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ACOUSTIC FIELD MAPPING WITH ULTRASONIC PARTICLE VELOCITY ESTIMATOR

CROSS-REFERENCE TO RELATED APPLICATIONS

The present application claims the priority of US 62/621,140 to Ben-Ezra, filed January
24, 2018, entitled, "Acoustic field mapping with ultrasonic particle velocity estimator," which is

incorporated herein by reference.

FIELD OF THE INVENTION

Applications of the present invention relate to acoustic field characterization,
measurement, and mapping. More specifically, applications of the present invention relate to

image guided therapy, such as image guided high intensity focused ultrasound (HIFU).

BACKGROUND

High intensity focused ultrasound (HIFU), also known as high intensity therapeutic
ultrasound (HITU), is a method for non-invasive treatment of internal organs and tissue, e.g.,
tumors. Ultrasound energy is often used as well for imaging of internal organs and tissue. An
ultrasonic A-line, also known as an RF-line, is acquired by using an ultrasound transducer to send
an ultrasonic pulse into a medium or a subject's body and receiving an echo of the pulse reflecting
off of inhomogeneities within the medium, e.g., a scatterer, a particle, or a boundary. The echo
data is detected by the transducer, digitized, and processed. The length of time it takes the echo to
reach the ultrasound transducer is indicative of the distance between the transducer and the
inhomogeneity. Multiple A-lines, e.g., 100 A-lines, at equally spaced positions and angles, may

be used to create a sonogram.

An ultrasonic A-line may be repeatedly pulsed at a pulse repetition frequency (PRF). For
any given A-line, a desired penetration depth will limit the PRF, i.e., will limit the time between
successive pulses, as each pulse generally cannot be sent before the echo from the immediately
previous pulse has been received. If a target, off of which the A-line pulse is reflecting, is moving
then the respective echoes from two successive pulses echoing off the target will be shifted
(translated) in time. If the velocity of the target is constant over the time interval between the two

pulses, then the velocity of the target will be proportional to the shift in time and may be calculated.
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A 1985 IEEE Transactions on Sonics and Ultrasonics article entitled "Real-time two-
dimensional blood flow imaging using an autocorrelation technique,” by Chihiro Kasai et al.,
describes a blood flow imaging system that combines a conventional pulsed Doppler device and
an autocorrelator. Blood flow within a given cross section of a live organ is described as being
displayed in real time, with the direction of blood flow and its variance expressed by means of a
difference in color and hue respectively. Experiments were conducted with a mechanical and an
electrical scanner using phantoms, and a good agreement with the theory is described as being
obtained. Studies on clinical significance for normal and diseased hearts are described as having

successful results.

A 1986 Ultrasonic Imaging article entitled "Time domain formulation of pulse-doppler
ultrasound and blood velocity estimation by cross-correlation,” by O. Bonnefous et al., describes
that real-time blood flow imaging has become possible thanks to the development of a velocity
estimator based on phase-shift measurements of successive echoes, but that the method suffers
from well-known limitations of pulse-Doppler instruments. The article presents a new formulation
that describes the pulse-Doppler effect on the successive echoes from a cloud of moving targets as

a progressive translation in time due to the displacement of the scatterers between two excitations.

The approach is described in the article as allowing the efficient generation of computer-
simulated data in order to accurately evaluate various processing techniques. Furthermore, the
approach is described as leading to a novel class of velocity estimators in the time domain which
measure the time shifts which are proportional to the local blood velocity. A local cross-correlation
function is first calculated from a pair of range-gated echoes, and the time shift is then determined
by searching for the time position with the maximum correlation. The time-correlation technique
is described as providing accurate velocity profiles with broadband transducers. The article
describes that classical velocity limitations of pulse-Doppler are overcome because there is no

ambiguity in measuring a time shift instead of a phase shift.

The dissertation of Peter Munk, Ph.D., entitled "Estimation of blood velocity vectors using

ultrasound," Technical University of Denmark, 2000, describes additional ultrasound techniques.

A 1993 IEEE Transactions on Biomedical Engineering article, entitled "Implementation of
ultrasound time-domain cross-correlation blood velocity estimators,” by Jorgen Jensen, describes

the implementation of real-time blood velocity estimators using time-domain cross-correlation.
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An algorithm is presented for doing stationary echo canceling, cross-correlation estimation, and
subsequent velocity estimation. Sampled data acquired at rates of approximately 20 MHz are used
in the algorithm. The algorithm is analyzed with regard to the high sampling frequency, and a
method for performing real-time high-speed data movement and cross-correlation is suggested.
Implementation schemes based on using the sign of the data as well as the full precision are
proposed. From analysis of the process, the article concludes that the sign data implementation
can attain real-time processing. The article describes that real-time processing can be obtained for
the full precision data as well, but at the expense of using a number of dedicated signal processing
chips. Both implantations suggested are described as being able to handle the estimation of

velocities for A-lines acquired from multiple directions.

SUMMARY OF THE INVENTION

Methods are described and apparatus provided for assessing a characteristic, e.g.,
displacement amplitude, particle-velocity, or intensity, of an acoustic field, in accordance with
some applications of the present invention. A first acoustic transducer generates a first acoustic
field at a first frequency in a region of a medium, which generates oscillatory motion of scatterers
disposed within the medium in the region, each scatterer oscillating around a respective
equilibrium position. The oscillatory motion of these particles is known as the particle-velocity of
the acoustic field and the oscillations occur at the frequency of the first acoustic field. A second
acoustic transducer transmits successive pulses into the region and receives respective echoes of
each pulse scattering off an oscillating scatterer in the region. Each acoustic pulse has a center

frequency that is higher than the first frequency.

In accordance with some applications of the present invention, two pulses that are
synchronized with the first acoustic field are used to obtain a measurement of the displacement
amplitude of the oscillating scatterer. The time interval between the transmission of first and
second pulses is n+0.5 times the period of the first acoustic field, n being a positive integer that is
at least 5 and/or less than or equal to 1000, and the two pulses are synchronized with the first
acoustic field such that the first pulse scatters off the oscillating scatterer when the oscillating
scatterer is at a first displacement extremum, e.g., a maximum positive displacement, with respect
to the equilibrium position, and the second pulse scatters off the oscillating scatterer when the

oscillating scatterer is at a second displacement extremum that is opposite the first displacement
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extremum, e.g., a maximum negative displacement, with respect to the equilibrium position. Due
to the motion of the oscillating scatterer and the synchronization with the first acoustic field, the
displacement that the scatterer undergoes in the time interval between the two pulses is the
displacement amplitude of the scatterer. The respective echoes are received at different respective
times, each echo being measured from the time that its respective pulse was transmitted. A
computer processor is used to extract the time shift between the received echoes and, based on the

extracted time shift, calculate the displacement amplitude of the oscillating scatterer.

Alternatively, in accordance with some applications of the present invention, the acoustic
pulses are not synchronized with the first acoustic field, e.g., the acoustic pulses are not equally
spaced in time and/or are not transmitted at controlled time intervals. The second transducer may
transmit at least 5 acoustic pulses into the region, and receive respective echoes of each pulse
scattering off an oscillating scatterer. A computer processor is used to extract a series of time
shifts. Each time shift in this case may be between any two of the received echoes. A series of
displacements may be estimated based on the extracted time shifts, and statistical analysis may be

applied to derive the displacement amplitude of the oscillating scatterer.

In accordance with some applications of the present invention, apparatus is provided for
determining the location and size of a focal region of HIFU energy emitted at a first frequency into
a region in a medium. Location and size of the focal region can be determined by mapping the
displacement amplitude, or velocity amplitude of particles in the acoustic field generated by the
HIFU energy using acoustic pulses that are transmitted into the region, each pulse having a center
frequency that is higher than the first frequency. Imaging ultrasound may be used for guidance of
the focal region during treatment. A first acoustic transducer emits HIFU energy to generate a first
acoustic field in the region, generating oscillatory motion of scatterers in the region, and an
acoustic probe is used for generating imaging ultrasound. Either the acoustic probe or a second
transducer transmits two acoustic pulses that are synchronized with the first acoustic field as
described hereinabove, and receives respective echoes of the pulses scattering off an oscillating
scatterer in the region. A computer processor is used to (a) generate a real-time sonogram of the
medium, (b) extract a time shift between the received echoes, (c) based on the extracted time shift,
calculate a displacement amplitude of the first acoustic field in the region, and (d) generate a map

of displacement amplitudes on a portion of the sonogram corresponding to the region. The area
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within the region having the highest displacement amplitude corresponds to the area where the

intensity of the HIFU energy is the highest, i.e., the focal region of the HIFU energy.

There is therefore provided, in accordance with some applications of the present invention,
a method for assessing a characteristic of an acoustic field in a region of a medium, the method
including:

driving a first acoustic transducer to transmit a first acoustic field at a first frequency into
the region, the first acoustic field generating oscillatory motion at the first frequency of scatterers
disposed in the region, each scatterer oscillating around a respective equilibrium position;

driving a second acoustic transducer to:

(a) transmit first and second acoustic pulses into the region, each pulse having a
center frequency that is higher than the first frequency, and the time interval between the
pulses being n+0.5 times the period of the first acoustic field, n being a positive integer;
and

(b) receive respective echoes of each pulse scattering off an oscillating scatterer in
the region,

the first and second pulses being synchronized with the first acoustic field
such that the first pulse scatters off the oscillating scatterer when the oscillating
scatterer is at a first displacement extremum with respect to the equilibrium
position, and the second pulse scatters off the oscillating scatterer when the
oscillating scatterer is at a second displacement extremum that is opposite the first
displacement extremum with respect to the equilibrium position; and
using at least one computer processor:

(a) extracting a time shift between the received echoes that is due to motion of the
oscillating scatterer,

(b) based on the extracted time shift, calculating a displacement amplitude of the
oscillating scatterer, and

(c) driving an output device to output an indication of the displacement amplitude

of the oscillating scatterer.
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For some applications, driving the second acoustic transducer includes driving the second
acoustic transducer to transmit first and second acoustic pulses into the region, each pulse having

a center frequency that is 5 to 50 times higher than the first frequency.

