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Description

FIELD OF THE INVENTION

[0001] The invention relates to methods and apparatuses for measuring a physical parameter in mammal soft tissues
by propagating shear waves in these soft tissues.

BACKGROUND OF THE INVENTION

[0002] Document US2007/173319 describes an ultrasound apparatus for measuring a blood vessel elasticity param-
eter, based on a shear wave propagation parameter and document US-7 252 004 describes how to measure a shear
wave propagation parameter (for instance the shear modulus m) by propagating shear waves in mammal soft tissues,
by using an array of ultrasonic transducers to generate the shear waves and to image the propagation of the shear waves.

OBJECTS AND SUMMARY OF THE INVENTION

[0003] One objective of the present invention is to propose a new method, which is quick and easy to use, for measuring
additional physical parameters in mammal soft tissues by propagating shear waves in this medium.
[0004] To this end, according to the invention, a method according to claim 1 is provided for measuring a parameter
of non-linearity of elasticity of soft tissue of a mammal, said soft tissue being subject to blood pressure. Thus, this
invention takes advantage of the modification of the shear wave propagation as a function of the variation of at least
one physical (thermodynamic) property of the medium (e.g pressure, stress, temperature, etc.). Such a variation can
be induced externally or internally or caused by a natural biological effect. For example, internal pressure variations of
soft tissues can be naturally induced by the cardiac pulsatility, or internal heating source can be generated remotely
using focused ultrasound.
[0005] In various embodiments of the method of the invention, one may possibly have recourse in addition to one
and/or other of the following steps (which can be used either alone or in combination):

- said shear wave propagation parameter which is determined at each shear wave propagation parameter measure-
ment, is selected from shear wave speed, shear modulus, Young’s modulus, shear elasticity and shear viscosity;

- the shear wave propagation parameter measurement comprises the following steps:

a) an excitation step during which an elastic shear wave is generated in the soft tissue;
b) an observation step during which the propagation of the shear wave is observed in an observation field in
the soft tissue, this observation step comprising the following substeps:

b1) causing the array of transducers to emit into the soft tissue a succession of ultrasound compression
waves, the timing of said ultrasound waves being adapted so that at least some of said ultrasound waves
penetrate into the observation field while the shear wave is propagating in the observation field; and
b2) causing ultrasound signals received from said observation field to be detected in real time by said array
of transducers, said ultrasound signals comprising echoes generated by the ultrasound compression wave
interacting with reflecting particles in the soft tissue; and

c) at least one processing step including at least a substep c2) during which:

c2) at least one movement parameter is determined in the observation field, said movement parameter
characterizing movements of said reflecting particles, and a value of said shear wave propagation parameter
is determined based on said movement parameter ;

- said processing step c) further includes, before said substep c2) of determining said movement parameter, a further
substep c1) in which:

c1) the ultrasound signals received successively from the observation field during substep b2) are processed
in order to determine successive propagation images of the shear wave;

- at said substep c2), said movement parameter is determined in at least one predetermined measurement zone in
the observation field, by one corresponding transducer which belongs to said transducer array;

- at said substep b1), said ultrasound compression waves are emitted at a rate of at least 300 shots per second.
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[0006] Another object of the present invention is an apparatus for measuring a parameter of non-linearity of elasticity
of soft tissue of a mammal, said soft tissue being subject to blood pressure according to claim 16. In various embodiments
of the apparatus of the invention, one may possibly have recourse in addition to one and/or other of the following
arrangements (which can be used either alone or in combination):

- the electronic control system is adapted:

a) to generate an elastic shear wave in the soft tissue;
b) to observe propagation of the shear wave in an observation field in the soft tissue, by:

b1) causing the array of transducers to emit into the medium a succession of ultrasound compression
waves, the timing of said ultrasound waves being adapted so that at least some of said ultrasound waves
penetrate into the observation field while the shear wave is propagating in the observation field; and
b2) causing ultrasound signals received from said observation field to be detected in real time by said array
of transducers, said ultrasound signals comprising echoes generated by the ultrasound compression wave
interacting with reflecting particles in the medium;

c) to process the ultrasound signals received successively from the observation field to determine at least one
movement parameter in the observation field , and to determine therefrom a value of said shear wave propagation
parameter, said movement parameter characterizing movements of said reflecting particles;

- said control system is adapted to determine successive propagation images of the shear wave, and to determine
therefrom said movement parameter;

- said control system is adapted to determine said movement parameter in at least one predetermined measurement
zone in the observation field, based on data coming from one corresponding transducer which belongs to the
transducer array;

- the control system is adapted to have said ultrasound compression waves emitted at a rate of at least 300 shots
per second;

- said shear wave propagation parameter which is determined at each shear wave propagation parameter measure-
ment, is selected from shear wave speed, shear modulus m, Young’s modulus E, shear elasticity m1, shear viscosity
m2.

FIRST ASPECT OF THE INVENTION: METHOD AND APPARATUS FOR MEASURING ELASTICIY OF SOFT BIO-
LOGICAL TISSUE

FIELD OF THE FIRST ASPECT OF THE INVENTION

[0007] This first aspect of the invention relates to methods and apparatuses for measuring elasticity of soft biological
tissue, in particular vascular walls.

BACKGROUND OF THE FIRST ASPECT OF THE INVENTION

[0008] Measuring elasticity of blood vessels, in particular arteries, is critical in view of monitoring pathologies like
atherosclerosis, i.e. accumulation of atheromatous plaque in the arteries. As a matter of fact, one of the major risks in
atherosclerosis is the rupture of the atheromatous plaque.

OBJECTS AND SUMMARY OF THE FIRST ASPECT OF THE INVENTION

[0009] One objective of the first aspect of the present invention is to propose a new method for measuring elasticity
of soft tissue (in particular vascular walls) which is quick and easy to use.
[0010] To this end, according to the first aspect of the invention, a method as defined above is provided, wherein said
physical parameter is a parameter of non-linearity of elasticity of the soft tissue, said method comprising:

- at least two shear wave propagation parameter measurements at different instants corresponding respectively to
two different pressure values in the soft tissue induced by the cardiac cycle; and

- said physical parameter determining step wherein said parameter of non-linearity of elasticity of the soft tissue is
determined, based on at least:
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- the respective values of the shear wave propagation parameter determined during said shear wave propagation
parameter measurements;

- and pressure values in said soft tissue, respectively during the shear wave propagation of each shear wave
propagation parameter measurement.

[0011] Thanks to these dispositions, one obtains easily and quickly a measurement of the fragility of the vascular wall
through the parameter of non linearity of elasticity, and thus a measure of the risk of rupture of the atheromatous plaque.
Further, the shear wave propagation parameter measurements are non-invasive, and the measurement of blood pres-
sures may also possibly be obtained non-invasively, which may still facilitate the use of the method of the invention.
[0012] In various embodiments of the method of the first aspect of the invention, one may possibly have recourse in
addition to one and/or other of the following steps (which can be used either alone or in combination):

- said soft tissue includes a blood vessel, said shear wave propagation parameter is measured in said blood vessel
and said pressure is a blood pressure in said blood vessel;

- the parameter of non linearity of elasticity which is determined at the non-linearity determining step d), is the third
order shear elastic modulus A;

- said shear wave propagation parameter which is determined at each shear wave propagation parameter measure-
ment, is the shear modulus m, and the third order shear elastic modulus A is determined by solving a set of equations
corresponding respectively to the several shear wave propagation measures: 

where:

t is the instant when the corresponding shear wave propagation parameter measurement is carried out;
m(t) is the value of the shear modulus at instant t;
m0 is the value of the shear modulus without constraint;
σ(t) is a mechanical stress in the blood vessel at instant t parallel to a direction of polarization of the shear wave,
determined on the basis of the pressure in the soft tissue at the place of measurement of the shear wave
propagation parameter and at instant t;

- said soft tissue includes a blood vessel, said shear wave propagation parameter is measured in said blood vessel
and said pressure is a blood pressure in said blood vessel, and the mechanical stress σ(t) is determined on the
basis of the blood pressure in the blood vessel and on the basis of an image of the blood vessel;

- the image of the blood vessel is obtained by echography through said transducer array;
- said soft tissue includes a blood vessel, said shear wave propagation parameter is measured in said blood vessel

and said pressure is a blood pressure in said blood vessel, and the mechanical stress σ(t) is determined on the
basis of the blood pressure in the blood vessel and on the basis of a diameter and a thickness of the vascular wall
of the blood vessel;

- the pressure (in particular blood pressure) is measured automatically by a pressure sensor, simultaneously to the
shear wave propagation parameter measurement;

- the blood pressure is measured at a distance from the observation field and then phased to the measurement of
the shear wave propagation parameter by taking into account said distance and a pressure wave propagation celerity;

- the blood pressure is measured at least at two different characteristic phases of the cardiac cycle, and the meas-
urements of the shear wave propagation parameter are carried out at least at two instants corresponding to said
two characteristic phases of the cardiac cycle;

- said two characteristic phases of the cardiac cycle are the instants of maximum blood pressure and the instant of
minimum pressure;

- at the non-linearity determining step, the parameter of non linearity of elasticity is determined at several points of
the observation field and a map of said parameter of non linearity of elasticity in the observation field is determined.

[0013] Another object of the first aspect of the present invention is an apparatus as defined above wherein said medium
is a blood vessel, said physical parameter is a parameter of non-linearity of elasticity of the soft tissue, and said control
system is adapted:

- to carry out at least two shear wave propagation parameter measurements at different instants; and
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- to determine said parameter of non-linearity of elasticity of the soft tissue, based on at least :

- the respective values of the shear wave propagation parameter determined during said shear wave propagation
parameter measurements;

- and pressure values in said soft tissue, respectively during the shear wave propagation measurements.

[0014] In various embodiments of the apparatus of the first aspect of the invention, one may possibly have recourse
in addition to one and/or other of the following arrangements (which can be used either alone or in combination):

- the parameter of non linearity of elasticity which is determined by said control system, is the third order shear elastic
modulus A;

- said shear wave propagation parameter which is determined by the control system, is the shear modulus m, and
the control system is adapted to determine the third order shear elastic modulus A by solving a set of equations
corresponding respectively to the several shear wave propagation measures: 

where:

t is the instant when the corresponding shear wave propagation parameter measurement is carried out;
m(t) is the value of the shear modulus at instant t;
m0 is the value of the shear modulus without constraint;
σ(t) is a mechanical stress in the soft tissue at instant t parallel to a direction of polarization of the shear wave,
determined on the basis of the pressure in the soft tissue at the place of measurement of the shear wave
propagation parameter and at instant t;

- the control system is adapted to measure the pressure in the soft tissue automatically through a pressure sensor,
simultaneously to the shear wave propagation parameter measurement;

- said soft tissue includes a blood vessel, said shear wave propagation parameter is measured in said blood vessel
and said pressure is a blood pressure in said blood vessel, and the control system is adapted to phase the meas-
urement of the blood pressure to the measurement of the shear wave propagation parameter by taking into account:

- a distance between a place of measurement of blood pressure and the observation field and then phased said
distance,

- and a pressure wave propagation celerity;

- said soft tissue includes a blood vessel, said shear wave propagation parameter is measured in said blood vessel
and said pressure is a blood pressure in said blood vessel, and the control system has measures of the blood
pressure at least at two different characteristic phases of the cardiac cycle, and is adapted to perform the measure-
ments of the shear wave propagation parameter at least at two instants corresponding to said two characteristic
phases of the cardiac cycle;

- said two characteristic phases of the cardiac cycle are the instants of maximum blood pressure and the instant of
minimum pressure;

- the control system is adapted to measure the blood pressure at said characteristic phases of the cardiac cycle;
- the control system is adapted to determine the parameter of non linearity of elasticity at several points of the

observation field and to determine a map of said parameter of non linearity of elasticity in the observation field.

