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This article studies the feasibility of noninvasive temperature estimation by detecting echo-strain including thermal

expansion in therapeutic ultrasound treatment. This technique evaluates distributions of echo-strain and temperature

inside the tissue by detecting echo signals pre- and post-heating, in combination with the temperature dependence of

sound speed and thermal expansion. In the computer simulation and experimental study, echo signals pre- and post-

heating are acquired and then the temperature elevation is evaluated by correlation analysis. Results demonstrate that

this technique can effectively extend the measured temperature range up to 75°C with an accuracy of £2°C.
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1. Introduction

Ultrasound provides an excellent means of deliver-
ing energy to accessible treatment volumes, and many
ultrasound-based therapeutic procedures have been
developed and used clinically, including blood-brain
barrier disruption, hyperthermia, tissue thermal ab-
lation and high intensity focused ultrasound.[-? De-
spite the usefulness and great potential of these pro-
cedures, many disadvantages have limited their ac-
ceptance for widespread use. As a thermal-induced
technique, therapeutic ultrasound is required to accu-
rately deliver ultrasound energy into the target and
precisely control the temperature increase. Conse-
quently, it is essential to establish a real-time non-
invasive technique to monitor the temperature rise
in the treatment. In the past years, several tech-
niques have been developed for noninvasive estima-
tion of temperature change in ultrasound therapy.!”!
Most of them are based on magnetic resonance imag-
ing (MRI) and diagnostic ultrasound. MRI possesses
high spatial resolution and provides good accuracy of
temperature detection. But its poor temporal reso-

lution limits its real-time detection.[4l

In comparison
with MRI, ultrasound-based methods for temperature
monitoring are less expensive and easier to implement

by integrating a probing transducer in a therapeutic

ultrasound system. Especially, the noninvasive tech-
nique for detecting time-shift of echoes has been in-
vestigated by many researchers, and demonstrated to
be an effective tool in temperature monitoring.>—?
Temperature-related variations in the speed of sound
(SOS) induce a variation in the time of flight of re-
ceived echoes. The variation in SOS can be estimated
by using correlation algorithm between two echo sig-
nals acquired before and after heating. Accordingly,
temperature elevation can be evaluated based on the
hypothesis of the linear relationship between SOS
and temperature. However, the curve of SOS ver-
sus temperature in biologic tissues was observed to be
parabolic, and that the little variation in SOS around
the maximum resulted in low sensitivity at monitoring
temperature higher than 60 °C.!'% Moreover, the cur-
rent technique does not consider the significant vari-
ation in thermal expansion'!) due to the stiffening of
tissues induced by the thermal effect during therapeu-
tic ultrasound treatment.

This paper introduces a parameter called echo-
strain to represent both time-shift variation and wave-
We study the feasibility
of evaluating temperature change by detecting echo-

form distortion in echoes.

strain in combination with the temperature depen-
dence of SOS and thermal expansion. In the computer
simulation, the echo signals pre- and post-heating are
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first simulated on the basis of the calculated tempera-
ture distribution during heating; then the temperature
elevation inside tissues is estimated by using correla-
tion analysis of these echo signals and combining with
both the temperature dependence of SOS and ther-
mal expansion. Furthermore, a preliminary experi-
ment is performed by using the liver tissue heated in
a temperature-controlled water bath. The measured
echo signals are acquired during heating, and the tem-
perature variation inside the tissue is reconstructed
with the echo-strain parameter.

2. Principle and method

2.1. Time-shift and echo-strain

Consider a scatterer at an axial depth z away from
the surface of the transducer. The transit time of the
pulse-echo from the scatterer is

t(z) = 2/0Z o H(z)dw, (1)

where co(x) is the SOS at depth x at temperature Tp.
After therapeutic ultrasound irradiation, the temper-
ature rises and the transit time of the pulse-echo at z
is changed to

t'(z)=2 /OZ (1+ arAT,)c Y (z)dz, (2)

where ar is the linear coefficient of thermal expansion
of the propagating medium. AT, = T, —Tj represents
the temperature rise at depth x. ¢(x) is the SOS at
depth x at temperature T,. Combining Eqgs.(1) and
(2), we obtain the time-shift of pre- and post-heating
echoes caused by the scatterer at z,