For some applications, using at least one computer processor further includes:
deriving at least one parameter of the first acoustic field from the displacement amplitude
of the oscillating scatterer; and

driving the output device to output an indication of the parameter.

For some applications, deriving the at least one parameter of the first acoustic field
includes, based on the displacement amplitude, calculating a velocity amplitude of the oscillating

scatterer.

For some applications, deriving the at least one parameter of the first acoustic field
includes, based on the velocity amplitude, calculating an intensity of the first acoustic field at a

location of the oscillating scatterer.

For some applications, driving the second acoustic transducer includes driving the second
acoustic transducer to transmit the first and second acoustic pulses into the region, the time interval
between the pulses being n+0.5 times the period of the first acoustic field, n being a positive integer

greater than or equal to 5.

For some applications, driving the second acoustic transducer includes driving the second
acoustic transducer to transmit the first and second acoustic pulses into the region, the time interval
between the pulses being n+0.5 times the period of the first acoustic field, and n being a positive

integer less than or equal to 1000.

For some applications, driving the first acoustic transducer to transmit the first acoustic
field includes driving the first acoustic transducer to transmit high intensity focused ultrasound

(HIFU) energy at the first frequency into the region.

For some applications, driving the first acoustic transducer to transmit the HIFU energy
includes driving the first acoustic transducer to transmit the HIFU energy at the first frequency,

the first frequency being 0.1 - 5 MHz.

For some applications:

driving the second transducer includes driving the second transducer to:

6
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(a) transmit a plurality of pairs of first and second acoustic pulses into the region in
a plurality of respective directions, each pulse having a center frequency that is higher than
the first frequency, and the time interval between respective first and second pulses being
n+0.5 times the period of the first acoustic field, n being a positive integer, and
5 (b) receive respective echoes of each pulse scattering off a respective oscillating
scatterer in the region,
each pair of first and second pulses being synchronized with the first
acoustic field such that the first pulses scatter off the respective oscillating
scatterers when the oscillating scatterers are at respective first displacement
10 extrema with respect to respective equilibrium positions, and the second pulses
scatter off the respective oscillating scatterers when the oscillating scatterers are at
respective second displacement extrema that are opposite the respective first
displacement extrema with respect to the respective equilibrium positions; and
using at least one computer processor includes:
15 (a) extracting respective time shifts between respective pairs of received echoes
that are due to motion of the respective oscillating scatterers,
(b) based on the extracted time shifts, calculating respective displacement
amplitudes of the respective oscillating scatterers,
(c) driving an output device to output respective indications of the respective
20 displacement amplitudes of the respective oscillating scatterers, and
(d) generating a two-dimensional image of the respective displacement amplitudes

in the region.

For some applications, using at least one computer processor further includes:
based on the displacement amplitudes, calculating respective velocity amplitudes of the
25  respective oscillating scatterers;
driving an output device to output respective indications of the respective velocity
amplitudes of the respective oscillating scatterers; and

generating a two-dimensional image of the respective velocity amplitudes in the region.

For some applications, using at least one computer processor further includes:
30 based on the velocity amplitudes, calculating respective intensities of the first acoustic

field;



10

15

20

25

WO 2019/145945 PCT/IL2019/050089

driving an output device to output respective indications of the respective intensities; and
generating a two-dimensional image of the respective intensities of the first acoustic field

in the region.

There is further provided, in accordance with some applications of the present invention,
apparatus for assessing a characteristic of an acoustic field in a region of a medium, the apparatus
including:

a first acoustic transducer configured to transmit a first acoustic field at a first frequency
into the region, the first acoustic field generating oscillatory motion at the first frequency of
scatterers disposed in the region, each scatterer oscillating around a respective equilibrium
position;

a second acoustic transducer configured to:

(a) transmit first and second acoustic pulses into the region, each pulse having a
center frequency that is higher than the first frequency, and the time interval between the
pulses being n+0.5 times the period of the first acoustic field, n being a positive integer;
and

(b) receive respective echoes of each pulse scattering off an oscillating scatterer in
the region,

the first and second pulses being synchronized with the first acoustic field
such that the first pulse scatters off the oscillating scatterer when the oscillating
scatterer is at a first displacement extremum with respect to the equilibrium
position, and the second pulse scatters off the oscillating scatterer when the
oscillating scatterer is at a second displacement extremum that is opposite the first
displacement extremum with respect to the equilibrium position; and

a computer processor configured to:

(a) extract a time shift between the received echoes that is due to motion of the
oscillating scatterer,

(b) based on the extracted time shift, calculate a displacement amplitude of the
oscillating scatterer, and

(c) output an indication of the displacement amplitude of the oscillating scatterer.
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For some applications, the second acoustic transducer is configured to transmit the first
and second acoustic pulses into the region, each pulse having a center frequency that is 5 to 50

times higher than the first frequency.

For some applications, the computer processor is further configured to derive at least one
parameter of the first acoustic field from the displacement amplitude and output an indication of

the parameter.

For some applications, the at least one parameter is a velocity amplitude of the oscillating

scatterer.

For some applications, the computer processor is further configured to derive an intensity

of the acoustic field based on the velocity amplitude, and to output an indication of the intensity.

For some applications, the second acoustic transducer is configured to transmit the first
and second acoustic pulses into the region, the time interval between the pulses being n+0.5 times

the period of the first acoustic field, and n being a positive integer less than or equal to 1000.

For some applications, the second acoustic transducer is configured to transmit the first
and second acoustic pulses into the region, the time interval between the pulses being n+0.5 times

the period of the first acoustic field, and n being a positive integer greater than or equal to 5.

For some applications, the first acoustic transducer is configured to transmit the first
acoustic field into the region by transmitting high intensity focused ultrasound (HIFU) energy at

the first frequency into the region.

For some applications, the first acoustic transducer is configured to transmit the HIFU

energy at the first frequency, the first frequency being 0.1 - 5 MHz.

For some applications, the apparatus further includes a single housing to which the first
and second acoustic transducers are coupled, wherein the housing aligns the first acoustic field and
the pulses to be parallel or anti-parallel, i.e., the housing aligns the axis of the first acoustic field

and the direction of propagation of the pulses to be parallel or anti-parallel.

For some applications:
the second acoustic transducer is configured to:
(a) transmit a plurality of pairs of first and second acoustic pulses into the region in

a plurality of respective directions, each pulse having a center frequency that is higher than

9
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the first frequency, and the time interval between respective first and second pulses being
n+0.5 times the period of the first acoustic field, and

(b) receive respective echoes of each pulse scattering off a respective oscillating
scatterer in the region,

5 each pair of first and second pulses being synchronized with the first
acoustic field such that the first pulses scatter off the respective oscillating
scatterers when the oscillating scatterers are at respective first displacement
extrema with respect to respective equilibrium positions, and the second pulses
scatter off the respective oscillating scatterers when the oscillating scatterers are at

10 respective second displacement extrema that are opposite the respective first
displacement extrema with respect to the respective equilibrium positions; and
the computer processor is configured to:
(a) extract respective time shifts between respective pairs of received echoes that
are due to motion of the respective oscillating scatterers,
15 (b) based on the extracted time shifts, calculate respective displacement amplitudes
of the respective oscillating scatterers,
(c) output respective indications of the respective displacement amplitudes of the
respective oscillating scatterers, and
(d) generate a two-dimensional image of the respective displacement amplitudes in

20 the region.

For some applications, the computer processor is further configured to:
based on the displacement amplitudes, calculate respective velocity amplitudes of the
respective oscillating scatterers;
output respective indications of the respective velocity amplitudes of the respective
25  oscillating scatterers; and

generate a two-dimensional image of the respective velocity amplitudes in the region.

For some applications, the computer processor is further configured to:
based on the velocity amplitudes, calculate respective intensities of the first acoustic field;
output respective indications of the respective intensities; and

30 generate a two-dimensional image of the respective intensities of the first acoustic field in

the region.

10
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There is further provided, in accordance with some applications of the present invention, a
method for assessing a characteristic of an acoustic field in a region of a medium, the method
including:

driving a first acoustic transducer to transmit a first acoustic field at a first frequency into
the region, the first acoustic field generating oscillatory motion at the first frequency of scatterers
disposed in the region, each scatterer oscillating around a respective equilibrium position;

driving a second acoustic transducer to:

(a) transmit at least 5 acoustic pulses into the region, each pulse having a center
frequency that is higher than the first frequency, and

(b) receive respective echoes of each pulse scattering off an oscillating scatterer in
the region; and

using at least one computer processor:

(a) extracting a series of time shifts, each time shift being between any two of the
received echoes, that are due to motion of the oscillating scatterer,

(b) based on the extracted time shifts, estimating a series of respective
displacements of the oscillating scatterer,

(c) based on the calculated displacements, statistically deriving a displacement
amplitude of the oscillating scatterer, and

(d) driving an output device to output an indication of the displacement amplitude

of the oscillating scatterer.

For some applications, extracting a series of time shifts includes extracting a series of time

shifts wherein each time shift is between two successive received echoes.

For some applications, extracting a series of time shifts includes selecting two of the

received echoes between which is the largest time shift.

For some applications, driving the second acoustic transducer includes driving the second
acoustic transducer to transmit at least 5 acoustic pulses into the region, each pulse having a center

frequency that is 5 to 50 times higher than the first frequency.

