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Abstract The potential of using a commercial ultra-
sound transmission imaging system to quantitatively
monitor tissue attenuation changes after thermal
therapy was investigated. The ultrasound transmission
imaging system used, the AcoustoCam (Imperium Inc.,
MD) allows ultrasonic images to be captured using
principles similar to that of a CCD-type camera that
collects light. Ultrasound energy is focused onto a
piezoelectric array by an acoustic lens system, creating
a gray scale acoustic image. In this work, the pixel
values from the acoustic images were assigned acoustic
attenuation values by imaging polyacrylamide phan-
toms of varying known attenuation. After the calibra-
tion procedure, data from heated polyacrylamide/
bovine serum albumin (BSA) based tissue-mimicking
(TM) phantoms and porcine livers were acquired.
Samples were heated in water at temperatures of 35,
45, 55, 65, and 75°C for 1 h. Regions of interest were
chosen in the images and acoustic attenuation values
before and after heating were compared. An increase
in ultrasound attenuation was found in phantoms
containing BSA and in porcine liver. In the presence of
BSA, attenuation in the TM phantom increased by a
factor of 1.5, while without BSA no significant changes
were observed. The attenuation of the porcine liver
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increased by up to a factor of 2.4, consistent with
previously reported studies. The study demonstrates
the feasibility of using a quantitative ultrasound
transmission imaging system for monitoring thermal
therapy.

Keywords Thermal therapy - Acoustic attenuation -
Ultrasound phantoms - Gel attenuation - Ultrasound
attenuation mapping

1 Introduction

Thermal therapy is an attractive alternative to surgery
and radiation therapy because of its ability to locally
kill tumors while preserving surrounding normal
tissues [27]. The target tissue is heated to high tem-
peratures (between 50 and 100°C), leading to rapid
destruction. An integral part of the success of thermal
therapy is a real-time monitoring system to monitor
tissue damage in order to control the area being heated
and protects the surrounding normal tissue. Ultrasound
(US) monitoring may be useful since it is non-invasive
and it can be done in real-time. Several groups have
investigated the change in acoustic properties of
heated tissue, showing that tissue ultrasound attenua-
tion rises for temperatures above 55°C. Worthington
and Sherar [31] investigated changes in ultrasound
backscatter and attenuation for 30 min exposure times
at temperatures up to 65°C in porcine kidney. They
found an increase in attenuation of a factor of ~1.9
after 30 min. Clarke et al. [3] and Gertner et al. [6]
measured attenuation changes for higher temperature
heating protocols (70-80°C) and found attenuation
increases of up to 2.4 dB/cm. These studies show that
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depending on tissue type, temperature, and heating
time, attenuation can increase by a factor of 3.5 and
recent data indicate up to a factor of seven for tem-
peratures above 80°C [29]. Therefore, attenuation
seems to be the most robust parameter for ultrasound-
based monitoring of thermal therapies. These studies
indicate that a method of measuring tissue attenuation
can be useful for monitoring thermal therapy; but
knowing how attenuation changes with treatment is
also critical for modeling ultrasonic treatments [14, 29].

This paper investigates the potential of using real-
time ultrasound transmission imaging to monitor
ultrasound attenuation changes. Magnetic resonance
imaging (MRI) [9, 26, 30], US [1, 17] and computed
tomography (CT) [2, 8] have all been investigated to
monitor thermal therapy, however these methods are
either expensive, lack accurate real-time monitoring,
have poor contrast or temporal resolution. Transmis-
sion ultrasound is an alternative to previously studied
methods of monitoring thermal therapy. It directly
measures tissue attenuation, which is known to signif-
icantly change upon tissue coagulation. King et al. [13]
investigated the use of transmission ultrasound imag-
ing, using a similar system to that used in this study.
Using high-intensity focused US to heat tissues they
were able to observe reversible time-dependant varia-
tions in transmission ultrasound images in bovine fat,
rabbit liver, and porcine liver. These data demonstrate
the potential of using transmission ultrasound in
monitoring tissue damage, however the results were
presented in terms of pixel values obtained from the
camera’s images, and a quantitative change in attenu-
ation was not presented. It was therefore not possible
to gage the sensitivity of the technique to the attenu-
ation changes expected in clinical situations. In this
paper, calibration experiments are presented that allow
the direct correlation of the pixel intensity to ultra-
sound attenuation. Phantoms with variable known
attenuation values are made and imaged. A tempera-
ture sensitive agent is added to the phantoms to
examine how it would influence the phantom attenu-
ation. Finally, excised porcine liver is heated to dif-
ferent temperatures to demonstrate the technique
applicability in tissues.

