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Abstract—The feasibility of using an acoustic camera as a real-time imaging device for thermal surgery was
investigated. The study compares camera images of tissue samples taken before, during and after a volume of
tissue was thermally coagulated using focused ultrasound (US). This apparatus has analogous acoustic counter-
parts to an optical charge couple device (CCD) camera. The setup was operated in transmission mode, with a
tissue sample placed between the camera and a 10-MHz illuminating transducer. A high-intensity continuous-
wave US signal from a therapeutic transducer was focused inside the sample tissue. A reversible, time-dependent
variation in image intensity was observed in the region of the therapeutic sonications in all tissues tested: bovine
fat and porcine and rabbit livers. Correlations between image intensities and temperatures were shown; rabbit
liver resulted in a correlation coefficient (R?) of 0.6694 and bovine fat resulted in an R of 0.9455. When
temperatures high enough to coagulate tissue were reached, permanent changes in the images were observed.
Lesion locations and dimensions from the images were found to be comparable to the sectioned tissue samples.
An R? of 0.919 resulted when lesion size detected from the camera was compared to the actual lesion size.
Preliminary results may indicate that the camera has an application for monitoring thermal surgery. (E-mail:
riking@bwh.harvard.edu) © 2003 World Federation for Ultrasound in Medicine & Biology.

Key Words. Ultrasound, Transmission ultrasound, Ultrasound attenuation, Thermal therapy, Image-guided,
Tissue temperature, Acoustic camera.

INTRODUCTION Advances in array technology allow transmission

Transmission acoustic imaging situates an object be_imaging to be performed with high-resolution ‘?‘COUStiC
tween a source and a receiver to provide a linear projec- cameras. The presgnt study uses an acoustic camera
tion of its attenuation properties. The principle has been developed by !mperlum, Inc. (Lasser et al 1996; Lasser
applied to develop orthographic images (Fry and Jethwa 1997) as an imaging apparatus. It replaces the lens,
1974; Green et al 1973; Hentz et al 1987) and is used in aperture and sensors of an optical charge couple device
ultrasound (US) transmission tomography (Carson et al (CCD) camera with acoustic counterparts. The camera
1977; Dines et al 1981; Opielinski and Gudra 2000) to exploits the similarity in the physical description of optic
produce 2-D image reconstructions. A modified trans- and acoustic fields, which has prompted the development
mission method, known as reflex transmission imaging of numerous acoustic analogs to existing optical systems,
(RTI) (Green and Arditi1985; Green et al 1991), uses US such as acoustic holography (Metherell 1968; Metherell
backscatter from behind the image plane as a “source, " et al 1970), lenses (Fjield et al 1997; Lalonde and Hunt
which allows imaging to be performed with a single 1997) and phase-conjugation (Thomas and Fink 1996).
transducer. A number of studies have revealed the po-The camera output interfaces with standard video input
tential of transmission techniques in medical imaging for devices to provide real-time imaging in a specific plane.
recording the attenuation properties of varying tissues Others are also studying a variation of this approach,
(Hentz et al 1987; Marich et al 1975a, 1975b; Weigel and ajthough they are using the camera only as an imaging
Cartee 1983; Wells 2000; Zatz 1975). device and not for thermal monitoring (Ermert et al
2000).
, , Earlier acoustic camera systems referring to devices
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ogy, Brigham and Women’s Hospital, 65 Landsdowne St., Room 252, thaF use an acoustic arrgy _Or scanning laser beam to
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(Green et a 1973; Metherell et a 1970; Whitman et a
1972). These differ from the contemporary system in
both resolution and focusing ability. More recently, sys-
tems developed for underwater use (Baikov et a 2000;
Erikson et a 1999; Jones 1999) and nondestructive test-
ing (Honda et al 1999) employ a combination of an
acoustic lens with new array technologies, but are de-
signed for receiving backscattered signals.

