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METHOD FOR MEASURING THE TEMPERATURE
IN THE BODY OF HUMAN OR ANIMAL WITH
ACOUSTIC INVERSION

[0001] This application claims priority from Chinese
Patent Application No. 200410046091.9 filed on Jun. 4,
2004, which is incorporated herein by reference.

TECHNICAL FIELD

[0002] This invention relates to a non-invasive method for
measuring the temperature in the body of human or animal.
Specifically, it relates to the application of High Intensive
Focused Ultrasound (HIFU) to generate heat with high
temperature in the body of human (animal) to react on
pathological changes in treated regions. In order to measure
the temperature in treated regions, the present invention
provides a non-invasive measuring method utilizing acous-
tic inversion and provides an apparatus using the method.

BACKGROUND ART

[0003] Nowadays, the focused ultrasonic therapeutic
apparatus is one of the hotspots in the medical study in view
of its good results in the clinical application. The HIFU
generates high heat in the human (animal) body to cure
lesions in the treated region. If the temperature is not high
enough, the curative effects will not be perfect because the
tumor cells cannot be destroyed. If the temperature is too
high, malpractice will be made with burns of human body.
Typically, there are two methods for the measurement of the
temperature: invasive method or non-invasive method. The
former one is to insert a thermometer into human body to
measure the temperature. It is difficult to be utilized in
practical treatment because of its invasive nature and hurts
to patients. The latter method is to perform non-invasive
measurement outside of the human body. It will not cause
the above trouble if realized. But as far as we know, there
still has no effective method to measure (clinically) the
temperature in the treated region.

[0004] In fact, the doctors normally determine the param-
eters for the treatment according to their own clinical
experience. Therefore, the best results cannot be ensured
with the randomness on the parameters. Some non-invasive
temperature measuring methods have been proposed, for
example, Chinese granted Patent No. CN1358549A has
suggested a predication method for the temperature at the
focus of HIFU thermal therapeutic apparatus. It makes
theoretical derivation on the acoustic field intensity distri-
bution and temperature field distribution from the wave
source. The predicted value of the temperature at the focus
can be calculated with treatment parameter settings, such as
input electrical power, conversion efficiency of transmitter,
tissue characteristics and wave source characteristics, etc.
CN1358549A forms a look-up table for temperature through
calculating the theoretical focus temperature under different
conditions, corrects the look-up table according to actual
measurement, and stores the corrected values into the look-
up table. The method is “non-invasive” in nature, but is a
temperature prediction method rather than a real temperature
measuring method. The results of the method are not results
from real time measurements, but simply the estimated
theoretical values under known conditions, therefore, it is
unqualified to be used as evidence for temperature in clinic
practice.

[0005] Accordingly, a non-invasive, effective real measur-
ing method for the measurement of the temperature in
treated region is highly desired in the field.
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SUMMARY OF THE INVENTION

[0006] The object of the invention is to provide a non-
invasive, effective and practical method for the measure-
ment of the temperature in the body of human (or animal),
especially for the measurement of the high temperature (or
low temperature) in the human (or animal) body generated
by the High Intensive Focused Ultrasound (HIFU) that is
utilized to react on the tissue with pathological changes in
the treated region.

[0007] Of course, the method of this invention may also be
utilized for the measurement of the high temperature (or low
temperature) in the human (or animal) body generated with
other means or methods (such as with radio frequency (RF)
heating source or alternating current (AC) heating source).

[0008] Another object of the invention is to provide a
non-invasive, effective apparatus for the practical clinical
measurement applications to measure the temperature in the
body of human (or animal), especially for the measurement
of the high temperature (or low temperature) in the human
(or animal) body generated by High Intensive Focused
Ultrasound (HIFU) that is utilized to react on the tissue with
pathological changes in the treated region.

[0009] The apparatus of this invention may also be utilized
for the measurement of the high temperature (or low tem-
perature) in the human (or animal) body generated with
other means or methods (such as with radio frequency (RF)
heating source or alternating current (AC) heating source).

[0010] The inventor creatively suggests an acoustic inver-
sion measuring method to realize the above purposes.

[0011] In the method, a first ultrasonic wave is transmitted
to a region to be measured, which has temperature T, under
the guiding of M-mode ultrasound. The reflected ultrasonic
wave from a particular reflection surface is received to
obtain a first parameter. Then the temperature of the region
to be measured is changed to T+AT. A second ultrasonic
wave is transmitted to the region to be measured. The
reflected ultrasonic wave from the second ultrasonic wave
reflected by a particular reflection surface is received to
obtain a second parameter. A measured comparison value
between the second parameter and first parameter can be
obtained. On the other hand, a theoretical comparison
between the second parameter and first parameter can also
be obtained through theoretical calculation. The differences
between the theoretical comparison and measured compari-
son are processed by an optimization method. The local
temperature increment AT of the region to be measured will
be obtained with an inversion method. The invention also
includes the corresponding apparatus to realize the above
method and a focused ultrasonic therapeutic apparatus.

[0012] To explain the method of the invention, we will
firstly discuss and establish the theory of the inventive
method.

[0013]

[0014] The wave equation of ultrasound wave can be
expressed as the following:

1. Echo Theory
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[0015] wherein p is sound pressure; C, is the sound
velocity at temperature T, (ambient temperature); AC is
sound velocity increment when temperature increases AT;
is angular frequency of the ultrasonic wave. As shown in the
schematic drawing of FIG. 1. The O point at the center of
sphere is the origin of coordinate, i.e., the center of the
heated region, where the temperature increment has the
largest value AT_,. Therefore, one has

T =Ty + AT, 2R 2
E = aATme’bR,
Co
_ 1 ac
= T a7
[0016] thus, formula (1) can be expressed approximately

as.
, AC
Vp+kip=2t—p
Co

k=w/C0

[0017] The pressure of scattered waves at a point B in the
space can be obtained through the retarded solution of
formula (3).

KPaAT,, (% R Pl 5. @
Ps=-— e "p—RsinddRdddy
2 Jo Jo Jo "

Assumed incident wave is

[0018]
pi=ADeikR cos,9

[0019] Born Approximation will be used for the p under
the sign of integration. Fresnel Approximation will be used
for r. In this way, formula (4) can be approximately written

as:
FRo oo ()
Ps = —Agk*a AT, ——
Ry 0

5 —bR+i—§—"§£
Ree IR AR

. L RE (©)
kR [cosd—cos(d—dq )]k p—cos(§-dg) .
1(R)=fe" 00 gt v g

0

[0020] where a, b is constant value; 0, is the included
angle of <BOC, 0 is the included angle of 6AOC; OA=R,
OB=R,, r=AB. I(R) is proportional to the Fresnel integral.
As for the factor e ™R in formula (5), it is very small when
bR is large, and mainly contributes the integral in the region
of R=1/b, thus kR=k/b in formula (6). Because b is in the
order of 10°> cm™ (electrical heating at 50 Hz) or in the order
of 10* em™ (radio frequency heating), when the sound
frequency f is in the order of 2 MHz, k will be in the order
of 80 (cm™). Therefore, kR<<1, R/Ry<<1 in formula (6).
With these approximations, the exponential term in formula
(6) can be expanded to a series up to a first order approxi-
mation, the result is substituted into formula (5), the integral
of formula (5) is obtained by means of the saddle point
approximation and the final results are:
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Py = T Ag@b? RS AT, (1 +1)

2 Torusinto+ 1202 _ogig )|
- 7 bRysindo zT(g— sin 0]

. s —
exp{szo[l + W}} /\/k

[0021]

It corresponds to the scattered power:

W, = ®

R S, w2 (BROV2 . V]
A b RY(AT,) [(Q—EbRosm&o) +[T (5—251n(90] / k

[0022] The directional pattern of the scattered power is
illustrated in FIG. 2.

