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Temperature Estimation Using Ultrasonic
Spatial Compound Imaging

Mathieu Pernot, Mickael Tanter, Jeremy Bercoff, Kendall R. Waters, Member, IEEFE, and Mathias Fink

Abstract—The feasibility of temperature estimation dur-
ing high-intensity focused ultrasound therapy using pulse-
echo diagnostic ultrasound data has been demonstrated.
This method is based upon the measurement of thermally-
induced modifications in backscattered RF echoes due to
thermal expansion and local changes in the speed of sound.
It has been shown that strong ripple artifacts due to the
thermo-acoustic lens effect severely corrupt the tempera-
ture estimates behind the heated region. We propose here
a new imaging technique that improves the temperature
estimation behind the heated region and reduces the vari-
ance of the temperature estimates in the entire image. We
replaced the conventional beamforming on transmit with
multiple steered plane wave insonifications using several
subapertures. A two-dimensional temperature map is es-
timated from axial displacement maps between consecutive
RF images of identically steered plane wave insonifications.
Temperature estimation is then improved by averaging the
two-dimensional maps from the multiple steered plane wave
insonifications. Experiments were conducted in a tissue-
mimicking gelatin-based phantom and in fresh bovine liver.

I. INTRODUCTION

HE feasibility of temperature estimation during high-
Tintensity focused ultrasound (HIFU) therapy using
pulse-echo diagnostic ultrasound data has been demon-
strated by Seip et al. [1], [2]. HIFU is a promising ther-
apeutic technique for the treatment of deep localized can-
cers [3], [4]. However, improved monitoring methods are
necessary before HIFU can be clinically useful. Accurate
treatments specifically require that temperature elevations
in the treatment volume be controlled with appropriate
feedback. Over the past decade, several research groups
have focused on non-invasive temperature estimation using
magnetic resonance imaging [5]-[7] and ultrasonic imaging
[2], 8], [9]-][12]. Both of these techniques have their own
advantages and limitations. Magnetic resonance imaging
of temperature provides quasi-real time three-dimensional
temperature maps with a very good localization of the
heated region, but is costly to use. In contrast, ultrasound
techniques can be easily integrated into HIFU systems
with relatively low cost and a high portability.

Seip and Ebbini [2] and Simon et al. [8] have recently
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proposed a method for two-dimensional (2D) real-time
non-invasive temperature estimation using diagnostic ul-
trasound. This technique is based on tracking the shifts in
the backscattered RF signals (i.e., speckle) due to thermal
expansion and local changes in the speed of sound. The
cumulative time-shifts are differentiated along the axial
direction to obtain a one-dimensional temperature map
with multiple scan lines used to construct a 2D temper-
ature map. Simon et al. [8] have shown that a 2D map
of the temperature distribution can be estimated with a
very good temperature resolution (< 0.5°C) and a high
spatial resolution in a tissue-mimicking phantom and in
ez vivo tissues. However, we note that currently no in vivo
experiments have demonstrated the potential of this tech-
nique in clinical situations. An important limitation of this
technique is the spatial ripple introduced by sharp lat-
eral gradients in the temperature distribution through the
thermo-acoustic effect [8], [13]. Because the speed of sound
in the heated region is significantly changed, it acts as an
aberrator for the diagnostic ultrasound system, and arti-
facts severely corrupt the temperature change estimates.
Simon et al. [8] suggested introducing 2D spatial filters to
reduce the ripple artifacts. However, it is difficult to dis-
criminate the spatial frequency dependence of the ripples
and of the temperature distribution at the focus. Further-
more, spatial filters reduce the artifacts only partially with
the added cost of reduced spatial and temperature resolu-
tion.

An elegant diagnostic ultrasound imaging technique,
known as wltrasonic spatial compound imaging, was devel-
oped to reduce the “speckle noise” texture of echographic
images. This compound imaging approach has been exten-
sively investigated over the two past decades [14], [15], and
studies have demonstrated its ability to strongly reduce
the variance of the speckle. In addition, this imaging tech-
nique has been implemented on a commercial ultrasound
scanner (i.e., Philips ATL HDI 5000), where it has been
shown to enhance image quality by reducing acoustic arti-
facts [16]. Recently, Tanter et al. [17] applied this technique
to 2D motion vector estimation in the field of ultrasound-
based elastography. In particular, they have demonstrated
that the variance of displacement estimates can be signifi-
cantly reduced by the use of compounded plane or weakly
focused wave insonifications.