SECOND ASPECT NOT ACCORDING TO THE INVENTION: METHOD AND APPARATUS FOR MEASURING THE 
TEMPERATURE OF MAMMAL SOFT TISSUES

FIELD OF THE SECOND ASPECT

[0015] This second aspect relates to methods and apparatuses for measuring the temperature of mammal soft tissues.
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BACKGROUND OF THE SECOND ASPECT

[0016] Measuring the temperature in mammal soft tissues may be useful for instance in view of better controlling local
treatments such as thermal treatments, e.g. by High Intensity Focused Ultrasounds (HIFU) or by radio frequency waves
(RF ablation).

OBJECTS AND SUMMARY OF THE SECOND ASPECT

[0017] One objective of the second of the present invention is to propose a new method for measuring the temperature
of mammal soft tissues, which is quick, easy to use and non invasive.
[0018] To this end, according to the invention, a method as defined above is provided, wherein said physical parameter
is a temperature of the soft tissue, said temperature being determined on the basis of a predetermined law linking said
shear wave propagation parameter to said temperature.
[0019] Thanks to these dispositions, one obtains easily, quickly and non-invasively a measurement of the temperature
of the soft tissues. This was made possible because the present inventors discovered that shear wave propagation
parameters of mammal soft tissues (such as Young’s modulus, the shear modulus or viscosity, etc.) are variable with
temperature (more particularly at sufficiently high frequencies of the shear wave) and linked to the temperature by a law
which can be determined in advance experimentally.
[0020] In various embodiments of the method of the second aspect of the invention, one may possibly have recourse
in addition to one and/or other of the following steps (which can be used either alone or in combination):

- said temperature is determined as a difference between first and second temperatures at two different times;
- the temperature is determined at several points of the observation field and a map of said temperature is determined

in the observation field.

[0021] Another object of the second aspect is an apparatus as defined above wherein said physical parameter is a
temperature of the soft tissue and said electronic control system is adapted to determine said temperature on the basis
of a predetermined law linking said shear wave propagation parameter to said temperature.
[0022] In various embodiments of the apparatus of the second aspect of the invention, one may possibly have recourse
in addition to one and/or other of the following features (which can be used either alone or in combination):

- said temperature is a difference between first and second temperatures at two different times;
- said shear waves have at least a frequency which is more than 50 Hz;
- the temperature is determined at several points of the observation field and a map of said temperature in the

observation field is determined.

BRIEF DESCRIPTION OF THE DRAWING

[0023] Other features and advantages of the invention appear from the following detailed description of two embodi-
ments thereof, given by way of non-limiting examples, and with reference to the accompanying drawing.
[0024] In the drawings:

- Figure 1 is a diagrammatic view of a shear-wave imaging device in an embodiment of the first aspect of the invention;
- Figure 2 is a diagrammatic view of a shear-wave imaging device in an embodiment of the second aspect of the

invention;
- Figure 3 is an example of a diagram showing the shear modulus m as a function of the temperature of a mammal

soft tissue.

MORE DETAILED DESCRIPTION

FIRST ASPECT OF THE INVENTION: METHOD AND APPARATUS FOR MEASURING ELASTICIY OF VASCULAR 
WALLS

[0025] The apparatus 1 shown on Figure 1 is adapted for measuring the non linearity of elasticity in an observation
field including part of the blood vessel 3 of a living patient 2, more specially an artery.
[0026] The vascular wall 3a of the blood vessel 3 can be locally considered as a cylindrical tube of diameter D and of
thickness e, in which blood 3b flows in direction 3c. During the cardiac cycle, the blood pressure P(t) in the blood vessel
3 varies between a minimum called the diastolic pressure and a maximum called the systolic pressure. This variation



EP 2 459 071 B1

7

5

10

15

20

25

30

35

40

45

50

55

of pressure generates variations in the diameter D of the blood vessel (D may be for instance the external diameter, but
could also be the internal diameter or the average of the external and internal diameters) and variations in the tensile
stress σ(t) (oriented along an orthoradial axis X2 which is tangent to the point of the vascular wall 3a to be considered,
and perpendicular to a longitudinal axis X1 parallel to the longitudinal direction of the blood vessel).
[0027] The value of this tensile stress is given by formula (1): 

[0028] The variations of the tensile stress σ(t) also induce variations of the propagation parameters of shear waves
in the vascular wall 3a, and these variations are used in the present invention to determine a parameter characterizing
the non-linearity of elasticity of the vascular wall, which in turn characterizes the fragility of this vascular wall and in
particular the risk of rupture of atheromatous plaque.
[0029] In this purpose, the invention provides for a method for measuring elasticity of a vascular wall of a patient’s
blood vessel, which comprises several shear wave propagation parameter measurements carried out at different instants.
Each shear wave propagation parameter measurement is carried out by:

- having a mechanical shear wave propagated through the viscoelastic medium constituted by the vascular wall 3a;
- observing the propagation of this shear wave in the vascular wall 3a, in particular through reflexion of unfocused

ultrasonic compression waves on diffusing particles 3d which are reflective for the ultrasound compression waves
and which are naturally contained in biological tissues (the particles 3d may be constituted by any non-uniformity
in the vascular wall 3a, and in particular, by particles of collagen);

- based on the observation of the shear wave propagation, determining a propagation parameter of shear waves
which is representative of elasticity of the vascular wall.

[0030] The structure and general way of operation of the apparatus 1 for carrying out this method, has already been
described in details in document US-B2-7 252 004, and will be recalled hereafter.
[0031] The apparatus 1 may include for instance:

- an ultrasound transducer array 4, for instance a linear array typically including n ultrasonic transducers T1-Tn jux-
taposed along an axis as already known in usual echographic probes (the array 4 is then adapted to perform a
bidimensional (2D) imaging of the observation field in a plane X, Y (where X and Y are two axis linked to the array
4, X being parallel to the longitudinal direction of array 4 and Y being perpendicular to the transducers Ti of the
array), but the array 4 could also be a bidimensional array adapted to perform a 3D imaging of the observation field);
the number n of transducers is more than 1, for instance a few tens (e. g. 100 to 300); the transducers T1-Tn of the
array 4 deliver ultrasound compression wave pulses, which pulses are of the type commonly used in echography,
for example having a frequency lying in the range 0.5 MHz to 100 MHz, and preferably in the range 0.5 MHz to 15
MHz, e.g. being about 2.5 MHz;

- an electronic bay 5 controlling the transducer array 4 and acquiring signals therefrom;
- a microcomputer 6 for controlling the electronic bay 5 and viewing ultrasound images obtained from the electronic

bay, said computer 6 including for instance a screen 6a and a keyboard 6b or other user interfaces.

[0032] The electronic bay 5 and the microcomputer 6 will be referred herein as the control system of the apparatus 1.
Such control system might be constituted of more than two devices, or by one single electronic device could fulfill all the
functionalities of the electronic bay 5 and of the microcomputer 6.
[0033] The electronic bay 5 may include for instance:

- n analog/digital converters 7 (E1-En) individually connected to the n transducers (T1-Tn) of the transducer array 4;
- n buffer memories 8 (M1-Mn) respectively connected to the n analog/digital converters 7;
- a central processing unit 9 (CPU) communicating with the buffer memories 8 and the microcomputer 6;
- a memory 10 (MEM) connected to the central processing unit 8;
- a digital signal processor 11 (DSP) connected to the central processing unit 9.

[0034] Besides, the central processing unit 9 (or the computer 6) is connected to an automatic pressure sensor 12
adapted to measure blood pressure of the patient 2, such as:

- a sphygmomanometer which measures the blood pressure of the patient in a non-invasive way and transmits a
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blood pressure signal to the central processing unit 9; and/or
- a cannula which is inserted in the blood vessel 3 and is fitted with a pressure sensor which measures the blood

pressure of the patient in an invasive way and transmits a blood pressure signal to the central processing unit 9.

[0035] The transducers T1-Tn are controlled independently of one another by the central processing unit 9. The trans-
ducers T1-Tn can thus emit selectively:

- either an unfocussed ultrasound compression wave;
- or else an ultrasound compression wave that is focused on one or more points of the medium 3.

[0036] The wording "unfocussed ultrasound compression wave" as understood herein means any unfocussed wave
illuminating the entire observation field in the medium 3, for instance:

- an ultrasound compression wave that is "plane" (i.e. a wave whose wave front is rectilinear in the X,Y plane), or any
other type of unfocused wave;

- a wave generated by causing random ultrasound signals to be emitted by the various transducers T1-Tn;
- or an ultrasound compression wave that is focused on one or more points of the vascular wall 3a;
- or weakly focusing waves (known as "fat" transmit focusing : ratio Focal distance/Aperture > 2.5);
- or diverging waves such as spherical waves;
- or waves focused simultaneously on several focal points;
- or more generally any kind of transmit waves that do not correspond to conventional focusing using a single focal

point location and a ratio Focal distance/Aperture < 2.5.

[0037] During operation of the apparatus 1, the transducer array 4 is placed in contact with the skin 2a of the patient
2, over the blood vessel 3 to be studied. The transducer array 4 may be placed in particular transversely or longitudinally
to the blood vessel 3, i.e. with the axes X, Y of the transducer array 4 disposed either in a longitudinal plane X1, X2 which
includes the longitudinal axis X1, or in a radial plane X2, X3 which is perpendicular to the longitudinal axis X1 (X3 is a
radial axis which is perpendicular to axes X1, X2 at a point to be studied in the vascular wall 3a). The axis X of the
transducer array 4 is disposed substantially parallel to the radial axis X3.
[0038] The way of operation of the apparatus 1 is controlled by the control system, i.e. the central processing unit 9
and/or the computer 6, which are programmed for this way of operation.

Observing the propagation of the shear wave

[0039] To observe the propagation of the shear wave in the vascular wall 3a, the control system 6, 9 of the apparatus
1 is programmed to perform several steps in succession:

a) an excitation step during which the control system 6, 9 causes an elastic shear wave to be generated in the
medium 3 by causing at least one ultrasound wave that is focused in the patient’s body to be emitted by the array
4 (this focussed wave may be emitted by all or part of the transducers T1-Tn) ;
b) an observation step during which the propagation of the shear wave is observed simultaneously at a multitude
of points of the observation field in the vascular wall 3a, this observation step comprising the following substeps:

b1) the control system 6, 9 causes the array 4 to emit into the viscoelastic medium a succession of unfocused
ultrasound compression waves (these unfocussed waves may be emitted by all or part of the transducers T1-Tn)
at a rate of at least 300 shots per second, for instance at least 500 shots/s (the focusing and the timing of the
focussed ultrasound wave emitted in step a), and the timing of said unfocused ultrasound waves are adapted
so that at least some of said unfocused ultrasound waves reach the observation field during the propagation of
the shear wave through the observation field);
b2) the control system 6, 9 causes the array 4 to detect ultrasound signals received from patient’s body 2 (this
detection can be carried out by all or part of the transducers of the array 4), said signals comprising echoes
generated by the unfocused ultrasound compression wave interacting with the reflecting particles 3d in the
observation field, these echoes corresponding (directly or indirectly) to successive images of the displacement
of the viscoelastic medium constituting the patient’s vascular wall 3a; the detected signals are recorded in real
time in the buffer memories M1-Mn;

c) at least one processing step during which:



EP 2 459 071 B1

9

5

10

15

20

25

30

35

40

45

50

55

c1) the control system 6, 9 processes the successive ultrasound signals received from the patient’s body 2
during substep b2) in order to determine successive propagation images; and
c2) the control system 6, 9 determines at least one movement parameter for the viscoelastic medium constituting
the patient’s vascular wall 3a at various points in the observation field.

