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Temperature Dependence of Ultrasonic
Backscattered Energy in Motion-Compensated

Images
R. Martin Arthur, Jason W. Trobaugh, William L. Straube and Eduardo G. Moros

Abstract— Noninvasive temperature imaging would en-
hance the ability to uniformly heat tumors at therapeutic
levels. Ultrasound is an attractive modality for this purpose.
Previously, we predicted monotonic changes in backscat-
tered energy (CBE) of ultrasound with temperature for cer-
tain sub-wavelength scatterers. We also measured CBE val-
ues similar to our predictions in bovine liver, turkey breast,
and pork muscle in 1D. Those measurements were corrected
manually for changes in the axial position of echo signals
with temperature. To investigate the effect of temperature
on CBE in 2D, we imaged 1-cm thick samples of bovine
liver, turkey breast, and pork muscle during heating in a
water bath. Images were formed by a Terason 2000 imager
with a 7 MHz linear probe. Employing RF signals permit-
ted the use of cross-correlation as a similarity measure for
automatic tracking of feature displacement as a function of
temperature. Feature displacement across the specimen was
non-uniform with typical total displacements of 0.5 mm in
both axial and lateral directions. Apparent movement in
eight image regions in each specimen was tracked from 37
to 50oC in 0.5oC steps. Envelopes of motion-compensated
image regions were found with the Hilbert transform then
smoothed with a 3x3 running average filter before form-
ing the backscattered energy at each pixel. Our measure
of CBE compared means of both the positive and negative
changes in the BE images. CBE was monotonic and differed
by about 4 dB at 50oC from its value at 37oC. Relatively
noise-free CBE curves from tissue volumes of less than 1
cm3 supports the use of CBE for temperature estimation.

Keywords—diagnostic ultrasound, hyperthermia, noninva-
sive thermometry

I. Introduction

HYPERTHERMIA is a cancer treatment in which tu-
mors are elevated to cytotoxic temperatures (41-45oC)

in order to aid in their control [1], [2]. A major limitation of
thermal therapies, however, is the lack of detailed thermal
information available to guide and assess the therapy. In
clincal procedures, temperatures are measured invasively
and therefore only sparse measurements can be made.

To meet the capability of present and forthcoming heat-
ing technologies, a clinically useful method is needed to
accurately (0.5oC) measure three-dimensional (3D) tem-
perature distributions with at least 1 cm3 spatial resolu-
tion. A noninvasive method for rapid volumetric determi-
nation of temperature distribution during treatment would
facilitate targeted heating of tumors at therapeutic levels
in patients receiving hyperthermia treatment [3]. The re-
quired accuracy and spatial resolution may be achievable
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with magnetic resonance imaging, but MRI is expensive
and interfacing the technology with heating devices may
be difficult [4].

Ultrasound is a non-ionizing, convenient, and inexpen-
sive modality with relatively simple signal processing re-
quirements. These attributes make it an attractive method
to use for temperature estimation if an ultrasonic param-
eter, which is dependent on temperature, can be found,
measured, and calibrated.

Previously, we made 1D measurements of changes in
backscattered ultrasonic energy (CBE) with temperature
in abattoir specimens of bovine liver, turkey breast, and
pork muscle that were consistent with the predictions of
our model for CBE from tissue inhomogeneities in the form
of sub-wavelength scatterers [5], [6]. Predicted and mea-
sured changes in backscattered energy were nearly mono-
tonic with temperature and could serve as the basis for a
calibration protocol. An important limitation of the CBE
method, however, is that CBE is dependent on changes in
the apparent location of scattering regions that occur with
changes in speed of sound and tissue motion [7].

Our previous 1D measurements of CBE required seg-
menting and tracking echoes from individual scattering re-
gions [6]. In this study we measured the change in backscat-
tered energy in conventional diagnostic ultrasonic images
at temperatures ranging from 37 to 50oC. In order to com-
pensate for apparent motion of tissue features with temper-
ature, we developed and evaluated algorithms for tracking
tissue regions that showed displacement of image features
during tissue heating. As in our earlier 1D studies, the CBE
in motion-compensated images tracked monotonically with
temperature, which is encouraging for the use of ultrasound
as a thermometer.

II. Ultrasonic Measurement of Temperature

Methods for using ultrasound as a non-invasive ther-
mometer fall into three categories: 1) Those based on
the measurement of the acoustic attenuation coefficient, 2)
Those based on echo shifts due to thermal expansion and
changes in speed of sound (SOS), and 3) Our approach,
which exploits changes in backscattered energy (CBE) from
a single backscatter view measured with standard equip-
ment.