In this paper we apply the spatial-compounding tech-
nique for 2D temperature estimation and reduction of the
thermal lens effect. In Section II, the compound-imaging
system and the basic principles of acquisition sequences are
presented. In Section III, experiments are performed on
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tissue-mimicking (TM) phantoms and fresh bovine liver.
The optimization of the compounding sequences is dis-
cussed, including the number of steered plane waves and
the size of transmit subapertures. In addition, the strong
decorrelation effects due to tissue necrosis are investigated.
In Section IV, the limitations of this technique are dis-
cussed, and improvements are proposed.

II. MATERIAL AND METHODS
A. Two-Dimensional Temperature Estimation

Ultrasonic estimation of temperature is based upon the
thermal dependence of the RF pulse-echo signals, as dis-
cussed by Seip et al. [2]. Two physical phenomena are in-
volved in the modification of the speckle during heating:
the temperature dependence of the speed of sound and
the thermal expansion of the tissue. Because standard re-
ceiver beamforming algorithms assume a constant speed of
sound, apparent displacements of the ultrasonic scatterers
in the B-scan image are produced. In addition, the thermal
expansion introduces physical displacements of the scat-
terers. Both apparent and physical displacements are ac-
cumulated along the ultrasound beam axis. The change
in temperature AT (z) along the beam axis can then be
related to the axial displacements according to [8]:

o Ot(z)

AT(z) = mwa (1)

where t(z) is the estimated time-shift at depth z, ¢g is
the initial speed of sound in the medium, « is the lin-
ear coefficient of thermal expansion, and the coefficient
B = 1/co.0c/OT relates the change in the speed of sound
with temperature. In this model it is assumed that the
variation of speed of sound with respect to temperature is
linear over a limited range of temperature elevation, typi-
cally up to 45°C. The coefficient £ = 1/(ac — 3) is a con-
stant parameter that can be experimentally determined.
It depends on tissue type and fat content [12], [18]. Indeed
the temperature-dependence coefficient of sound speed 3
is positive for mammalian tissues, except for fat, which has
a strong negative coefficient.

The time-shift occurring between two successive RF im-
ages is estimated using a classical speckle tracking tech-
nique: one-dimensional cross-correlations performed along
the ultrasound beam axis. Small overlapping data win-
dows of 8\ (where )\ is the wavelength) are used in this
algorithm. This method is simple to implement, is compu-
tationally efficient, and provides an accurate estimation of
small time-shifts (~10 ns). Once the 2D time-shift map is
estimated, the temperature map is computed by differen-
tiating the time-shift estimates along the axial direction.

Simon et al. [8] have demonstrated that this technique
provides accurate real-time temperature estimation in a
heated region of a rubber phantom. Behind this region,
however, the temperature estimation is severely corrupted
by ripple artifacts. The receiver beamforming does not
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Fig. 1. Compound imaging sequence. Transmit mode: a plane wave is
electronically steered using transmit subapertures. Receive mode: the
backscattered signals are beamformed with the receive focus steered
in the same direction.

compensate for the inhomogeneous distribution of the
speed of sound. Consequently, large lateral gradients in
temperature induce decorrelation in the time-shift estima-
tion behind the heated region.

B. Compound Imaging

Because of the strong thermo-acoustic lens effect, the
diagnostic imaging system cannot “see” accurately behind
the heated region. We propose using multiple viewing an-
gles to reduce this acoustic lens effect. Here, we briefly dis-
cuss how compound imaging is implemented for 2D tem-
perature estimation and the corresponding modifications
to the conventional imaging technique that are necessary.