2 Materials and methods
2.1 The AcoustoCam system
An ultrasound transmission camera, developed by

Imperium Inc. (Rockville, MD) was used in this study.
The system, called the AcoustoCam, uses a 5 MHz
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unfocused planar transducer to illuminate the target
tissue. The resultant pressure wave strikes the tissue
and is scattered and attenuated. The transmitted
ultrasound energy is focused onto a piezoelectric array
by an acoustic lens system (Fig. 1). The lens system
consists of a pair of acoustic lenses. The outermost lens
is in a fixed position, while the innermost lens is
moveable (using a focusing knob) to achieve good fo-
cus. The piezoelectric array is 1 cm? with 120x120-pixel
elements and 0.083 mm pixel spacing. The ultrasound
energy that strikes the array is converted to an analog
voltage, which is digitized and fed into a frame grabber
(Matrox Meteor II), which is installed on a PC [15, 16].
Images are recorded via a RS-170 video stream at a
rate of 30 frames/s. Real-time imaging and still image
recording was done using the Acoustocam imaging
software, and image processing was done using
Matlab” (Mathworks, Inc.). The images recorded
through the camera’s software are gray-scale images,
resulting in pixel values ranging from 0 to 255. The
lower the pixel value, the darker it appears in the im-
age. A low pixel value is observed when little ultra-
sound energy is captured by the array. Hence, objects
imaged with high ultrasound attenuation properties
will result in darker images.

The control unit of the system, which sends excita-
tion pulses using a spike pulser, controls the trans-
ducer. The pulser sends a 4.3 MHz impulse with a user-
adjustable peak voltage ranging from 240 to 1,000 V to
the transducer. Within the Acoustocam software, the
capture window width and transducer distance settings
are set to match the physical distance between the
transducer and array. The capture window width is the
amount of time the camera detector is turned on. The
higher the value, the more of the incident ultrasound
energy will be integrated to form the image. The
transducer distance is the length of water path from the
transducer to the array, and is based on the assumption
of an ultrasound velocity of 1,500 m/s. The capture
window width and the transducer signal are synchro-
nized through the transducer distance, which com-
pensates for the time it takes the ultrasound pulse to
travel through water. This distance can be changed
depending on the speed of sound of the object being
imaged.

2.2 Sample preparation

A tissue-mimicking (TM) phantom based on the recipe
developed by McDonald et al. [21] was used. The
phantom consists of a polyacrylamide gel mixed with
bovine serum albumin (BSA). BSA is a temperature
sensitive protein that undergoes thermal denaturation
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Fig. 1 Photograph of the
experimental setup showing
the positions of the

transducer, target to be
imaged and the AcoustoCam

and assists in the visualization of the coagulated region
[11 12]. Exposure to heat causes an unfolding of the
bovine albumin proteins, which then precipitate out of
solution and rapidly form albumen aggregates. Trans-
lucent phantoms visibly whiten during this process.
This can be quantified by an increase in the reduced
scattering coefficient [22]. The polyacrylamide gel was
used because of its stability at high temperatures, as
opposed to other gels (such as gelatin or agar), which
have lower melting temperatures. To verify the role of
BSA and the stability of the polyacrylamide gel,
phantoms were produced with and without BSA and
heating experiments were conducted on such phan-
toms. A complete recipe and detailed instructions for
constructing the phantom is provided by McDonald
et al. [21].