For some applications, driving the second acoustic transducer includes driving the second

acoustic transducer to transmit less than 50 acoustic pulses into the region.
For some applications, using at least one computer processor further includes:

11
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deriving at least one parameter of the first acoustic field from the displacement amplitude
of the oscillating scatterer; and

driving the output device to output an indication of the parameter.

For some applications, deriving the at least one parameter of the first acoustic field
includes, based on the displacement amplitude, calculating a velocity amplitude of the oscillating

scatterer.

For some applications, deriving the at least one parameter of the first acoustic field
includes, based on the velocity amplitude, calculating an intensity of the first acoustic field at a

location of the oscillating scatterer.

For some applications, driving the first acoustic transducer to transmit the first acoustic
field includes driving a first acoustic transducer to transmit high intensity focused ultrasound

(HIFU) energy at the first frequency into the region.

For some applications, driving the first acoustic transducer to transmit the HIFU energy
includes driving the first acoustic transducer to transmit the HIFU energy at the first frequency,

the first frequency being 0.1 - 5 MHz.

There is further provided, in accordance with some applications of the present invention,
apparatus for assessing a characteristic of an acoustic field in a region of a medium, the apparatus
including:

a first acoustic transducer configured to transmit a first acoustic field at a first frequency
into the region, the first acoustic field generating oscillatory motion at the first frequency of
scatterers disposed in the region, each scatterer oscillating around a respective equilibrium
position;

a second acoustic transducer configured to:

(a) transmit at least 5 acoustic pulses into the region, each pulse having a center
frequency that is higher than the first frequency, and

(b) receive respective echoes of each pulse scattering off an oscillating scatterer in
the region; and

a computer processor configured to:

12



10

15

20

25

WO 2019/145945 PCT/IL2019/050089

(a) extract a series of time shifts, each time shift being between any two of the
received echoes, that are due to motion of the oscillating scatterer,

(b) based on the extracted time shifts, estimate a series of respective displacements
of the oscillating scatterer,

(c) based on the calculated displacements, statistically derive a displacement
amplitude of the oscillating scatterer, and

(d) output an indication of the displacement amplitude of the oscillating scatterer.

For some applications, the computer processor is configured to extract the series of time

shifts, wherein each time shift is between two successive received echoes.

For some applications, the second acoustic transducer is configured to transmit the first
and second acoustic pulses into the region, each pulse having a center frequency that is 5 to 50

times higher than the first frequency.

For some applications, the computer processor is further configured to derive at least one
parameter of the first acoustic field from the displacement amplitude and output an indication of

the parameter.

For some applications, the at least one parameter is a velocity amplitude of the oscillating

scatterer.

For some applications, the computer processor is further configured to derive an intensity

of the acoustic field based on the velocity amplitude, and to output an indication of the intensity.

For some applications, the first acoustic transducer is configured to transmit the first
acoustic field into the region by transmitting high intensity focused ultrasound (HIFU) energy at

the first frequency into the region.

For some applications, the first acoustic transducer is configured to transmit the HIFU

energy at the first frequency, the first frequency being 0.1 - 5 MHz.

For some applications, the apparatus further includes a single housing to which the first
and second acoustic transducers are coupled, wherein the housing aligns the first acoustic field and

the acoustic pulses to be parallel or anti-parallel.
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There is further provided, in accordance with some applications of the present invention,
apparatus for use with a focal region of high intensity focused ultrasound (HIFU) energy, the
apparatus including:

a first ultrasound transducer configured to transmit a first acoustic field by emitting the
HIFU energy into a region of a medium at a first frequency, the first acoustic field generating
oscillatory motion at the first frequency of scatterers disposed in the region, each scatterer
oscillating around a respective equilibrium position;

an acoustic probe,

wherein the acoustic probe is configured to emit pulse-echo ultrasound energy into
the medium at an imaging frequency, and

wherein an acoustic element selected from the group consisting of the first
ultrasound transducer, a second ultrasound transducer, and the acoustic probe is configured
to (1) transmit first and second acoustic pulses into the region, each pulse having a center
frequency that is higher than the first frequency, and the time interval between the pulses

being n+0.5 times the period of the first acoustic field, n being a positive integer, and (ii)

receive respective echoes of each pulse scattering off an oscillating scatterer in the region,

the first and second pulses being synchronized with the first acoustic field
such that the first pulse scatters off the oscillating scatterer when the oscillating
scatterer is at a first displacement extremum with respect to the equilibrium
position, and the second pulse scatters off the oscillating scatterer when the
oscillating scatterer is at a second displacement extremum that is opposite the first
displacement extremum with respect to the equilibrium position; and

a computer processor configured to (a) generate a real-time sonogram of the medium based
on reflections of the pulse-echo ultrasound energy that is transmitted by the acoustic probe, (b)
extract a time shift between the received echoes that is due to motion of the oscillating scatterer,
(c) based on the extracted time shift, calculate a displacement amplitude of the oscillating
scatterer, and (d) generate a map of displacement amplitudes on a portion of the sonogram

corresponding to the region.
For some applications, the acoustic element includes the second ultrasound transducer.

For some applications, the acoustic element includes the acoustic probe.
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For some applications, the acoustic element includes the first ultrasound transducer.
For some applications, the first frequency is 0.1 - 5 MHz.

For some applications, the center frequency of each pulse is at least 5 to 50 higher than the

first frequency.
For some applications, the imaging frequency is 1 - 50 MHz.

For some applications, the computer processor is further configured to (a) based on the
displacement amplitude, calculate a velocity amplitude of the first acoustic field in the region, and
(b) generate a map of velocity amplitudes on a portion of the sonogram corresponding to the

region.

For some applications, the computer processor is further configured to (a) based on the
velocity amplitude, calculate an intensity of the first acoustic field in the region, and (b) generate
a map of intensities of the first acoustic field on a portion of the sonogram corresponding to the

region.

For some applications, the medium is tissue of a body of a subject and wherein the first
ultrasound transducer is configured to cause a therapeutic effect in the tissue by emitting the HIFU

energy into the tissue.
For some applications, the oscillating scatterer is an inhomogeneity in the tissue.

For some applications, the first ultrasound transducer is configured to cause the therapeutic

effect in the tissue by heating the tissue.

For some applications, the computer processor is further configured to monitor a change
in a mechanical property of the tissue by monitoring a time variation of the displacement
amplitude; and

in response to the monitoring, terminating the first acoustic field when the mechanical

property of the tissue reaches a threshold value.

For some applications, the mechanical property of the tissue is mechanical impedance of
the tissue, and wherein the computer processor is configured to (a) monitor a change in the

mechanical impedance of the tissue by monitoring a time variation of the displacement amplitude,
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and (b) in response to the monitoring, terminate the first acoustic field when the mechanical

impedance of the tissue reaches a threshold value.

For some applications, the computer processor is configured to monitor the change in the

characteristic over a time period that is 1 - 120 seconds long.

For some applications:

the first ultrasound transducer is configured to operate in distinct calibration and therapy
modes to facilitate application of therapeutic HIFU energy to a target location, in each of the modes
emitting the HIFU energy with one or more differing respective parameters, and

the computer processor is configured to vary the one or more respective parameters such
that when the first ultrasound transducer operates in the therapeutic mode the HIFU energy causes
a therapeutic effect in the tissue whereas when the first ultrasound transducer is operating in the

calibration mode the HIFU energy does not cause a therapeutic effect in the tissue.

For some applications, the computer processor is configured to vary a duration of a HIFU-
pulse of the HIFU energy, such that when the first ultrasound transducer operates in the therapeutic
mode the duration of the HIFU-pulse is longer than the duration of the HIFU-pulse is when the

first ultrasound transducer operates in the calibration mode.

For some applications, the computer processor is configured to vary a duty-cycle of the
HIFU energy, such that when the first ultrasound transducer operates in the therapeutic mode the
duty-cycle is higher than the duty-cycle is when the first ultrasound transducer operates in the

calibration mode.

For some applications, the computer processor is configured to vary a power of the HIFU
energy, such that when the first ultrasound transducer operates in the therapeutic mode the power
of the HIFU energy is higher than the power of the HIFU energy is when the first ultrasound

transducer operates in the calibration mode.

For some applications, the computer processor is configured to monitor the tissue when the
first ultrasound transducer operates in the therapeutic mode and to vary the parameters of the

therapeutic mode according to the monitoring in order to alter an effect on the tissue.

For some applications, the apparatus includes a targeting unit configured to move the focal

region of the HIFU energy when the first ultrasound transducer operates in the calibration mode.
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For some applications, the targeting unit is configured such that manual movement of the
targeting unit moves the focal region of the HIFU energy within the medium by moving the first

ultrasound transducer with respect to the medium.

For some applications, the targeting unit includes (i) a first-transducer controller and (ii)
targeting circuitry configured to (a) obtain data corresponding to the focal region of the HIFU
energy on a map selected from the group consisting of: the map of displacement amplitudes, the
map of velocity amplitudes, and the map of intensities, (b) obtain data corresponding to a target
location in the medium, and (c) send an electric signal to the first-transducer controller, wherein
the first-transducer controller is configured to receive the electric signal and in response thereto

move the focal region of the HIFU energy toward the target location within the medium.

For some applications, the first-transducer controller is configured to (a) move the focal
region of the HIFU energy with respect to the first ultrasound transducer, and (b) change a size of
the focal region of the HIFU energy by applying phased-array control to the HIFU energy emitted

by the first ultrasound transducer.

For some applications, the first-transducer controller is configured to move the focal region

of the HIFU energy by moving the first ultrasound transducer with respect to the medium.