[0023] It shows that the scattered power along the direc-
tion of 6,=m/2 is far more larger than the scattered power
along the direction of incident wave.

[0024] On the other hand, the formula (7) can be rewritten
as:
ps =|pl ] @
1
2 (PR (2 22
Ipsl = @AoabzR})-s {(2_ :bRoSim%) +[T°] (3 —ZSint%]
2, (10
PRy PRy 37 2sin“d, x
& = — +arctan|| — | ——— [+ =
% k2= ZoRysin
0sindy
2
[0025] All the signals are reflected by the reflection sur-

face at D. The reflected signals are again going through the
high temperature region and scattered one more time, they
are received by the transducer after reaching point F (refer
to FIG. 3). The final sound pressure of the echo can be
obtained with formula (7), (9) and (10):

P=PoS(BuR)S(PB>L) (12)

[0026] wherein S(B, X), f; (j=1,2) are complicated
functions containing frequency f and AT_;
P=VAe™ 89 i the sound pressure when there is
no temperature gradient field; L and R, represent the
distance from the transducer and reflection plane to
the center of the hot source respectively, which can
be measured each measurement by a B-scan ultra-
sonic apparatus. Formula (11) is the required expres-
sion for the sound pressure of the echo wave.

[0027] It is defined
z]z (12)

Po

luﬁhﬁb.u,Anpf)=(

[0028]

[0029] The schematic diagram of the measuring method of
the present invention is shown in FIG. 3. A transducer,
which can be either a B-scan ultrasonic probe or a separate
transducer, is installed at the plane going through point F,
being used as both transmitter and receiver. If it is a separate

2. Measurement of Echo Wave and FFT Processing
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transducer, it may be installed at the spherical shell of the
ultrasonic source of HIFU apparatus, or at the head of the
B-scan ultrasonic probe. The sphere between transducer and
reflection plane is the heated region, the center of which has
the highest temperature. It can be the focus of HIFU or the
location to be heated by other heating source (such as RF or
AC heating source). The plane going through D is the
reflection plane. As known for those skilled in the art, this
plane can always be found out, for instance, being deter-
mined by M-line ultrasound. Firstly, the transducer at point
F sends out a sound wave before the region being heated.
The sound wave is reflected to point F after it reaches the
reflection plane. The transducer receives an echo wave, i.e.,
the sound pressure p, of the echo wave without going
through a changed temperature field (referred to as First
Echo Wave Parameter hercinafter). Then a heating source
(not shown) generates heat and forms a temperature ficld.
The ultrasonic wave going there through is scattered. The
scattered wave superposes upon the transmitted wave, both
of which are reflected after reaching the refection plane at
point D. The reflected wave goes through the heated region
again and is scattered another time before reaching point F.
The transducer thus receives the sound pressure p; of the
echo wave subjected to heating (referred to as Second Echo
Wave Parameter hereinafter). These two echo waves carry
the physical information of the heated region, especially the
information on the temperature. The temperature informa-
tion can be extracted after signal processing.

[0030] These two echo waves are subjected to FET (Fast
Fourier Transform) process. After smoothing the spectrum,
the resulted sound pressure spectrums in the frequency
domain is py(f;) and py(f) respectively. The I(f,) is defined
as:

- pl(ﬁ)r (13)

[0031]

selected.

[0032]

perature.

[0033]

i=1, .. ., N, N is the number of the frequencies
3. Optimum Processing and Inversion For Tem-

An objective function is defined as:

(14

0= ()~ LB, Bos ..., AT, fOFF

™=

i

[0034] select By, P, . . . and AT, to make Q as the
minimum value. Then the corresponding AT is the differ-
ence between the temperature at the center of the location of
the heated region and the ambient temperature Ty.

[0035] Inabove inversion derivation process, the values of
the measured echo parameters are obtained at different
frequencies through FFT processing. Then the minimum
values of Q at all the frequencies are obtained with, for
instance, the least square method. Then AT, is obtained
through inversion. It should be understood by those skilled
in the art that other mathematical processing methods may
also be utilized to obtain proper AT, value as long as the
optimizing processing for the differences between theoreti-
cal values and measured values is performed.
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[0036] 4. Empirical Formula

[0037] According to the results of formula (7)-(10) in
above deduction, because part of the power is scattered due
to the existence of high temperature region, the scattered
wave has a phase shift in comparison with the incident wave
(as indicated in formula (10)). In addition, the scattered
wave also has a very complicated amplitude spectrum,
which turns into 1.5 exponential from 0.5 exponential.
Therefore, in practice, we may use empirical formulas
derived to simplify the processing and calculation. In for-
mula (11):

P=poS(B1R)S(BL) (12)

[0038] S(B, X) is a complicated function of frequency £
which is difficult to be calculated: It is firstly to smooth the
measured spectrum of echo wave p, then with further
theoretical analysis, the measured results from acoustic
measuring is made to conform to the measured results with
other methods, in this way, following empirical formula is
obtained, for instance

Bx? 1%
SB,X)y=1-—-
(B, %) 7
[0039] where
Bi=PoATmg(f AT ), Po=(0b’Cy); (16)
Po=VA g™ +R0) %)
[0040] p, is sound pressure of the echo wave when there

is no temperature gradient field; g is a value to be deter-

mined; L and R, represent the distance from the transducer

and reflection plane to the center of the hot source respec-

tively, which can be measured by B-scan ultrasonic appa-
ratus. Accordingly, formula (12) can be defined as:

. )

Li(Bor, Bozs - aATmaf):(ﬁi] 1)

0

[0041] the objective function may be accordingly defined
as:
il (14)
0= )" olf)— hifor, Boxs - » AT, )2
i=1
[0042] in which By, B, - - - are acoustic-thermal coupling

parameters, which are dependent on temperature T and AT .
According to the experiments, they will be reduced with the
increase of temperature and thus can be written generally as:

M . (18)
foj = ) ay(TIAT,)
i=0

[0043] The appropriate value of M and o0(T) can be
obtained as the above way. Due to the lack of the measured
data of a;, following method may be used to establish the
relation between Py; and oy;. For instance, we select

Boi=By AT [1+A] (19)
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[0044] [30]-=[30]-(0)(ATm)[1+A] indicates that it is dependent
on AT, . Ais a specified finely turned variance, for example,
specifying —A,SAZA,, taking A,=0.2. The 60]_(0) and AT,
are changing at certain interval in a relative wide range.
During the data processing, firstly, a set of 60]-(0) (3=1,2) may
be specified. Then the AT will be changed in a certainrange
at a certain interview, such as 5°,10°,15°, . .. Then formula
(14") may be utilized for calculation. During the calculation,
A may be finely searched in the range of +A,. A minimum
value of Q is given after the calculation. Secondly, another
set of initial value for [30]-@ may be specified (with a certain
changes at interval that is different from previous ones), and
the AT, is changed (5°, 10°, 15°, . . . ) and making fine
search for A. As such, another minimum Q value is obtained.
In this way, make Boj(o) changing in a certain range and
repeat above procedures, which will give a minimum value
of Q every time. The least Q value will be selected from
these minimum Q’s. The B, and AT, corresponding thereto
is the value required.