The present study examines the possibility of using
transmission imaging to guide thermal therapies. Numer-
ous minimally invasive thermal procedures have been
studied as an alternative to surgery and radiation therapy.
These procedures require near real-time diagnostic feed-
back for targeting and monitoring. US (Chapelon et a
1999; Fry et a 1968; ter Harr et al 1989; Sanghvi et a
1999; Sheljaskov et a 1997) computerized tomography
(CT) (Fallone et al 1982; Jenne et al 1997) and magnetic
resonance imaging (MRI) (Le Bihan et al 1989; Kuroda
et al 1992; Parker 1984) have all been tested for thermal
exposure monitoring.

We hypothesized that imaging thermally coagulated
tissue with transmission US could achieve a higher sig-
nal-to-noise ratio (SNR) than backscattered US, due to a
strong change in attenuation coefficient (Bamber and
Hill 1979; Gertner et a 1997, Damianou et a 1997,
Worthington and Sherar 2001) and relatively low change
in the reflection coefficient.

We searched for localized change in image intensity
due to speed of sound variation caused by temperature
changes; thus, allowing the US focal region to be iden-
tified.

Specifically, we tested the transmission method with
the acoustic camera system for 1. its ability to image
coagulated tissue, 2. the sensitivity to temperature eleva-
tion at the focus of atherapeutic USfield in ex vivo tissue
samples during sonication, and 3. the correlation be-
tween image intensity and tissue temperature.

MATERIALS AND METHODS

A prototype US camera (Lasser 1997) was used for
the experiments. The system uses a planar radiator, sep-
arated by a distance of 23.5 cm from the camera, to
illuminate a region of the target tissue. The planar illu-
minating transducer was a single-element piezoelectric
(PZT) transducer with a matching layer, a center fre-
quency of 7.5 MHz, and 4.5 cm?. An illustration of this
system is shown in Fig. 1. US scattered by the target is
focused onto the camera image plane using a compound
system of acoustic lenses. If the target is relatively ho-
mogeneous relative to the signal frequency, scattering
may be neglected and the image will be a product of the
attenuation and phase distortion in the camera’s object
plane (Fig. 1).
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Fig. 1. Acoustic camera transmission system diagram.

The camera s image plane consists of PVDF (poly-
vinylidene difluoride) piezoelectric material 1 cm? di-
vided into 128 X 128 active pixel elements with .085
mm center-to-center spacing deposited upon a standard
silicon readout CCD multiplexer. The PVDF array is
sensitive over a bandwidth of more than 20 MHz. Use of
a standardized chip allows interfacing with commercial
video and data-acquisition egquipment. Moving the lens
on the camera, which is adjusted similarly to an optical
camera, chooses the object plane. Feedback is provided
from real-time video images. Video was fed to a 500-
MHz PC ouitfitted with Pinnacle DV 500 frame grabber
(Pinnacle Systems, Inc., Mountain View, CA). Still im-
ages were obtained in a bitmap format using the Acous-
tocam imaging software (Imperium, Inc., Silver Spring,
MD) and movies were recorded using Adobe Premiere
5.1C.

The signal transducer and receiving array were
tested to measure the camerd s sensitivity, field-of-view
(FQV), therapeutic focus and lesion-detection capability
and SNR. The driving system supplied a 10-MHz im-
pulse to the source transducer with a variable peak volt-
age of between 210 V to 710 V, as selected by the gain
control on the camera. The measurements were con-
ducted in atank filled with degassed deionized water and
padded with rubber to inhibit reflections from the tank
walls.

To test the camera’s ability to image small features,
polystyrene phantoms were created, as shown in Fig. 2.
Thefirst (Fig. 2a) was a 5-mm thick plate containing four
holes whose diameters were 3.2 mm, 1.59 mm, 0.78 mm
and 0.4 mm. The phantom was imaged (Fig. 2b) and
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Fig. 2. (8) Photograph of 0.5-mm thick polystyrene phantom
with hole diameters of 0.4 mm, 0.78 mm, 1.59 mm and 3.20
mm as measured with calipers. (b) Average measured diame-
ters from the acoustic camera transmission image of a 5.0-mm
thick polystyrene phantom, (j) 0.75 mm = 0.12 mm, (k) 1.1
mm = 0.19 mm, (I) 1.42 mm * 0.25 mm and (m) 3.49 mm +
0.21 mm. (c) Acoustic camera transmission image of polysty-
rene phantom with varying thickness of (d) 0.5 mm, (e) 1.64
mm, (f) 2.90 mm and (g) 4.30 mm with normalized intensities
of (d) 0.94, (e) 0.50, (f) 0.35 and (g) 0.28.

measurements of the features were made using the mea-
surement program, which calibrated a number of pixels
to ascale.