The primary ultrasonic parameter examined for its de-
pendence on temperature in early work was speed of sound
(SOS) [8], [9], [10]. In these initial studies investigators
tried to obtain SOS maps of the medium from which to
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infer temperature distributions. This approach, however,
has never been instituted clinically [11]. Perhaps this ap-
proach has not been implemented because in order to mea-
sure SOS, it is necessary to measure both distance and
time, to image an identifiable target from two directions,
or to use a crossed-beam (multiple beams) method [12].
Such measurement is further complicated by the fact that
ultrasonic windows do not always exist in vivo to allow in-
sonification of a region of interest from two views. Another
problem is that the temperature dependence of SOS differs
depending on the tissue type, e.g. whether tissue has high
water or fat content.

A. Attenuation Coefficient

Damianou and coworkers investigated the temperature
dependence of ultrasonic attenuation and absorption in soft
tissues [13]. They found that attenuation was highly de-
pendent on temperature above 50oC. Ribault and cowork-
ers [14] also looked at the effect of temperature rise on
frequency-dependent attenuation and found that tissue
damage (lesion formation) caused a change in attenuation
in porcine liver in vitro at temperatures above 50oC. This
effect was found by looking at the backscattered signal over
the volume of the lesion, and comparing the power received
before and after high intensity focused ultrasound (HIFU).
Other investigators have observed similar effects in the past
[15].

In the hyperthermia range the attenuation coefficient
change is small. In bovine liver at 7 MHz that change is
about 0.1 cm−1 [16]. The temperature range in which at-
tenuation effects are readily measured (> 50oC), however,
is not suitable for moderate-temperature hyperthermia be-
cause temperatures for this therapy do not exceed 45oC.

B. Echo Shift

The use of echo shifts has received the most attention in
the last decade as a method for estimating temperature.
Although this approach has been successful in calibrated,
homogeneous tissue phantoms, it has not as yet been re-
duced to a practical in vivo ultrasonic thermometer. By
tracking scattering volumes and measuring the time shift
of received echoes, investigators have been able to predict
the temperature from a region of interest both theoretically
and experimentally.

Seip and Ebbini initially presented a technique in which
tissue temperature was inferred from the change in res-
onant frequencies of echo signals using an autoregressive
model [17]. This technique required initial knowledge of
the average scatterer spacing. For this reason it may be
difficult to use in vivo. In later investigations by Ebbini
and coworkers tracking echo shifts from scattering volumes
was shown to be promising, as was the work of other in-
vestigators looking at echo shifts [18]. Maass-Moreno and
coworkers investigated the ability to predict temperature
in HIFU therapy from echo shifts in turkey breast mus-
cle [19], [20]. They found that results were consistent with
their theoretical predictions. Sun and Ying have also found
some success in being able to predict temperatures using

time-gated echo shifts, but they acknowledge the difficulty
of using this method for general temperature monitoring
because prior knowledge of both SOS and thermal expan-
sion coefficients is necessary [3]. Like attenuation-based
methods, most of these efforts have been geared towards
HIFU therapy and may not be suitable for monitoring of
moderate-temperature hyperthermia.

In ultrasonic imaging, techniques for motion estimation,
estimation of the displacement between two image regions
comprise an active field of research [21], [22], [23], [24],
[25] and have been used successfully for elasticity imag-
ing, phase aberration correction, blood velocity estimation,
and other applications. In these areas, motion estimation
is typically called speckle tracking or time-delay estima-
tion. Work based on exploiting thermal effects that induce
tissue strain has primarily been aimed at guiding focused
ultrasound therapies rather than at accurate estimation of
temperatures [26], [27], [28], [29].

C. Backscattered Energy

We modeled the energy in the back scattered signal from
a small volume due to an interrogating ultrasonic wave
[5]. According to that model, the change in backscattered
energy due to temperature from 37 to 50oC was primar-
ily dependent on the changes in SOS and density of the
medium compared to their values in sub-wavelength inho-
mogeneities (scatterers) within the medium. Our predicted
change in backscattered energy at any temperature T with
respect to its value at some reference temperature TR is

CBE(T ) =
α(TR)
α(T )

η(T )
η(TR)

[1− e−2α(T )x]
[1 − e−2α(TR)x]