For some applications, the apparatus further includes a single housing to which the first
ultrasound transducer and the acoustic element are coupled, wherein the housing aligns the first

acoustic field and the acoustic pulses to be parallel or anti-parallel.

The present invention will be more fully understood from the following detailed

description of applications thereof, taken together with the drawings, in which:

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1A is a schematic illustration of a first acoustic transducer transmitting a first acoustic
field into a region, an oscillating scatterer in the region, and a second acoustic transducer
transmitting acoustic pulses toward the oscillating particle, in accordance with some applications

of the present invention;

Fig. 1B is a graph showing multiple A-lines on the x-axis and the time at which each

respective echo was received by the second transducer on the y-axis;
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Fig. 2 is a schematic illustration of synchronization between the acoustic pulses and the

first acoustic field, in accordance with some applications of the present invention;

Fig. 3A is a graph showing eight A-lines and with respective echoes shown on the A-lines,

in accordance with some applications of the present invention;

Fig. 3B is a graph showing measurements of signal values at a specific sample point along

successive A-lines, in accordance with some applications of the present invention;

Fig. 4 is a schematic illustration of a high intensity focused ultrasound (HIFU) transducer
and an acoustic probe both placed against skin of a subject, according to some applications of the

present invention; and

Fig. 5 is a schematic illustration of a HIFU transducer and an acoustic probe disposed on a

single unit, according to some applications of the present invention.
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DETAILED DESCRIPTION

An acoustic field propagating in a medium generates oscillatory motion of particles, or
scatterers, within the medium, a phenomenon known as the particle-velocity of the acoustic field.
The oscillations occur at the frequency of the acoustic field. The intensity of the acoustic field
relates to (a) pressure p and (b) particle-velocity u. In harmonic fields, with frequency f, particle-
velocity amplitude U is related to displacement amplitude D, as shown hereinbelow in Equation
8. Pressure and particle-velocity are related through the mechanical impedance of the medium, by
the equation Z = p/u. Therefore, assuming a medium of constant mechanical impedance Z, the
displacement amplitude and the velocity amplitude of the oscillating scatterers in a region of higher
intensity are higher than the displacement amplitude and velocity amplitude of the oscillating
scatterers are in a region of lower intensity, i.e., in regions with constant mechanical impedance Z,
the particle-velocity of the acoustic field is highest in the region of highest intensity within the

field.

Intensity of an acoustic field is the product of pressure p and particle-velocity u, as given

by the following equation:
I(t) = p(t) u(t), [Equation 1]

where 1 is the instantaneous intensity at some position in space, p is the pressure, and u is the

particle-velocity at that position.
The local complex mechanical impedance Z of the medium is defined by:
Z =plu, [Equation 2]

where p and u are the complex amplitudes of harmonic waves of pressure and particle-velocity
correspondingly, at a specific frequency. Mechanical impedance Z is a characteristic of the
medium, and it may be position-dependent and frequency-dependent. An illustrative example,

utilizing numbers that are close to those of therapeutic ultrasound, is as follows:
s 7 =15 MRayl,
e pressure amplitude p = 1.5 MPa, and therefore
s particle-velocity amplitude u = 1.5 [MPa] / 1.5 [MRayl.] = 1 [m/s].
The time-averaged intensity of the acoustic field can be written in the form:
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I1=p"2/ (2 7), [Equation 3]

providing intensity I in terms of pressure amplitude p. Equivalently, pressure p can be substituted

in Equation 3 by the product of impedance Z and particle-velocity u to derive
I1=7Zu"2/2, [Equation 4]
which gives intensity I in terms of particle-velocity u.

Particle-velocity u is a function of intensity I and impedance Z, as given by the following

equation:
u=sqrt(2 I/ Z), [Equation 5]
thus, for a given intensity I, changes in impedance Z will result in a change in particle-velocity u.

The position z(t) of the oscillating scatterer at a given point in time t may be written in the

form:
7(t) = z0 + D cos(2 pi f t + phi), [Equation 6]

where 70 is the equilibrium position of the scatterer, D is the displacement amplitude measured

from the equilibrium position, phi is phase, and f is the frequency of the acoustic field.
In harmonic fields, with frequency f, particle velocity u(t) may be written in the form:
u(t) = U sin (2 pi f t + phi2), [Equation 7]

where U is the particle-velocity amplitude U.

Particle velocity amplitude U is related to displacement amplitude D, as given by the

following equation:
U=2pifD. [Equation 8]

Reference is now made to Fig. 1A, which is a schematic illustration of first acoustic
transducer 20 transmitting a first acoustic field 22 into a region 24 of a medium 26, an oscillating
scatterer 28 in region 24, and a second acoustic transducer 30 transmitting a diagnostic field 23
into the region and transmitting acoustic pulses toward oscillating scatterer 28, in accordance with
some applications of the present invention. First acoustic transducer 20 and second acoustic
transducer 30 may be coupled to a single housing, such as housing 42 in Fig. 5, that aligns first

acoustic field 22 and the acoustic pulses to be parallel or anti-parallel, i.e., housing 42 aligns the
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axis of first acoustic field 22 and the direction of propagation of the acoustic pulses to be parallel
or anti-parallel. First acoustic transducer 20 transmits first acoustic field 22, e.g., by emitting high
intensity focused ultrasound (HIFU) energy, into region 24 at a first frequency fl, which is
typically at least 0.1 MHz and/or less than 5 MHz. First acoustic field 22 may be, for example, a
focused field with a focal point or focal volume positioned some distance in front of the transducer.
First acoustic field 22 generates oscillatory motion of scatterers, such as scatterer 28, disposed in
region 24. The oscillations of the scatterers is the particle-velocity of first acoustic field 22, and
is a fundamental characteristic of the acoustic field. The scatterers oscillate at first frequency fl,
each scatterer oscillating around a respective equilibrium position, such as equilibrium position z0

shown in Fig. 2.

For some applications, second acoustic transducer 30 generates A-lines by transmitting
acoustic pulses into region 24, such as first acoustic pulse 32 and second acoustic pulse 34 shown
in Fig. 2. First and second acoustic pulses 32 and 34 each have a center frequency f2 that is higher
than first frequency fl, e.g., at least 5 and/or less than 50 times higher than first frequency f1. The
time interval between successive A-lines, e.g., the time interval between first acoustic pulse 32
and second acoustic pulse 34, is n+0.5 times the period T1 of first acoustic field 22, where n is a
positive integer. Setting the time interval to be n+0.5 times period T1 means the scatterer will
perform exactly n+0.5 oscillations between the A-lines. If first acoustic pulse 32 and second
acoustic pulse 34 are synchronized with first acoustic field 22, as further described hereinbelow
with respect to Fig. 2, then each pulse will scatter off scatterer 28 when scatterer 28 is either at a
maximum negative position z- in its trajectory or at a maximum positive position z+ in its

trajectory.

Reference is now made to Fig. 1B, which is a graph showing multiple A-lines on the x-
axis and the time at which each respective echo was received by the second transducer on the y-
axis. Synchronization with first acoustic field 22, as further described hereinbelow with respect
to Fig. 2, enables receiving a first echo from first pulse 32 scattering off scatterer 28 at maximum
negative position z-, and a second echo from second pulse 34 scattering off scatterer 28 at
maximum positive position z+. By way of example, 8 A-lines are shown on the graph, with equal
time intervals Tprf between them, Tprf being equal to n+0.5 times period T1. Due to the
synchronization, echoes 35 from A-lines 1, 3, 5, and 7 are received from an acoustic pulse

scattering off scatterer 28 at z-, and echoes 33 from A-lines 2, 4, 6, and & are received from an
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acoustic pulse scattering off scatterer 28 at z+. The respective received echoes from each A-line
are plotted against time on the y-axis, representing the time at which each respective echo is
received, each time measured with respect to the time each respective pulse was transmitted. A
time shift dT between successive echoes emerges. The time scale of 1 - 100 microseconds is

shown as an arbitrary example.

Reference is now made to Fig. 2, which is a schematic illustration of synchronization
between the acoustic pulses and first acoustic field 22, in accordance with some applications of
the present invention. During the oscillations of each scatterer under influence of first acoustic
field 22, each scatterer reaches a maximum positive displacement z0+D from equilibrium position
z0 and a maximum negative displacement z0-D from equilibrium position z0. The total
displacement of each oscillating scatterer is therefore equal to 2D. The oscillations are consistent
in time and would appear as a continuous sine wave when displacement Z(t) is plotted against time
(t); however, for the purpose of clearly showing synchronization, as described hereinbelow, only

a few distinct periods of the oscillation appear in Fig. 2.

First pulse 32 and second pulse 34 may be synchronized with first acoustic field 22 such
that (a) first pulse 32 scatters off an oscillating scatterer, such as scatterer 28 in Fig. 1A, when
scatterer 28 is at a first displacement extremum 36, e.g., maximum positive displacement +D, with
respect to equilibrium position z0, and (b) second pulse scatters off scatterer 28 when scatterer 28
is at a second displacement extremum 38 that is opposite the first displacement extremum, e.g.,
maximum negative displacement -D, with respect to equilibrium position z0. Pulse 32’ represents
first acoustic pulse 32 scattering off scatterer 28 when scatterer 28 is located at first displacement
extremum 36. Pulse 34' represents second acoustic pulse 34 scattering off scatterer 28 when
scatterer 28 is located at second displacement extremum 38. Echo 33 is the echo received from

first acoustic pulse 32, and echo 35 is the echo received from second acoustic pulse 34.