[0040] It should be noted that the above substep c2) could be omitted: more generally, the method of the invention
does not require determining propagation images, and the control system 6, 9 may determine said movement parameter
by any other means.
[0041] The focused ultrasound wave emitted during the excitation step a) may be a monochromatic wave of frequency
f lying in the range 0.5 MHz to 15 MHz, for example being equal to about 2.5 MHz, which is emitted for a duration of k/f
seconds, where k is an integer lying in the range 50 to 5000 (e.g. being about 500) and f is expressed in Hz. Such a
wave may possibly be emitted during a succession of emission periods separated by rest periods, the emission periods
following one another at a rate lying in the range 5 to 1000 emissions per second. The shear wave which is thus created
is polarized parallel to axis Y (and thus parallel to axis X3) and propagates parallel to axis X (and thus parallel to axis
X1 or X2 or parallel to an axis situated in the plane X1, X2 according to the orientation of the array 4).
[0042] In a variant, the focused ultrasound wave emitted during excitation step a) is a linear combination (in particular
a sum) of two monochromatic signals of respective frequencies f1 and f2 such that 20 Hz ≤ |f1 - f2 | ≤ 1000 Hz, thus
producing an amplitude modulated wave having a modulation frequency |f1 - f2|.
[0043] In addition, the focused ultrasound wave emitted during excitation step a) may optionally be focused simulta-
neously or otherwise on a plurality of points so that the shear wave as generated presents a desired wave shape (for
example it is thus possible to generate a shear wave that is plane, or on the contrary a shear wave that is focused) and
illuminates desired zones in the vascular wall 3a or other parts of the patient’s body 2.
[0044] During step b1), which may last for example 0.1 to 1 s, it is possible to emit unfocused ultrasound compression
waves at a rate lying in the range 500 to 10,000 shots per second, and preferably in the range 1000 to 5000 shots per
second (with this rate being limited by the go-and-return travel time for the compression wave through the patient’s body
2: it is necessary for all of the echoes that are generated by the compression wave to have been received by the probe
6 before a new compression wave is sent).
[0045] Each unfocused ultrasound compression wave propagates through the patient’s body 2 at a propagation speed
that is much higher than that of shear waves (e.g. about 1500 m/s in the human body), and interacts with the reflecting
particles 3d, thereby generating echoes or other analogous disturbances in the signal that are known in themselves
under the name "speckle noise" in the field of echography.
[0046] The speckle noise is picked up by the transducers T1- Tn during substep b2), after each shot of an unfocused
ultrasound compression wave. The signal sij(t) as picked up in this way by each transducer Ti after shot No. j is initially
sampled at high frequency (e.g. 30 MHz to 100 MHz) and digitized (e.g. on 12 bits) in real time by the analog/digital
converter Ei corresponding to transducer Ti.
[0047] The signal sij(t) as sampled and digitized in this way is then stored, likewise in real time, in a the buffer memory
Mi corresponding to the transducer Ti.
[0048] By way of example, each memory Mi may present a capacity of about 128 megabytes (MB), and contains all
of the signals sij(t) received in succession for shots j = 1 to p.
[0049] In deferred time, after all of the signals sij(t) corresponding to the same propagation of a shear wave have been
stored, the central unit 9 processes these signals (or have them processed by another circuit such a summing circuit,
or the computer 6 may process the signals itself) using a conventional path-forming step corresponding to substep c1).
[0050] This generates signals Sj(x,y) each corresponding to the image of the observation field after shot No. j.
[0051] For example, it is possible to determine a signal Sj(t) by the following formula: 

 where:

- Sij is the raw signal perceived by the transducer No. i after ultrasound compression wave shot No. j;
- t(x,y) is the time taken by the ultrasound compression wave to reach the point of the observation field having

coordinates (x,y) in the X, Y coordinate system, with t = 0 at the beginning of shot No. j;
- di(x,y) is the distance between the point of the observation field having coordinates (x,y) and transducer No. i, or

an approximation to said distance;
- V is the mean propagation speed of ultrasound compression waves in the viscoelastic medium under observation; and
- αi(x,y) is a weighting coefficient taking account of apodization relationships (in practice, in numerous cases, it is
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possible to assume that αi(x,y) = 1).

[0052] The above formula applies mutatis mutandis when the observation field is three-dimensional (with a two-
dimensional array of transducers), with space coordinates (x,y) being replaced by (x,y,z).
[0053] After the optional path-forming step, the central unit 9 stores in the central memory M, the image signals Sj(x,y)
(or Sj(x) if the image would be in 1 dimension only, or Sj(x,y,z) in case of a 3D image), each corresponding to shot No.
j. These signals may also be stored in the computer 6 if the computer itself performs the image processing.
[0054] These images are then processed in deferred time in substep c2) by correlation and advantageously by cross-
correlation either in pairs, or preferably with a reference image, as explained in US-B2-7 252 004.
[0055] The above-mentioned cross-correlation can be performed, for example, in the digital signal processor 11, or it
may be programmed in the central unit 9 or in the computer 6.
[0056] During this cross-correlation process, a cross-correlation function <Sj(x,y),Sj+1(x,y)> is maximized in order to
determine the displacement to which each particle 3c giving rise to an ultrasound echo has been subjected.
[0057] Examples of such cross-correlation calculations are given in US-B2-7 252 004.
[0058] This produces a set of displacement vectors u(r,t) generated by the shear waves in each position r of the
vascular wall 3a under the effect of the shear wave (these displacement vectors may optionally be reduced to a single
component in the example described herein).
[0059] This set of displacement vectors is stored in the memory M or in the computer 6 and can be displayed, for
example, in particular by means of the screen 4a of the computer, in the form of a slow motion picture in which the values
of the displacements are illustrated by an optical parameter such as a gray level or a color level.
[0060] The propagation differences of the shear wave between zones having different characteristics in the vascular
wall 3a can thus be seen clearly.
[0061] The motion picture of shear wave propagation can also be superposed on a conventional echographic image,
which can also be generated by the apparatus 1 described above.
[0062] Furthermore, it is also possible to calculate, instead of displacements, the deformations of the vascular wall 3a
for each of the points in the observation field, i.e. vectors whose components are the derivatives of the displacement
vectors respectively relative to the space variables (X and Y coordinates in the example described). These deformation
vectors can be used like the displacement vectors for clearly viewing the propagation of the shear wave in the form of
a motion picture, and they also present the advantage of eliminating displacements of the transducer array 4 relative to
the patient’s body 2 under observation.

Determination of the shear wave propagation parameter

[0063] From the displacement or deformation fields, the computer 6 (or more generally the control system 6, 9) can
advantageously then compute at least one propagation parameter of the shear wave, either at certain points (at least 1
point) in the observation field as selected by the user acting on the computer 6, or else throughout the observation field,
on the basis of the way in which the movement parameter (displacement or deformation) varies over time in the field of
observation X, Y (or X, Y, Z with a two-dimensional array of transducers). When the shear wave propagation parameter
is computed at several points in the observation field, the computer 6 may then show a map of said parameter in the
observation field, on the screen 6a.
[0064] The propagation parameter of the shear wave that is calculated during sub-step c2) is selected, for example,
from amongst: the shear modulus m, or Young’s modulus E=3m, or the propagation speed cs of shear waves (

 where ρ is the density of the tissues), or the shear elasticity m1, as explained in more details in US-B2-7
252 004. Such propagation parameter is representative of the elasticity of vascular wall 3a.
[0065] This propagation parameter may be computed for instance by the computer 6 (or more generally the control
system 6, 9), repeatedly at several different instants (at least at two different instants t1, t2).
[0066] For instance, the control system 6, 9 (e.g. the computer 6) may compute the shear modulus m(t) of the vascular
wall 3a at two different instants t1, t2, e. g. at the systole and at the diastole (respectively at the maximum blood pressure
and at the minimum blood pressure).

Blood pressure measurements

[0067] Besides, the blood pressure inside the blood vessel 3 is measured so that the computer 6 (or more generally
the control system 6, 9) has values of the blood pressure inside the vessel 3, at the place of the observation field and
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at said instants of measurement of the shear wave propagation parameter (in the present case, for instance at instants
t1, t2).
[0068] These values of blood pressure may be obtained for instance by one of the following methods:

a) When the above mentioned pressure sensor 12 is a cannula which is inserted in the blood vessel 3 and is fitted
with a pressure sensor which measures the blood pressure of the patient, then this cannula can be inserted in the
blood vessel in the vicinity of the transducer array 4, and the values of the blood pressures are automatically
measured in real time, simultaneously to the respective observation step (b) of each measurement of the shear
wave propagation parameter (i.e. at instants t1 and t2 in the example considered here).
b) When the above mentioned pressure sensor 12 is a an automatic sphygmomanometer which measures the blood
pressure of the patient in a non-invasive way, then the measurements of this sphygmomanometer are phased with
the measurements of the shear wave propagation parameter in the observation field, to compensate for the differ-
ences of phases in the blood pressure cycle between the place of measurement of blood pressure (e.g. on the same
artery as the measurement of elasticity but upstream or downstream, or at a finger end of the patient 2).
This phasing may be obtained for instance by measuring both blood pressure and the shear wave propagation
parameter at two instants t1 and t2 corresponding respectively to the maximum and minimum of blood pressure
(systole and diastole). In this case, the pressure measurement just consists in measuring the maximum and minimum
of blood pressure just before or during or just after the shear wave propagation parameter measurements, and the
shear wave propagation parameter measurements are done respectively when the diameter D of the blood vessel
3 is maximum (maximum of pressure) and when such diameter D is minimum (minimum of pressure). The diameter
of the blood vessel can be automatically monitored by the control system 6, 9, thanks to the imaging capacities of
the apparatus 1, so that the control system 6, 9 may phase the shear wave propagation parameter measurements
with the maximum and minimum of blood pressure. More generally, the blood pressure may be measured at least
at two different characteristic phases of the cardiac cycle, and the measurements of the shear wave propagation
parameter are carried out at least at two instants corresponding to said two characteristic phases of the cardiac cycle.
In a variant, the above mentioned phasing may consist in measuring the shear wave propagation parameter and
the blood pressure with a time offset Δt which is determined to phase these measurements, specially when blood
pressure is measured at a distance from the observation field, for instance on the same artery. Then the phasing
can be obtained by applying a time offset Δt between each time t1, t2 of measurement of the shear wave propagation
parameter and the time t’1, t’2 of the corresponding blood pressure measurement :

where:

a=+1 when blood pressure is measured upstream of the observation field of the apparatus 1; a=-1 when blood
pressure is measured upstream of the observation field of the apparatus 1;
d is the distance along the artery between the place of measure of blood pressure and the observation field;
v is the celerity of propagation of the pressure wave in the arteries at each heart beat (this celerity v can be
either a predetermined value which is memorized in the control system, or v can be measured by the control
system thanks to the imaging capacities of the apparatus 1, e.g. by spotting the portion of maximum diameter
of the artery and by measuring the celerity of displacement of the zone of maximum diameter along the artery.

c) In a variant, the automatic pressure sensor 12 may be omitted and the blood pressure may just be measured
externally to the apparatus 1, for instance by a measurement done by a practitioner with a manual sphygmoma-
nometer: in such a case, the pressure values are entered in the computer 6 (or more generally in the control system
6,9) and the phasing with the shear wave propagation parameter measurements is obtained in that the shear wave
propagation parameter measurements are done respectively when the diameter D of the blood vessel 3 is maximum
(maximum of pressure) and when such diameter D is minimum (minimum of pressure).

Determining the non-linearity parameter

[0069] The control system 6, 9 (e.g. the computer 6) may then proceed with a non-linearity determining step d) wherein
a parameter of non linearity of elasticity is determined based on:
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- the respective values of the shear wave propagation parameter determined during said several shear wave prop-
agation parameter measurements (the shear modulus m(t1), m(t2) in the example considered here);

- and the corresponding blood pressure values in said blood vessel (for instance P(t1), P(t2) in the present case).