The medium is insonified successively with several ul-
trasonic plane waves steered with different angles, instead
of using a conventional beamforming on transmit. Each
plane wave is transmitted by limited overlapping subaper-
tures, as shown in Fig. 1, in order to reduce the size of the
region that can contribute to the received ultrasonic echo.
Sixty-four elements (of 128 elements total) are used in the
receive beamforming algorithm, and the receive focal spot
is steered with the same angle as the transmit plane wave.
Thus, there is focusing only on reception. This choice was
made due to current memory limitations of our laboratory
imaging system (see Section ITI-A). However, using real-
time compounding with both transmit and receive focusing
is also conceivable for temperature estimation.

Fig. 2 shows the steps involved in the heating and imag-
ing sequences. Data acquisition occurs in real time. All
backscattered echoes are stored in the system memory dur-
ing heating, and beamforming on reception is performed
off-line. Ultrasonic images are constructed for each steer-
ing angle before and after heating. The time-shifts are then
estimated between speckle images corresponding to iden-
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Fig. 2. Temperature estimation with compound imaging. The
medium is insonified by multiple steered plane waves and the cor-
responding RF data are collected. The two sets of RF-beamformed
data (before and after heating) are cross-correlated and a time-shift
map is determined. The time-shift estimates are differentiated along
the axial direction (i.e., the beam-steering axis) to estimate tem-
perature. The temperature estimates for the multiple steered plane
waves are then averaged with angle correction and correlation value
weighting.

tical plane wave insonifications. Each time-shift map is
spatially differentiated along its axial direction in order
to estimate the change in temperature. Because the axial
direction of each steered plane wave insonification is dif-
ferent, the individual temperature maps are numerically
steered back to the same direction. For a given steering an-
gle ¥,, and a location (z, z), the temperature T, (x, z) and
a corresponding correlation value ¢, (x,z) are estimated.
The correlation coefficient gives an index of confidence for
the cross-correlation performance, and permits determina-
tion of a weighted average of the temperature. The com-
pounded temperature estimate < T'(x, z) > for N steering
angles is then:

1 N
<T(z,2) >= B A Z en(w, 2)Th(z,2)  (2)

Z cn (T, 2) et
n=1

C. Experimental Setup

The HIFU transducer was composed of a 56-element
piezocomposite spherical annular array (14 rings, quar-
tered). The transducer had a diameter of 100 mm, a focal
length of 70 mm, and center frequency of 1.5 MHz. The fo-
cal zone dimensions of the HIFU transducer were measured
at low acoustic intensity (< 5 W cm™2) in a tank filled with
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Fig. 3. Experimental setup of the therapy and monitoring system.

degassed water. A 0.4 mm PVDF bilaminar calibrated hy-
drophone (Golden Lipstick model, SEA, Soquel, CA) was
moved using a stepper-motor-controlled three-dimensional
positioning system (Micro-controle). The —6 dB focal zone
was (1.2 x 1.2 x 7.5) mm3. Each element was connected to
a high power electronic emission board with adjustable
amplitude and phase which could deliver up to 16 W.

The imaging probe was a commercial linear imaging ar-
ray working at 5 MHz (Model L4-7, Philips ATL, Bothel,
WA). The field of view was 38 mm (lateral) by 60 mm (ax-
ial). The imaging array was mounted on a manually driven
Cartesian manipulator and oriented perpendicular to the
HIFU beam axis such that it imaged a cross-section of the
HIFU focal zone (see Fig. 3). In Section III we discuss an
alternative geometry for use under in vivo conditions.

The compound imaging acquisitions were performed us-
ing a fully programmable multichannel system (128 in-
dependent channels) developed in our laboratory. Each
channel has an electronic transmitter /receiver board with
2 MB memory. The sequences of steered plane waves using
transmitting subapertures can be stored in static RAM. A
computer was used to control and trigger the operation of
the HIFU electronic system and the imaging system. To
avoid interferences between the HIFU and imaging sys-
tems, the imaging data were acquired during a 20-ms in-
terruption of the HIFU beam. Thus, heating and imaging
sequences could be programmed for real-time acquisitions,
as depicted in Fig. 4.