[0045] Tt should be understood that the above mathemati-
cal formulas and empirical formulas will not limit the
present invention. Those skilled ones in the art may find
other formulas with more advantages such as having quick
calculation speed. The important idea of the present inven-
tion is the inversion approach for optimum difference
between the theoretical values and the measured values,
which will not be limited to the specified mathematical
forms.

[0046] The inventor has made a large amount of measure-
ments on the in vitro tissue and living body (such as pigs and
rabbits), and compared the results with those from the other
means and methods (such as RF or AC heating and mea-
surement), The inventor also made comparisons and mea-
surements during the clinical radio frequency treatments on
liver cancer. The results have demonstrated the effectiveness
and the accuracy of the invention (sec the comparison tables
below for detail).

[0047] The real-time measurement and control of the
temperature in treated region during ultrasonic therapy is
always a problem existing in the field. Some researchers
even believe such a measurement is impossible to be real-
ized. Such condition hinders the clinical popularization and
application of this kind of therapy technology to some
extent. The present invention is the first to suggest a method
measuring the temperature of the focus in the body of human
or animal with acoustic inversion approach. It is distin-
guished from the theoretical prediction method or look-up
table method in that it is a real measurement. The invention
utilizes the temperature information carried with ultrasonic
echo wave, the temperature information in echo wave is
extracted with optimum processing and inversion. The
present invention thus resolves the pending problem of the
real-time measurement of the temperature in treated region.
This will certainly advance the development of the HIFU
therapy and related technology.

[0048] To summarize the above, according to a first aspect
of the invention, it provides a method for measuring the
local temperature in the body of human or animal, charac-
terized in that, comprising the following steps:

[0049] (1) after determination of the reflection plane
with M-type ultrasound (M-line), transmitting a first
ultrasonic wave to the region to be measured along
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the direction indicated by M-type ultrasound, receiv-
ing the echo wave of the first ultrasonic wave and
obtaining a first echo wave parameter;

[0050] (2) changing the temperature of the region to
be measured,;

[0051] (3) transmitting a second ultrasonic wave to
the region to be measured along the same direction,
receiving the echo wave of the second ultrasonic
wave and obtaining a second echo wave parameter,
and calculating a comparison value between the
second echo wave parameter and first echo wave
parameter;

[0052] (4) according to theoretical calculation,
obtaining a theoretical comparison value between
the second echo wave parameter and first echo wave
parameter;

[0053] (5) optimizing the differences between the
theoretical comparison values and the measured
comparison values, and obtaining the local tempera-
ture in the region to be measured by means of
inversion.

[0054] According to a second aspect of the invention, an
apparatus for the measurement of the local temperature
changes in the body of human or animal is provided. The
apparatus is characterized by including: an ultrasonic trans-
mitting means that is used to transmit a first ultrasonic wave
to the target region before the temperature of the target
region is changed and transmit a second ultrasonic wave to
the target region after the temperature of the target region is
changed; an ultrasonic receiving means that is used to
receive a first and a second echo wave from the first and
second ultrasonic wave respectively reflected by the tissue
of human or animal in the target region as well as the tissue
away from the target region to obtain a first echo wave
parameter and a second echo wave parameter respectively;
a signal processing and analyzing means that is used to
extract the temperature variation information of the target
region from the first and second echo wave parameter.
Wherein the signal processing and analyzing means calcu-
lates a theoretical comparison value between the first and
second echo wave parameter, and optimizing the difference
between the theoretical comparison value and the measured
comparison value between the first and second echo wave
parameters, then the information of the local temperature
changes of the target region is obtained by means of inver-
sion.

[0055] According to a third aspect of the invention, it
provides an apparatus for the measurement of the local
temperature changes in the body of human or animal. The
apparatus including: an ultrasonic transmitting and receiving
means, which is used to transmit a first ultrasonic wave with
B-type ultrasound to the target region along the direction
indicated by M-line before the temperature of the target
region changes and receive a first echo wave from the first
ultrasonic wave reflected by the tissue in the target region
and the tissue away from the target region. After the tem-
perature of the target region is changed, it transmit a second
ultrasonic wave with B-type ultrasound to the target region
along the direction indicated by M-line and receive a second
echo wave from the second ultrasonic wave reflected by the
tissue in the target region and the tissue away from the target
region. In this way, it obtains a first and a second echo wave
parameters respectively. The apparatus also includes a signal
processing and analyzing means which extracts temperature
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change information of the target region from the first and
second echo wave parameters. The signal processing and
analyzing means calculates a theoretical comparison value
between the first and second echo wave parameters with
theoretical calculation and optimize the difference between
the theoretical comparison value and the measured compari-
son value between the first and second echo wave param-
eters. Then the information of the local temperature changes
of the target region can be obtained by means of inversion
method.

[0056] According to a fourth aspect of the invention, it
provides a focused ultrasonic therapeutic apparatus that can
measure the temperature of the treated region. The apparatus
includes a high-energy focusing ultrasonic source, which is
used to generate high-energy focused ultrasound to a par-
ticular region of human body so as to change the temperature
of the region; a positioning system which is used to move the
region of human body to the focus of the high energy
ultrasound and includes a B-type ultrasonic probe for posi-
tioning for the imaging of the particular region of the human
body. The focused ultrasonic therapeutic apparatus includes
following: at least one ultrasonic transducers for temperature
measurement, which are installed at one side or both sides
of the B-type ultrasonic probe for positioning, for transmit-
ting a first ultrasonic wave to the particular region before the
temperature of the region is changed and then receiving a
first echo wave reflected by the tissue in the target region and
the tissue away from the target region, and for transmitting
a second ultrasonic wave to the particular region after the
temperature of the region is changed and then receiving a
second echo wave reflected by the tissue in the target region
and the tissue away from the target region. In this way, a first
and a second echo wave parameters are obtained. The
apparatus also includes a signal processing and analyzing
means which extracts temperature change information of the
particular region from the first and second echo wave
parameter. The signal processing and analyzing means cal-
culates a theoretical comparison value between the first and
second echo wave parameters with theoretical calculation
and optimizes the difference between the theoretical com-
parison value and the measured comparison value between
the first and second echo wave parameters, then the infor-
mation of the local temperature changes of the target region
can be obtained by means of inversion.

[0057] According to a fifth aspect of the invention, it
provides another focused ultrasonic therapeutic apparatus
that can measure the temperature. The apparatus includes a
high-energy focusing ultrasonic source, which is used to
generate high-energy focused ultrasound to a particular
region of human body to change its temperature. It also
includes a positioning system that is used to move the region
of human body to the focus of the high energy ultrasound.
The positioning system includes a B-type ultrasonic probe
for positioning for the imaging of the particular region of the
human body. This focused ultrasonic therapeutic apparatus
is characterized in that, under the B/M mode, the positioning
ultrasonic probe transmits a first ultrasonic wave to the
particular region before the temperature of the region is
changed along the direction indicated by M-line, and then
receives a first echo wave reflected by the human tissue in
the target region and the tissue away from the target region.
The positioning ultrasonic probe is also used to transmit a
second ultrasonic wave to the particular region after the
temperature of the region is changed, and then receives a
second echo wave reflected by the human tissue in the target
region and the tissue away from the target region. In this
way, a first and a second echo wave parameters are obtained.
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The apparatus also includes a signal processing and analyz-
ing means which extracts temperature change information of
the particular region from the first and second echo wave
parameters. It calculates the ratio of the first and second echo
wave parameters with theoretical calculation and optimizes
objection function which involves a sum of square of the
difference between the theoretical value and the measured
value between the first and second echo wave parameters for
all frequencies in the spectra, then the information of the
local temperature changes of the target region can be
obtained by means of the inversion method.