, (1)

where, as functions of temperature, α(T) is the attenua-
tion within the tissue volume and η(T) is the backscatter
coefficient of the tissue volume. Distance x is the path
length in the tissue volume. We inferred the temperature
dependence of the backscatter coefficient from the scatter-
ing cross section of a sub-wavelength scatterer [30], [31].
Neglecting the effect of the small change in the wavenum-
ber (< 1.5%) with temperature, we assumed [5]

η(T )
η(TR)

=

(
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ρsc(T )2s

)2

+ 1
3

(
3ρs−3ρm

2ρs+ρm

)2

(
ρmc(TR)2m−ρsc(TR)2s

ρsc(TR)2s

)2

+ 1
3

(
3ρs−3ρm

2ρs+ρm

)2 , (2)

where ρ and c are the density and speed of sound of the
scatterer s and medium m. This expression applies to con-
ditions where the wavelength λ is larger than 2πa, where a
is the radius of the scatterer. Assuming a speed of sound
of 1.5 mm/µs and a frequency of 7.5 MHz, λ is 0.2 mm,
which means that Eq. 1 using Eq. 2 applies to scatterers
smaller than 30 µm.

We predicted CBE from individual scatterers of as much
as 5 dB over the temperature range from 37 to 50oC. Fur-
thermore, backscattered energy can increase or decrease
depending on the type of inhomogeneity that caused the
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scattering. Model predictions were calculated from sec-
ond and third order polynomial descriptions of the attenu-
ation and speed of sound as a function of temperature for
the medium, a lipid scatterer, and an aqueous scatterer.
These polynomials were based on measured data from the
literature. Values for density and predictions about CBE
sensitivity to density changes is covered in detail in the
description of the model [5].

III. Methods

To test the use of the change in backscattered energy as
a possible parameter for temperature estimation, phased-
array images of in vitro tissue specimens were taken as a
function of temperature. CBE was calculated, after com-
pensation for the apparent motion of scattering regions.
We also tested for non-thermal effects on tissue and for
changes in the experimental apparatus with temperature.

Fig. 1. Configuration for automatic image measurement from tissue
samples. Deionized and degassedwater was heated to equilibrium
under control of the imaging system.

A. Measurement of Backscattered Images

Measurements of backscattered energy as a function of
temperature were made with the experimental configura-
tion depicted in Figure 1. Tissue samples were heated in an
insulated tank that was filled with deionized water, which
had been degassed by vacuum pumping in an appropriate
vessel. Experiment te149 on bovine liver (see Results), the
third of the 7 experiments presented in this paper, was
run in 0.9% saline to check for possible effects of edema on
CBE. Because results were similar to those for the first two
experiments, the saline medium was not used again.

We measured CBE from 37 to 50oC in order to encom-
pass the hyperthermia treatment range, i.e., for temper-
atures up to around 42oC. In addition to providing con-
text for hyperthermia temperatures, the 37 to 50oC range
matched our previous theoretical study of the dependence
of CBE on the backscatter coefficient of sub-wavelength
scatterers. That study was based on data in the literature
available only up to 50oC. For temperatures above 50oC we
expect attenuation effects to become important, as noted
previously in Section II.

Images were formed by a Terason 2000 system (Terat-
ech Corp.) with a 128-element, 7 MHz linear probe (model
10L5) focused at 4.5 cm, the center of the tissue specimen.
A typical image is shown in Figure 2. The accompany-
ing movie shows apparent motion of the specimen due to
heating from 37 to 50oC.

Fig. 2. Ultrasonic image of bovine liver. Focal zone of the 7 MHz
transducer was at 4.5 cm (arrowhead marker). Superimposed
boxes indicate regions studied. The movie shows apparent motion
due to heating from 37 to 50oC. Media-Movie 1
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Fig. 3. Radio-frequency images of bovine liver at 37oC (left) and
50oC (center & right). Alternating bands indicate positive and
negative excursions of the RF signal. Features in the fixed, high-
lighted region appear to have moved both axially and laterally
at 50oC compared to positions at 37oC. Motion compensation to
correct for apparent motion of image features was applied to the
image at 50oC (right).