Adding different concentrations of Intralipid” to the
phantom recipe modifies the ultrasound absorption
properties of the phantom. Phantoms of varying
attenuation were used for camera calibration. This was
achieved by making phantoms with different thick-
nesses and different attenuation coefficients (Table 1).
These phantoms were used in the calibration experi-
ments. On the other hand, for all phantom heating
experiments no Intralipid” was used, resulting in an

attenuation coefficient of 0.26 + 0.02 dB cm™ MHz !,
and speed of sound 1548 + 4 ms™' [21]. Porcine liver
tissue used in the study was purchased from a local
grocery store. Samples remained sealed in its packag-
ing until it was ready to be used to avoid gassing of the
liver, and were used no longer than a few hours after
purchase.

2.3 Experimental setup

Experiments were conducted in a tank filled with de-
gassed and deionized water. Echowet™ (Sonotech Inc.,
Bellingham, WA) was added to the tank, an immersion
additive that lowers the surface tension of the water,
thereby releasing air bubbles, which may otherwise
interfere with the ultrasound waves. The transducer was
placed 30.5 cm from the camera, and the samples were
placed approximately in the middle of the two. A pho-
tograph of the experimental setup is shown in Fig. 1.

2.4 AcoustoCam calibration procedure
Images obtained from the AcoustoCam were quanti-

fied in terms of attenuation values by calibrating the
instrument. The AcoustoCam system has a ‘dynamic

Table 1 Acoustic attenuation for phantoms with added Intralipid® concentrations

Phantom Attenuation coefficient Thickness Attenuation @ 5 MHz (dB)
(dB em™ MHZz 1) (cm)

TM phantom, no Intralipid 0.26 2.5 3.25

TM phantom, 15% Intralipid” (v/v) 0.35 2.2 and 3.3 3.85 and 5.78

TM phantom, 30% Intralipid” (v/v) 0.52 2.0 and 3.5 5.2 and 9.1

TM phantom, 45% Intralipid® (v/v) 0.67 2.0 and 4.0 6.5 and 13.0

TM phantom, 60% Intralipid” (v/v) 0.78 3.0,4.3,55and 7.7 11.55, 16.56, 21.18 and 29.65
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Fig. 2 Example of ROI selection for porcine liver images. In the
image ROIs were selected in areas to avoid occasional large non-
uniformities

range correction’ feature in which the digital values can
be re-mapped for a desired grey-scale range. This re-
mapping is accomplished by truncating the upper and
lower ranges of the 14-bit (16,383 levels) digital values
for presentation within the 8-bit (256 levels) display.
The dynamic range was optimized for an attenuation
range of 0-21 dB by imaging various samples with
known attenuation within this range, and adjusting the
upper and lower ranges of the 14-bit digital values.
Phantoms with varying Intralipid® concentration and
thickness were constructed and imaged to extract the
relation between pixel values and acoustic attenuation.
Attenuation values of the phantoms with variable
attenuation are listed in Table 1, following the recipe
from McDonald et al. [21]. The mean pixel intensity
value versus attenuation data was curve fit to a third-
order polynomial. This polynomial expression repre-
sents the relation between the grey scale image pixel
intensity and attenuation in dB and was used in other
experiments to relate the observed pixel values to
acoustic attenuation.

2.5 Heating procedure

For each phantom type and liver, 15 samples were
used. Each sample was sealed in plastic and immersed
in a continuously stirred water-bath preheated and
maintained for 1 h at 35, 45, 55, 65, and 75°C. For each
temperature experiments were repeated three times on
different phantoms/livers of the same sample-type.
Phantoms were 10x10x2.5 cm, and liver samples were
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approximately 10x5x1 cm. The sample was heated for
1 h to ensure that it thoroughly reached a steady state
temperature, resulting in uniform temperature
throughout the sample. A thermocouple inserted into
the center of the sample was used to assure that the
sample had reached the desired temperature.