[0070] The parameter of non linearity of elasticity which is determined, may be for instance the Landau coefficient
called the third order shear elastic modulus A, mentioned for instance by Gennisson et al. (Acoustoelasticity in soft
solids: "Assessment of the non-linear shear modulus with the acoustic radiation force"; J Acoust. Soc. Am 122 (6),
December 2007; p. 3211-3219).
[0071] The third order shear elastic modulus A may be determined by the control system by solving a set of equations
corresponding respectively to the several shear wave propagation measures: 

where:

t is the instant when the corresponding shear wave propagation parameter measurement is carried out;
m(t) is the value of the shear modulus at instant t;
m0 is the value of the shear modulus without constraint;
σ(t) is the radial mechanical stress in the blood vessel at instant t (i.e. a mechanical stress which is parallel to axis
X3, i.e. to the direction of polarization Y of the shear waves), determined on the basis of the blood pressure in the
blood vessel at the place of measurement of the shear wave propagation parameter and at instant t as explained
above:

σ(t) = P(t) (1) in the vascular wall 3a or in a soft tissue situated in the vicinity of the blood vessel, where P(t) is
the blood pressure at instant t at the place of measurement of the shear wave propagation parameter (the actual
time of measurement of the pressure P may be a time t’ different from t, provided the measures are phased so
that the pressure measurement corresponds in fact to P(t) as explained above).

[0072] When the third order shear elastic modulus A is determined on the basis of two measurements at instants t1
and t2, the control system solves the following system of equations (3) to determine A and m0: 

[0073] It should be noted that the parameter of non linearity of elasticity A could also be determined on the basis of
another of the above mentioned shear wave propagation parameters, which are linked to the shear modulus m.
[0074] Besides, it should be noted that the parameter of non linearity of elasticity A may be determined at several
points of the observation field and a map of said parameter of non linearity of elasticity in the observation field ca be
determined by the control system and for instance be shown on the screen 6a of the computer 6.
[0075] Finally, instead of computing an image of the vascular wall 3a at substep c1) for determining the movement
parameter at substep c2), it would be possible to use the method and apparatus described in document WO-A-2008/139
245 for determining locally said movement parameter in one or several predetermined measurement zone in the obser-
vation field, for each measurement zone by one corresponding transducer of the transducer array.
[0076] The above description would apply also for measuring the non linearity of elasticity of soft tissues other than
vascular walls subject to pressure variations induced by the cardiac cycle, e.g. brain tissues.

SECOND ASPECTNOT ACCORDING TO THE INVENTION: METHOD AND APPARATUS FOR MEASURING THE 
TEMPERATURE OF MAMMAL SOFT TISSUES

[0077] The apparatus 1 shown on Figure 2 is adapted for measuring the temperature of a mammal soft tissue, and
more particularly the temperature in an observation field including part of the soft tissues 3’ of a living patient 2.
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[0078] In this purpose, this aspect provides for a method for measuring elasticity of a vascular wall of a patient’s blood
vessel, which comprises at least one shear wave propagation parameter measurement which is carried out by:

- having a mechanical shear wave propagated in the viscoelastic medium constituted by the soft tissues 3’;
- observing the propagation of this shear wave in the soft tissues 3’, for instance through reflexion of unfocused

ultrasonic compression waves on diffusing particles 3d which are reflective for the ultrasound compression waves
and which are naturally contained in biological tissues (the particles 3d may be constituted by any non-uniformity
in the soft tissues 3’, and in particular, by particles of collagen);

- based on the observation of the shear wave propagation, determining a propagation parameter of shear waves in
the soft tissues 3’.

[0079] The structure and general way of operation of the apparatus 1 for carrying out this method, has already been
described in details in document US-B2-7 252 004, and has already been recalled above for the first aspect of the
invention and will not be described again for the second aspect of the invention.
[0080] The apparatus 1 of Figure 2 may include for instance:

- an ultrasound transducer array 4, for instance a linear array typically including n ultrasonic transducers T1-Tn jux-
taposed along an axis as already known in usual echographic probes (the array 4 is then adapted to perform a
bidimensional (2D) imaging of the observation field in a plane X, Y (where X and Y are two axis linked to the array
4, which are respectively parallel to the longitudinal direction of array 4 and perpendicular to the transducers Ti of
the array), but the array 4 could also be a bidimensional array adapted to perform a 3D imaging of the observation
field); the number n of transducers is more than 1, for instance a few tens (e. g. 100 to 300); the transducers T1-Tn
of the array 4 deliver ultrasound compression wave pulses, which pulses are of the type commonly used in echog-
raphy, for example having a frequency lying in the range 0.5 MHz to 100 MHz, and preferably in the range 0.5 MHz
to 15 MHz, e.g. being about 2.5 MHz ;

- an electronic bay 5 controlling the transducer array 4 and acquiring signals therefrom;
- a microcomputer 6 for controlling the electronic bay 5 and viewing ultrasound images obtained from the electronic

bay, said computer 6 including for instance a screen 6a and a keyboard 6b or other user interfaces.

[0081] The electronic bay 5 and the microcomputer 6 will be referred herein as the control system of the apparatus 1.
Such control system might be constituted of more than two devices, or by one single electronic device could fulfill all the
functionalities of the electronic bay 5 and of the microcomputer 6.
[0082] The electronic bay 5 may include for instance:

- n analog/digital converters 7 (E1-En) individually connected to the n transducers (T1-Tn) of the transducer array 4;
- n buffer memories 8 (M1-Mn) respectively connected to the n analog/digital converters 7,
- a central processing unit 9 (CPU) communicating with the buffer memories 8 and the microcomputer 6,
- a memory 10 (MEM) connected to the central processing unit 8 ;
- a digital signal processor 11 (DSP) connected to the central processing unit 9.

[0083] The transducers T1-Tn are controlled independently of one another by the central processing unit 9. The trans-
ducers T1-Tn can thus emit selectively:

- either an unfocussed ultrasound compression wave;
- or else an ultrasound compression wave that is focused on one or more points of the soft tissues 3’.

[0084] The wording "unfocussed ultrasound compression wave" as understood herein means any unfocussed wave
illuminating the entire observation field in the soft tissues, for instance:

- an ultrasound compression wave that is "plane" (i.e. a wave whose wave front is rectilinear in the X,Y plane), or any
other type of unfocused wave;

- a wave generated by causing random ultrasound signals to be emitted by the various transducers T1-Tn;
- or an ultrasound compression wave that is focused on one or more points of the soft tissues 3’;
- or weakly focusing waves (known as "fat" transmit focusing : ratio Focal distance/Aperture > 2.5);
- or diverging waves such as spherical waves;
- or waves focused simultaneously on several focal points;
- or more generally any kind of transmit waves that do not correspond to conventional focusing using a single focal

point location and a ratio Focal distance /Aperture < 2.5.
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[0085] During operation of the apparatus 1, the transducer array 4 is placed in contact with the skin 2a of the patient
2, over the soft tissue 3’ to be studied.
[0086] The way of operation of the apparatus 1 is controlled by the control system, i.e. the central processing unit 9
and/or the computer 6, which are programmed for this way of operation.

Observing the propagation of the shear wave

[0087] To observe the propagation of the shear wave in the soft tissues 3’, the control system 6, 9 of the apparatus 1
is programmed to perform several steps in succession:

a) an excitation step during which the control system 6, 9 causes an elastic shear wave to be generated in the soft
tissues 3’ by causing at least one ultrasound wave that is focused in the patient’s body to be emitted by the array
4 (this focussed wave may be emitted by all or part of the transducers T1-Tn);
b) an observation step during which the propagation of the shear wave is observed simultaneously at a multitude
of points of the observation field in the soft tissues 3’, this observation step comprising the following substeps:

b1) the control system 6, 9 causes the array 4 to emit into the viscoelastic medium a succession of unfocused
ultrasound compression waves (these unfocussed waves may be emitted by all or part of the transducers T1-Tn)
at a rate of at least 300 shots per second, for instance at least 500 shots/s (the focusing and the timing of the
focussed ultrasound wave emitted in step a), and the timing of said unfocused ultrasound waves are adapted
so that at least some of said unfocused ultrasound waves reach the observation field during the propagation of
the shear wave through the observation field);
b2) the control system 6, 9 causes the array 4 to detect ultrasound signals received from patient’s body 2 (this
detection can be carried out by all or part of the transducers of the array 4), said signals comprising echoes
generated by the unfocused ultrasound compression wave interacting with the reflecting particles 3d in the
observation field, these echoes corresponding (directly or indirectly) to successive images of the displacement
of the viscoelastic medium constituting the soft tissues 3’; the detected signals are recorded in real time in the
buffer memories M1-Mn;

c) at least one processing step during which:

c1) the control system 6, 9 processes the successive ultrasound signals received from the patient’s body 2
during substep b2) in order to determine successive propagation images; and
c2) the control system 6, 9 determines at least one movement parameter for the viscoelastic medium constituting
the soft tissues 3’ at various points in the observation field.

[0088] It should be noted that the above substep c2) could be omitted: more generally, the method of the invention
does not require determining propagation images, and the control system 6, 9 may determine said movement parameter
by any other means.
[0089] The focused ultrasound wave emitted during the excitation step a) may be a monochromatic wave of frequency
f lying in the range 0.5 MHz to 15 MHz, for example being equal to about 2.5 MHz, which is emitted for a duration of k/f
seconds, where k is an integer lying in the range 50 to 5000 (e.g. being about 500) and f is expressed in Hz. Such a
wave may possibly be emitted during a succession of emission periods separated by rest periods, the emission periods
following one another at a rate lying in the range 5 to 1000 emissions per second.
[0090] In a variant, the focused ultrasound wave emitted during excitation step a) is a linear combination (in particular
a sum) of two monochromatic signals of respective frequencies f1 and f2 such that 20 Hz ≤ |f1 - f2| ≤ 1000 Hz, thus
producing an amplitude modulated wave having a modulation frequency |f1 - f2|.
[0091] In addition, the focused ultrasound wave emitted during excitation step a) may optionally be focused simulta-
neously or otherwise on a plurality of points so that the shear wave as generated presents a desired wave shape (for
example it is thus possible to generate a shear wave that is plane, or on the contrary a shear wave that is focused) and
illuminates desired zones in the soft tissues 3’.
[0092] During step b1), which may last for example 0.1 to 1 s, it is possible to emit unfocused ultrasound compression
waves at a rate lying in the range 500 to 10,000 shots per second, and preferably in the range 1000 to 5000 shots per
second (with this rate being limited by the go-and-return travel time for the compression wave through the patient’s body
2: it is necessary for all of the echoes that are generated by the compression wave to have been received by the probe
6 before a new compression wave is sent).
[0093] Each unfocused ultrasound compression wave propagates through the patient’s body 2 at a propagation speed
that is much higher than that of shear waves (e.g. about 1500 m/s in the human body), and interacts with the reflecting
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particles 3d, thereby generating echoes or other analogous disturbances in the signal that are known in themselves
under the name "speckle noise" in the field of echography.
[0094] The speckle noise is picked up by the transducers T1- Tn during substep b2), after each shot of an unfocused
ultrasound compression wave. The signal sij(t) as picked up in this way by each transducer Ti after shot No. j is initially
sampled at high frequency (e.g. 30 MHz to 100 MHz) and digitized (e.g. on 12 bits) in real time by the analog/digital
converter Ei corresponding to transducer Ti.
[0095] The signal sij(t) as sampled and digitized in this way is then stored, likewise in real time, in a the buffer memory
Mi corresponding to the transducer Ti.
[0096] By way of example, each memory Mi may present a capacity of about 128 megabytes (MB), and contains all
of the signals sij(t) received in succession for shots j = 1 to p.
[0097] In deferred time, after all of the signals sij(t) corresponding to the same propagation of a shear wave have been
stored, the central unit 9 processes these signals (or have them processed by another circuit such a summing circuit,
or the computer 6 may process the signals itself) using a conventional path-forming step corresponding to substep c1).
[0098] This generates signals Sj(x,y) each corresponding to the image of the observation field after shot No. j.
[0099] For example, it is possible to determine a signal Sj(t) by the following formula: 

where:

- sij is the raw signal perceived by the transducer No. i after ultrasound compression wave shot No. j;
- t(x,y) is the time taken by the ultrasound compression wave to reach the point of the observation field having

coordinates (x,y) in the X, Y coordinate system, with t = 0 at the beginning of shot No. j;
- di(x,y) is the distance between the point of the observation field having coordinates (x,y) and transducer No. i, or

an approximation to said distance;
- V is the mean propagation speed of ultrasound compression waves in the viscoelastic medium under observation; and
- αi(x,y) is a weighting coefficient taking account of apodization relationships (in practice, in numerous cases, it is

possible to assume that αi(x,y) = 1).