Time interval Tprf between first and second acoustic pulses 32 and 34 is limited by a
desired penetration depth. Between each transmitted pulse there must be at least enough time for
the first transmitted pulse to reach the penetration depth, scatter off the scatterer, and for the echo
to be received. For example, Tprf is likely to be at least 100 microseconds, i.e., the A-lines are
pulsed at a PRF of less than 10 kHz, while first frequency f1 of first acoustic field 22 may be as

high as 5 MHz. Therefore scatterer 28 may exhibit hundreds of oscillations between each A-line.
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Synchronizing the pulses with first acoustic field 22, as described hereinabove, allows the scatterer
to perform n+0.5 oscillations while still ensuring that each echo is received from the scatterer when
it is at a displacement extremum. The synchronization includes (a) setting the time intervals Tprf
to be n+0.5 times period T1, as well as (b) synchronizing the pulses with the phase of oscillations
to ensure that after the n+0.5 oscillations the scatterer is at an extremum of its displacement and

not, for example, at equilibrium position z0.

The result is that between each pair of received echoes, scatterer 28 undergoes a total
displacement of 2D. Echo 33 is received at time tl after the transmission of first acoustic pulse
32, and echo 35 is received at time t2 after the transmission of second acoustic pulse 34. Time
shift dT is equal to t2-t1 and is related to displacement 2D of the scatterer. At least one computer
processor 29 is used to extract time shift dT between the received echoes and based on extracted
time shift dT, calculate displacement amplitude D of oscillating scatterer 28, which is related to
the local particle velocity (Equation 8), and therefore to the local intensity of first acoustic field 22
at the location of the oscillating scatterer (Equation 4). The location of oscillating scatterer 28
refers to a location in region 24 that includes the entire space over which the oscillating scatterer
is oscillating. Computer processor 29 outputs, or drives an output device such as output device 40

shown in Fig. 4 to output, an indication of the displacement amplitude D of oscillating scatterer

28.

Displacement D may be used to derive at least one parameter of first acoustic field 22, such
as velocity amplitude. Based on the displacement amplitude D, computer processor 29 may use
Equation 7 to calculate a velocity amplitude of oscillating scatterer 28. Knowing the mechanical
impedance of the medium, computer processor 29 may also use Equation 4 to calculate intensity
of first acoustic field 22 at the location of oscillating scatterer 28, or use Equation 2 to calculate
pressure of first acoustic field 22 at the location of oscillating scatterer 28. If a pressure amplitude
at the location of oscillating scatterer 28 is known, then computer processor 29 may use Equation
2 to calculate the mechanical impedance of the medium at the location of oscillating scatterer 28.
Computer processor 29 outputs, or drives an output device such as output device 40, to output
indications of the abovementioned parameters of first acoustic field 22, e.g., velocity amplitude,
intensity, and mechanical impedance in terms of root-mean-squared value, variance, maximum

value, peak-to-peak value, amplitude, and/or phase.
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For some applications, second acoustic transducer 30 transmits a plurality of pairs of first
and second acoustic pulses 32 and 34 in a plurality of respective directions in region 24, and
receives respective echoes of each pulse scattering off respective oscillating scatterers. Each pair
of pulses is synchronized with first acoustic field 22 as described hereinabove. Computer
processor 29 extracts respective time shifts dT between respective pairs of received echoes 33 and
35. Based on the extracted time shifts, computer processor 29 may calculate respective
displacement amplitudes D of the respective oscillating scatterers, and output, or drive an output
device to output, respective indications of the respective displacement amplitudes, and generate a

two-dimensional image, e.g., a map, of the respective displacement amplitudes in the region.

As described hereinabove, respective velocity amplitudes of the respective oscillating
scatterers may be calculated based on the respective displacement amplitudes, and respective
intensities of first acoustic field 22 in the region may be calculated based on the respective velocity
amplitudes. Computer processor 29 can output, or drive an output device to output, respective
indications of the velocity amplitudes and intensities, and generate respective two-dimensional
images, e.g., respective maps, of the respective velocity amplitudes in the region and the respective

intensities of first acoustic field 22 in the region.

For some applications, second acoustic transducer 30 may be, for example, a linear array
probe, a convex array probe, a phased array probe, or any other standard design for a diagnostic
probe that is configured for beam-forming and pulse-echo operation, including color-Doppler
imaging. Computer processor 29 is configured to work in pulse-echo mode and to perform beam
forming techniques in order to acquire the echo data from a specific location in medium 26.
Usually, the same array of piezoelectric elements is used for generating a sonogram and the
respective maps of first acoustic field 22: first, the sonogram is generated using pulse-echo
ultrasound at an imaging frequency, and then, the respective maps are generated as described
hereinabove. The sonogram provides guidance capabilities. For example, a target location 44,
e.g., a tumor, can be seen on the sonogram, and the focal region of first acoustic field 22 can be
seen on the map. When fused into one image, real-time feedback of the location of the focal region
with respect to target location 44 is provided. A targeting unit, such as is shown in Fig. 4 may be

used to move the focal region to target location 44.
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It is noted that apparatus may be sold including second acoustic transducer 30 and
computer processor 29 but not first acoustic transducer 20. Such apparatus would have all the
same properties as described above. In such a case, second acoustic transducer 30 together with
computer processor 29 may be used to assess a characteristic, e.g., displacement amplitude, or

particle-velocity, of an already-existing first acoustic field.

For some applications, displacement amplitude D of oscillating scatterer 28 may be
obtained without synchronization of the acoustic pulses with first acoustic field 22. Second
acoustic transducer 30 may transmit at least 5 acoustic pulses, e.g., less than 50 acoustic pulses,
into region 24. Each pulse has a center frequency that is at least 5 and/or less than 50 times higher
than first frequency f1 of first acoustic field 22. Respective echoes of each pulse scattering off an
oscillating scatterer, such as scatterer 28, are received by second acoustic transducer 30. Computer
processor 29 extracts a series of time shifts. Each individual time shift in the series does not have
to be between two successive echoes, rather each time shift can be between any two of the received
echoes. For example, if 5 echoes are received, then a total of 10 time shifts dT can be extracted,
e.g., between echoes | and 2,2 and 3,3 and4,4and 5, 1 and 3, l and 4, 1 and 5, 2 and 4, 2 and 5,
and 3 and 5. For some applications, computer processor 29 selects two of the received echoes

between which is the largest time shift.

A series of respective displacement amplitudes of scatterer 28 may be estimated based on
the extracted series of time shifts, and then statistical analysis is used to derive the displacement
amplitude of oscillating scatterer 28. Once the displacement amplitude is derived computer
processor 29 outputs, or drives an output device to output, an indication of the displacement
amplitude. As described hereinabove, once the displacement amplitude of the oscillation has been
obtained, the velocity amplitude of the oscillation, and intensity at the location of the scatterer may

be calculated, and respective maps of first acoustic field 22 generated.

Standard algorithms, such as autocorrelation for phase-detection as described in the
abovementioned Kasai reference, describe the calculation of an assumed constant flow velocity

from a derived phase shift, using the equation
v=cphi(T)/ (4 pifT),

which gives the parallel component of the velocity in terms of the phase phi(T) that is acquired

during the time T, where T is the time between successive A-Lines (Tprf), and f is the center
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frequency of the pulse. In the case of particle-velocity, however, velocity is not constant over the
time interval between successive A-lines. Therefore, in accordance with some applications of the

present invention, the displacement amplitude D is calculated using:
2D = ¢ phi(T) / (4 pi 1),

and the particle-velocity amplitude U is calculated using:
U=2pifl D=cphi(T)fl /(4 1),

where f1 is the frequency of the first acoustic field 22.

Similarly, cross-correlation algorithms, such as described in the above mentioned
Bonnefous reference, usually derive the time shift dT and use it to estimate an assumed constant

velocity by:
v=cdT/Q2T).
In the case of particle-velocity, the time shift is used to derive displacement amplitude D by:

D=cdT/2,
and the particle-velocity amplitude U by:

U=2pifl D.

Reference is now made to Figs. 3A, which is a graph showing 8 A-lines and with respective
echoes shown on the A-lines, and Fig. 3B, which is a graph showing the value of a received signal
Sk(n) for a specific sample point n across successive A-lines, where k is the index number of the
A-line, in accordance with some applications of the present invention. For example, a sample
point number 700 on the second A-line is written as S2(700), and the same sample point on the
third A-line is written as S3(700). The index n can have values of from O to N-1, where N is the
total number of sample points in the A-line. Fig. 3A shows 8 successive A-lines, all transmitted
from the same direction but at different times, with time interval Tprf between each pair of lines
being constant. By way of example, the length of each A-line is 100 microseconds and the
sampling frequency for each A-line is 100 MHz; therefore, there are 10 nanoseconds between
samples along each A-line and a total of 10,000 sample points on each A-line. An echo is detected
on each A-line from a single scatterer, such as scatterer 28, that exhibits oscillations in space. The
pulses are synchronized with first acoustic field 22, as described hereinabove, so that odd echoes

are received from the scatterer at maximum negative position z- and even echoes are received from
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the scatterer at maximum positive position z+. Accordingly, the respective times of the received
echoes alternate back and forth, with a time shift dT emerging that is related to the total
displacement 2D of oscillating scatterer 28. The dashed horizontal line N in Fig. 3A represents a
specific sample point number n=M across the successive A-lines, the value of M representing a
specific depth in medium 26. S1(M) is the sample point number M on the first A-line, and S2(M)
is the same sample point number M on the second A-line. The graph in Fig. 3B shows the variation
of the signal value of sample point number M over successive A-lines. As can be seen in Fig. 3A,
S1(M) is at a maximum on the echo el on the first A-line, and S2(M) is at a minimum on the echo
e2 on the second A-line. Correspondingly, as shown in Fig. 3B, signal value v1 of sample point
SI(M) is at a maximum value and signal value v2 of sample point S2(M) is at a minimum value.
Across the successive A-lines, the sampling point number M on the odd-numbered A-lines all have
approximately the same value, and the sampling point number M on the even-numbered A-lines
all have approximately the same value (that is different from the value on the odd-numbered A-
lines). An amplitude A of the variation of the signal from the same sample point across the
successive A-lines is related to displacement amplitude D of oscillating scatterer 28, and can be