The notebook computer that the imaging system was
based upon was also used to control tissue heating. De-
sired tissue temperature was set by controlling a circulating
heater via a serial link using a custom Matlab (Mathworks,
Inc.) routine. The temperature in the tissue was monitored
by a thermometer, which used an indwelling needle RTD
thermistor. That temperature was reported to the Mat-
lab routine, which turned off the pump when the desired
temperature was reached. Control was then switched to
the Terason 2000 to acquire and save an image frame or
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Fig. 4. Effect of temperature on a test object. Upper panels) Im-
ages of a stainless steel wire in the AIUM 100 mm test object at
37oC and 50oC. Apparent motion towards the transducer with
an increase in temperature is seen. Lower left) Magnitude spec-
tra of the radio frequency echo from the center of the wire image
from 37 to 50oC with no motion compensation. Lower right) The
backscattered energy from the wire from 37 to 50oC on the same
scale used for CBE in tissue (see the Results).

loop. The process was repeated in 0.5oC increments over
the 37 to 50oC range. The acquisition process, which took
about 45 minutes, was automated. All keystrokes needed
to switch between Matlab and the Terason 2000 program,
and to save image files were administered using AutoIT
keystroke-emulation software (hiddensoft.com).

B. Tracking and Compensating for Apparent Motion

Previously we manually compensated for apparent axial
motion in 1D radio-frequency (RF) images before calculat-
ing CBE [6]. Apparent motion with temperature in an RF
image of an image region is shown in Figure 3. The movie
accompanying Figure 2 shows the apparent motion of the
whole specimen with heating.

For a given region, motion was compensated for by first
estimating the displacement of features from one tempera-
ture measurement to the next, then transforming the sec-
ond image by the measured displacement. Employing RF
signals from the Terason 2000 (courtesy Teratech Corp.)
permitted the use of cross-correlation as a similarity mea-
sure for automatic tracking of feature displacement as a
function of temperature.

To estimate feature displacement, the cross-correlation
between images at adjacent temperatures was maximized.
Estimation was implemented using a combination of opti-
mization and image resampling functions available in Mat-
lab to eliminate dependence on the spatial sampling period
of the image. This method was applied to eight regions
within each tissue sample as indicated in Figure 2.

C. Backscattered Energy in Motion-Compensated Images

Once apparent tissue motion was accounted for, change
in backscattered energy was calculated over the measured

temperature range. Envelopes of motion-compensated im-
age regions were found with the Hilbert transform then
smoothed with a 3x3 running average filter. Values were
squared to determine the backscattered energy at each
pixel. The backscattered energy image at 37oC was typi-
cally used as the reference for CBE images at each 0.5oC
step.

D. Non-thermal and Unwanted Thermal Effects

We also tested our system under conditions for which
we expected to see no change in backscattered energy. We
measured CBE in bovine liver over the time required for
an experiment, but without heating, to determine the mag-
nitude of non-thermal effects. CBE values of < ± 0.2 dB
were typical of the changes seen over 80 minutes, twice the
approximate duration of an experiment.

The AIUM test object [32] was used to evaluate thermal
effects on the Terason 2000 transducer itself. CBE from a
wire in the test object over the time of a typical experiment
was < ± 0.1 dB at a constant temperature. The images of
a stainless steel wire in the AIUM 100 mm test object at
37oC and 50oC in Figure 4 show apparent motion towards
the transducer with an increase in temperature. The ap-
parent axial motion over that range was accounted for by
the expected change in the speed of sound in water. Also
shown in Figure 4 are the magnitude spectra of the radio
frequency echo from the center of the wire image in 0.5 oC
steps from 37 to 50oC with no motion compensation. The
spectrum of the backscattered signal does not change sig-
nificantly over the measured temperature range. Finally,
backscattered energy from the wire from 37 to 50oC is plot-
ted in Figure 4 on the same scale used for CBE in tissue
(see Results). These small changes have been neglected in
the results presented.

IV. Results

To investigate the effect of temperature on changes in
backscattered energy in 2D, we imaged 1-cm thick samples
of bovine liver, turkey breast, and pork muscle during heat-
ing in a water bath from 37 to 50oC. Images were formed
by a Terason 2000 imager with a 7 MHz linear probe.

As tissue specimens were heated, features in fixed-frame
images appeared to move. That motion was tracked and
compensated for as described in Section III. The energy at
each pixel in motion-compensated images was calculated
and compared to its value at 37oC. The change in backscat-
tered energy was nearly monotonic with temperature.

A. Apparent Motion of Scattering Regions

Apparent tissue motion in both axial and lateral direc-
tions was analyzed in eight regions (Figure 2) in each of
seven tissue specimens. As shown in Figure 5 tissue ap-
pears to move closer to the transducer in all but two of the
liver specimens, which is consistent with the increase in the
speed of sound in the water path between the tissue and
transducer.