In addition to the fully programmable imaging system,
a commercial ultrasound scanner (HDI 1000, Philips ATL,
Bothel, WA) was used to provide reference images of tem-
perature using a conventional (i.e., no compounding) imag-
ing technique with a linear array (Model L7-4, Philips
ATL, Bothel, WA). Conventional RF-beamformed data
were stored during heating and then processed off-line.
This permits comparison of conventional and compound
imaging techniques for temperature estimation using the
same experimental configuration.
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Fig. 4. Real-time therapy and monitoring acquisition sequences.

D. Tissue Mimicking Phantom

The TM phantom was composed of 8% gelatin solution
with 2% agar powder acting as ultrasonic scatterers. Ther-
mal and acoustical properties of the TM phantom were
very similar to those of soft tissues. The speed of sound
was measured to be 1550 m s~! at 25°C. The material-
dependent parameter k was determined experimentally to
be (=980 + 40)°C. To determine k, the phantom and the
imaging probe were placed in a temperature-controlled wa-
ter bath, and RF data were acquired while the water was
heated from 19 to 40°C. The time-shifts between two suc-
cessive acquisitions were estimated. The constant k& was
determined by differentiating the time-shifts in the axial
direction, and then fitting the water bath temperature to
(1). A reference temperature was measured by a coated
copper-constantan thermocouple sensor (wire size: 75 pm,
junction size: < 0.22 mm, type IT-23, Physitemp Instru-
ments, Inc., Clifton, NJ) placed in the phantom.

IIT. EXPERIMENTS AND RESULTS
A. Evaluation of Compound Imaging Technique

Experiments were initially performed on TM phantoms
to evaluate the ability of the compound imaging technique
to improve temperature estimation. We compared ultra-
sonic estimates of temperature using the compounding
technique with thermocouple measurements. We consid-
ered how the number of steered angles and subapertures
affected the variance in the temperature maps. Finally, we
compared temperature estimates using compounding and
conventional imaging techniques.

1. Thermocouple Measurements: Compound imaging
measurements were performed on a TM phantom with an
implanted thermocouple sensor. The phantom was placed
such that the thermocouple sensor was located in the fo-
cal plane of the HIFU probe, 2 mm away from the focus.
In this configuration the sensor and the ultrasonic beam
were far enough apart to avoid thermocouple artifacts [19].
A reference imaging sequence was composed of 5 steered
plane waves on transmit (steering angles —10°, 5°, 0°, 5°,
and 10°). Each transmit subaperture was composed of 30
elements (corresponding to 10-mm width), and the receive

N (24 L) w

temperature elevation (°C)

-

-1 L L L L L

time (s)

Fig. 5. Temperature measured by thermocouple (line) and estimated
by ultrasound (dot) at (1) 2 mm; (2) 3 mm; and (3) 4 mm from
focus.

subaperture was made of 64 elements. The therapeutic
field (150 W cm~2 at focus) was applied during 10 s, and
then the phantom was allowed to cool down. Every sec-
ond the therapeutic beam was interrupted for 20 ms and
a compound imaging sequence was performed. Available
memory of the imaging electronics permitted storage of 20
monitoring sequences (e.g., 20 frames at 1 frame/s). The
RF data were collected and beamformed, and the com-
pounded temperature maps were computed. The experi-
ment was repeated for other locations of the thermocouple
sensor: the phantom was moved such that the HIFU focus
was located 3 mm and 4 mm away from the thermocouple
sensor. Fig. 5 shows that there was good agreement be-
tween the thermocouple measurements and the ultrasonic
estimates of temperature at different sensor locations. The
average error in non-invasive temperature estimation was
0.14°C for a total temperature elevation of 12.3°C at the
focus.

