the random noise and thus improve
The base fat was approximately 10 mm in thickness. Outhe signal-to-noise ratio of the detection.

current microwave radiation system had limited ability to  The lesion showed up on the surface of the muscle as a
provide uniformly distributed microwave energy to the tissuewhite circle, sometimes with a central hole, which is clearly
sample. This limitation determined the maximum size of thevisible in Fig. 4a). After heating, the tissue lost some of its
sample we could use without making spatial correctionswater content due to water vaporization, which decreased
Other factors that determined the maximum size of theaccordingly its ability to absorb microwave energy. Because
sample used in the experiment included the frequency anih this case the fat under the muscle was only about 1 cm in
power of the microwaves since microwave power is subjecthickness, which was far less than the penetration depth in fat
to safety requirements. The HIFU transducer heated th€ cm at 3 GH3, the fat base had no obvious influence on the
muscle sample from the top. The lesion was created by thquality of the reconstructed TAT image. We reconstructed the
HIFU transducer powered at 15 W, corresponding to apimage using the local-tomography-type reconstruction algo-
proximately 600 W/crhat the focus for 1.5 min. The dose rithm. Figure 4c) is the reconstructed image before treat-
of therapeutic ultrasound had been selected to induce watenent, and Fig. &l) is the reconstructed image after treat-
vaporization in the tissue. Several minutes after the formament. These two images do not represent energy deposition
tion of the lesion, we began to collect the TAT data. Thedirectly, because most of the low-frequency components of
thermoacoustic signals were sampled forikdat a sampling the thermoacoustic signals have been removed to emphasize
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------ Ideal regression _ ] and the surrounding tissue can potentially improve the accu-
150l - ywoighted LS regression |~ racy of this method. Another important reason for the dis-

crepancy is the limited resolution of our system, which can
be improved by decreasing the microwave pulse width and
increasing the bandwidth of the receiving ultrasonic trans-

100} ducer.

C. Discussion

[4,]
[e=]

Two problems that exist in our current imaging system are
the nonuniformity of microwave distribution and the limited
bandwidth of the receiving transducer. Both have great influ-
% 0 100 150 ence on the sample size used in the experiments and the
resolution of the reconstructed images.

First, we consider the effects of the nonuniformity of mi-
Fic. 5. Scatter plot of the area of the lesion evaluated using TAT versus therowave distribution on our final results. The pyramidal horn
area measured from pthoIogic p_hotogra_phs. Th_e evaluatiqn was applied g¥ntenna used to irradiate microwave energy into the tissue
ts‘?(’:n'e;g?ﬁf;g%&ejiggofgfgtl'g; obtained using the weighted LS regregy h1e is fed by a T waveguide. The horn antenna is

tapered gradually from the waveguide dimensions to a larger
aperture so as to preserve the electric field distribution of the

the boundaries. We estimate that the ratio of the change ifominant mode in the open aperture. Neglecting the effects
microwave absorption in the lesion region to the averagé’f the cur_ren_ts on the exterior surfaces of the horn antenna,
absorption in the surrounding normal tissue was 0.85 in thiéhe electric field at the aperture of the antenna can be ap-
case. In other similar experiments, the ratios ranged fronProximated to have the same shape as the corresponding
0.55 to 0.95. The lesion shown in the tissue photograph corfomponent of the Ti; mode. The electric field of the pyra-
firmed the corresponding regions measured by TAT. By subMidal horn near the aperture was estimated By7,¢)
tracting the data collected before heating from the data col= Eo,108in(77/@), whereE, 1is the amplitude of the electric
lected after heating, but before reconstruction of the imagéi€ld of the TEg mode, anda is the dimension of the horn

we obtained better image quality as shown in Fig)4 aperture in theyn direction. They direction is chosen to be
along the longer dimension, and t§elirection is chosen to