DESCRIPTION OF THE ATTACHED
DRAWINGS

[0058] FIG. 1 is a schematic diagram shows the wave
theory of an embodiment according to the invention.

[0059] FIG. 2 is a directional pattern of the ultrasonic
scattered power calculated in line with the theory.

[0060] FIG. 3 is a schematic diagram for the measurement
of echo wave in an embodiment according to the invention.

[0061] FIG. 4A shows a schematic diagram for a practical
measuring apparatus with HIFU heating source as one of the
implementation examples of the invention.

[0062] FIG. 4B shows a schematic diagram for a practical
measuring apparatus with HIFU heating source as another
implementation example of the invention.

[0063] FIG. 5 shows a schematic diagram for the signal
collection and processing in an embodiment according to the
invention.

[0064] FIG. 6 shows the flow chart for the measurement
procedures of an embodiment according to the invention.

[0065] FIG. 7 shows another implementation example of
the temperature measurement probe of the invention. It
shows the transmitter and receiver installed on the focused
ultrasonic source of the therapeutic apparatus.

[0066] FIG. 8 shows another implementation example of
the temperature measurement probe of the invention. It
shows the transmitting and receiving means installed on
both sides of the B-type ultrasonic probe for positioning the
therapeutic apparatus.

[0067] FIG. 9 shows another implementation example for
the temperature measurement probe of the invention. It
shows the focused ultrasonic source of the therapeutic
apparatus and the positioning B-type ultrasonic probe on the
source. The B-type ultrasonic apparatus is modified so that
the signal received therefrom may be used to subject to
processing and analyzing for the temperature variation.

[0068] FIG. 10 illustrates the temperature verification and
calibration with radio frequency heating source or AC
heating source.

PREFERRED EMBODIMENTS

[0069] The apparatus and measuring method of embodi-
ments according to the invention will be described with
reference to the attached drawings.

[0070] FIG. 4A and FIG. 4B are schematic diagrams
showing exemplified HIFU heating and temperature mea-
suring apparatus in accordance with an embodiment of the
invention.
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[0071] A practical in vitro focused ultrasonic therapeutic
apparatus is typically comprised of following parts:

[0072] A. a high energy focusing ultrasonic source
and its driving circuit for the generation of the high
energy focused ultrasound.

[0073] B. a positioning system for locating the
treated target on patient and moving it to the focus of
the ultrasonic transducer, including a medical imag-
ing system (mostly B-type ultrasonic apparatus), an
means carrying the patient (such as a table or bed)
and a moving system for the relative movement
between the apparatus and the ultrasonic source.

[0074] C. a high-energy ultrasonic conductive struc-
ture and processing system of conductive medium:
In the High Intensive Focused Ultrasound (HIFU)
system, the ultrasound applied has to be transmitted
into the patient body through special conductive
medium (mostly using deaerated water). Therefore, a
structure for accommodating the conductive medium
(such as a water tank or water bag, etc.) as well as
those for introducing and discharging the conductive
medium are typically installed before the transmit-
ting end of the high energy focused ultrasonic
source.

[0075] The detailed descriptions for the known HIFU
therapeutic apparatus will be omitted. The apparatus for the
real-time monitoring of the temperature increment at the
focus will be discussed in detail thereinafter.

[0076] The apparatus for the real-time monitoring of the
temperature increment at the focus according to the inven-
tion mainly includes the follows:

[0077] 1. Transmitting and Receiving Means for the Ultra-
sonic Pulse.

[0078] The apparatus may be one or one set of the ultra-
sonic transducers and the related transmitting and receiving
circuit. The transducer(s) transmit ultrasonic pulses in the
direction toward the focus of the high-energy focused ultra-
sonic therapeutic apparatus and receive the reflected ultra-
sonic wave being reflected from the tissue at the focus or the
tissue away from the focus.

[0079] The medical B-type ultrasonic apparatus for posi-
tioning may act as the transmitting and receiving means in
the guidance with the M-type ultrasound.

[0080] 2. System for Processing & Analysis of the Reflec-
tion Wave Received.

[0081] After selecting appropriate part in the reflection
wave signals, the system will make spectrum analysis. The
results will be compared with the spectrum before the
radiation of HIFU so as to obtain the information related to
the changes of the temperature. The temperature variation
(temperature difference) will be calculated and displayed.

[0082] Referring to FIG. 4A, the HIFU main body
includes a water container 2, a temperature measurement
sample 4 (human or animal) that is immersed under the
water surface 5. The focused ultrasonic heating source 1
aims at the particular part of sample 4 (acoustic focus 3), and
generates high-energy focused ultrasound for the heating or
therapy and raises the temperature thereof. As part of the
positioning system, positioning B-type ultrasonic probe 7 is
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under the control of the raising and lowering lever 6 to locate
the sample target or move it to the focus of ultrasonic
transducer. The HIFU system further includes a means for
carrying the patient (such as a bed or table) and a moving
system (not shown) for the relative movement between the
means and the ultrasonic source.

[0083] In the HIFU system shown in FIG. 4A, an ultra-
sonic temperature probe 8 is included. It can be one or one
group of ultrasonic transducers with related transmitting and
receiving circuit. The transducer or transducers can transmit
ultrasonic pulses in the direction toward the focus of the
high-energy focused ultrasound and receive the reflection
ultrasonic wave reflected from the tissue at the focus or from
the tissue away from the focus. The ultrasonic temperature
probe will be described in detail.

[0084] FIG. 7 shows a more detailed structure on which
the ultrasonic temperature probe of the invention is installed.
The ultrasonic temperature probe 8 includes two ultrasonic
transducers 18. One of them is used for transmitting ultra-
sonic pulses in the direction toward the focus 3, another is
used to receive the reflection wave reflected by the tissue in
and away from the focus. Both are installed on the casing
shell of the HIFU apparatus and each on one side of the
positioning B-type ultrasound probe 7 respectively. In this
way, the ultrasound paths for the ultrasonic temperature
probe 8, the positioning ultrasonic probe and the ultrasound
source for heating are separated with each other. It is also
possible to use just one ultrasonic transducer 18 installed at
one side of the positioning B-type ultrasonic probe 7 and
used both for transmitting the ultrasonic pulses and receiv-
ing the reflection wave reflected from the tissue in and away
from the focus 3.

[0085] FIG. 8 shows another kind of structure for the
ultrasonic temperature probe 8 to be installed on the system.
The ultrasonic temperature probe 8 shown in this figure
includes two ultrasonic transducers 18'. They are directly but
separately installed on the head of the positioning B-type
ultrasonic probe. In this way, the ultrasonic signal for
temperature measurement may be directly located onto the
focus by means of the movement of the positioning B-type
ultrasonic probe. Similarly, it is also possible to use just one
ultrasonic transducer 18' installed at one side of the posi-
tioning B-type ultrasonic probe and used both for transmit-
ting the ultrasonic pulses and receiving the reflection wave
reflected from the tissue in and away from the focus 3.