written in the form:
A =2 sin[2 pi 2 (2D/c)], [Equation 9]

where f2 is the center frequency of the pulse, D is the displacement amplitude of the oscillating
scatterer, and c is the speed of sound in the medium. The variation is at a frequency of PRF/2, as

can be seen in Fig. 3B

Reference is now made to Fig. 4, which is a schematic illustration of a HIFU transducer
and an acoustic probe both placed against skin of a subject, according to some applications of the
present invention. Apparatus is provided for determining in real-time the location and size of a
focal region 46 of a beam of HIFU energy 48 within region 24 of medium 26. It is noted that
described hereinbelow is a method for locating focal region 46 in real-time without the use of
magnetic resonance imaging (MRI). (MRI is a more expensive way of achieving a corresponding
result.) An ultrasound transducer 50 generates first acoustic field 22 (such as is shown in Fig. 1)
into region 24 of medium 26 of a subject, by emitting HIFU energy 48 into region 24 at first
frequency f1. HIFU energy 48 generates oscillatory motion of scatterers within medium 26, e.g.,

tissue 52 of a subject, the scatterers oscillating at first frequency fl. Typically, ultrasound
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transducer 50 emits HIFU energy 48 at a frequency of at least 0.1 MHz and/or less than 5 MHz.
An acoustic probe 54 emits pulse-echo ultrasound energy 56 into medium 26 at an imaging
frequency, e.g., at a frequency of at least 1| MHz and/or less than 50 MHz. Ultrasonic A-lines,
such as A-line 55, comprising acoustic pulses, such as first acoustic pulse 32 and second acoustic
pulse 34 as described hereinabove, are transmitted into region 24 of medium 26 by either acoustic
probe 54, ultrasound transducer 50, or a second ultrasound transducer 58 (configuration not
shown). Each acoustic pulse has a center frequency f2 that is higher, e.g., at least 5 and/or less
than 50 times higher, than first frequency f1 of HIFU energy 48, and a time interval between the
pulses is n+0.5 times the period T1 of HIFU energy 48, n being a positive integer as described
hereinabove. (It is noted that all options that are described herein with respect to the second
acoustic field being transmitted by either ultrasound transducer 50, acoustic probe 54, or second
ultrasound transducer 58 are interchangeable.) The acoustic pulses are synchronized with HIFU
energy, as described hereinabove, and scatter off oscillating scatterers, such as scatterer 28, in
medium 26, resulting in respective echoes that are received by acoustic probe 54. (It is noted that
all options and features of the invention as described hereinabove with respect to the pulses not

being synchronized with first acoustic field 22 can be applied here as well.)

Computer processor 29 (a) generates a real-time sonogram 60 of medium 26 from
reflections of pulse-echo ultrasound energy 56, (b) extracts a time shift dT between the received
echoes, (c) based on the extracted time shift dT, calculates a displacement amplitude D of scatterer
28, and (d) generates a map 62 of displacement amplitudes on a portion 64 of sonogram 60 that
corresponds to region 24. As described hereinabove, velocity amplitudes and intensity may be

mapped as well.

Map 62 shows where the displacement amplitude or velocity amplitude of oscillating
scatterers in first acoustic field 22 is highest, thereby showing where the intensity of first acoustic
field 22 is highest, i.e., where focal region 46 is. Due to map 62 being overlaid on top of sonogram
60 of medium 26, focal region 46 can be seen with respect to region 24 in medium 26. Focal
region 46 can then be relocated, for example by using a targeting unit as described hereinbelow,
as appropriate so as to focus HIFU energy 48 on target location 66 within region 24 of medium

26.
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For some applications, medium 26 is tissue 52 of a subject 68 (Fig. 4). Ultrasound
transducer 50 causes a therapeutic effect in tissue 52 by emitting HIFU energy 48 into tissue 52.
For some applications, the therapeutic affect is caused by HIFU energy 48 heating tissue 52. Other,
non-thermal therapeutic effects can be caused by HIFU energy 48 as well, such as, for example,

cavitation, tissue liquefaction, cell necrosis, and cell apoptosis.

For some applications, computer processor 29 also monitors a change in a mechanical
property of tissue 52 by monitoring a time variation of displacement amplitude D over a time
period of at least 1 and/or less than 120 seconds. When the mechanical property of tissue 52 being
monitored reaches a threshold value, computer processor 29 terminates transmission of HIFU
energy 48. For example, due to exposure to HIFU energy 48 the mechanical impedance of tissue
52 changes. As the mechanical impedance of tissue 52 changes, displacement amplitude D of the
oscillating scatterer 28, e.g., an inhomogeneity in tissue 52, changes as well. When the mechanical
impedance of tissue 52 reaches a threshold value, computer processor 29 terminates transmission

of HIFU energy 48 into tissue 52.

In order to facilitate application of HIFU energy 48 to target location 66 in tissue 52,
ultrasound transducer 50 may operate in distinct calibration and therapy modes. In each of the
modes ultrasound transducer 50 emits HIFU energy 48 with one or more differing respective
parameters. Computer processor 29 varies the respective parameters of the calibration and
therapeutic modes such that when ultrasound transducer 50 operates in the therapeutic mode, HIFU
energy 48 causes a therapeutic effect in tissue 52, whereas when ultrasound transducer 50 operates
in the calibration mode, HIFU energy 48 does not cause a therapeutic effect in tissue 52. For
example, computer processor 29 may vary one or more parameters from the following set:

e aduration of a pulse of HIFU energy 48, such that when ultrasound transducer 50 operates
in the therapeutic mode the duration of the pulse is longer than the duration of the pulse
when ultrasound transducer 50 operates in the calibration mode,

e aduty-cycle of HIFU energy 48, such that when ultrasound transducer 50 operates in the
therapeutic mode the duty-cycle is higher than the duty-cycle is when ultrasound

transducer 50 operates in the calibration mode, and/or
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e the power of HIFU energy 48, such that when ultrasound transducer 50 operates in the
therapeutic mode the power of HIFU energy 48 is higher than the power of HIFU energy

48 when ultrasound transducer 50 operates in the calibration mode.

Operating ultrasound transducer 50 in calibration mode allows the displacement amplitude,
velocity amplitude, and/or intensity of first acoustic field 22 to be mapped and focal region 46
located while not causing any damage to tissue 52. The beam of HIFU energy 48 can then be
reoriented in order to relocate focal region 46, and/or the size of focal region 46 can be changed
such that target location 66 is inside focal region 46. Thus, focal region 46 can be monitored and
guided while ultrasound transducer 50 is in calibration mode, and once focal region 46 is in the
right location, ultrasound transducer 50 can be switched to therapeutic mode in order for HIFU
energy 48 to cause a therapeutic effect in tissue 52. For some applications, computer processor 29
monitors tissue 52 while ultrasound transducer 50 operates in therapeutic mode in order to monitor
how treatment is progressing. If appropriate, computer processor 29 may vary the abovementioned
parameters of ultrasound transducer 50 while ultrasound transducer 50 is operating in therapeutic

mode in order to alter an effect on tissue 52 during treatment.

A targeting unit 70 may be used to move focal region 46 of HIFU energy 48. For some
applications, targeting unit 70 is configured such that manual movement, e.g., by an operator of
ultrasound transducer 50, moves ultrasound transducer 50 with respect to medium 26, thereby

moving focal region 46 of HIFU energy 48 within medium 26.

Alternatively or additionally, targeting unit 70 may comprise a first-transducer controller
72 and targeting circuitry 74. Targeting circuitry 74 (a) obtains data corresponding to the location
of focal region 46 of HIFU energy 48 on map 62 of displacement amplitudes, velocity amplitudes,
or intensities, (b) obtains data corresponding to target location 66 in medium 26, and (c) sends an
electric signal to first-transducer controller 72. First-transducer controller 72 receives the electric
signal and in response thereto moves focal region 46 of HIFU energy 48 toward target location 66
within medium 26. For example, first-transducer controller 72 may move focal region 46 and/or
change a size of focal region 46 by (a) applying phased-array control to HIFU energy 48, or (b) by
moving ultrasound transducer 50 with respect to medium 26, e.g., by using a robotic arm 76 and
gears to move ultrasound transducer 50 with respect to medium 26. For some applications,

targeting circuitry 74 may (a) obtain the data corresponding to the location of focal region 46 and

30



10

15

20

25

WO 2019/145945 PCT/IL2019/050089

target location 66 directly from computer processor 29, thereby providing closed loop control of
the treatment, i.e., computer processor 29 sends data corresponding to the relative positions of
focal region 46 and target location 66 to targeting unit 70, via targeting circuitry 74, and targeting

unit 70 responds accordingly to bring focal region 46 to target location 66.

Alternatively or additionally, targeting circuitry 74 may (a) obtain real-time data from
computer processor 29 corresponding to a size of focal region 46 and (b) send the data to first-
transducer controller 72, such that first-transducer controller 72 may change a size of focal region
46 in order to focus or defocus HIFU energy 48. For example, the size of focal region 46 may be
(a) decreased in order to increase the intensity of HIFU energy 48 in focal region 46, or (b)

increased in order to decrease the intensity of HIFU energy 48 in focal region 46.