[0100] The above formula applies mutatis mutandis when the observation field is three-dimensional (with a two-
dimensional array of transducers), with space coordinates (x,y) being replaced by (x,y,z).
[0101] After the optional path-forming step, the central unit 9 stores in the central memory M, the image signals Sj(x,y)
(or Sj(x) if the image would be in 1 dimension only, or Sj(x,y,z) in case of a 3D image), each corresponding to shot No.
j. These signals may also be stored in the computer 6 if the computer itself performs the image processing.
[0102] These images are then processed in deferred time in substep c2) by correlation and advantageously by cross-
correlation either in pairs, or preferably with a reference image, as explained in US-B2-7 252 004.
[0103] The above-mentioned cross-correlation can be performed, for example, in the digital signal processor 11, or it
may be programmed in the central unit 9 or in the computer 6.
[0104] During this cross-correlation process, a cross-correlation function <Sj(x,y), Sj+1(x,y)> is maximized in order to
determine the displacement to which each particle 3c giving rise to an ultrasound echo has been subjected.
[0105] Examples of such cross-correlation calculations are given in US-B2-7 252 004.
[0106] This produces a set of displacement vectors u(r,t) generated by the shear waves in each position r of the
vascular wall 3a under the effect of the shear wave (these displacement vectors may optionally be reduced to a single
component in the example described herein).
[0107] This set of displacement vectors is stored in the memory M or in the computer 6 and can be displayed, for
example, in particular by means of the screen 4a of the computer, in the form of a slow motion picture in which the values
of the displacements are illustrated by an optical parameter such as a gray level or a color level.
[0108] The propagation differences of the shear wave between zones having different characteristics in the observation
field can thus be seen clearly.
[0109] The motion picture of shear wave propagation can also be superposed on a conventional echographic image,
which can also be generated by the apparatus 1 described above.
[0110] Furthermore, it is also possible to calculate, instead of displacements, the deformations of the soft tissues 3’
for each of the points in the observation field, i.e. vectors whose components are the derivatives of the displacement
vectors respectively relative to the space variables (X and Y coordinates in the example described). These deformation
vectors can be used like the displacement vectors for clearly viewing the propagation of the shear wave in the form of
a motion picture, and they also present the advantage of eliminating displacements of the transducer array 4 relative to
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the patient’s body 2 under observation.

Determination of the shear wave propagation parameter

[0111] From the displacement or deformation fields, the computer 6 (or more generally the control system 6, 9) can
advantageously then compute at least one propagation parameter of the shear wave, either at certain points (at least 1
point) in the observation field as selected by the user acting on the computer 6, or else throughout the observation field,
on the basis of the way in which the movement parameter (displacement or deformation) varies over time in the field of
observation X, Y (or X, Y, Z with a two-dimensional array of transducers). When the shear wave propagation parameter
is computed at several points in the observation field, the computer 6 may then show a map of said parameter in the
observation field, on the screen 6a.
[0112] The propagation parameter of the shear wave that is calculated during sub-step c2) is selected, for example,
from amongst: the shear modulus m, or Young’s modulus E=3m, or the propagation speed cs of shear waves (

 where ρ is the density of the tissues), or the shear elasticity m1 or the shear viscosity m2, as explained

in more details in US-B2-7 252 004. Such propagation parameter is representative of the elasticity of the soft tissues 3’.
[0113] Finally, instead of computing an image of the soft tissues 3’ at substep c1) for determining the movement
parameter at substep c2), it would be possible to use the method and apparatus described in document WO-A-2008/139
245 for determining locally said movement parameter in one or several predetermined measurement zone in the obser-
vation field, for each measurement zone by one corresponding transducer of the transducer array.
[0114] Based on the value of the value of the shear wave propagation parameter computed for one or several points,
the computer 6 (or more generally the control system 6,9) determines the temperature of the soft tissues 3’ at the
corresponding point(s), based on a predetermined law linking said shear wave propagation parameter to said temper-
ature. Such predetermined law can be represented for instance by a diagram as that of Figure 3 (Figure 3 corresponds
to the case where the shear wave propagation parameter is the shear modulus), which is determined in advance
experimentally and memorized in the control system.
[0115] Thus, one obtains easily, quickly and non-invasively a measurement of the temperature of the soft tissues.
When the temperature is determined in a plurality of points in the observation field, an image of the temperature (indicated
for instance by a scale of colors) may be determined and presented to the user on the computer screen 6a. This thermal
image may be superposed to an echography of the patient, obtained through the same apparatus 1. The above method
works all the more as the shear waves have a relatively high frequency components, e.g. above 50 Hz.
[0116] Measuring the temperature in the patient’s soft tissues 3’ may be useful for instance in view of better controlling
local treatments such as thermal treatments, e.g. by focalized ultrasounds (HIFU) or by radio frequency waves (RF
ablation).
[0117] It should be noted that the temperature as mentioned above may be a difference between first and second
temperatures, at two different times. In such a case, the apparatus 1 may deliver a value of a relative temperature, i.e.
the value of the variation of temperature between a reference state (e.g. before a thermal treatment) and a current state
(e.g. during said thermal treatment).

Claims

1. Method for measuring a parameter of non-linearity of elasticity of soft tissue of a mammal, said tissue being subject
to blood pressure, said method comprising:

- carrying out several measurements, at different instants corresponding to different pressure values in the soft
tissue induced by the cardiac cycle of the mammal, of a shear wave propagation parameter of said soft tissue,
wherein the shear wave propagation parameter is measured using an array of ultrasonic transducers during
propagation of at least a shear wave in said soft tissue;
- carrying out, at said time instants, non-invasive measurements of the blood pressure value in the soft tissue; and
- determining the parameter of non-linearity of elasticity based on:

- said several measurements of said shear wave propagation parameter and said corresponding blood
pressure values.
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2. Method as claimed in claim 1, wherein said shear wave propagation parameter which is determined at each shear
wave propagation parameter measurement, is selected from shear wave speed, shear modulus m, Young’s modulus
E, shear elasticity m1 and shear viscosity m2.

3. Method as claimed in claim 1, wherein the shear wave propagation parameter measurement comprises the following
steps:

a) an excitation step during which an elastic shear wave is generated in the soft tissue;
b) an observation step during which the propagation of the shear wave is observed in an observation field in
the soft tissue, this observation step comprising the following substeps:

b1) causing the array of transducers to emit into the soft tissue succession of ultrasound compression
waves, the timing of said ultrasound waves being adapted so that at least some of said ultrasound waves
penetrate into the observation field while the shear wave is propagating in the observation field; and
b2) causing ultrasound signals received from said observation field to be detected in real time by said array
of transducers, said ultrasound signals comprising echoes generated by the ultrasound compression wave
interacting with reflecting particles in the soft tissue; and

c) at least one processing step including at least a substep c2) during which:

c2) at least one movement parameter is determined in the observation field, said movement parameter
characterizing movements of said reflecting particles, and a value of said shear wave propagation parameter
is determined based on said movement parameter.

4. Method as claimed in claim 3, wherein said processing step c) further includes, before said substep c2) of determining
said movement parameter, a further substep c1) in which:

c1) the ultrasound signals received successively from the observation field during substep b2) are processed
in order to determine successive propagation images of the shear wave.

5. Method as claimed in claim 3, wherein at said substep c2), said movement parameter is determined in at least one
predetermined measurement zone in the observation field, by one corresponding transducer which belongs to said
transducer array.

6. Method as claimed in claim 3, wherein at said substep b1), said ultrasound compression waves are emitted at a
rate of at least 300 shots per second.

7. Method as claimed in any one of the preceding claims, said method comprising:

- at least two shear wave propagation parameter measurements, at different instants corresponding respectively
to two different pressure values in the soft tissue induced by the cardiac cycle; and
- said physical parameter determining step wherein said parameter of non-linearity of elasticity of the soft tissue
is determined, based on at least:

- the respective values of the shear wave propagation parameter determined during said shear wave prop-
agation parameter measurements;
- and pressure values in said soft tissue, respectively during the shear wave propagation of each shear
wave propagation parameter measurement.

8. Method as claimed in claim 7, wherein said soft tissue includes a blood vessel, said shear wave propagation
parameter is measured in said blood vessel and said pressure is a blood pressure in said blood vessel.

9. Method as claimed in claim 7, wherein the parameter of non linearity of elasticity which is determined at the non-
linearity determining step d), is the third order shear elastic modulus A.

10. Method as claimed in claim 9, wherein said shear wave propagation parameter which is determined at each shear
wave propagation parameter measurement, is the shear modulus m, and the third order shear elastic modulus A is
determined by solving a set of equations corresponding respectively to the several shear wave propagation meas-
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ures: 

where:

t is the instant when the corresponding shear wave propagation parameter measurement is carried out;
m(t) is the value of the shear modulus at instant t;
m0 is the value of the shear modulus without constraint;
σ(t) is a mechanical stress in the soft tissue at instant t parallel to a direction of polarization of the shear wave,
determined on the basis of the pressure in the soft tissue at the place of measurement of the shear wave
propagation parameter and at instant t.

11. Method as claimed in claim 7, wherein the pressure is measured automatically by a pressure sensor, simultaneously
to the shear wave propagation parameter measurement.

12. Method as claimed in claim 8, wherein the blood pressure is measured at a distance from the observation field and
then phased to the measurement of the shear wave propagation parameter by taking into account said distance
and a pressure wave propagation celerity.

13. Method as claimed in claim 8, wherein the blood pressure is measured at least at two different characteristic phases
of the cardiac cycle, and the measurements of the shear wave propagation parameter are carried out at least at
two instants corresponding to said two characteristic phases of the cardiac cycle.

14. Method according to claim 13, wherein said two characteristic phases of the cardiac cycle are the instants of maximum
blood pressure and the instant of minimum pressure.

15. Method according to claim 7, wherein at the non-linearity determining step, the parameter of non linearity of elasticity
is determined at several points of the observation field and a map of said parameter of non linearity of elasticity in
the observation field is determined.

16. Apparatus for measuring a parameter of non-linearity of elasticity of soft tissue of a mammal, said soft tissue being
subject to blood pressure, said system comprising an array of ultrasonic transducers;
an automatic blood pressure sensor; and an electronic control system for independently controlling the ultrasonic
transducers and for controlling the automatic blood pressure sensor, said electronic control system being further
adapted:

- to carry out several measurements, at different instants corresponding to different pressure values in the soft
tissue induced by the cardiac cycle of the mammal, of a shear wave propagation parameter of the soft tissue,
wherein said shear wave propagation parameter is measured using said array of ultrasonic transducers during
propagation of at least a shear wave in said soft tissue;
- to carry out, at said time instants, measurements of the blood pressure value in the soft tissue, wherein the
blood pressure value is measured using said automatic blood pressure sensor; and
- to determine the parameter of non-linearity of elasticity in the soft tissue, based on :

- said several measurements of said shear wave propagation parameter and said corresponding blood
pressure values.

17. Apparatus according to claim16, wherein the electronic control system is adapted:

a) to generate an elastic shear wave in the soft tissue ;
b) to observe propagation of the shear wave in an observation field in the soft tissue, by:

b1) causing the array of transducers to emit into the medium a succession of ultrasound compression
waves, the timing of said ultrasound waves being adapted so that at least some of said ultrasound waves
penetrate into the observation field while the shear wave is propagating in the observation field; and
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b2) causing ultrasound signals received from said observation field to be detected in real time by said array
of transducers, said ultrasound signals comprising echoes generated by the unfocused ultrasound com-
pression wave interacting with reflecting particles in the medium;

c) to process the ultrasound signals received successively from the observation field to determine at least one
movement parameter in the observation field , and to determine therefrom a value of said shear wave propagation
parameter, said movement parameter characterizing movements of said reflecting particles.