[0086] FIG. 9 shows another kind of structures for the
ultrasonic temperature probe 8 to be installed on the system.
The ultrasonic probe 7 for positioning in the apparatus is
directly used under B/M mode as the probe for transmitting
the ultrasonic pulses and receiving the reflected ultrasonic
signals. That is, the B-type ultrasonic probe 7 transmits
ultrasonic wave in the direction guided by the M-type
ultrasound, and the reflected wave signal received by the
B-type ultrasonic probe is directly utilized to make analysis.
This structure further simplifies the design and reduces the
manufacturing cost for the apparatus. This implementation
example demonstrates an additional advantage of the inven-
tion when the B-type ultrasonic probe is used to act as
ultrasonic temperature probe in B/M mode: there is no
additional hardware is needed, the existing HIFU apparatus
can be used to realize the inventive temperature measuring
method.
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[0087] Return to FIG. 4A, the ultrasonic temperature
probe 8 is coupled to a high-voltage pulse generator and a
transmitting and receiving switching circuit which are under
the control of a synchronization pulse circuit, transmitting
and receiving of the temperature measurement pulse. The
received echo wave signal is processed in a receiving and
amplifying circuit. The measured value will be transmitted
to the signal processing and analyzing system (for example,
a computer connected to the apparatus) of the invention for
processing and analyzing. The final results are shown on a
displaying and recording means (such as the monitor of the
computer). The signal processing and analyzing system may
include the software for the calculation of the temperature
inversion method of the invention. This system will be
further explained in the following portions.

[0088] When the ultrasonic temperature probe adopts the
arrangement in FIG. 9, the system design may be modified
as another structure shown in FIG. 4B. The positioning
function and temperature measurement function may share
one signal extracting circuit for both B-type and M-type
ultrasound. The positioning function will directly display the
B-type ultrasonic signal on the displaying and recording
means (such as the monitor of the computer). And the
temperature measuring function will send the received sig-
nals to the signal processing and analyzing system (for
example, the computer) for processing and analyzing. The
final results are shown on the displaying and recording
means (such as the monitor of the computer).

[0089] The measurement procedures of the invention are
summarized in FIG. 5. First, the temperature is not raised
due to the focused ultrasonic heating source 1 is still off. The
ultrasonic temperature probe 8 (or the positioning B-type
ultrasound probe 7 which is directly used as the ultrasonic
temperature probe as described above) will transmit ultra-
sonic wave. The ultrasonic wave is reflected by the tissue on
the focus or the tissue away from the tissue and the ultra-
sonic temperature probe 8 will receive a echo wave, i.e., the
echo wave I, without subjecting to the temperature gradient
field (corresponding to the first echo wave parameter). The
reflection plane D of the echo wave (in FIG. 3) can be
determined by the M-type ultrasound processing circuit. For
example, a reflection plane is typically shown on the screen
of the monitor. The operator (e.g. clinical doctor) thus can
get the value of L and R, measured. When the B-type
ultrasonic apparatus is operated under the B/M mode, a
M-line is shown on the screen typically as a dotted line,
rotating the M-line to make it go through the focus and
intersected with the reflection plane. In this way, it ensures
that the transmitted signal and reflected signal will both go
through the heated region centered on the focus. Such a
specific operation is well known in the art and will not be
described in detail.

[0090] Then the focused ultrasonic heating source 1 is
turned on to heat and build a temperature gradient field. The
ultrasonic temperature probe 8 (or the positioning B-type
ultrasound probe 7 which is directly used as the ultrasonic
temperature probe as described above) will transmit ultra-
sonic wave again. The ultrasonic wave will be scattered
when going through the temperature field. The scattered
ultrasonic wave is superposed onto the transmitted wave.
They are reflected upon reaching the reflection plane D.
Then the reflected wave is scattered once again when going
back through the heated region. Finally, the ultrasonic
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temperature probe 8 will receive an echo wave I, which has
been subjected to heating (corresponds to the second echo
wave parameter).

[0091] These two echo waves (I, and I,) received by the
ultrasonic temperature probe carry the physical information
of the heated region, especially the temperature information.
The information can be extracted after signal processing.
This processing may be carried out by the signal processing
and analyzing system.

[0092] After A/D conversion, these two echo wave signals
will be processed with FFT. Optionally, the result spectrum
will be smoothed. Thus, the acoustic frequency spectrum
will be obtained at the selected frequencies, i.e., the acoustic
wave I(f) (i=1, . . ., N, N is the number of the frequencies
selected) that does not go through the heated region, and the
acoustic wave I;(f) (i=1, . . . , N, N is the number of the
frequencies sclected) that does go through the heated region.
The resulted values will be processed with inversion method
based on the previously mentioned formula (7)-(14). As an
example, the inversion processing flow chart based on the
previously mentioned empirical formula is summarized in
FIG. 6.

[0093] During the inversion processing, the operator (e.g.
clinical doctor) will make a rough estimation on the tem-
perature increment AT, at focus according to his/her expe-
rience and common knowledge in the art. For example, in
the range of 10-50 C.°, the interval may be set as 1 C.°.
When performing fine research, the interval may equal to or
less than 0.1 C.%; Bo;=0.50,0.45,040, . . . etc. (refers to the
descriptions following the formula (18) and (19)). First, the
input means for the signal processing and analyzing system
(for example, the keyboard of the computer connected to the
apparatus, not shown in the figure) is used to input the initial
AT, and fy; value (step S2 in FIG. 6). The corresponding
LBosPoz - - - »AT,f) is found according to formula (12)
(step S3). The processing and analyzing system will find the
L(£)/1o(f) after data processing with the two echo wave
signals, 1.c., the

[0094] in formula (13) (step S1) which is then substituted
into the objective function in formula (14) for inversion
calculation (step S4, S5). Repeat the above input and pro-
cessing steps (steps S6—>87—>82—83, S1—->84-85) until
the minimum value of the objective function is obtained.
The corresponding AT, to the minimum value of the objec-
tive function is the temperature increment at the focus. The
temperature value is then output for display (S8), and the
processing procedure is finished (S9).

[0095] Tt should be noted that the above data input pro-
cedure can also be automatically accomplished with the
computer of the signal processing and analyzing. For
example, the computer may automatically generate a plu-
rality of data sets of AT,, and B; values (e.g. followed the
above described rules), and then, based on the measured I,
and I, value, obtain the objective function at all the frequen-
cies to find out the minimum value and obtain AT, with the
inversion method.
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[0096] FIG. 10 illustrates the temperature verification and
calibration with radio frequency heating source or AC
heating source. The reference sign 11 refers to the heating
electrode and temperature sensor of the radio frequency
heating source that is used to measure the focus temperature
of test sample 4 (invasive measurement). The ultrasonic
temperature probe 9 according to the present invention is
also used (and can be used as a positioning probe simulta-
neously) to measure focus temperature of the test sample 4
at the same time. The description to the similar elements as
those in FIG. 4 will be omitted. The illustrated arrangement
can measure same temperature field with both the tempera-
ture sensor 11 (thermocouples) and the acoustic inversion
method according to the invention. The parameters in the
empirical formula can be calibrated by best matching the
results from the two methods. It can also be used in
verification or comparison between the two methods.

[0097] Table 1 and Table 2 respectively show the data
comparison on the temperature of the living pig and human
liver cancer tissue measured with the acoustic inversion
method and radio frequency measuring method (thermo-
couples).

TABLE 1

A comparison of results between temperatures measured
with the acoustic inversion method and radio frequency
measuring method(thermocouples)

Sample No. To°C) AT°C. T(A°C. TRF’C.