5t =t'(z) — t(2)
=2 /Z (1 + ar ATy ) (z) — ¢yt (x)]dz.  (3)
0

The relationship between SOS and temperature
in biologic tissues can be deduced by the mixture
law.['2 Generally, the biologic tissue is supposed to
be composed of water, fat, and residue (proteins, car-
bohydrates and so on). Therefore, the temperature-
dependent SOS is

C™HT) = 2w CN(T) + 2:C; 1(T) + 2,C;7H(T), (4)

where zy, x¢ and x, represent the volume fractions
of water, fat, and residue respectively. Cy (T), C¢(T),
and C;(T) indicate the SOS of each component. Fig-
ure 1 shows the temperature dependence of SOS in

liver tissues by using Eq.(4), where ., z¢, and z, are
76.33%, 3.61%, and 20.12% respectively.(®!
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Fig.1. Temperature dependence of SOS in liver tissue.

The variation of strain due to the changes of
SOS and thermal expansion induced by heating is ex-
pressed as

5(2) = %Co(z) 8(;5? _ (1+ OcTCA(Z)z)Co(z) _1 ()

Figure 2 shows the temperature-dependent echo-
strain in liver tissues obtained using Eq.(5), where
ar =120 x 1076°C~! for normal liver tissue.
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Fig.2. Temperature dependence of echo-strain in liver tissue.

2.2. Temperature estimation by echo
signals
Assuming that the echo signals pre- and post-
heating are f1(t) and fa(t) corresponding to tempera-
tures Tp and To+ AT respectively. The time-shift d;pt
of fa(t) with reference to f1(t) is given by the maxi-
mum At in the cross-correlation function in Eq.(6):[!

Ry, , (At) = E[fl (t) : f2(t + At)]v (6)

where E[ ] represents the mathematic expectation.
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Considering the linear property of imaging sys-
tem, the spatial displacement dz, of the tissue ele-
ment is given by the temporal displacement induced
by heat.

0z, = cpdt,/2, (7)

where ¢ is the sound speed at 37 °C.
The cumulated time-shift by the scattering region
from axial depths 2’ to z is

T, =2 /z [(14+ arAT,)/c(x) — 1/co(z)]dz.  (8)

’

By means of Eq.(5), the average inversed echo-strain
in this region is given by

OQ(Z) 851nvtz -
2 0z 2

Sinv (Z) =

In combination with the temperature dependence of
echo-strain in Fig.2, we can determine the tempera-
ture rise induced by the heat.

3. Computer simulation

The schematic cross-section of the model for non-
invasive temperature estimation is shown in Fig.3.
An annular sphere therapeutic ultrasound transducer
with an outer radius of 11.79 mm and a focal length of
35 mm operates at its central frequency of 3.5 MHz.
A circular focusing transducer with a radius of 3mm
and a central frequency of 7.5 MHz, is embedded with
the therapeutic transducer coaxially and con-focally
used as the receiver.

\j

F774 therapeutic ) probing
A transducer B transducer

Fig.3.
nates system.

Cross-section of model in a cylindrical coordi-

For the purpose of the temperature estimation,
the pre- and post-heating echo signals are required

for correlation analysis. To simulate those echo sig-
nals, we performs the following steps: 1) the non-
linear acoustic field radiated from the therapeutic
transducer is simulated using the nonlinear Khokhlov—
Zabolotskaya-Kuznetsov (KZK) equation,!'314! 2) the
in situ temperature distribution is computed by using
Pennes equation, 516! 3) the time-shift distribution is
obtained in combination with the temperature depen-
dence of SOS and thermal expansion, and 4) the echo
signal is simulated based on the time-shifts of scatters.