18. Apparatus according to claim 17, wherein said control system is adapted to determine successive propagation
images of the shear wave, and to determine therefrom said movement parameter.

19. Apparatus according to claim 17, wherein said control system is adapted to determine said movement parameter
in at least one predetermined measurement zone in the observation field, based on data coming from one corre-
sponding transducer which belongs to the transducer array.

20. Apparatus according to claim 16, wherein the control system is adapted to have said ultrasound compression waves
emitted at a rate of at least 300 shots per second.

21. Apparatus according to claim 16, wherein said shear wave propagation parameter which is determined at each
shear wave propagation parameter measurement, is selected from shear wave speed, shear modulus m, Young’s
modulus E, shear elasticity m1, shear viscosity m2.

22. Apparatus according to any one of claims 16-21, wherein said control system is adapted:

- to carry out at least two shear wave propagation parameter measurements at different instants; and
- to determine said parameter of non-linearity of elasticity of the soft tissue, based on at least:

- the respective values of the shear wave propagation parameter determined during said shear wave prop-
agation parameter measurements;
- and pressure values in said soft tissue, respectively during the shear wave propagation measurement.

23. Apparatus according to claim 22, wherein said shear wave propagation parameter which is determined by said
control system, is selected from shear wave speed, shear modulus m, Young’s modulus E and shear elasticity m1.

24. Apparatus according to claim 23, wherein the parameter of non linearity of elasticity which is determined by said
control system, is the third order shear elastic modulus A.

25. Apparatus according to claim 22, wherein said shear wave propagation parameter which is determined by the control
system, is the shear modulus m, and the control system is adapted to determine the third order shear elastic modulus
A by solving a set of equations corresponding respectively to the several shear wave propagation measures: 

where:

t is the instant when the corresponding shear wave propagation parameter measurement is carried out;
m(t) is the value of the shear modulus at instant t;
m0 is the value of the shear modulus without constraint;
σ(t) is a mechanical stress in the soft tissue at instant t parallel to a direction of polarization of the shear wave,
determined on the basis of the pressure in the soft tissue at the place of measurement of the shear wave
propagation parameter and at instant t.

26. Apparatus according to claim 22, wherein the control system is adapted to measure the pressure in the soft tissue
automatically through a pressure sensor, simultaneously to the shear wave propagation parameter measurement.

27. Apparatus according to claim 22, wherein said soft tissue includes a blood vessel, said shear wave propagation
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parameter is measured in said blood vessel and said pressure is a blood pressure in said blood vessel, and wherein
the control system is adapted to phase the measurement of the blood pressure to the measurement of the shear
wave propagation parameter by taking into account:

- a distance between a place of measurement of blood pressure and the observation field and then phased said
distance,
- and a pressure wave propagation celerity.

28. Apparatus according to claim 22, wherein said soft tissue includes a blood vessel, said shear wave propagation
parameter is measured in said blood vessel and said pressure is a blood pressure in said blood vessel, and wherein
the control system has measures of the blood pressure at least at two different characteristic phases of the cardiac
cycle, and is adapted to perform the measurements of the shear wave propagation parameter at least at two instants
corresponding to said two characteristic phases of the cardiac cycle.

29. Apparatus according to claim 28, wherein said two characteristic phases of the cardiac cycle are the instants of
maximum blood pressure and the instant of minimum pressure.

30. Apparatus according to claim 28, wherein the control system is adapted to measure the blood pressure at said
characteristic phases of the cardiac cycle.

31. Apparatus according to claim 22, wherein the control system is adapted to determine the parameter of non linearity
of elasticity at several points of the observation field and to determine a map of said parameter of non linearity of
elasticity in the observation field.

Patentansprüche

1. Verfahren zum Messen eines Parameters einer Nichtlinearität einer Elastizität von Weichgewebe eines Säugetiers,
wobei das Weichgewebe einem Blutdruck ausgesetzt ist, wobei das Verfahren umfasst:

- Durchführen einer Mehrzahl von Messungen zu unterschiedlichen Zeitpunkten, entsprechend unterschiedli-
chen Druckwerten in dem Weichgewebe, welche von dem Herzzyklus des Säugetiers hervorgerufen werden,
eines Scherwellen-Propagationsparameters des Weichgewebes, wobei der Scherwellen-Propagationsparame-
ter unter Verwendung eines Felds von Ultraschall-Signalgebern während einer Propagation von wenigstens
einer Scherwelle in dem Weichgewebe gemessen wird;
- Durchführen von nicht-invasiven Messungen des Blutdruck-Werts in dem Weichgewebe zu den Zeitpunkten;
und
- Bestimmen des Parameters einer Nichtlinearität einer Elastizität auf Grundlage von:

- der Mehrzahl von Messwerten des Scherwellen-Propagationsparameters und der entsprechenden Blut-
druck-Werte.

2. Verfahren nach Anspruch 1, wobei der Scherwellen-Propagationsparameter, welcher bei jeder Scherwellen-Pro-
pagationsparameter-Messung bestimmt wird, aus einer Scherwellen-Geschwindigkeit, einem Schermodul m, einem
Young-Modul E, einer Scherelastizität m1 und einer Scherviskosität m2 ausgewählt ist.

3. Verfahren nach Anspruch 1, wobei die Scherwellen-Propagationsparameter-Messung die folgenden Schritte um-
fasst:

a) einen Anregungsschritt, während welchem eine elastische Scherwelle in dem Weichgewebe erzeugt wird;
b) einen Beobachtungsschritt, während welchem die Propagation der Scherwelle in einem Beobachtungsfeld
in dem Weichgewebe beobachtet wird, wobei dieser Beobachtungsschritt die folgenden Unterschritte umfasst:

b1) Veranlassen des Felds von Signalgebern zum Emittieren einer Abfolge von Ultraschall-Kompressions-
wellen in das Weichgewebe, wobei die Zeitgabe der Ultraschall-Wellen derart angepasst wird, dass we-
nigstens einige der Ultraschall-Wellen in das Beobachtungsfeld eindringen, während die Scherwelle in dem
Beobachtungsfeld propagiert; und
b2) Veranlassen, dass von dem Beobachtungsfeld erhaltene Ultraschall-Signale in Echtzeit von dem Feld
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von Signalgebern detektiert werden, wobei die Ultraschall-Signale Echos umfassen, welche von der Ultra-
schall-Kompressionswelle erzeugt werden, welche mit reflektierenden Partikeln in dem Weichgewebe
wechselwirkt; und

c) wenigstens einen Verarbeitungsschritt, welcher wenigstens einen Unterschritt c2) umfasst, während welchem:

c2) wenigstens ein Bewegungsparameter in dem Beobachtungsfeld bestimmt wird, wobei der Bewegungs-
parameter Bewegungen der reflektierenden Partikel kennzeichnet, und ein Wert des Scherwellen-Propa-
gationsparameters auf Grundlage des Bewegungsparameters bestimmt wird.

4. Verfahren nach Anspruch 3, wobei der Verarbeitungsschritt c) ferner vor dem Unterschritt c2) eines Bestimmens
des Bewegungsparameters einen weiteren Unterschritt c1) umfasst, in welchem:

c1) die aufeinanderfolgend von dem Beobachtungsfeld während Unterschritt
b2) erhaltenen Ultraschall-Signale verarbeitet werden, um aufeinander folgende Propagationsbilder der Scher-
welle zu bestimmen.

5. Verfahren nach Anspruch 3, wobei bei dem Unterschritt c2) der Bewegungsparameter in wenigstens einer vorbe-
stimmten Messzone in dem Beobachtungsfeld durch einen entsprechenden Signalgeber bestimmt wird, welcher zu
dem Signalgeber-Feld gehört.

6. Verfahren nach Anspruch 3, wobei bei Unterschritt b1) die Ultraschall-Kompressionswellen bei einer Rate von
wenigstens 300 Schüssen pro Sekunde emittiert werden.

7. Verfahren nach einem der vorhergehenden Ansprüche, wobei das Verfahren umfasst:

- wenigstens zwei Scherwellen-Propagationsparameter-Messungen zu unterschiedlichen Zeitpunkten, jeweils
entsprechend zwei unterschiedlichen Druckwerten in dem Weichgewebe, welche von dem Herzzyklus hervor-
gerufen werden; und
- den Bestimmungsschritt für einen physischen Parameter, wobei der Parameter einer Nichtlinearität einer
Elastizität des Weichgewebes bestimmt wird auf Grundlage von wenigstens:
- den jeweiligen Werten des Scherwellen-Propagationsparameters, welche während der Scherwellen-Propa-
gationsparameter-Messungen bestimmt werden;
- und Druckwerten in dem Weichgewebe jeweils während der Scherwellen-Propagation von jeder Scherwellen-
Propagationsparameter-Messung.

8. Verfahren nach Anspruch 7, wobei das Weichgewebe ein Blutgefäß umfasst, wobei der Scherwellen-Propagations-
parameter in dem Blutgefäß gemessen wird und der Druck ein Blutdruck in dem Blutgefäß ist.

9. Verfahren nach Anspruch 7, wobei der Parameter einer Nichtlinearität einer Elastizität, welcher in dem Bestim-
mungsschritt d) der Nichtlinearität bestimmt wird, der Scher-Elastizitätsmodul dritter Ordnung A ist.

10. Verfahren nach Anspruch 9, wobei der Scherwellen-Propagationsparameter, welcher bei jeder Scherwellen-Pro-
pagationsparameter-Messung bestimmt wird, der Schermodul m ist und der Scher-Elastizitätsmodul dritter Ordnung
A bestimmt wird, indem ein Satz von Gleichungen gelöst wird, welche jeweils der Mehrzahl von Scherwellen-
Propagationsmessungen entsprechen: 

wobei:

t der Zeitpunkt ist, zu welchem die entsprechende Scherwellen-Propagationsparameter-Messung durchgeführt
wird;
m(t) der Wert des Schermoduls zum Zeitpunkt t ist;
m0 der Wert des Schermoduls ohne Nebenbedingung ist;
σ(t) eine mechanische Belastung in dem Weichgewebe zum Zeitpunkt t parallel zu einer Polarisationsrichtung
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der Scherwelle ist, bestimmt auf Grundlage des Drucks in dem Weichgewebe an dem Messort des Scherwellen-
Propagationsparameters und zum Zeitpunkt t.

11. Verfahren nach Anspruch 7, wobei der Druck automatisch durch einen Drucksensor gemessen wird, gleichzeitig
mit der Scherwellen-Propagationsparameter-Messung.

12. Verfahren nach Anspruch 8, wobei der Blutdruck in einem Abstand von dem Beobachtungsfeld gemessen und dann
auf die Messung des Scherwellen-Propagationsparameters abgestimmt wird, indem der Abstand und eine Druck-
wellen-Propagationsschnelligkeit berücksichtigt werden.

13. Verfahren nach Anspruch 8, wobei der Blutdruck zu wenigstens zwei unterschiedlichen charakteristischen Phasen
des Herzzyklus gemessen wird, und die Messungen des Scherwellen-Propagationsparameters zu wenigstens zwei
Zeitpunkten durchgeführt werden, welche zwei charakteristischen Phasen des Herzzyklus entsprechen.

14. Verfahren nach Anspruch 13, wobei die beiden charakteristischen Phasen des Herzzyklus die Zeitpunkte von ma-
ximalem Blutdruck und der Zeitpunkt von minimalem Druck sind.

15. Verfahren nach Anspruch 7, wobei bei dem Bestimmungsschritt der Nichtlinearität der Parameter einer Nichtlinearität
einer Elastizität an einer Mehrzahl von Punkten des Beobachtungsfelds bestimmt wird und eine Karte des Parameters
einer Nichtlinearität einer Elastizität in dem Beobachtungsfeld bestimmt wird.