Kidney 1415 39 128 518 53
12/13 40 312 71.2 76
16/17 40 372 77.2 77
18/19 39 45 84 87
20/21 40 585 98.5 104

Liver 22/23 39 14.1 53.1 53
24025 40 259 65.9 65
26/27 40 424 82.4 83
28/29 41 46.7 87.7 93-87
30/31 41 56 97 96

T,: body temperature of pig

AT: the increase of temperature after heating

T(AI): temperature measured with the acoustic inversion method
T(RF): temperature measured with radio frequency measuring meth-
od(thermocouples)

[0098]

TABLE 2

A comparison of results between temperatures of a liver
cancer patient measured with non-invasive measuring method
and radio frequency measuring method(thermocouples)

No. T,("C) AT°C.  T@AD°C.  T(RFYC
0/1 375 122 47.2 45-52
02 375 314 68.9 64-74
0/3 375 439 86.4 79-97
45 42-43 1.1 53.1-54.1 48-54
4/6 42-43 215 63.5-64.5 62-68
477 42-43 493 91.3-923 71111
8/9 55 14 69 70-73
8/10 55 278 82.8 79-82
8/11 55 36 91 90-95
12/13 6066 19.4 79.4-85.4 71-85
12/14 6066 22 82.2-83.2 79-98
12/15 6066 275 87.5-93.5 85-107
16117 60 135 73.5 70-72
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TABLE 2-continued

A comparison of results between temperatures of a liver
cancer patient measured with non-invasive measuring method
and radio frequency measuring method(thermocouples)

No. T,CC) AT°C.  TAI°C.  TRF°C.
16/18 60 275 87.5 81-83
16/19 60 35 95 88-94
20/21 535 282 81.7 68-75
20/22 535 28 815 77-85
20/23 535 40,5 94 86-97

Ty: body temperature of the patient

AT: the increase of temperature after heating

T(AI): temperature measured with the acoustic inversion method
T(RF): temperature measured with radio frequency measuring meth-
od(thermocouples)

[0099] The present invention has been described with
specific embodiments with reference to the attached draw-
ings. However, it should be understood that this invention is
not limited to the specific modes of the above embodiments.
For example, the structure of the apparatus itself may have
various modifications; from the principle point of view, this
invention not only can measure the local temperature
increase relevant to ambient temperature, but also can mea-
sure the local temperature decrease.

1. A method for measuring the local temperature in the
body of human or animal, characterized in that, comprising
the following steps:

(1) transmitting a first ultrasonic wave to the region to be
measured, receiving the echo wave of the first ultra-
sonic wave and obtaining a first echo wave parameter;

(2) changing the temperature of the region to be mea-
sured,;

(3) transmitting a second ultrasonic wave to the region to
be measured, receiving the echo wave of the second
ultrasonic wave and obtaining a second echo wave
parameter, and calculating a measured comparison
value between the second echo wave parameter and the
first echo wave parameter;

(4) through theoretical calculation, obtaining a theoretical
comparison value between the second echo wave
parameter and the first echo wave parameter;

(5) optimizing the differences between the theoretical
comparison values and the measured comparison val-
ues, thereby obtaining the local temperature in the
region by means of inversion.

2. A method according to claim 1, wherein said first echo
parameter and said second echo parameter are sound pres-
sure of the echo wave or power of the echo wave.

3. A method according to claim 1, further comprises:
determining the reflective plane of the ultrasound using
M-mode ultrasound, performing said transmitting in a direc-
tion specified by the M-line ultrasound.

4. A method according to claim 1, wherein the formula
used for calculating the theoretical comparison value
between the second echo wave parameter and the first echo
wave parameter is

p=poS(B1R)S(B>L) (11)
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wherein the following empirical formulas are used:

S(B. )():1—[%—)(3 W
' !

|3j=|3DjAng(f;ATm)s (1 6)

Po=VAexd R0 an

wherein p,, is sound pressure of the echo wave when there
is no temperature gradient field; p is sound pressure of
the echo wave when there is a temperature gradient
field; f is the frequency of the sound wave; g is a value
to be determined; L and R, represent the distance from
the transducer and the reflection plane to the center of
the hot source respectively; AT, is the maximum
temperature increase at the center of hot source relevant
to ambient temperature, and the comparison value
between the first echo wave parameter and the second
echo wave parameter is defined as

P ]Z (12%)

Po

11 (Bor, Pozs --- ,ATm,f)=(

in which By, Bos - -
parameters.
5. A method according to claim 4, wherein the acoustic-
thermal coupling parameter is expressed as

. are acoustic-thermal coupling

M _ (18)
foj = ) ay(THATY

i=0

6. A method according to claim 5, wherein the acoustic-
thermal coupling parameter is further expressed as

Boj=o (AT, 1+A] 19

in which A is a specified fine variance.

7. A method according to claim 1, wherein the optimum
step includes performing fast Fourier transformation (FFT)
and then spectrum smoothing to the measured first echo
wave parameters and second echo wave parameters, and
obtaining the minimum difference between the theoretical
comparison values and the measured comparison values by
means of the least square method so as to obtain the local
temperature of the region to be measured by means of
inversion.

8. A method according to claim 7, wherein the optimizing
step can be expressed with the following formulas:

the sound pressure spectrum of the first echo wave
parameter and the second echo wave parameter in the
frequency domain are respectively py(f;) and 1,(f;), Io(f)
is defined as

pl(ﬁ)]z 13)

i=1, ..., N, Nis the number the frequencies sclected,
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an objective function is defined as:

AT, (14)

=

Q=) Al(f)—1L(Bor, Pozs ---

i

selecting B, f, . . . and AT, to make Q as the minimum
value, the corresponding AT, is the differential value
between the temperature of the hot source and the
ambient temperature T,.

9. An apparatus for measuring the local temperature
changes in the body of human or animal, characterized in
that, comprising: an ultrasonic transmitting means used for
transmitting a first ultrasonic wave to the target region
before its temperature is change and transmitting a second
ultrasonic wave to the target region after its temperature is
changed; an ultrasonic receiving means used for receiving a
first and a second echo waves from said first and second
ultrasonic wave respectively reflected by the tissue of human
or animal in the target region and the tissue away from the
target region to obtain a first echo wave parameter and a
second echo wave parameter respectively;

a signal processing and analyzing means used for extract-
ing the temperature variation information of the target
region from the first and second echo wave parameter;

wherein the signal processing and analyzing means cal-
culates a theoretical comparison value between the first
and second echo wave parameter, and optimizes the
differences between the theoretical comparison values
and the measured comparison values between the first
and second echo wave parameters, such that the infor-
mation of the local temperature changes of the target
region can be obtained through inversion.

10. An apparatus according to claim 9, wherein said first
echo parameter and said second echo parameter are sound
pressure of the echo wave or power of the echo wave.

11. An apparatus according to claim 9, wherein the
formula used for the signal processing and analyzing means
to calculate the theoretical comparison value between the
second echo wave parameter and the first echo wave param-
eter is

p=poS(ByRo)S(B»L) (11)

wherein the following empirical formulas are used:

SG X =1 Bpx? (15)
T !

Bj=|30jAng(f;ATm)s (16)

f)D=VADeik(L+R0) an

Po 1s sound pressure of the echo wave when there is no
temperature gradient field; p is sound pressure of the
echo wave when there is a temperature gradient field,
fis the frequency of the sound wave; g is a value to be
determined, L. and R, represent the distance from the
transducer and the reflection plane to the center of the
hot source respectively; AT, is the maximum tempera-
ture increase at the center of hot source relevant to
ambient temperature, and the comparison value
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between the first echo wave parameter and the second
echo wave parameter is defined as

A% (12)
L (Bots Pozs - - AT, f) :(ﬁi]

0

in which Bo5, Pos . . . are acoustic-thermal coupling
parameters.
12. An apparatus according to claim 11, wherein the

acoustic-thermal coupling parameter is expressed as

M ) (18)
foj = ) ay(THAT)

i=0

13. An apparatus according to claim 12, wherein the
acoustic-thermal coupling parameter is further expressed as

|30j=ﬁuj(0)(AT w)[1+A] 19

in which Ais a specified fine variance.