2.6 Data acquisition and analysis

Images recorded through the AcoustoCam software
were analyzed using Matlab. Images are displayed in
real-time at a rate of 30 frames/s, and stored at a rate of
6 frames/s (depending on the speed of the computer).
Due to the large number of images stored, every 24
images were averaged, and the averaged image was
used in the analysis. This resulted in an analysis of one
averaged image for every 4 s.

For the heating experiments of the phantoms, the
mean pixel value was calculated by averaging the pixel
values of a region of interest (ROI). Since images of
the liver samples contained inhomogenieties in the
image, one ROI could not be selected for the entire
image. Instead three large ROIs were selected avoiding
the large non-uniformities in their presence. Figure 2
gives an example of the ROIs selected in a liver image
in the presence of a non-uniformity. Images numbered
500 were taken of each sample before it was placed in
the water bath for heating. After 1 h of heating at the
desired temperature, the sample was then placed into
the sample holder and back into the imaging tank.
Images were taken for 10 min while the sample cooled
to 22°C (ambient temperature of the tank water).
Temperatures were recorded while the sample cooled
using an Omega data-logger thermometer (OMEGA-
ETTE HH306 series).

3 Results

Figure 3a presents the AcoustoCam images for phan-
toms with varying attenuation. Mean image pixel
values of each phantom were plotted against the
phantom attenuation, and this plot was fit to a third-
order polynomial, shown in Fig. 3b. The camera cali-
bration procedure confirmed the camera’s capabilities
for measuring varying attenuation. The camera dy-
namic range was adjusted to image a limited range of
0-21 dB (instead of 60 dB, the default setting),
resulting in increased camera sensitivity to smaller
changes in ultrasound attenuation. The calibration
curve of Fig. 3b was used in subsequent experiments.
More details can be found elsewhere [23].
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Fig. 3 a Cropped acoustic
images of various phantoms
with different acoustic
attenuation. The value below
each image is the attenuation
of the phantom in dB. b Pixel
value response of the camera.
The faded line is the result of

5.20

|
2

the polynomial curve fit used 3.25
to map attenuation values in
future experiments. Error
bars represent deviation
between the 20 consecutive
regions selected across the
entire image as a measure of o3
phantom uniformity

9.10 1155 13.0

AcoustoCam images of an unheated phantom
compared to heated phantoms at 35, 45, 55, 65, and
75°C for phantoms containing BSA are shown in
Fig. 4a. Images are of heated phantoms after 10 min of
cooling, at which point the sample reached ambient
temperature (22°C, verified by thermocouple mea-
surement). The attenuation of an unheated sample was
1.45+0.16 dB cm™'. The normalized change in attenu-
ation between the unheated and heated samples after
reaching room temperature was calculated by

Oheated
Onormalized =
Olunheated

Results shown in Fig. 4c indicate an increase in
attenuation with temperature after 1 h of heating. The
normalized change in attenuation ranged from 1.02 to
1.42 for temperatures from 35 to 75°C for the phan-
toms with the BSA.

As seen in the acoustic images of the heated phan-
toms with no BSA (Fig. 4b), there was little change in
acoustic properties with temperature. Moreover, the
standard deviation of the sample measurement was
small, indicating better sample uniformity compared to
the phantoms exposed to different temperatures.
Samples also did not turn opaque for any heating
temperature exposure due to the lack of BSA, while
samples with BSA were less translucent. Figure 4c
shows the normalized change in attenuation measured
after the sample was cooled to ambient temperature.

Figure 5a presents acoustic images of heated liver at
different temperature exposures. The attenuation of
unheated liver was 4.01+0.23 dB cm™. Image darken-
ing was observed with increasing temperature, greater
than that observed in the phantoms, indicating a larger
increase in attenuation. The normalized change in liver
attenuation is shown in Fig. 5b. There is a gradual
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increase in the liver attenuation, with the largest rela-
tive change in attenuation occurring at 75°C.