The second phantom (Fig. 2c) was a polystyrene
plate with thickness steps of (Fig. 2d) 0.5 mm, (Fig. 2€)
1.64 mm, (Fig. 2f) 2.90 mm and (Fig. 2g) 4.30 mm.

With the source planar transducer positioned 23.5
cm from the camera array, as depicted in Fig. 1, FOV
measurements were obtained as a function of position.
The measurements were obtained by focusing the camera
on a metal grating placed at varying positions between
the source and receiver. At each location, an image was
acquired. Images from the camerawere calibrated to give
the FOV at a particular location on the camera axis.

Three tissue types, bovine fat, rabbit liver and por-
cine liver, were used to detect temperature and intensity
changes. Sonications varied in power levels and dura-
tion. The rabbit and porcine liver tissueswere chosen due
the ability to obtain these tissues fresh. Immediately after
euthanizing the animal, the porcine and rabbit liverswere
removed and placed in 0.9% sodium chloride solution
and degassed at —1.0 bar for approximately 1 h and used
in the experiments that same day. The bovine fat, ob-

tained from a local butcher due to the quantity needed,
was also degassed at —1.0 bar in 0.9% sodium chloride
solution for approximately 1 h, and used the same day it
was obtained. All samples were less than 5-cm thick. A
bare junction copper-constantan thermocouple, with wire
diameter 0.05 mm, was inserted into the tissue using a
catheter and positioned directly in the focus of the high-
intensity therapeutic transducer by sonicating at 1.0 W
while moving the tissue until a maximum temp reading
was found. A 10-s baseline reading from the thermocou-
ple was obtained before the treatment sonications, during
which the temperature of the tissue volume was re-
corded. Sonications performed with the thermocouple
varied in power levels, 1 to 50 W, and duration, 5to 10 s.

Tissue samples were placed in the camera s image
plane, as shown in Fig. 1. A focused transducer was
placed perpendicular to the camera’s axis with its focus
within the camera's FOV. In separate experiments, an
air-backed 1.1-MHz, 10-cm diameter PZT transducer
and a tungsten-backed 1.8-cm diameter 2.0-MHz trans-
ducer were used. The air-backed transducer was imped-
ance matched to electrical resonance at 50 () to assure
maximum power output to the transducer from a mul-
tichannel amplifier system constructed in-house (Daum
et al 1998). The 2-MHz tungsten-backed transducer input
was a continuous-wave (CW) sinusoid generated by an
arbitrary waveform generator (Wavetek, San Diego, CA;
model 305) and fed to a power amplifier (ENI, Roches-
ter, NY; model 3100L).

Images were recorded with the camera before, dur-
ing and after high-intensity US was focused into the
tissue. Sonications were performed at low and high
power to induce tissue temperatures below and above the
coagulation threshold. Low power sonications were used
to detect the focus at temperatures too low to cause
physiologic changes to the tissues. Higher temperatures,
achieved by using higher input powers and longer soni-
cation times, were used to image coagulated tissue. Over
the sonication period, the temperature at the US focus
was recorded using a thermocouple. The temperature
data were read by a multimeter (Keithley Instruments,
Cleveland, OH; model 2700).

RESULTS

The first plate had four holes with diameters of 0.4
mm, 0.78 mm, 1.59 mm and 3.20 mm (Fig 2a). All the
holes were seen as reduced signa intensity, except the
two largest holes, which showed an increase in the cen-
ters (Fig. 2b). A total of 10 measurements of each diam-
eter were taken across the images. The average visually
detected diameters of the holes in the images was usually
larger than the actual diameters of the holes as measured
by calipers. The one hole that measured smaller on the
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(a) (b)

Fig. 3. USfocusin pig liver. (a) Baseline before sonication, (b)

immediately after 20-W 20-s sonication and (c) 120 s after

sonication. Arrows outline heating. The FOV on these images
is approximately 3 cm X 3.5 cm.

acoustic cameraimage compared to the real size was still
within 1 SD (Fig. 2j). The percent difference between the
actual diameters and the diameters measured from the
acoustic camera images increased with decreasing ra-
dius, giving differences of 9%, 11%, 34% and 61%; the
larger errors occurred below 1 mm (Fig. 2).