16. Vorrichtung zum Messen eines Parameters einer Nichtlinearität einer Elastizität von Weichgewebe eines Säugetiers,
wobei das Weichgewebe einem Blutdruck ausgesetzt ist, wobei das System ein Feld von Ultraschall-Signalgebern,
einen automatischen Blutdruck-Sensor und ein elektronisches Steuersystem zum unabhängigen Steuern der Ul-
traschall-Signalgeber und zum Steuern des automatischen Blutdruck-Sensors umfasst, wobei das elektronische
Steuersystem ferner dazu eingerichtet ist:

- eine Mehrzahl von Messungen zu verschiedenen Zeitpunkten durchzuführen, welche unterschiedlichen Druck-
werten in dem Weichgewebe entsprechen, welche durch den Herzzyklus des Säugetiers hervorgerufen werden,
eines Scherwellen-Propagationsparameters des Weichgewebes, wobei der Scherwellen-Propagationsparame-
ter unter Verwendung des Felds von Ultraschall-Signalgebern während einer Propagation von wenigstens einer
Scherwelle in dem Weichgewebe gemessen wird;
- zu den Zeitpunkten Messungen des Blutdruck-Werts in dem Weichgewebe durchzuführen, wobei der Blutdruck-
Wert unter Verwendung des automatischen Blutdruck-Sensors gemessen wird; und
- den Parameter einer Nichtlinearität einer Elastizität in dem Weichgewebe zu bestimmen, auf Grundlage von:
- der Mehrzahl von Messungen des Scherwellen-Propagationsparameters und den entsprechenden Blutdruck-
Werten.

17. Vorrichtung nach Anspruch 16, wobei das elektronische Steuersystem dazu eingerichtet ist:

a) eine elastische Scherwelle in dem Weichgewebe zu erzeugen;
b) eine Propagation der Scherwelle in einem Beobachtungsfeld in dem Weichgewebe zu beobachten, indem:

b1) das Feld von Signalgebern zum Emittieren einer Abfolge von Ultraschall-Kompressionswellen in das
Medium veranlasst wird, wobei die Zeitgabe der Ultraschall-Wellen derart angepasst ist, dass wenigstens
einige der Ultraschall-Wellen in das Beobachtungsfeld eindringen, während die Scherwelle in dem Beob-
achtungsfeld propagiert; und
b2) von dem Beobachtungsfeld erhaltene Ultraschall-Signale veranlasst werden, in Echtzeit von dem Feld
von Signalgebern detektiert zu werden, wobei die Ultraschall-Signale Echos umfassen, welche von der
unfokussierten Ultraschall-Kompressionswelle erzeugt werden, welche mit reflektierenden Partikeln in dem
Medium wechselwirken; und

c) die aufeinanderfolgend von dem Beobachtungsfeld empfangenen Ultraschall-Signale zu verarbeiten, um
wenigstens einen Bewegungsparameter in dem Beobachtungsfeld zu bestimmen und daraus einen Wert des
Scherwellen-Propagationsparameters zu bestimmen, wobei der Bewegungsparameter Bewegungen der re-
flektierenden Partikel kennzeichnet.

18. Vorrichtung nach Anspruch 17, wobei das Steuersystem dazu eingerichtet ist, aufeinander folgende Propagations-
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bilder der Scherwelle zu bestimmen und daraus den Bewegungsparameter zu bestimmen.

19. Vorrichtung nach Anspruch 17, wobei das Steuersystem dazu eingerichtet ist, den Bewegungsparameter in we-
nigstens einer vorbestimmten Messzone in dem Beobachtungsfeld zu bestimmen, auf Grundlage von Daten, welche
von einem entsprechenden Signalgeber kommen, welcher zu dem Signalgeber-Feld gehört.

20. Vorrichtung nach Anspruch 16, wobei das Steuersystem dazu eingerichtet ist, die Ultraschall-Kompressionswellen
bei einer Rate von wenigstens 300 Schüssen pro Sekunde emittieren zu lassen.

21. Vorrichtung nach Anspruch 16, wobei der Scherwellen-Propagationsparameter, welcher bei jeder Scherwellen-
Propagationsparameter-Messung bestimmt wird, aus einer Scherwellen-Geschwindigkeit, einem Schermodul m,
einem Young-Modul E, einer Scherelastizität m1 und einer Scherviskosität m2 ausgewählt ist.

22. Vorrichtung nach einem der Ansprüche 16 - 21, wobei das Steuersystem dazu eingerichtet ist:

- wenigstens zwei Scherwellen-Propagationsparameter-Messungen zu unterschiedlichen Zeitpunkten durch-
zuführen; und
- den Parameter einer Nichtlinearität einer Elastizität des Weichgewebes zu bestimmen, wenigstens auf Grund-
lage von:

- den jeweiligen Werten des Scherwellen-Propagationsparameters, welche während der Scherwellen-Pro-
pagationsparameter-Messungen bestimmt werden;
- und Druckwerten in dem Weichgewebe jeweils während der Scherwellen-Propagationsmessung.

23. Vorrichtung nach Anspruch 22, wobei der Scherwellen-Propagationsparameter, welcher durch das Steuersystem
bestimmt wird, ausgewählt ist aus einer Scherwellen-Geschwindigkeit, einem Schermodul m, einem Young-Modul
E, einer Scherelastizität m1.

24. Vorrichtung nach Anspruch 23, wobei der Parameter einer Nichtlinearität einer Elastizität, welcher durch das Steu-
ersystem bestimmt wird, der Scher-Elastizitätsmodul dritter Ordnung A ist.

25. Vorrichtung nach Anspruch 22, wobei der Scherwellen-Propagationsparameter, welcher von dem Steuersystem
bestimmt wird, der Schermodul m ist, und das Steuersystem dazu eingerichtet ist, das Scher-Elastizitätsmodul dritter
Ordnung A zu bestimmen, indem ein Satz von Gleichungen gelöst wird, welche jeweils der Mehrzahl von Scherwellen-
Propagationsmessungen entsprechen: 

wobei:

t der Zeitpunkt ist, zu welchem die entsprechende Scherwellen-Propagationsparameter-Messung durchgeführt
wird;
m(t) der Wert des Schermoduls zum Zeitpunkt t ist;
m0 der Wert des Schermoduls ohne Nebenbedingung ist;
σ(t) eine mechanische Belastung in dem Weichgewebe zum Zeitpunkt t parallel zu einer Polarisationsrichtung
der Scherwelle ist, bestimmt auf Grundlage des Drucks in dem Weichgewebe an dem Messort des Scherwellen-
Propagationsparameters und zum Zeitpunkt t.

26. Vorrichtung nach Anspruch 22, wobei das Steuersystem dazu eingerichtet ist, den Druck in dem Weichgewebe
automatisch durch einen Drucksensor gleichzeitig mit der Scherwellen-Propagationsparameter-Messung zu mes-
sen.

27. Vorrichtung nach Anspruch 22, wobei das Weichgewebe ein Blutgefäß umfasst, der Scherwellen-Propagationspa-
rameter in dem Blutgefäß gemessen wird und der Druck ein Blutdruck in dem Blutgefäß ist, und wobei das Steuer-
system dazu eingerichtet ist, die Messung des Blutdrucks auf die Messung des Scherwellen-Propagationsparame-
ters abzustimmen, indem berücksichtigt wird:
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- ein Abstand zwischen einem Messort des Blutdrucks und dem Beobachtungsfeld und dann der abgestimmte
Abstand,
- und eine Druckwellen-Propagationsschnelligkeit.

28. Vorrichtung nach Anspruch 22, wobei das Weichgewebe ein Blutgefäß umfasst, der Scherwellen-Propagationspa-
rameter in dem Blutgefäß gemessen wird und der Druck ein Blutdruck in dem Blutgefäß ist, und wobei das Steuer-
system Maße des Blutdrucks zu wenigstens zwei charakteristischen Phasen des Herzzyklus aufweist und dazu
eingerichtet ist, die Messungen des Scherwellen-Propagationsparameters zu wenigstens zwei Zeitpunkten durch-
zuführen, welche den beiden charakteristischen Phasen des Herzzyklus entsprechen.

29. Vorrichtung nach Anspruch 28, wobei die beiden charakteristischen Phasen des Herzzyklus die Zeitpunkte des
maximalen Blutdrucks und der Zeitpunkt des minimalen Blutdrucks sind.

30. Vorrichtung nach Anspruch 28, wobei das Steuersystem dazu eingerichtet ist, den Blutdruck bei den charakteristi-
schen Phasen des Herzzyklus zu messen.

31. Vorrichtung nach Anspruch 22, wobei das Steuersystem dazu eingerichtet ist, den Parameter einer Nichtlinearität
einer Elastizität an einer Mehrzahl von Punkten des Beobachtungsfelds zu bestimmen und eine Karte des Parameters
einer Nichtlinearität einer Elastizität in dem Beobachtungsfeld zu bestimmen.

Revendications

1. Procédé de mesure d’un paramètre de non-linéarité d’élasticité d’un tissu mou d’un mammifère, ledit tissu étant
soumis à une pression artérielle, ledit procédé comprenant :

- la réalisation de plusieurs mesures, à différents instants correspondant à des valeurs de pression différentes
dans le tissu mou induites par le cycle cardiaque du mammifère, d’un paramètre de propagation d’onde de
cisaillement dudit tissu mou, dans lequel le paramètre de propagation d’onde de cisaillement est mesuré à
l’aide d’un réseau de transducteurs ultrasoniques pendant la propagation d’au moins une onde de cisaillement
dans ledit tissu mou ;
- la réalisation, auxdits instants, de mesures non invasives de la valeur de pression artérielle dans le tissu mou ; et
- la détermination du paramètre de non-linéarité d’élasticité d’après :
- lesdites plusieurs mesures dudit paramètre de propagation d’onde de cisaillement et lesdites valeurs de
pression artérielle correspondantes.

2. Procédé selon la revendication 1, dans lequel ledit paramètre de propagation d’onde de cisaillement qui est déterminé
à chaque mesure de paramètre de propagation d’onde de cisaillement, est choisi parmi une vitesse d’onde de
cisaillement, un module de cisaillement m, un module de Young E, une élasticité de cisaillement m1 et une viscosité
de cisaillement m2.

3. Procédé selon la revendication 1, dans lequel la mesure de paramètre de propagation d’onde de cisaillement
comprend les étapes suivantes :

a) une étape d’excitation pendant laquelle une onde de cisaillement élastique est générée dans le tissu mou ;
b) une étape d’observation pendant laquelle la propagation de l’onde de cisaillement est observée dans un
champ d’observation dans le tissu mou, cette étape d’observation comprenant les sous-étapes suivantes :

b1) le fait d’amener le réseau de transducteurs à émettre dans le tissu mou une succession d’ondes de
compression ultrasonores, le rythme desdites ondes ultrasonores étant adapté de sorte qu’au moins cer-
taines desdites ondes ultrasonores pénètrent dans le champ d’observation tandis que l’onde de cisaillement
se propage dans le champ d’observation ; et
b2) le fait de provoquer la détection de signaux ultrasonores reçus en provenance dudit champ d’observation
en temps réel par ledit réseau de transducteurs, lesdits signaux ultrasonores comprenant des échos générés
par l’onde de compression ultrasonore interagissant avec des particules réfléchissantes dans le tissu mou ;
et

c) au moins une étape de traitement comportant au moins une sous-étape c2) pendant laquelle :
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c2) au moins un paramètre de déplacement est déterminé dans le champ d’observation, ledit paramètre
de déplacement caractérisant des déplacements desdites particules réfléchissantes, et une valeur dudit
paramètre de propagation d’onde de cisaillement est déterminée d’après ledit paramètre de déplacement.