14. An apparatus according to claim 9, wherein signal
processing and analyzing means performs fast Fourier trans-
formation (FFT) and spectrum smoothing to the measured
first echo wave parameter and second echo wave parameter,
and obtains the minimum difference between the theoretical
comparison values and the measured comparison values by
means of the least square method so as to obtain the local
temperature of the target region by means of inversion.

15. An apparatus according to claim 14, wherein obtain-
ing the local temperature changes of the target region by the
signal processing and analyzing means can be expressed
with the following formulas:

the sound pressure spectrums of the first echo wave
parameters and the second echo wave parameters in the
frequency domain are respectively po(f;) and py(f),
I,(f) is defined as

TG, 13)
)= [Po(fi)]
i=1, ..., N, N is the number the frequencies selected,

an objective function is defined as

N (14)
Q= Y olf) = hiBor. Bz, v s ATy, i)
i=1

i

selecting, B, B, - . . and AT, to make Q as the minimum
value, the corresponding AT, is the differential value
between the temperature of the heated location and the
ambient temperature T,.

16. An apparatus according to claim 15, wherein the
signal processing and analyzing means comprises an input
means used for inputting a plurality of data sets of B, By,
... and AT, by the user.
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17. An apparatus according to claim 15, wherein the
signal processing and analyzing means automatically gen-
erates a plurality of data sets of Py, Pgs - - - and AT,.

18. An apparatus for measuring the local temperature
changes in the body of human or animal, characterized in
that, comprising:

an ultrasonic transmitting and receiving means used for
transmitting a first ultrasonic wave to a target region
before its temperature is changed and receiving a first
echo wave from said first ultrasonic wave reflected by
the tissue of human or animal in the target region and
the tissue away from the target region; and for trans-
mitting a second ultrasonic wave to the target region
after the temperature of the target region is changed and
receiving a second echo wave from said second ultra-
sonic wave reflected by the tissue of human or animal
in the target region and the tissue away from the target
region thereby a first echo wave parameter and a
second echo wave parameter are obtained respectively;

a signal processing and analyzing means used for extract-
ing temperature change information of the target region
from said first and second echo wave parameters,

wherein the signal processing and analyzing means cal-
culates a theoretical comparison value between the first
and second echo wave parameter, and optimizes the
differences between the theoretical comparison values
and the measured comparison values between the first
and second echo wave parameters, such that the infor-
mation of the local temperature changes of the target
region can be obtained through inversion.

19. An apparatus according to claim 18, wherein said first
echo parameter and said second echo parameter are sound
pressure of the echo wave or power of the echo wave.

20. An apparatus according to claim 18, wherein the
transmitting and receiving means conducts said transmitting
by B-type ultrasound along the direction indicated by
M-line.

21. An apparatus according to claim 18, wherein the
formula used by the transmitting and receiving means for
calculating the theoretical comparison value between the
second echo wave parameter and the first echo wave param-
eter is

p=poS(By RSB L) (11

wherein the following empirical formulas are used:

S(B )():1—ﬁ—X3 =
' !

Bj=|30jAng(f;ATm)s (16)

Po=VA et R 17

Po 1s sound pressure of the echo wave when there is no
temperature gradient field; p is sound pressure of the
echo wave when there is a temperature gradient field,
f is the frequency of the sound wave; g is an value to
be determined; L and R, represent the distance from the
transducer and the reflection plane to the center of the
hot source respectively; AT, is the maximum tempera-
ture increase at the center of hot source relevant to
ambient temperature, and the comparison value
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between the first echo wave parameter and the second
echo wave parameter is defined as

A (12)
L (Bots Pozs - - AT, f) :(ﬁi]
0

in which fo1, Poo - . . are acoustic-thermal coupling
parameters.
22. An apparatus according to claim 21, wherein the

acoustic-thermal coupling parameter is expressed as

M ) (18)
Poj =) ay(TYATY

i=0

23. An apparatus according to claim 22, wherein the
acoustic-thermal coupling parameter is further expressed as

|30j=ﬁuj(0)(AT w)[1+A] 19)

in which Ais a specified fine variance.

24. An apparatus according to claim 18, wherein signal
processing and analyzing means performs fast Fourier trans-
formation (FFT) and spectrum smoothing to the measured
first echo wave parameter and second echo wave parameter,
and obtains the minimum difference between the theoretical
comparison values and the measured comparison values by
means of the least square method so as to obtain local
temperature increment of the target region by means of
inversion.

25. An apparatus according to claim 24, wherein obtain-
ing the local temperature increment of the target region by
the signal processing and analyzing means can be expressed
with the following formulas:

the sound pressure spectrums of the first echo wave
parameter and the second echo wave parameter in the
frequency domain are respectively po(f;) and py(f),
I(f) is defined as

N (13
b= [m(f,-)}
i=1, ..., N, Nis the number the frequencies sclected,

An objective function is defined as

(14)

Q=) Uo(f)=hBot, Pors . s AT, fOFF

1=

i

selecting By, B . . . and AT, to make Q as the minimum
value, the corresponding AT, is the differential value
between the temperature of the hot source and the
ambient temperature T,.

26. An apparatus according to claim 25, wherein the
signal processing and analyzing means comprises an input
means used for inputting a plurality of data sets of B, By,
... and AT, by the user.
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27. An apparatus according to claim 25, wherein the
signal processing and analyzing means automatically gen-
erates a plurality of data sets of Py, Pgs - - - and AT,.

28. A focused ultrasonic therapeutic apparatus that can
measure the temperature, comprising:

a high-energy focused ultrasonic source used for gener-
ating high-energy focused ultrasound to a particular
region of human body to change the temperature
thereof;

a positioning system used for moving said particular
region of human body to the focus of the high energy
ultrasound, including a positioning B-type ultrasonic
probe for imaging said particular region of human
body;

characterized in that, the focused ultrasonic therapeutic
apparatus further comprises:

at least one measuring ultrasonic transducers, which are
installed at one side or both sides of the positioning
B-type ultrasonic probe, used for transmitting a first
ultrasonic wave to the particular region before the
temperature of the region is changed, then receiving a
first echo wave from said first ultrasonic wave reflected
by the human tissue in the target region and the tissue
away from the target region; and for transmitting a
second ultrasonic wave to the particular region after the
temperature of the region is changed, then receiving a
second echo wave from said second ultrasonic wave
reflected by the human tissue in the target region and
the tissue away from the target region thereby a first
echo wave parameter and a second echo wave param-
eter are obtained respectively;

a signal processing and analyzing means for extracting
temperature changing information of the particular
region from the first and second echo wave parameter;

wherein the signal processing and analyzing means cal-
culates a theoretical comparison value between the first
and second echo wave parameter, and optimizes the
differences between the theoretical comparison values
and the measured comparison values between the first
and second echo wave parameters, such that the infor-
mation of the local temperature changes of the particu-
lar region can be obtained through inversion.

29. A focused ultrasonic therapeutic apparatus according
to claim 28, wherein said first echo parameter and said
second echo parameter are sound pressure of the echo wave
or power of the echo wave.

30. A focused ultrasonic therapeutic apparatus according
to claim 28, wherein said at least one measuring ultrasonic
transducers are located on a casing shell of the ultrasonic
therapeutic apparatus which contains the conductive
medium.

31. A focused ultrasonic therapeutic apparatus according
to claim 28, wherein said at least one measuring ultrasonic
transducers are located on the head of the positioning B-type
ultrasonic probe, so that said at least one measuring ultra-
sonic transducers move together with the positioning B-type
ultrasonic probe.