be along the shorter dimensioB(7,&) depends on the
coordinate and is independent of theoordinate(i.e., uni-
form in the & direction. The electric field reaches its maxi-
Figure 5 compares the sizes of the lesions measured frommum at the center of the longer side, and zero at both ends.
the TAT image with the sizes measured from the photographMore accurate values of the transient electric field radiated
The lesion in the TAT image was evaluated as the area erby the transmitting antenna in the tissue sample can be com-
closed by the half maximum intensity contour of the lesionputed by finite-difference time domain simulations. From the
boundary. The lesion in the photograph was defined as thabove analysis, we know that it is generally necessary to
heated regior(colored whitg. The scattered circles denote consider the microwave distribution in order to reconstruct
the results measured from TAT. The dash line shows the idean image of the tissue sample. In the current experiments, the
regression of the scattered values. The solid line representissue regions that we are interested in are very small com-
the fit using a weighted least-squar@sS) regression. The pared with the antenna aperture, and we are only interested
weights are the inverse of the lesion area measured in the the boundaries between different tissues. Therefore, it is
photograph. The resulting regression equation relating theafe to assume a relatively uniform distribution of micro-
values from TAT(denoted by TA) and the values from the wave energy in the tissue sample. For large samples, how-
photographs(denoted by Phojois [TAT]=0.91X[Photd ever, this effect must be considered in order to achieve good
+3.67. In other words, the size evaluated from the TAT im-image quality.
age was smaller than the size evaluated from the pathologic Next, we show the effects of the limited bandwidth of the
photograph. As the size of the lesion becomes larger, theeceiving ultrasonic transducer on the received signals. The
discrepancy becomes more obvious. It has been shown thaehpulse response and the spectrum of the transducer are
thermal damage is associated with a significant increase ishown in Figs. &) and &b). To illustrate the bandwidth-
the speed of sountlin the reconstruction process, we as- limited effects of the receiver, we numerically simulated the
sumed a uniform ultrasound speed in the tissue sample wittene-dimensional output piezoelectric signals of the thermoa-
out considering a change in ultrasound speed in the lesiocoustic signals passing through the receiving transducer. In
region. This may partly explain why the size of the lesionthe simulations, we took into consideration the pulse width
measured from the TAT image was smaller than the sizef the microwave pulse used in the experiments. Figycg 6
measured from the photograph. Further work that explicitlyis the temporal profile of the microwave pulse used in the
considers the difference in ultrasound speed between lesiorsxperiments. Figure (6) shows the thermoacoustic signals

Area measured from TAT (mnf)

Area measured from photograph (mmz)

B. Evaluation and characterization of the
lesion
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Fic. 6. Simulation of a piezoelectric signal in response to a microwave-induced thermoacousti(gjgrta. temporal profile of the impulse response of the
2.25 MHz transducer(b) Spectrum of the 2.25 MHz ultrasonic transdua@). Temporal profile of the microwave pulse used in the simulatigds.
Thermoacoustic signals induced by an ideal microwave pulse for a sample with a low microwave absorption region in tlie) Gdreemoacoustic signals
induced by microwave pulses used in the experiments for the same samples ydedfinSimulated piezoelectric signals of the 2.25 MHz ultrasonic
transducer fo(e).

induced by the microwave pulse. The simulation was carrieerties of tissue increase at the initial denaturation of
on in one dimension, rather than in two, to simplify the com-protein®*~?*which can be explained by an increased mobil-
putations aIthough the results can be easily extended to tVV@y of the bound water and ions. We expect stronger micro-
dimensions. The piezoelectric output of the ultrasonic transgaye absorption at the initial treatment. The cavitations dur-

ducer in response to the thermoacoustic pressure was caIcMg the treatment, however, may complicate real-time

lated as the convolution between the thermoacoustic pressufﬁonitoring of HIFU treatments. In the future. the use of a

and the impulse response of the transducer. Because of the S .
. transducer array will significantly reduce the data collection
band-limited effects of the transducer, we expected large

changes at the boundary regions in the piezoelectric outp gng and provide more.mformat'mn.on the possibility of ap-
signal. The low-thermoacoustic pressure region in Fig) 6 plying TAT to the real-time monitoring of HIFU treatments.
was used to simulate the lesion. Figurd)@vas the simu- The treatment of discrete tumors is a difficult clinical
lated piezoelectric output. We observed a deep drop in theroblem. When the contrast in water content between can-
piezoelectric signal at the lesion region. The recovery of theeerous and normal tissue is large, the difference in micro-
thermoacoustic signal through deconvolution is difficult towave absorption is also large. Thermoacoustic tomography
realize. As a reasonable simplification, in our analysis in thehas been shown to be capable of detecting small tumors
frequency range below 2 MHz, a differential operator waspased on this difference in microwave absorpfibive have
used to approximate the spectrum of the transducer. demonstrated that TAT can, in addition, differentiate the tu-
Changes in the dielectric properties reflect HIFU-inducedy o pefore and after treatment. Moreover, high-intensity fo-

changes in the target region. Imaging techniques based Qsed ultrasound has been shown to be a noninvasive treat-

changes in the dielectric properties of tissue may be used tg . ) . .
. ) . . ment that can induce well-defined coagulated lesions while
monitor the physiological changes during ultrasound treat-

ment. Our experiments were implemented with a single uI_Ieavmg the surrounding area unaffected. The size and shape

trasonic transducer rotating in a circle to collect signals fronf! the target region can be well controlled to focus on the
different directions. Due to this limitation, we were unable toindividual tumor. The prospect of combining these two tech-
monitor changes in the tissue in real-time, and, consequentijiiques in order to both detect tumors and apply thermal sur-
changes in the dielectric properties during heating were nagery during the same clinical event holds great promise for
measured. Some research has shown that the dielectric propancer treatment in the future.
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