In the numerical computation, parameters in the
KZK equation are given as follows: frequency is
3.5 MHz, pressure of sound resource is 248.3 kPa,
SOS in liver tissue at 37°C is 1586 m/s, density of
liver tissue is 1100 kg/m?, and the attenuation co-
efficient of the nth harmonic is 4.5(nf/f*)**Np/m
with f* = 1 MHz.
sion rate (cooling by blood flow) is 0.5 kg/(m?-s), the
thermal conductivity of the tissue is 0.6 W/(m-K),
heat capacities of the tissue and the blood are both
3800 J/(kg-K), and the ambient temperature in the
tissue is 37°C. Numerical solutions for KZK and

In Pennes equation, the perfu-

Pennes equations are based on the implicit backward
finite difference algorithm. The initial normalized ax-
ial and radial step-sizes are 10~% and 10~2 (normalized
by the focal depth and the outer radius of therapeutic
transducer respectively). Regarding the compromise
between computation accuracy and time-consuming,
we let the axial step-size be modulated along with
increasing axial depth and reach a minimum at the
focus.

Figure 4(a) shows the distribution of temperature
increase within the tissue after 2s heating. On the ba-
sis of the SOS-temperature relationship as displayed
in Fig.1, we obtain the SOS distribution as shown in
Fig.4(b). Obviously, the SOS distribution shows its
correlation with temperature distribution, but with
low sensitivity near the focus.

From the SOS distribution in Fig.4(b) and Eq.(3),
we can assess the time-shift distribution as shown in
Fig.5(a). To make a comparison with the case with-
out considering thermal expansion of the tissue, we set
at = 0 in Eq.(3) and obtain the time-shift distribu-
tion as shown in Fig.5(b). From the comparison, we
find that thermal expansion of the tissue contributes
a lot to the time-shift. For example, the time-shift at
the focus in Fig.5(b) is higher about 20 ns (50%) than
that in Fig.5(a).

From the time-shifts in Fig.5 and Eq.(7), we
can evaluate the distribution of scatterer displace-
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ment. Before therapeutic ultrasound irradiation heat-
ing, scatterers are set to have a Gaussian random dis-
tribution. After heating, these scatterers move axially.
Based on the displacement of scatter induced by ther-
apeutic ultrasound thermal effect, we can update the
position of the scatterer, and thereby simulate echo

signals received by the probing transducer. In this pa-

Radial distance/mm

Axial distence/mm

per, Field IT17:18 ig utilized to simulate echo signals
pre- and post- heating, where the density of scatter-
ers is 160/mm?!'8l in a region 0.5mmx0.5mmx1 mm,
the transmitting signal is a 7.5 MHz sine wave with
1.5 cycles and Hanning apodization, and the received

signal is sampled at 200 MHz.
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Fig.4. (a) Distribution of temperature and (b) distribution of SOS.
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Fig.5. Distributions of time-shift for (a) SOS + thermal expansion and (b) SOS only.
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Fig.6. Simulated echo signals from the scattering region

around the focus.

Figure 6 shows echo signals from the scattering
region, the centre of which is located at the focus.

The dashed line represents the pre-heating echo sig-
nal, and the solid line indicates the echo signal after
2s heating. In addition, due to the difference of time
delays, we can find the distortion of waveform after

heating.

From the post- and pre-heating echo signals and
Eq.(6), we deduce the time-shift inversely as shown in
Fig.7, where the solid and dashed lines indicate distri-
butions of the time-shift with and without considering
the thermal expansion of the tissue, respectively. We
find that when considering the thermal expansion, the
time-shift rises more rapidly in the focal region from
25 to 45 mm, where the corresponding high tempera-
ture is observed in Fig.4(a).

By analysing the inverse time-shifts described by



No.9

Noninvasive temperature estimation by detecting echo-strain change including thermal expansion

2749

Eqgs.(8) and (9), we can evaluate the axial distribution
of echo-strain after heating. On the basis of the tem-
perature dependence of the echo-strain, we can recon-
struct the axial temperature distribution as shown in
Fig.8. For comparison, the result obtained according
to the SOS-temperature relationship is also plotted in
this figure. We can find that the inverse temperature
distribution by echo-strain including thermal expan-
sion is more close to the theoretical prediction, espe-
cially in the focal region. The discrepancy between
the theoretical prediction and the measured result ob-
tained from the temperature dependence of SOS is due
to the fact that SOS is not sensitive to temperature
in the region from 52 to 62°C.
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Fig.7. Axial distribution of the inversed time-shift.
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Fig.8. Axial distribution of estimated temperature.