32. A focused ultrasonic therapeutic apparatus according
to claim 28, wherein the formula used by the transmitting
and receiving means for calculating the theoretical compari-
son value between the second echo wave parameter and the
first echo wave parameter is

p=poS(B1R)S(BL) (1)
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wherein the following empirical formulas are used:

S(B )():1—[%—)(3 ()
’ !

|3j=ﬁ0jAng(f7ATm)z (1 6)

Po=VA LR an

Do is sound pressure of the echo wave when there is no
temperature field; p is sound pressure of the echo wave
when there is a temperature field; f is the frequency of
the sound wave; g is a value to be determined; L and R,
represent the distance from the transducer and reflec-
tion plane to the center of the hot source respectively;
AT _ is the maximum temperature increase at the center
of hot source relevant to ambient temperature, and the
comparison value between the first echo wave param-
eter and the second echo wave paramelter is defined as

o 12)
L (Bots fozs -+ ATy, f) :(ﬁﬁ]

0

in which B51, Boz - -
parameters.

. are acoustic-thermal coupling

33. A focused ultrasonic therapeutic apparatus according
to claim 32, wherein the acoustic-thermal coupling param-
eter is expressed as

" _ (18)
foj = ) ay(THATY

=0

34. A focused ultrasonic therapeutic apparatus according
to claim 33, wherein the acoustic-thermal coupling param-
eter is further expressed as

Boi=Bo NAT)[1+A] (19

in which A is a specified fine variance.

35. A focused ultrasonic therapeutic apparatus according
to any one of claim 28, wherein said signal processing and
analyzing means performs fast Fourier transformation (FFT)
and spectrum smoothing to the measured first echo wave
parameter and second echo wave parameter, and obtains the
minimum difference between the theoretical comparison
values and the measured comparison values by means of the
least square method so as to obtain the local temperature
increment of the particular region by means of inversion.

36. A focused ultrasonic therapeutic apparatus according
to claim 35, wherein the transmitting and receiving means
obtains the temperature increment in the particular region by
means of the inversion method, which can be expressed with
the following formulas:

the sound pressure spectrums of the first echo wave
parameter and second echo wave parameter in the
frequency domain are respectively py(f) and p,(f),
I,(f) is defined as
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pl(ﬁ)r 13

i=1, ..., N, N is the number the frequencies selected,

An objective function is defined as

L AT, ) "

=

Q=) Al(fi)=hL(for, Pozs ..

i

selecting B, P, . . . and AT, to make Q as the minimum
value, the corresponding AT, is the differential value
between the temperature of the hot source and the
ambient temperature T,.

37. A focused ultrasonic therapeutic apparatus according
to claim 36, wherein the signal processing and analyzing
means comprises an input means used for inputting a
plurality of data sets of fgy, foz - - - and AT, by the user.

38. A focused ultrasonic therapeutic apparatus according
to claim 36, wherein the signal processing and analyzing
means automatically generates a plurality of data sets of f,,,
Boz - - -and AT,

39. A focused ultrasonic therapeutic apparatus that can
measure the temperature, comprising:

a high-energy focused ultrasonic source used for gener-
ating high-energy focused ultrasound to a particular
region of human body to change the temperature
thereof;

a positioning system, which is used for moving the
particular region of human body to the focus of the high
energy ultrasound, including a positioning B-type ultra-
sonic probe for imaging the particular region of the
human body;

characterized in that,

the positioning B-type ultrasonic probe is in the B/M
mode, transmitting a first ultrasonic wave to the par-
ticular region along the direction indicated with M-type
ultrasound before the temperature of the region is
changed, and then receiving a first echo wave from said
first ultrasonic wave reflected by the human tissue in
the target region and the tissue away from the target
region; and transmitting a second ultrasonic wave to the
particular region after the temperature of the region is
changed, and then receiving a second echo wave from
said second ultrasonic wave reflected by the human
tissue in the target region and the tissue away from the
target region so as to obtain a first echo wave parameter
and a second echo wave parameter respectively;

a signal processing and analyzing means which extracts
the temperature changing information of the particular
region from the first wave parameter and the second
echo wave parameter

wherein the signal processing and analyzing means cal-
culates a theoretical comparison value between the first
and second echo wave parameter, and optimizes the
differences between the theoretical comparison values
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and the measured comparison values between the first
and second echo wave parameters, such that the infor-
mation of the local temperature changes of the particu-
lar region can be obtained through inversion.

40. A focused ultrasonic therapeutic apparatus according
to claim 39, wherein said first echo parameter and said
second echo parameter are sound pressure of the echo wave
or power of the echo wave.

41. A focused ultrasonic therapeutic apparatus according
to claim 39, wherein the formula used by the signal pro-
cessing and analyzing means for calculating the theoretical
comparison value between the second echo wave parameter
and the first echo wave parameter is

]:_)=1305([31,R0)S([32,L) (1 1)

wherein the following empirical formulas are used:

S(B X)=1- B—X3 4
’ !

Bi=PoATmg (AT ), (16)

Po=VA X0 an

Do is sound pressure of the echo wave when there is no
temperature field; p is sound pressure of the echo wave
when there is a temperature field; f is the frequency of
the sound wave; gis a value to be determined; L and R,
represent the distance from the transducer and the
reflection plane to the center of the hot source respec-
tively; AT, is the maximum temperature increase at the
center of hot source relevant to ambient temperature,
and the comparison value between the first echo wave
parameter and the second echo wave parameter is
defined as

? (12
11 (Bots fozs - s AT, f) =( ]

Sl

in which B41, Bos - -
parameters.
42. A focused ultrasonic therapeutic apparatus according
to claim 41, wherein the acoustic-thermal coupling param-
eter is expressed as

. are acoustic-thermal coupling

" _ (18)
fos = ) @i(THAT)

i=0
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43. A focused ultrasonic therapeutic apparatus according
to claim 42, wherein the acoustic-thermal coupling param-
eter is further expressed as

|?)Dj=|3Qi(D)(AT m)[1+A] (19
in which A is a specified fine variance.

44. A focused ultrasonic therapeutic apparatus according
to claim 39, said signal processing and analyzing means
performs fast Fourier transformation (FFT) and spectrum
smoothing to the measured first echo wave parameter and
second echo wave parameter, and obtains the minimum
difference between the theoretical comparison values and
the measured comparison values by means of the least
square method so as to obtain local temperature increment of
the particular region by means of inversion.

45. A focused ultrasonic therapeutic apparatus according
to claim 44, wherein the signal processing and analyzing
means obtains the temperature increment in the region to be
measured by means of the inversion method, which can be
expressed with the following formulas:

the sound pressure spectrum of the first echo wave
parameter and the second echo wave parameter in the
frequency domain are respectively po(f;) and p,(f),
Iy(f) is defined as

Pl(ﬁ)r 13
h(fi) = -
o) [Po(fi)
i=1, ..., N, N is the number the frequencies selected,

An objective function is defined as

AT, P "

=

0= {hif)-1(Pors Py ---

i

selecting B, B, . . . and AT to make Q as the minimum
value, the corresponding AT, is the differential value
between the temperature of the hot source and the
ambient temperature Tg.

46. A focused ultrasonic therapeutic apparatus according
to claim 45, wherein the signal processing and analyzing
means comprises an input means used for inputting a
plurality of data sets of fgy, foz - - - and AT, by the user.

47. A focused ultrasonic therapeutic apparatus according
to claim 45, wherein the signal processing and analyzing
means automatically generates a plurality of data sets of f;,
Boz - - -and AT,
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