4 Discussion

Results in this study show that the AcoustoCam is
sensitive to changes in ultrasound attenuation induced
by heating in phantoms and porcine liver. Significant
darkening was observed in the acoustic images, corre-
sponding to an increase in ultrasound attenuation. The
system was calibrated so that quantitative changes in
the sample attenuation could be measured. Depending
on the dynamic range chosen, relatively small changes
in overall attenuation could be measured (Fig. 3b),
indicating that the technique could be used for thermal
therapy monitoring. For typical thermal lesions,
1-2 cm in diameter, the attenuation contrast is ex-
pected to be several dB, and thus readily detectable
with the current system. In should be noted that the
calibration values presented are specific to the camera
and detector chip, therefore the method would have to
be repeated for each instrument used.

Figure 4c shows a plot of acoustic attenuation as a
function of temperature for the phantoms with and
without BSA. Changes observed in phantoms with
BSA as opposed to those without indicate that the
presence of BSA denaturation changes both the
optical and acoustical properties of the phantom.
Howard et al. [10] also studied acoustic attenuation
changes in a polyacrylamide-BSA based phantom,
and found an increase in attenuation with tempera-
tures up to 60°C. The amount of BSA included in the
phantom can be controlled, so that specific phantoms
could be made to emulate overall changes in attenu-
ation for specific tissues. Interesting parallels can be
drawn from the field of radiation dosimetry. In studies
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Fig. 4 a Acoustic images for (a)
phantoms containing BSA
heated at various
temperatures. b Acoustic
images for phantoms not ; — | 5
containing BSA heated at b
various temperatures. All (b)
images are 2.0x2.0 mm.
¢ Normalized attenuation
changes as a function of
temperature (normalized to - - - - -
room temperature). Error Unheated 35°C 45°C 55°C 65°C 75'C
bars represent the standard
deviation of three (c) 16
experiments ' With BSA
15 e Without BSA
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sound attenuation, Mather et al. [18-20] concluded
that relaxation mechanisms contribute to absorption
in polymer gel dosimeters, and that the mechanisms
involved are likely to be solute-solvent interactions
and motion of polymer side chain groups. They have

could also thus be utilized for radiation dosimetry, as
the sensitivity of the gels they have developed is
47403 dB m™ Gy'. Future work may involve
developing such measurement as a function of ther-
mal dose for thermal therapies.

Fig. 5 a Acoustic images for (a) 3
liver samples heated at B | DA
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Coagulation was visible in phantoms containing
BSA. The change in opaqueness with temperature is
due to the BSA denaturation therefore it was
hypothesized that if the phantom did not have BSA
there would be no change in both the optical and
acoustic properties of the heated phantom. Figure 4c
shows little acoustic change in the TM phantom with-
out BSA as a function of temperature. This indicates
that BSA is a temperature-sensitive marker and
furthermore that the polyacrylamide phantoms are
resistant to the temperature-time exposures of this
study. The change in acoustic properties with BSA
content could thus be used to model dynamic acoustic
changes in tissue properties during ultrasound heating,
akin to studies done for laser thermal therapies [12],
important for computational model validation.