4. Experiment and discussion

In order to demonstrate the feasibility of the
method presented in this paper, we have conducted
a preliminary experiment, in which the liver tissue
specimen is heated using a temperature-controlled wa-
ter bath while echo signal is acquired using a focus-
ing transducer. The experimental setup is shown in

Fig.9. A 20 mm diameter, circular concave transducer
(Panametrics V304, centre frequency 5 MHz, focal
length 50 mm, USA) is used for both emitting and
receiving ultrasound signals. A computer-controlled
pulser/receiver (Panametrics 5900PR, USA) is used
to drive the probing transducer and a digital oscillo-
scope (Agilent 54810, USA) is used to acquire the echo
signals at a sampling frequency of 250 MHz. The fresh
porcine liver tissue sample is packed into a cylindri-
cal sample holder with a thickness of 20 mm for vitro
experiments. The sample holder is submerged in the
water and positioned at the focus of the transmitter.
A piece of sound absorbing material is located behind
the sample to avoid the multi-reflection effect. The
temperature-controlled water bath is used to raise the
temperature of the specimen by 5°C over a period of

20 minutes.
pulser/receiver digital oscilloscope
panametrics 5900PR > agilent 54810
A
e
sound absorbing
water material
4
concave : g
\_ transducer - Y,

thermostat water bath

Fig.9. The schematic diagram of experimental setup.

0.5
9 ]
=t 0 A
15 b
2,
2 —0.5 1
- -
g -1.0 ]
: T T T T T T T T T
X
= 70.5 71.0 71.5 72.0 72.5
5 , :
g 05 h)iso°C |
T 0 A : p
g T :
s —0.5 4 1 H
Z. 1 i

—-1.0 4 ! i

70.5 71.0 71.5 72.0 72.5
Time/us

Fig.10. Echoes from the scattering region near the focus
at (a) 55°C and (b) 60°C.
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Figure 10 shows echo signals from the scatter-
ing region around the focus at 55 and 60 °C, where
the echo signal at 60°C is shift forward as com-
pared with that at 55°C. It suggests that a 5°C tem-
perature rise can be easily tracked by observing the
time shift of the signal. Compared with the echo
transmitting time at 37 °C, we obtain the relation-
ship between temperature and echo time-shift shown
in Fig.11, where the theoretical prediction is given by

Eq.(3) with arp = 120 x 1076°C~1.
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Fig.11. The relationship between temperature and echo
time-shift at the focus.

The averaged echo-strain at the focus is evaluated
in the range of 37 to 80 °C as shown in Fig.12, where
the theoretical estimation is denoted by the solid line,
the measured values are denoted by solid squares, and
the polynomial fit is represented by the dashed line.
From this figure, we can find that the discrepancy be-
tween the results of theory and measurement is ob-
served at temperatures higher than about 75°C.

Measured echo-strain around the focus/%

Fig.12. Echo-strain at the focus at different temperatures.
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Temperature/°C
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In light of the temperature dependence of echo-
strain in Fig.2, we can evaluate the temperature from
echo-strain as shown in Fig.13, where the theoretical
temperatures are plotted as the solid line, and the es-
timated temperatures are denoted by open squares.
It is found that the measured temperatures coincide
well with those of the theoretical values, with the ac-
curacy of £2°C in the range of 37 to 75°C, but the
error begins to increase as the temperature goes above
75°C.
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Fig.13. Estimated temperatures at the focus from echo-
strain.

5. Conclusion

Noninvasive temperature estimation in therapeu-
tic ultrasound treatment is a hotspot in current re-
search field of ultrasound therapy. In this paper, we
have discussed the feasibility of noninvasive temper-
ature estimation by detecting the echo-strain along
with thermal expansion of the tissue. Computer sim-
ulation and preliminary experimental studies are per-
formed using porcine liver tissue in the temperature
range of 37-80 °C. Results indicate that this technique
can detect temperatures below 75 °C with an accuracy
of £2°C, effectively expanding the detected temper-
ature range measured by the time-shift technique. It
should be noted that there exist some differences be-
tween our measurement and the real configuration in
ultrasound therapeutic system, for example, the in-
fluence of blood stream and respiration. Additionally,
further assessment of this technique of using ultrasonic
heating is required.
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