With the second phantom (Fig. 2¢), the signal inten-
sity decreased with the increasing thickness of the phan-
tom. Acoustic camera transmission image of a polysty-
rene phantom (Fig. 2c) with varying thickness of (Fig.
2d) 0.5 mm, (Fig. 2e) 1.64 mm, (Fig. 2f) 2.90 mm and
(Fig. 2g) 4.30 mm with normalized intensities of (Fig.
2d) 0.94, (Fig. 2e) 0.50, (Fig. 2f) 0.35 and (Fig. 2g) 0.28,
corresponded to increasing thickness.

When sonications of the tissue samples were per-
formed at low powers, reversible image intensity
changes were observed. In all types of tissue, an intensity
change was seen at al power levelsand durations. Figure
3, with an FOV of approximately 3 cm X 3.5 cm,
illustrates an example of the intensity change and fall-
back to baseline in porcine liver sonicated at 14.4 W for
30s.

Correlation of the image intensity with thermocou-
ple measurements is illustrated in Fig. 4 for one experi-
ment in rabbit liver and bovine fat. Also shown are the
time relationships for thermal and intensity data. Figure
5 shows the mean signal intensities and thermocouple
readings for al the liver (n = 5) and fat (n = 12)
experiments. Each data point in Fig. 5a is a mean inten-
sity value of points within a 1° range. In Fig. 5b, each
data point is a mean intensity value of points within a5°
range. The region-of-interest (ROI) is one pixel chosen
within the heated region. Initial temperature for all ex-
periments was room temperature. Intensity information
from the camera images could not be obtained while
sonicating with the therapeutic transducer due to disrup-
tion of the source signal. With the liver samples, lower
powers were used to avoid coagulation as opposed to the
fat samples, which allowed the use of higher sonicating
powers. The higher powers resulted in a normalized
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Fig. 4. Thermocouple measurements over time in (a) rabbit
liver and (d) bovinefat. (b), (€) Normalized intensity (NI) from
the acoustic camera images over time for the two tissue types.
(©), (f) NI from the acoustic camera correlated to thermocouple
temperatures. R? = correlation coefficient.

intensity close to zero, immediately after the sonocation,
at the focus.

Images before and after a high-power sonication
with a therapeutic transducer in porcine liver are shown
in Fig. 6 and compared to a photograph of the same
lesion. In all cases, when coagulation of the tissue was
observed, the signal intensity at the sonicated location
decreased. A mean contrast-to-noise (CNR) of 10.7 was
observed when the camera source was operated at
midrange intensity. At high intensity, the CNR dropped
to a mean value of 3.2 when measuring the lesions. The
CNR was sampled from a region in the tissue near the
heating. The ROI varied with each sonication, but was
limited to an area smaller than the heated region. The
lesion diameters measured from the images (n = 12)
displayed good linear correlation with the actual lesion
size measured from gross inspection, shown in the plot in
Fig. 7. The fat samples did not show a similar reduction
in the signal intensity after the sample temperatures
returned to baseline.

The correlation of the signal intensity values for the
liver samples before and after treatment with focused US
was compared with the thickness of the sample. The
samples were imaged at 10 MHz. The resulting increase
in the attenuation coefficient for the samples (n = 5) was
found to be 0.35 Np cm™* a 10 MHz with a slope of
0.0351.