2. Optimization of Compound Imaging Technique: We
investigated the dependence of the artifact reduction as a
function of the number of transmit plane waves and the
size of the subapertures. The optimal number of trans-
mit plane waves is a compromise between the image frame
rate and the reduction in variance of the temperature esti-
mates. We note that this optimization also depends upon
the geometry of the experiment. A complete temperature
estimation experiment was performed with an imaging se-
quence of 29 transmit plane waves. The steering angles
of the plane waves ranged from —14° to 14° with a step
of 1°. Heating was applied for 5 s using an HIFU field of
130 W cm ™2 acoustic intensity at the focus. A second RF-
beamformed data set was acquired immediately after heat-
ing. A set of 15 different temperature maps was processed
by taking into account a varying number of transmit plane
waves (i.e., 1, 3, 5,..., 29). The variance of the tempera-
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Fig. 6. Variance of the artifacts in the temperature estimation as
a function of the number of steered plane waves. The variance is
computed over a (15 x 15)-mm? region located behind the heated
region. The plane waves are steered with angles from —14° to 14°
with various step sizes.

ture estimates was calculated in a (15 x 15)-mm? region

immediately behind the focal spot of the HIFU beam in
the monitoring image. The temperature elevation at fo-
cus was estimated to be 8°C. As shown in Fig. 6, the
variance decreased rapidly with the number of transmit-
ted plane waves. Because this region should have a rel-
atively uniform temperature distribution, a low variance
represents a good estimation of the temperature elevation.
With seven steered plane wave insonifications, the vari-
ance of the artifacts is reduced by more than a factor two.
Compound imaging can reduce the speckle variance by
as much as a factor of the square root of the number of
steered frames. However, for temperature estimation, there
remains some correlation in the speckle displacement be-
tween the steered frames due to the large spatial extent of
the thermo-acoustic lens.

We also investigated the influence of the size of the
transmitting subaperture on the reduction in variance. For
all imaging sequences, the receive subaperture consisted of
64 elements. The temperature was estimated for seven dif-
ferent imaging sequences where the emission subaperture
ranged from 16 to 128 elements. Using all elements on
transmit is not optimal because it increases the influence of
speckle noise coming from undesired areas. Using too few
elements reduces the sensitivity of the transmitted beam
and degrades the signal-to-noise ratio in the compounded
images. An aperture size corresponding to approximately
30 elements was found to optimize sensitivity as well as
speckle motion estimation (see Fig. 7).

3. Comparison of Compound and Conventional Imaging
Techniques: Compound imaging sequences were composed
of 15 steered plane waves on transmit (steering angles from
—14° to 14° with a 2° step) with transmit subapertures of
30 elements. A reference compound imaging sequence was
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Fig. 8. Two-dimensional temperature estimation for 3 plane-wave
insonifications. Steering angles of a) —10°, b) 0° and c¢) 10°. The
artifacts are aligned with the steering angle.

transmitted and received prior to heating. Heating was ap-
plied for 5 s using an HIFU field of 130 W cm ™2 acoustic
intensity at the focus. A second RF-beamformed data set
was acquired immediately after heating. The RF data were
collected and beamformed, and 15 temperature maps (cor-
responding to the 15 steered plane waves) were computed.
We show three of these temperature maps in Fig. 8, with
steering angles of —10°, 0°, and 10°. One can see clearly
that the region of artifact is aligned with the steering an-
gle. Thus, for a given location, the artifacts are strongly
decorrelated between images of different steering angles.
The compounded 2D temperature estimation was then re-
constructed according to (2) and is shown in Fig. 9(a).
The B-mode images and the corresponding temperature
images have a lateral width of 40 mm and an axial depth
of 45 mm. The heating area is located at a 40 mm depth
with respect to the imaging probe.

Two-dimensional temperature estimations were also
performed with the commercial scanner using conven-
tional B-mode imaging. Prior to heating, a reference RF-
beamformed data set was acquired and stored in memory.
A second RF-beamformed data set was acquired immedi-
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Fig. 9. Two-dimensional temperature estimation by a) compound
imaging with our fully programmable electronic device, b) conven-
tional technique with a Philips ATL HDI 1000 scanner, and ¢) con-
ventional technique with 2D low-pass filtering. The linear imaging
transducer was located on the top of the temperature images. The
HIFU beam cut perpendicularly the center of the images.