4. Procédé selon la revendication 3, dans lequel ladite étape de traitement c) comporte en outre, avant ladite sous-
étape c2) de détermination dudit paramètre de déplacement, une sous-étape c1) supplémentaire dans laquelle :

c1) les signaux ultrasonores reçus successivement en provenance du champ d’observation pendant la sous-
étape b2) sont traités afin de déterminer des images de propagation successives de l’onde de cisaillement.

5. Procédé selon la revendication 3, dans lequel à ladite étape c2), ledit paramètre de déplacement est déterminé
dans au moins une zone de mesure prédéterminée dans le champ d’observation, par un transducteur correspondant
qui appartient audit réseau de transducteurs.

6. Procédé selon la revendication 3, dans lequel à ladite sous-étape b1), lesdites ondes de compression ultrasonores
sont émises à un débit d’au moins 300 coups par seconde.

7. Procédé selon l’une quelconque des revendications précédentes, ledit procédé comprenant :

- au moins deux mesures de paramètre de propagation d’onde de cisaillement, à des instants différents cor-
respondant respectivement à deux valeurs de pression différentes dans le tissu mou induites par le cycle
cardiaque ; et
- ladite étape de détermination de paramètre physique dans laquelle ledit paramètre de non-linéarité d’élasticité
du tissu mou est déterminé d’après au moins :

-- les valeurs respectives du paramètre de propagation d’onde de cisaillement déterminé pendant lesdites
mesures de paramètre de propagation d’onde de cisaillement ;
-- et les valeurs de pression dans ledit tissu mou, respectivement pendant la propagation d’onde de ci-
saillement de chaque mesure de paramètre de propagation d’onde de cisaillement.

8. Procédé selon la revendication 7, dans lequel ledit tissu mou comporte un vaisseau sanguin, ledit paramètre de
propagation d’onde de cisaillement est mesuré dans ledit vaisseau sanguin et ladite pression est une pression
artérielle dans ledit vaisseau sanguin.

9. Procédé selon la revendication 7, dans lequel le paramètre de non-linéarité d’élasticité qui est déterminé à ladite
étape de détermination de non-linéarité d), est le module élastique de cisaillement de troisième ordre A.

10. Procédé selon la revendication 9, dans lequel ledit paramètre de propagation d’onde de cisaillement qui est déterminé
à chaque mesure de paramètre de propagation d’onde de cisaillement, est le module de cisaillement m, et le module
élastique de cisaillement de troisième ordre A est déterminé par résolution d’un ensemble d’équations correspondant
respectivement aux plusieurs mesures de propagation d’onde de cisaillement : 

où :

t est l’instant où la mesure de paramètre de propagation d’onde de cisaillement correspondante est réalisée ;
m(t) est la valeur du module de cisaillement à l’instant t ;
m0 est la valeur du module de cisaillement sans contrainte ;
σ(t) est une contrainte mécanique dans le tissu mou à l’instant t parallèle à une direction de polarisation de
l’onde de cisaillement, déterminée sur la base de la pression dans le tissu mou à l’endroit de mesure du
paramètre de propagation d’onde de cisaillement et à l’instant t.

11. Procédé selon la revendication 7, dans lequel la pression est mesurée automatiquement par un capteur de pression,
simultanément à la mesure de paramètre de propagation d’onde de cisaillement.
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12. Procédé selon la revendication 8, dans lequel la pression artérielle est mesurée à distance du champ d’observation
puis mise en phase avec la mesure du paramètre de propagation d’onde de cisaillement en tenant compte de ladite
distance et d’une célérité de propagation d’onde de cisaillement.

13. Procédé selon la revendication 8, dans lequel la pression artérielle est mesurée à au moins deux phases caracté-
ristiques différentes du cycle cardiaque, et les mesures du paramètre de propagation d’onde de cisaillement sont
réalisées à au moins deux instants correspondant auxdites deux phases caractéristiques du cycle cardiaque.

14. Procédé selon la revendication 13, dans lequel lesdites deux phases caractéristiques du cycle cardiaque sont les
instants de pression artérielle maximale et l’instant de pression minimale.

15. Procédé selon la revendication 7, dans lequel à l’étape de détermination de non-linéarité, le paramètre de non-
linéarité d’élasticité est déterminé au niveau de plusieurs points du champ d’observation et une carte dudit paramètre
de non-linéarité d’élasticité dans le champ d’observation est déterminée.

16. Appareil de mesure d’un paramètre de non-linéarité d’élasticité d’un tissu mou d’un mammifère, ledit tissu mou
étant soumis à une pression artérielle, ledit système comprenant un réseau de transducteurs ultrasoniques ; un
capteur de pression artérielle automatique ; et un système de commande électronique pour commander indépen-
damment les transducteurs ultrasoniques et pour commander le capteur de pression artérielle automatique, ledit
système de commande électronique étant en outre adapté :

- pour réaliser de plusieurs mesures, à différents instants correspondant à des valeurs de pression différentes
dans le tissu mou induites par le cycle cardiaque du mammifère, d’un paramètre de propagation d’onde de
cisaillement du tissu mou, dans lequel ledit paramètre de propagation d’onde de cisaillement est mesuré à
l’aide dudit réseau de transducteurs ultrasoniques pendant la propagation d’au moins une onde de cisaillement
dans ledit tissu mou ;
- pour réaliser, auxdits instants, des mesures de la valeur de pression artérielle dans le tissu mou, dans lequel
la valeur de pression artérielle est mesurée à l’aide dudit capteur de pression artérielle automatique ; et
- pour déterminer le paramètre de non-linéarité d’élasticité dans le tissu mou d’après :
- lesdites plusieurs mesures dudit paramètre de propagation d’onde de cisaillement et lesdites valeurs de
pression artérielle correspondantes.

17. Appareil selon la revendication 16, dans lequel le système de commande électronique est adapté :

a) pour générer une onde de cisaillement élastique dans le tissu mou ;
b) pour observer la propagation de l’onde de cisaillement dans un champ d’observation dans le tissu mou par :

b1) le fait d’amener le réseau de transducteurs à émettre dans le support une succession d’ondes de
compression ultrasonores, le rythme desdites ondes ultrasonores étant adapté de sorte qu’au moins cer-
taines desdites ondes ultrasonores pénètrent dans le champ d’observation tandis que l’onde de cisaillement
se propage dans le champ d’observation ; et
b2) le fait de provoquer la détection de signaux ultrasonores reçus en provenance dudit champ d’observation
en temps réel par ledit réseau de transducteurs, lesdits signaux ultrasonores comprenant des échos générés
par l’onde de compression ultrasonore non focalisée interagissant avec des particules réfléchissantes dans
le support ;

c) pour traiter les signaux ultrasonores reçus successivement en provenance du champ d’observation pour
déterminer au moins un paramètre de déplacement dans le champ d’observation, et pour déterminer à partir
de celui-ci une valeur dudit paramètre de propagation d’onde de cisaillement, ledit paramètre de déplacement
caractérisant des déplacements desdites particules réfléchissantes.

18. Appareil selon la revendication 17, dans lequel ledit système de commande est adapté pour déterminer des images
de propagation successives de l’onde de cisaillement, et pour déterminer à partir de celles-ci ledit paramètre de
déplacement.

19. Appareil selon la revendication 17, dans lequel ledit système de commande est adapté pour déterminer ledit para-
mètre de déplacement dans au moins une zone de mesure prédéterminée dans le champ d’observation, d’après
des données provenant d’un transducteur correspondant qui appartient au réseau de transducteurs.
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20. Appareil selon la revendication 16, dans lequel le système de commande est adapté pour avoir lesdites ondes de
compression ultrasonores émises à un débit d’au moins 300 coups par seconde.

21. Appareil selon la revendication 16, dans lequel ledit paramètre de propagation d’onde de cisaillement qui est dé-
terminé à chaque mesure de paramètre de propagation d’onde de cisaillement, est choisi parmi une vitesse d’onde
de cisaillement, un module de cisaillement m, un module de Young E, une élasticité de cisaillement m1, une viscosité
de cisaillement m2.

22. Appareil selon l’une quelconque des revendications 16 à 21, dans lequel ledit système de commande est adapté :

- pour réaliser au moins deux mesures de paramètre de propagation d’onde de cisaillement à des instants
différents ; et
- pour déterminer ledit paramètre de non-linéarité d’élasticité du tissu mou, d’après au moins :

-- les valeurs respectives du paramètre de propagation d’onde de cisaillement déterminé pendant lesdites
mesures de paramètre de propagation d’onde de cisaillement ;
-- et les valeurs de pression dans ledit tissu mou, respectivement pendant la mesure de propagation d’onde
de cisaillement.

23. Appareil selon la revendication 22, dans lequel ledit paramètre de propagation d’onde de cisaillement qui est dé-
terminé par ledit système de commande, est choisi parmi une vitesse d’onde de cisaillement, un module de cisaille-
ment m, un module de Young E et une élasticité de cisaillement m1.

24. Appareil selon la revendication 23, dans lequel le paramètre de non-linéarité d’élasticité qui est déterminé par ledit
système de commande, est le module élastique de cisaillement de troisième ordre A.

25. Appareil selon la revendication 22, dans lequel ledit paramètre de propagation d’onde de cisaillement qui est dé-
terminé par le système de commande, est le module de cisaillement m, et le système de commande est adapté
pour déterminer le module élastique de cisaillement de troisième ordre A par résolution d’un ensemble d’équations
correspondant respectivement aux plusieurs mesures de propagation d’onde de cisaillement : 

où :

t est l’instant où la mesure de paramètre de propagation d’onde de cisaillement correspondante est réalisée ;
m(t) est la valeur du module de cisaillement à l’instant t ;
m0 est la valeur du module de cisaillement sans contrainte ;
σ(t) est une contrainte mécanique dans le tissu mou à l’instant t parallèle à une direction de polarisation de
l’onde de cisaillement, déterminée sur la base de la pression dans le tissu mou à l’endroit de mesure du
paramètre de propagation d’onde de cisaillement et à l’instant t.

26. Appareil selon la revendication 22, dans lequel le système de commande est adapté pour mesurer automatiquement
la pression dans le tissu mou par le biais d’un capteur de pression, simultanément à la mesure de paramètre de
propagation d’onde de cisaillement.

27. Appareil selon la revendication 22, dans lequel ledit tissu mou comporte un vaisseau sanguin, ledit paramètre de
propagation d’onde de cisaillement est mesuré dans ledit vaisseau sanguin et ladite pression est une pression
artérielle dans ledit vaisseau sanguin, et dans lequel le système de commande est adapté pour mettre en phase la
mesure de la pression artérielle avec la mesure du paramètre de propagation d’onde de cisaillement en tenant
compte :

- d’une distance entre un endroit de mesure de pression artérielle et le champ d’observation puis ladite distance
mise en phase,
- et d’une célérité de propagation d’onde de pression.
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28. Appareil selon la revendication 22, dans lequel ledit tissu mou comporte un vaisseau sanguin, ledit paramètre de
propagation d’onde de cisaillement est mesuré dans ledit vaisseau sanguin et ladite pression est une pression
artérielle dans ledit vaisseau sanguin, et dans lequel le système de commande a des mesures de la pression
artérielle à au moins deux phases caractéristiques différentes du cycle cardiaque, et est adapté pour réaliser les
mesures du paramètre de propagation d’onde de cisaillement à au moins deux instants correspondant auxdites
deux phases caractéristiques du cycle cardiaque.

29. Appareil selon la revendication 28, dans lequel lesdites deux phases caractéristiques du cycle cardiaque sont les
instants de pression artérielle maximale et l’instant de pression minimale.

30. Appareil selon la revendication 28, dans lequel le système de commande est adapté pour mesurer la pression
artérielle auxdites phases caractéristiques du cycle cardiaque.

31. Appareil selon la revendication 22, dans lequel le système de commande est adapté pour déterminer le paramètre
de non-linéarité d’élasticité au niveau de plusieurs points du champ d’observation et pour déterminer une carte dudit
paramètre de non-linéarité d’élasticité dans le champ d’observation.
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