There is also a non-uniform component to tissue motion
as indicated by the lateral changes. That tissue-dependent
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Fig. 5. Apparent motion of tissue in the axial and lateral dimensions
due to temperature. Each plot is the mean of motion in eight
regions± the standard error of the mean for each tissue specimen.
Results from four bovine liver samples are shown in the upper
panels, for two turkey breast and one pork muscle samples in the
lower panels. In one turkey specimen (solid line), tissue fibers
were parallel to the array of transducer elements. In the other
(dashed line), striations were perpendicular to the array. Motion
depicted in Figure 3 was quantified using cross correlation of RF
signals as seen in that figure.

component also contributed to the axial motion, as seen
particularly at temperatures above 47oC. Note too the dif-
ference in the apparent lateral motion in the two specimens
of turkey breast. In the one which exhibited nearly con-
stant lateral motion, tissue fibers were parallel to the array
of transducer elements. In the one which showed a change
of several tenths of a millimeter near 47oC, striations were
perpendicular to the array.

The maximum apparent motion across all specimens was
about 0.5 mm in both the axial and lateral directions.
This finding means that on average tissue movement was
< 20 µm per 0.5oC step. This small change is consistent
with visual observation of apparent motion and is a range
over which the motion tracking and compensation methods
functioned well.

B. Change in Backscattered Energy in Images

After compensating for apparent motion, the change in
backscattered energy at each pixel over each image region
in all tissue specimens was calculated with respect to a ref-
erence temperature. Figure 6 shows four images of CBE
with respect to backscattered energy at 37oC for one bovine
liver sample. The accompanying movie shows CBE from
37 to 50oC in 0.5oC steps. The image at the reference tem-
perature was always zero dB at all pixels by our definition
of CBE. For some regions the CBE was positive for oth-
ers it was negative as temperature increased. This kind of
change was predicted by our model of the CBE for a single
scatterer, depending on its density and speed of sound [5].

The means of the positive- and negative-valued pixels
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Fig. 6. CBE in RF images of bovine liver from 37 to 50oC after
compensation for apparent motion. All images were referred to
the CBE image at 37oC. The CBE scale is in dB and is symmetric
about 0 dB (black). Motion tracking was applied to the central
region of the image. The resulting translations were applied to
the entire image region. The movie shows CBE from 37 to 50oC
in 0.5oC steps. Media-Movie 2

in the CBE images from eight image regions in all tissue
specimens is plotted in Figure 7. Means of both positive
and negative CBE varied nearly monotonically by about 4
dB. The means ± the standard error of the mean across
the eight image regions for each tissue specimen of Figure
7, along with our previous prediction for the CBE from a
single sub-wavelength scatterer with varying density and
speed of sound are shown in Figure 8 [5].

The means from pixels with positive and negative rel-
ative backscattered energy changed monotonically. The
match of measured CBE with our previous predictions of
CBE may help explain its behavior in different tissues and
build confidence in its application for ultrasonic thermom-
etry. A single measure from CBE images, however, may
be more useful for temperature estimation. Figure 9 shows
the standard deviation of measured CBE over the same
eight regions of BE images in each of the four specimens of
bovine liver, two of turkey breast, and one of pork muscle
analyzed for Figure 7. This figure compares the standard
deviation of CBE in images to our previous measurements
in 1D from specimens of bovine liver, turkey breast, and
pork muscle [6]. The results using automatic analysis of
images from a phased array in this study and those from
manual segmentation of echo signals using a circular piston
in the previous study are consistent [6].

V. Discussion

Analysis of ultrasonic images taken in 0.5oC steps for
the temperature range from 37 to 50oC showed apparent
motion in both the lateral and axial directions. This mo-
tion was compensated for by using a cross correlation tech-
nique that maximized the correlation at adjacent temper-
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Fig. 7. Means of CBE for the positive and negative excursions in
eight regions of interest for each of four samples of bovine liver,
two of turkey breast, and one of pork muscle. The eight regions
of interest for the liver specimen TE143 are shown in Figure 2.

atures to track feature displacement. After compensation
for apparent axial and lateral movement of image features
during heating, image regions showed changes in backscat-
tered energy over the 37 to 50oC temperature range, which
were clearly distinct from changes due to movement.

In this study we found rigid transformations for arbi-
trary image regions and applied them to those or slightly
larger regions. These overlapping regions generally covered
the image of each tissue specimen as seen in Figure 2. Our
intent was to test the robustness of our motion-tracking
approach and to elicit the behavior of CBE with temper-
ature in different types of tissue, not to calibrate CBE for
temperature estimation.