DISCUSSION

This study tested the use of a new US transmission
camera for the monitoring of focused US thermal sur-
gery. The results demonstrated that the transmission US
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readings from the thermocouple for all the liver experiments (n

= 5). (b) Mean signd intensities and temperature change

readings from the thermocouple for al the fat experiments (n =
12).

camera had the spatial resolution and sensitivity to at-
tenuation changes to be able to detect thermally coagu-
|ated tissue volumes. In addition, small temperature ele-
vations induced at the focus of a therapeutic US beam
were visible, allowing the focal location to be detected
before thermally coagulating the tissue volume. Both of
these features are valuable for guiding and monitoring
focused US surgery and, thus, the US transmission cam-
eramay have arole in monitoring US surgery and other

(a)

b o o et e

Fig. 6. Acoustocam image of porcine liver (a) before and (b)
after high-intensity sonications compared with (c) cross-section
photograph of the coagulated lesion. Arrows outline lesion.
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Fig. 7. Actua lesion size from gross inspection, correlated with
lesion size as measured with the acoustic camera.

thermal therapies in sites that allow US transmission,
such as the breast.

The experiments with the polystyrene plate, chosen
because it isareadily available, rigid material that offers
different sound speed and attenuation properties from
those of water, demonstrated that submillimeter-diameter
volumes of material with different acoustic speed and
attenuation could be detected. The smallest holes in the
plate showed decreased signal intensity with a larger
diameter than the physical size of the hole. This is most
likely caused by the distortion of the wave due to the
difference in the sound speed in the water (1500 m/s) and
the polystyrene (2200 m/s) (Hung and Goldstein 1983).
This distortion causes the waves to destructively inter-
fere with the remaining wave at the detector. The largest
hole showed an increased signal intensity in the middle,
corresponding to the smaller attenuation in water (20°
25E-3 Np cm/MHz) (Duck 1990) when compared with
the polystyrene (18.76 Np cm/Mhz) (Hung and Goldstein
1983). This increased signal area was surrounded by a
ring of reduced signal, again correlating with the diffrac-
tion of the waves. Structures, such as bone, with varying
acoustic speeds and attenuations from that of tissue could
be detected with the camera system.

Small temperature elevations on the order of 1 °C
were visually quantitated with the camera in both liver
and fat, and the changes in intensities at low tempera-
tures can be seen in Fig. 5. The temperature increase
caused a change in the US propagation speed in the
heated volume. The increase or decrease in the speed of
sound causes the wavefront to bend, inducing the waves
to arrive out of phase to the detector; thus, inducing a
decrease in the signal intensity. This explains why both
the liver and fat had a reduction in the signal intensity
even though the temperature coefficient in fat is negative
and in liver is positive (Bamber and Hill 1979). The
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slopes of different tissues vary;bovinefat at 20°C (—10.1
ms °C) (Bamber and Hill 1979) and bovine liver at 20°C
(1.01 m s °C) (Bamber and Hill 1979); thus, it is ex-
pected that this signal could not be an accurate measure
of the peak temperature. However, it could be used to
localize the focus.

The thermal coagulation of liver tissue has been
shown to increase the tissue attenuation (Bevan et al
2001; Damianou et al 1997; Duck 1990) and, thus, the
coagulated volume should show as a reduced signal area
in the image. The speed of sound in the coagulated tissue
has been reported to remain approximately unchanged
(Duck 1990), indicating that the ring effects seen with
the polystyrene plate would not be present. Our experi-
ments with the liver verified this assumption, showing a
reduction in the signal intensity that depended on the
coagulated tissue volume. The attenuation was cal cul ated
using the baseline intensity, the attenuated intensity and
the thickness of the lesion, to determine the attenuation
coefficient. The results indicated an average attenuation
coefficient increase of 0.35 Np cm a 10 MHz. This is
roughly equal to the attenuation of US in liver (0.34 Np
cm/MHz) (Duck 1990) and, thus, indicates that the at-
tenuation of the coagulated liver has roughly doubled.
This agrees well with the published literature (Damianou
et al 1997; Gerter et al 1997). Coagulated tissue volumes
as seen on the camera images can underestimate the
actual lesion volume in which cell death occurs. The
damage could take days to become manifest, illustrating
one of the limitations of attenuation-sensitive imaging. A
histologic study of the damaged area would be needed to
confirm the camera's precision in determining exact le-
sion boundaries.

SUMMARY

The newly developed US transmission camera
shows promise for monitoring focused US thermal sur-
gery in organs that would allow US transmission. How-
ever, more work needs to be done to verify the findings
in vivo and with tumor tissues to determine if the method
is sensitive enough to be useful in more clinicaly rele-
vant settings.
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