Reference is now made to Fig. 5, which is a schematic illustration of a HIFU transducer
and an acoustic probe disposed on a single unit, according to some applications of the present
invention. First acoustic transducer 20 may be shaped to have a central hole, and second acoustic
transducer 30 positioned behind or inside first transducer 20, such that first acoustic field 22 and
the diagnostic acoustic pulses are aligned, i.e., such that the axis of first acoustic field 22 and the
direction of propagation of the diagnostic acoustic pulses are aligned. For example, Sonic-

Concepts H184-002, as well as other models, have a central hole of diameter of about 40 mm.

Applications of the invention described herein can take the form of a computer program
product accessible from a computer-usable or computer-readable medium (e.g., a non-transitory
computer-readable medium) providing program code for use by or in connection with a computer
or any instruction execution system, such as computer processor 29. For the purpose of this
description, a computer-usable or computer readable medium can be any apparatus that can
comprise, store, communicate, propagate, or transport the program for use by or in connection
with the instruction execution system, apparatus, or device. The medium can be an electronic,
magnetic, optical, electromagnetic, infrared, or semiconductor system (or apparatus or device) or
a propagation medium. Typically, the computer-usable or computer readable medium is a non-

transitory computer-usable or computer readable medium.

Examples of a computer-readable medium include a semiconductor or solid-state memory,

magnetic tape, a removable computer diskette, a random-access memory (RAM), a read-only
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memory (ROM), a rigid magnetic disk and an optical disk. Current examples of optical disks
include compact disk-read only memory (CD-ROM), compact disk-read/write (CD-R/W) and

DVD. For some applications, cloud storage, and/or storage in a remote server is used.

A data processing system suitable for storing and/or executing program code will include
at least one processor (e.g., computer processor 29) coupled directly or indirectly to memory
elements through a system bus. The memory elements can include local memory employed during
actual execution of the program code, bulk storage, and cache memories which provide temporary
storage of at least some program code in order to reduce the number of times code must be retrieved
from bulk storage during execution. The system can read the inventive instructions on the program
storage devices and follow these instructions to execute the methodology of the embodiments of

the invention.

Network adapters may be coupled to the processor to enable the processor to become
coupled to other processors or remote printers or storage devices through intervening private or
public networks. Modems, cable modem and Ethernet cards are just a few of the currently

available types of network adapters.

Computer program code for carrying out operations of applications of the present invention
may be written in any combination of one or more programming languages, including an object-
oriented programming language such as Java, Smalltalk, C++ or the like and conventional
procedural programming languages, such as the C programming language or similar programming

languages.

It will be understood that the methods described herein can be implemented by computer
program instructions. These computer program instructions may be provided to a processor of a
general-purpose computer, special purpose computer, or other programmable data processing
apparatus to produce a machine, such that the instructions, which execute via the processor of the
computer (e.g., computer processor 29) or other programmable data processing apparatus, create
means for implementing the functions/acts specified in the methods described in the present
application. These computer program instructions may also be stored in a computer-readable
medium (e.g., a non-transitory computer-readable medium) that can direct a computer or other

programmable data processing apparatus to function in a particular manner, such that the
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instructions stored in the computer-readable medium produce an article of manufacture including
instruction means which implement the function/act specified in the methods described in the
present application. The computer program instructions may also be loaded onto a computer or
other programmable data processing apparatus to cause a series of operational steps to be
performed on the computer or other programmable apparatus to produce a computer implemented
process such that the instructions which execute on the computer or other programmable apparatus
provide processes for implementing the functions/acts specified in the methods described in the

present application.

Computer processor 29 is typically a hardware device programmed with computer program
instructions to produce a special purpose computer. For example, when programmed to perform
the methods described herein, the computer processor typically acts as a special purpose computer
processor. Typically, the operations described herein that are performed by computer processors
transform the physical state of a memory, which is a real physical article, to have a different
magnetic polarity, electrical charge, or the like depending on the technology of the memory that is

used.

Techniques and apparatus described herein may be combined with techniques and
apparatus described in US 62/363,295 to Ben-Ezra, filed July 17, 2016, entitled, "Doppler guided
ultrasound therapy,” and PCT/IL2017/050799 to Ben-Ezra, filed July 13, 2017, which published
as WO 2018/015944 to Ben-Ezra, entitled, "Doppler guided ultrasound therapy," which are both

incorporated herein by reference.

It will be appreciated by persons skilled in the art that the present invention is not limited
to what has been particularly shown and described hereinabove. Rather, the scope of the present
invention includes both combinations and subcombinations of the various features described
hereinabove, as well as variations and modifications thereof that are not in the prior art, which

would occur to persons skilled in the art upon reading the foregoing description.
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CLAIMS

L. A method for assessing a characteristic of an acoustic field in a region of a medium, the
method comprising:
driving a first acoustic transducer to transmit a first acoustic field at a first frequency into
the region, the first acoustic field generating oscillatory motion at the first frequency of scatterers
disposed in the region, each scatterer oscillating around a respective equilibrium position;
driving a second acoustic transducer to:

(a) transmit first and second acoustic pulses into the region, each pulse having a
center frequency that is higher than the first frequency, and the time interval between the
pulses being n+0.5 times the period of the first acoustic field, n being a positive integer,
and

(b) receive respective echoes of each pulse scattering off an oscillating scatterer in
the region,

the first and second pulses being synchronized with the first acoustic field
such that the first pulse scatters off the oscillating scatterer when the oscillating
scatterer is at a first displacement extremum with respect to the equilibrium
position, and the second pulse scatters off the oscillating scatterer when the
oscillating scatterer is at a second displacement extremum that is opposite the first
displacement extremum with respect to the equilibrium position; and
using at least one computer processor:

(a) extracting a time shift between the received echoes that is due to motion of the
oscillating scatterer,

(b) based on the extracted time shift, calculating a displacement amplitude of the
oscillating scatterer, and

(c) driving an output device to output an indication of the displacement amplitude

of the oscillating scatterer.

2. The method according to claim 1, wherein driving the second acoustic transducer
comprises driving the second acoustic transducer to transmit first and second acoustic pulses into

the region, each pulse having a center frequency thatis 5 to 50 times higher than the first frequency.
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3. The method according to claim 1, wherein using at least one computer processor further
comprises:

deriving at least one parameter of the first acoustic field from the displacement amplitude
of the oscillating scatterer; and

driving the output device to output an indication of the parameter.

4. The method according to claim 3, wherein deriving the at least one parameter of the first
acoustic field comprises, based on the displacement amplitude, calculating a velocity amplitude of

the oscillating scatterer.

5. The method according to claim 4, wherein deriving the at least one parameter of the first
acoustic field comprises, based on the velocity amplitude, calculating an intensity of the first

acoustic field at a location of the oscillating scatterer.

6. The method according to any one of claims 1-5, wherein driving the second acoustic
transducer comprises driving the second acoustic transducer to transmit the first and second
acoustic pulses into the region, the time interval between the pulses being n+0.5 times the period

of the first acoustic field, n being a positive integer greater than or equal to 5.

1. The method according to any one of claims 1-5, wherein driving the second acoustic
transducer comprises driving the second acoustic transducer to transmit the first and second
acoustic pulses into the region, the time interval between the pulses being n+0.5 times the period

of the first acoustic field, and n being a positive integer less than or equal to 1000.

8. The method according to any one of claims 1-5, wherein driving the first acoustic
transducer to transmit the first acoustic field comprises driving the first acoustic transducer to

transmit high intensity focused ultrasound (HIFU) energy at the first frequency into the region.

9. The method according to claim 8, wherein driving the first acoustic transducer to transmit
the HIFU energy comprises driving the first acoustic transducer to transmit the HIFU energy at

the first frequency, the first frequency being 0.1 - 5 MHz.

10. The method according to any one of claims 1-5, wherein:
driving the second transducer comprises driving the second transducer to:
(a) transmit a plurality of pairs of first and second acoustic pulses into the region in

a plurality of respective directions, each pulse having a center frequency that is higher than
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the first frequency, and the time interval between respective first and second pulses being
n+0.5 times the period of the first acoustic field, n being a positive integer, and

(b) receive respective echoes of each pulse scattering off a respective oscillating
scatterer in the region,

each pair of first and second pulses being synchronized with the first

acoustic field such that the first pulses scatter off the respective oscillating

scatterers when the oscillating scatterers are at respective first displacement

extrema with respect to respective equilibrium positions, and the second pulses

scatter off the respective oscillating scatterers when the oscillating scatterers are at

respective second displacement extrema that are opposite the respective first

displacement extrema with respect to the respective equilibrium positions; and
using at least one computer processor comprises:

(a) extracting respective time shifts between respective pairs of received echoes
that are due to motion of the respective oscillating scatterers,

(b) based on the extracted time shifts, calculating respective displacement
amplitudes of the respective oscillating scatterers,

(c) driving an output device to output respective indications of the respective
displacement amplitudes of the respective oscillating scatterers, and

(d) generating a two-dimensional image of the respective displacement amplitudes

in the region.

I1. The method according to claim 10, wherein using at least one computer processor further
comprises:

based on the displacement amplitudes, calculating respective velocity amplitudes of the
respective oscillating scatterers;

driving an output device to output respective indications of the respective velocity
amplitudes of the respective oscillating scatterers; and

generating a two-dimensional image of the respective velocity amplitudes in the region.

12. The method according to claim 11, wherein using at least one computer processor further
comprises:
based on the velocity amplitudes, calculating respective intensities of the first acoustic

field;
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driving an output device to output respective indications of the respective intensities; and
generating a two-dimensional image of the respective intensities of the first acoustic field

in the region.