Ultimately, we plan to develop region tracking methods
to estimate and compensate for the non-rigid deformations
in image volumes acquired over changing temperatures.
The ability to apply a non-rigid deformation to images of a
tissue volume is an important step toward clinical applica-
tion of ultrasonic temperature imaging based on changes in
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error of the mean estimated from eight regions of interest in each
of the tissue specimens shown in Figure 7. Predicted CBE for
single, sub-wavelength lipid and aqueous scatterers in an aqueous
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backscattered energy. Such a development is critical to de-
termining limitations on temperature accuracy and spatial
resolution with CBE-based temperature estimation.

After motion compensation, the backscattered energy
relative to the baseline at 37oC was analyzed at each pixel.
Analysis showed both positive and negative excursions in
the relative backscattered energy similar to what we had
seen previously in the 1-D case [5]. These positive and neg-
ative excursions tracked nearly monotonically with temper-
ature in the 37 to 50oC range, as seen in the plot for each
specimen given in Figure 8. That figure also contains our
predictions for CBE from lipid and aqueous sub-wavelength
scatterers in an aqueous medium. Our predictions, how-
ever, were based on analyses of a single scatterer. We are
working on simulating the expected CBE from random col-
lections of scatterers to help us understand the effects of
multiple scatterers on CBE. These simulations will also be
used to study the effect of image noise on CBE perfor-
mance.

Our findings of CBE behavior in images here and pre-
viously in 1D echo signals are quite similar (see Figure 9)
[6]. One reason for that consistency is that the effect of
the correction for apparent lateral motion may be small.
If so, correction for apparent motion in elevation will be
even smaller because for the Terason 2000 the elevation
beam width at our focal zone was five times wider than
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the lateral beam width. We have conducted preliminary
experiments in 3D by taking seven 2D images separated
by 0.6 mm in elevation at each temperature. We applied
our motion detection and correction methods to a region
in the resulting 3D volume then made movies of slices in
elevation. As expected the dominant motion was in the
axial direction. The apparent motion encountered in ele-
vation was much smaller than the beam width in elevation,
so that the percentage of scatterers that move in or out of
the beam in elevation is expected to be smaller than the
percentage in the lateral direction. Motion within a wide
beam will change the backscattered energy less than that
in a narrow beam. Thus, we expect CBE to support tem-
perature estimation in 3D.

Another observation from Figure 9 is that the effect of
noise on CBE may be greater in images than in our 1D
measurements. This effect is seen at 37.5oC, where for
liver in particular, CBE in images is about twice the value
it was in 1D, even though the maximum CBE, at 50oC, was
about 0.5 dB greater in 1D. The effect of motion artifact,
which would increase CBE, is reduced in 2D because lateral
motion is accounted for, but noise susceptibility may be
increased. Every pixel, independent of its signal strength,
was used in the 2D calculation of CBE, whereas signal-to-
noise values were enhanced in 1D by segmentation of strong
echo signals.

Future work includes refinement of the efficiency and ac-
curacy of methods for tracking apparent tissue motion with
temperature and investigation of other methods to statis-
tically analyze the dependence of CBE on temperature in
3D in the presence of noise. Even so, the results from this
study already support the use of backscattered ultrasonic
energy as a modality for noninvasive thermometry and are
consistent with theoretical expectations and previous find-
ings.

VI. Conclusions

The change in backscattered energy in motion-
compensated images from a phased-array system was mea-
sured from 37 to 50oC in specimens of bovine liver, turkey
breast, and pork muscle. Cross-correlation was used as a
similarity measure for automatic tracking of feature dis-
placement as a function of temperature. Maximum feature
displacement across the specimen was about 0.5 mm in
both the axial and lateral directions. This displacement
was reached in 26 0.5oC steps over the temperature range.
The small typical displacement from temperature to tem-
perature was easily handled using the cross-correlation ap-
proach. CBE in motion-compensated images was nearly
monotonic with a maximum change of 4-5 dB. The results
from this study are consistent with our theoretical predic-
tions and our previous findings in 1D.

Our approach has the advantage that it depends on tis-
sue inhomogeneity. That dependence makes calibration dif-
ficult, but once done we expect the move to in vivo situa-
tions to be easier than it has been for time-of-flight or SOS
methods. In vitro success of CBE temperature estimation
based on 3D tracking and compensation for apparent mo-

tion of image features could serve as the foundation for the
eventual generation of 3D temperature maps in soft tissue
in a noninvasive, convenient, and low-cost way in clinical
hyperthermia.
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