ately after heating. Temperature estimates were then com-
puted as described in Section II-A. The 2D temperature
estimation is shown in Fig. 9(b). The temperature is well
estimated in the heating zone, but ripple artifacts severely
corrupt the region behind the heated area. Artifacts (up
to 7°C) can be almost as large as the temperature eleva-
tion at the focus (8.2°C). In order to reduce these arti-
facts, a spatial low-pass filtering was applied along axial
and lateral directions, as proposed in [8]. The time-shift
estimates were filtered using an axial differentiator and
smoothing filter, with the parameters given in [8] (axial
filter: 6 dB bandwidth 0.22 mm™!, length 12.3 mm; lat-
eral filter: 6 dB bandwidth 0.21 mm™?, length 6.2 mm).
Fig. 9(c) shows the filtered temperature estimates. 2D fil-
tering reduced the artifacts in temperature estimation (up
to 1.8°C) but also introduced a bias in the estimate of the
peak temperature (temperature elevation at the focus was
found to be 6.3°C).

It is evident that compound imaging strongly reduces
the artifacts in temperature estimation. Here, artifacts
were almost completely removed when averaging the 15
frames. Moreover, the heated region was very well recon-
structed, symmetrical, and the temperature at focus iden-
tical to the one estimated in the classical temperature es-
timation [Fig. 9(b)]. Ultrasonic estimation of the temper-
ature elevation at the HIFU focus was also corroborated
by thermocouple measurements as described above.

4. Clinical Therapy and Monitoring System: The
present experimental setup (see Fig. 3) was chosen to
demonstrate the feasibility of the technique. For prac-
tical use of this technique, the therapy and monitoring
systems should be coaxial. One concern, however, is that
sharp temperature gradients in the elevation direction of
the imaging transducer may corrupt the temperature es-
timates. To gain a measure of this effect, we positioned
our linear imaging array along the axial direction of the
HIFU probe. Estimation of the change in temperature was
performed with compound imaging (30-element transmit
subapertures, 11 plane waves with steering angles from
—10° to 10° with 2° step). Heating was applied for 5 s us-
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Fig. 10. Temperature change estimation along the axial direction of
the HIFU probe. Compound imaging was performed with 30-element
transmit subapertures and 11 plane waves with steering angles from
—10° to 10° with 2° step.

ing an HIFU field with 130 W cm ™2 acoustic intensity at
the focus. A second RF-beamformed data set was acquired
immediately after heating. The compounded temperature
map is displayed in Fig. 10. As expected in this configu-
ration, the heating zone is cigar-shaped. The heating zone
is approximately 10 mm long and 3 mm wide. Moreover,
very small artifacts (< 1°C) are found behind the focal
zone.

B. In Vitro Bovine Liver Ezxperiments

1. Comparison of Compound and Conventional Imaging
Techniques: The compound imaging technique for tem-
perature estimation was validated in fresh bovine liver
specimens. The objective was to demonstrate that this
technique performed well in soft biological tissues, and
could be used for guidance and monitoring of HIFU ther-
apies. The same experimental setup (see Fig. 3) used for
the TM phantoms was used for these experiments. Mea-
surements were performed in fresh degassed bovine liver.
The initial temperature was 33°C.

Prior to heating, a compound imaging sequence was
performed with 30-element transmit subapertures and 11
steered plane waves (steering angles of —10° to 10° with
2° step). A 400 W cm~2 HIFU sonication was applied
for 5 s. Compound imaging sequences were transmitted
and received at 1 s, 3 s, and 5 s. The RF data were col-
lected and beamformed, and the temperature was then
estimated. The material-dependent parameter k was set
to —1200°C, based on several studies in liver tissues [12],
[20]. We note that precise measurement of the parame-
ter £ would be necessary for accurate monitoring during
therapy.