Little change was observed in the attenuation
coefficient of the porcine liver for the exposures at
temperatures below 45°C. A general increase in
attenuation coefficient with temperature was observed
at 45°C and greater. This agrees with previously re-
ported studies on bovine liver [6, 31], canine liver [5],
and porcine kidney [4]. Gertner et al. [6 7 showed an
increase by a factor 1.85 over 30 min of heating at
70°C. In this study, we observed a factor increase of
2.29 at 60 min of heating at 75°C. At 65°C Gertner
et al. [6] observed an increase of a factor of 1.4, and
we observed an increase of 2.2. Attenuation results
from Gertner et al. [6] were made at the elevated
temperature, whereas results presented in this study
are after the sample has cooled. Techavipoo et al. [28]
found that when attenuation was measured for coag-
ulated tissue at the elevated temperature, no signifi-
cant change in ultrasonic attenuation could be
detected, but when the attenuation of the tissue was
measured at ambient temperature the increase in
attenuation could be readily measured. Temperature
elevation and coagulation appear to have opposite
effects on attenuation, an important consideration to
take into account when modeling the process, espe-
cially in light of recent data that show for tempera-
tures greater than 80-90°C attenuation increases of a
factor of seven for chicken breast tissue [29]. For
water and at 5 MHz, the attenuation drops from 0.55
to 0.15dB cm™ at 90°C [25]. As water is a major
constituent of tissue, a similar effect can be hypoth-
esized. Such results indicate that monitoring attenua-
tion changes during thermal therapy with elevated
temperatures is difficult since the temperature
dependence of attenuation decreases the measured
attenuation, while the structural changes in coagu-
lated tissue increase the measured attenuation. For
the temperatures achieved during thermal therapies

these effects are similar in magnitude for liver and
likely other tissues. However, after heating it is
hypothesized that lesions will be visible using trans-
mission ultrasound as there is an increase in tissue
attenuation. Moreover, if during heating, vaporization
occurs due to the high temperatures reached, the
effective attenuation increases significantly and this
should be visible by the acoustic camera [23].

The ultrasound attenuation data obtained by the
calibrated acoustic camera also agree with literature
values. Techavipoo et al. [28] found that the attenu-
ation coefficient after heating increased almost line-
arly up to 6 dB/cm (at 5 MHz) when the target
temperature increased from 50 to 90°C. The values
are similar to those presented in this study. Tech-
avipoo et al. [28] measured an attenuation of the
canine liver at 22°C of 4.01+0.269 dB cm™ (similar to
our measurement of 4.01+0.230 dB cm™), Tyreus and
Diederich [29] measured an attenuation of 1.3 dB
cm™' for bovine liver at 37°C and Clarke et al. [3]
2 dB cm™ for porcine liver at 37°C. The device has
the potential to provide ultrasound attenuation data
during a thermal therapy treatment. However, the
instrument provides an attenuation value that repre-
sents the integrated attenuation over the entire beam
path, making it difficult to localize the attenuation
increase. Tomographic approaches could be applied
to localize the lesion [18]. Moreover, the temperature
effect, which locally decreases the tissue attenuation,
further complicates the data analysis. We are inves-
tigating the potential of the camera to distinguish
between the two effects [23, 24]. Monitoring the
attenuation changes during heating produces subtle
effects due to the tissue and water attenuation tem-
perature dependence.

These pilot experiments show the potential of the
acoustic camera for real-time imaging of phantoms
and tissues and for thermal lesions that are created.
Modifications to the setup would be required if the
technique were to be used to image humans. Instead
of the current configuration, another model of the
camera would be required that would allow direct
coupling of the acoustic camera unit to the human
body. For example, Imperium Inc. makes a version of
the camera, which is handheld and makes direct
contact with the object imaged (the AcoustoCam
1400 TM Handheld Imager). It could thus be envi-
sioned that depending on the region that is heated,
the illuminating transducer is placed at an appropriate
location, which would provide a good acoustic win-
dow, and the camera unit could be secured in position
with a mechanical device or even held in position by
hand.
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5 Conclusions

It was shown that ultrasound transmission imaging can
be used to detect, in a quantitative manner, changes in
attenuation that occur as a result of thermal therapy
treatments. By optimizing the dynamic range of the
instrument, small changes in attenuation could be de-
tected. Temperature dependent increases in attenua-
tion were measured for polyacrylamide-BSA based
phantoms, while in the absence of BSA there was no
change in attenuation. Porcine liver experiments
demonstrated attenuation increases of up to a factor of
2.4 with heating, consistent with other studies.
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