We compare temperature maps from conventional

[Fig. 11(a)—(c)], 2D low-pass filtered [Fig. 11(d)—(f)], and
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Fig. 11. In-vitro experiment in bovine fresh liver: comparison of compound and conventional imaging techniques. Temperature changes
above 1°C overlay the grayscale B-scan image. A sonication was performed with intensity at focus of 400 W-cm™2. The temperature

changes were estimated following sonication of 1 s (a,d,g), 3 s (b,e,h),

and 5 s (c,f,i) for conventional imaging, conventional imaging with

2D low-pass filtering, and compound imaging from left to right, respectively. Compound imaging (g,h,i) was performed using 30-element
transmit subapertures and 11 steered plane waves (steering angles of —10° to 10° with a step of 2°).

compound [Fig. 11(g)—(i)] imaging techniques. The 2D fil-
ter parameters are discussed in Section II-1. Temperature
elevations above 1°C are overlaid on the grayscale B-scan
image. The temperature elevation of the heated spot was
estimated to be 12°C after 5-s sonication. Artifacts are
clearly present in the temperature images using the con-
ventional imaging technique. The 2D low-pass filtering re-
duced artifacts to some extent, but the peak temperature
is underestimated. In contrast, compound imaging permits
a complete reduction of the artifacts (all artifacts in the
images were less than 1°C) and a good estimation of the
peak temperature. This technique was found to have the
best performances for guidance and monitoring of HIFU
therapies.

2. Effects of Tissue Necrosis: For higher temperature
elevations, the necrosis threshold was reached and the
speckle tracking technique failed to correlate RF data
acquired before and after heating. We investigated this
decorrelation effect in measurements of bovine liver. HIFU
sonications combined with temperature estimation were
performed in fresh degassed bovine liver specimens at in-
creasing power levels. The intensity at the focus was in-
creased from 50 W cm™—2 to 800 W cm~2. In each exper-
iment, a compound imaging sequence (30-element trans-
mit subapertures, steering angles from —10° to 10° in 2°
steps) was performed. Following a 5-s HIFU sonication, a
post-heating imaging sequence was acquired, and the tem-
perature map was constructed. Lateral slices of the 2D
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Fig. 12. Lateral slices at the focus of two-dimensional a) tempera-
ture distributions and b) correlation coefficients. Experiments were
performed in fresh bovine liver at initial temperature of 33°C. The
HIFU intensity applied at focus was (-) 50 W cm ™2, (.-) 200 W cm ™2,
(- -) 450 W cm ™2, and (*) 800 W cm~2 during 5 s. Only tempera-
ture change estimates corresponding to correlation coefficients above
a 0.80 threshold are displayed. For the 800 W cm~2 experiment, a
Gaussian extrapolation at focus of the temperature change estimates
is plotted in black dots.

temperature distribution through the focal plane are plot-
ted in Fig. 12(a) and the corresponding correlation coeffi-
cients are shown in Fig. 12(b). The correlation coefficient
at the focus for intensities of 50 W cm™2, 200 W c¢cm ™2,
and 450 W cm ™2 remained above 0.80, and permitted ac-
curate estimates of temperature. However, at 800 W cm ™2,
the correlation fell below 0.65 in the focal zone, indicating
that the temperature was poorly estimated at the focus.
In this region, the backscattered signals were significantly
altered, and correlation with the initial RF data (i.e., be-
fore heating) is degraded. The corresponding temperature
map in Fig. 12(a) does not provide a reliable estimate in
the heating focal area.
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Fig. 13. Least square error of the Gaussian fitting as a function of
the curve fitting parameters (Tmax, w). A global minimum of 0.097
was found for Tymax = 17.6°C and w = 3.8.

It should be noted, however, that the correlation coeffi-
cient is found to be above 0.80 in the major part of the tem-
perature map. Consequently, the temperature at the focus
could potentially be extrapolated from these data. The
temperature at focus was extrapolated by using a Gaussian
fit of the temperature distribution surrounding the focus.
Only experimental data with high cross-correlation coeffi-
cients (> 0.80) were considered relevant. A least square fit
was performed using the Gaussian function

T(2) = Tinax xp —(?)2 , (3)

where Ty« is the temperature at the focus, and w is the
variance of the Gaussian function related to the diffusion
coefficient. Fitting of the temperature distributions of the
50 W cm™2, 200 W ecm ™2, and 450 W cm ™2 experiments
permitted determination of the focus location xy and an es-
timation of the variance (w = 3.75). Fig. 13 shows the least
squares error between the experimental temperature curve
and a Gaussian fit as a function of variance and maximal
temperature values ranging from +10°C to 4+30°C. This
error reaches a clear global minimum for Ty, = 17.6°C.
Indeed, this extrapolation corresponds to a robust predic-
tion since the variance (w = 3.8) is found to be very similar
to the variance found in lower intensity experiments. Thus,
estimating the temperature increase in surrounding tissues
by assuming a Gaussian diffusion profile of the heat pat-
tern could provide a good prediction of the temperature
at focus.

IV. DIScuUssION
We have shown in this paper that compound imaging

significantly reduces the amount of artifacts in temper-
ature estimates when compared to conventional imaging
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techniques. Furthermore, compound imaging can be im-
plemented in real time to provide guidance and feedback
of HIFU therapy. Nevertheless, prior to use in a clinical
setting, several technical issues must be addressed.

The speckle tracking technique for temperature esti-
mation used here assumes that the thermal dependence
of the ultrasonic time-of-flight is linear for small temper-
ature elevations (approximately up to 10°C), which has
been verified for biological soft tissues [1], [11]. For higher
temperature elevations but below the necrosis threshold,
it has been reported [11] that the relation between the ul-
trasonic time-of-flight and the change in temperature is
nonlinear. To compensate for this effect, it has been pro-
posed in [8] to substitute the linear relation in (1) with
a nonlinear relation. However, for temperature elevations
much higher than 50°C, the major limitation of this tem-
perature estimation technique comes from the irreversible
changes in the acoustic properties of tissue due to necrosis.
In the case of coagulative necrosis, the acoustical proper-
ties of the tissue are completely altered in the heated region
with corresponding changes in the backscattered signals.
In such a case, the speckle tracking technique fails to cor-
relate RF data acquired before and after heating, and the
temperature map is corrupted in the region of necrosis.
This effect could be strongly reduced by increasing the
imaging frame rate and cross-correlating RF images ac-
quired at a very short time period. However, decorrelation
effects can occur even at a high frame rate, and we have
shown that estimating the temperature increase in sur-
rounding tissues could provide a robust prediction of the
temperature at the focus.

The present experimental setup (see Fig. 3) was chosen
to demonstrate the feasibility of the technique. For clinical
use of the temperature imaging technique, the therapy and
monitoring systems should be coaxial. We are currently
developing such a system by placing a linear array within
a new HIFU spherical multichannel array. This will pro-
vide a more flexible and compact therapy and monitoring
probe. In this configuration, sharp temperature gradients
will appear in the elevation direction of the imaging trans-
ducer, but we have shown that it does not corrupt the
temperature estimates.

Another potentially troublesome issue that arises in
clinical settings is patient motion, such as respiration.
Such motion can lead to strong decorrelation effects. A
compensation algorithm for these artifacts has been pro-
posed by Simon et al. [21], and has been successfully ap-
plied in phantom experiments. Such motion compensation
techniques must be improved for practical in vivo use,
and could then be coupled with the compound imaging
method.

In conclusion, the use of spatially compounded plane
waves with transmitting subapertures provides significant
improvement in the accuracy of the temperature estima-
tion compared to conventional imaging, In particular, the
ripple artifacts due to the thermo-acoustic lens effect are
greatly reduced. The reduction of these ripple artifacts is a
major issue for the promising concept of mixed ultrasonic
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therapy/imaging probes. Indeed, for such probes, an imag-
ing array is embedded in the therapy probe vicinity and
the imaging plane is parallel to the therapy beam, resulting
in particularly strong ripple artifacts [21]. We have shown
that a small number of transmit plane waves (relative to
conventional imaging) is sufficient to significantly reduce
the variance of the ripple artifacts in the temperature es-
timates. Furthermore, this compound imaging technique
with both transmit and receive focusing could be achieved
in real time. We have also proposed a least-squares fit-
ting method to estimate large elevations in temperature
(e.g., T > 50°C) for which the linear relation between ul-
trasonic times-of-flight and changes in temperature is no
longer valid. Compound imaging with motion compensa-
tion and high temperature extrapolation techniques could
offer a potentially robust HIFU monitoring technique suit-
able for real-time in vivo applications.
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