13. Apparatus for use with a focal region of high intensity focused ultrasound (HIFU) energy,
the apparatus comprising:
a first ultrasound transducer configured to transmit a first acoustic field by emitting the
HIFU energy into a region of a medium at a first frequency, the first acoustic field generating
oscillatory motion at the first frequency of scatterers disposed in the region, each scatterer
oscillating around a respective equilibrium position;
an acoustic probe,
wherein the acoustic probe is configured to emit pulse-echo ultrasound energy into
the medium at an imaging frequency, and
wherein an acoustic element selected from the group consisting of the first
ultrasound transducer, a second ultrasound transducer, and the acoustic probe is configured
to (1) transmit first and second acoustic pulses into the region, each pulse having a center
frequency that is higher than the first frequency, and the time interval between the pulses
being n+0.5 times the period of the first acoustic field, n being a positive integer, and (ii)
receive respective echoes of each pulse scattering off an oscillating scatterer in the region,
the first and second pulses being synchronized with the first acoustic field
such that the first pulse scatters off the oscillating scatterer when the oscillating
scatterer is at a first displacement extremum with respect to the equilibrium
position, and the second pulse scatters off the oscillating scatterer when the
oscillating scatterer is at a second displacement extremum that is opposite the first
displacement extremum with respect to the equilibrium position; and
a computer processor configured to (a) generate a real-time sonogram of the medium based
on reflections of the pulse-echo ultrasound energy that is transmitted by the acoustic probe, (b)
extract a time shift between the received echoes that is due to motion of the oscillating scatterer,
(c) based on the extracted time shift, calculate a displacement amplitude of the oscillating
scatterer, and (d) generate a map of displacement amplitudes on a portion of the sonogram

corresponding to the region.
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14. The apparatus according to claim 13, wherein the acoustic element comprises the second

ultrasound transducer.

15. The apparatus according to claim 13, wherein the acoustic element comprises the acoustic
probe.
16. The apparatus according to claim 13, wherein the acoustic element comprises the first

ultrasound transducer.
17. The apparatus according to claim 13, wherein the first frequency is 0.1 - 5 MHz.

18. The apparatus according to claim 13, wherein the center frequency of each pulse is at least

5 to 50 higher than the first frequency.
19. The apparatus according to claim 13, wherein the imaging frequency is 1 - 50 MHz.

20. The apparatus according to any one of claims 13-19, wherein the computer processor is
further configured to (a) based on the displacement amplitude, calculate a velocity amplitude of
the first acoustic field in the region, and (b) generate a map of velocity amplitudes on a portion of

the sonogram corresponding to the region.

21. The apparatus according to claim 20, wherein the computer processor is further configured
to (a) based on the velocity amplitude, calculate an intensity of the first acoustic field in the region,
and (b) generate a map of intensities of the first acoustic field on a portion of the sonogram

corresponding to the region.

22. The apparatus according to claim 21, wherein the medium is tissue of a body of a subject
and wherein the first ultrasound transducer is configured to cause a therapeutic effect in the tissue

by emitting the HIFU energy into the tissue.

23. The apparatus according to claim 22, wherein the oscillating scatterer is an inhomogeneity

in the tissue.

24. The apparatus according to claim 22, wherein the first ultrasound transducer is configured

to cause the therapeutic effect in the tissue by heating the tissue.

25. The apparatus according to claim 22, wherein the computer processor is further configured
to monitor a change in a mechanical property of the tissue by monitoring a time variation of the

displacement amplitude; and
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in response to the monitoring, terminating the first acoustic field when the mechanical

property of the tissue reaches a threshold value.

26. The apparatus according to claim 25, wherein the mechanical property of the tissue is
mechanical impedance of the tissue, and wherein the computer processor is configured to (a)
monitor a change in the mechanical impedance of the tissue by monitoring a time variation of the
displacement amplitude, and (b) in response to the monitoring, terminate the first acoustic field

when the mechanical impedance of the tissue reaches a threshold value.

27. The apparatus according to claim 25, wherein the computer processor is configured to

monitor the change in the characteristic over a time period that is 1 - 120 seconds long.

28. The apparatus according to claim 22, wherein:

the first ultrasound transducer is configured to operate in distinct calibration and therapy
modes to facilitate application of therapeutic HIFU energy to a target location, in each of the modes
emitting the HIFU energy with one or more differing respective parameters, and

the computer processor is configured to vary the one or more respective parameters such
that when the first ultrasound transducer operates in the therapeutic mode the HIFU energy causes
a therapeutic effect in the tissue whereas when the first ultrasound transducer is operating in the

calibration mode the HIFU energy does not cause a therapeutic effect in the tissue.

29. The apparatus according to claim 28, wherein the computer processor is configured to vary
a duration of a HIFU-pulse of the HIFU energy, such that when the first ultrasound transducer
operates in the therapeutic mode the duration of the HIFU-pulse is longer than the duration of the

HIFU-pulse is when the first ultrasound transducer operates in the calibration mode.

30. The apparatus according to claim 28, wherein the computer processor is configured to vary
a duty-cycle of the HIFU energy, such that when the first ultrasound transducer operates in the
therapeutic mode the duty-cycle is higher than the duty-cycle is when the first ultrasound

transducer operates in the calibration mode.

31. The apparatus according to claim 28, wherein the computer processor is configured to vary
a power of the HIFU energy, such that when the first ultrasound transducer operates in the
therapeutic mode the power of the HIFU energy is higher than the power of the HIFU energy is

when the first ultrasound transducer operates in the calibration mode.
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32. The apparatus according to claim 28, wherein the computer processor is configured to
monitor the tissue when the first ultrasound transducer operates in the therapeutic mode and to
vary the parameters of the therapeutic mode according to the monitoring in order to alter an effect

on the tissue.

33. The apparatus according to claim 28, wherein the apparatus comprises a targeting unit
configured to move the focal region of the HIFU energy when the first ultrasound transducer

operates in the calibration mode.

34. The apparatus according to claim 33, wherein the targeting unit is configured such that
manual movement of the targeting unit moves the focal region of the HIFU energy within the

medium by moving the first ultrasound transducer with respect to the medium.

35. The apparatus according to claim 33, wherein the targeting unit comprises (i) a first-
transducer controller and (ii) targeting circuitry configured to (a) obtain data corresponding to the
focal region of the HIFU energy on a map selected from the group consisting of: the map of
displacement amplitudes, the map of velocity amplitudes, and the map of intensities, (b) obtain
data corresponding to a target location in the medium, and (c) send an electric signal to the first-
transducer controller, wherein the first-transducer controller is configured to receive the electric
signal and in response thereto move the focal region of the HIFU energy toward the target location

within the medium.

36. The apparatus according to claim 35, wherein the first-transducer controller is configured
to (a) move the focal region of the HIFU energy with respect to the first ultrasound transducer, and
(b) change a size of the focal region of the HIFU energy by applying phased-array control to the

HIFU energy emitted by the first ultrasound transducer.

37. The apparatus according to claim 35, wherein the first-transducer controller is configured
to move the focal region of the HIFU energy by moving the first ultrasound transducer with respect

to the medium.

38. The apparatus according to any one of claims 13-19, further comprising a single housing
to which the first ultrasound transducer and the acoustic element are coupled, wherein the housing

aligns the first acoustic field and the acoustic pulses to be parallel or anti-parallel.



PCT/IL2019/050089

WO 2019/145945

gl

"Old

g , Ddi]seun-v -

a¢

00l

[0a5n] swi|

0z

A

A\J d0SS300dd

0¢

6¢ | ¥3LNdNOI

0¢




PCT/IL2019/050089

WO 2019/145945

2/5

1} o
T A - jd]. =)
)= .,_> 4 { f——Hr—s ¢ 4
) )
G¢ ¢e
} = 4 é@ln g 4 — 4
1
Ve A
} = 4 4 <>< {6 4 4 <>< 4
wmf AR7S TAYAS
S O -0z
} = 4 / / g n\/ g I a\/ +oN
< - K ||||| ﬂ |||||ﬂ||*| A |IID+ON
az e
g¢

(1)z



PCT/IL2019/050089

WO 2019/145945

3/5

g4¢ "Old

[30A]

g , [Hdl]seun-v 5

ve "Old

£

(W)es

(W)IS

00l

et
[-0agn] awi)




WO 2019/145945 PCT/IL2019/050089

FIG. 4




PCT/IL2019/050089

WO 2019/145945

5/5

9.

N\

\NN\N\N\s
S~

~

S

A4

9G°¢cC V&




INTERNATIONAL SEARCH REPORT

International application No.
PCT/IL 19/50089

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - A61B 8/00, A61N 5/00 (2019.01)
CPC

- A61B 8/14, A61B 8/48, A61B 8/488, A61B 8/52, A61B 8/4477, A61N 2007/0039, AG1B 8/4488,
AB1N 2007/0073, A61N 2007/0078, A61N 2007/0052

According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

See Search History Document

Minimum documentation searched (classification system followed by classification symbols)

See Search History Document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

See Search History Document

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category*

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

A US 5,086,775 A (PARKER et al.) 11 February 1992 (11.02.1992), col 4, In 22-24, 34, col 5, In 1-38
47-49; col 6, In 26-29; col 6, In 44-47, 50-58; col 11, In 38-41; col 11, In 46-64; col 8, In 65-66,
col 5, In 53-56

A US 2004/0267129 A1 (ANGELSEN et al.) 30 December 2004 (30.12.2004), abstract 1-38

A US 2016/0262727 A1 (THE UNIVERSITY OF NORTH CAROLINA AT CHAPEL HILL et al.) 1-38
15 September 2016 (15.09.2016), para [0003], [0025]

A US 6,485,423 B2 (ANGELSEN et al.) 26 November 2002 (26.11.2002), entire document 1-38
US 2010/0286514 A1 (LEIGHTON et al.) 11 November 2010 (11.11.2010), entire document 1-38

A US 2007/0276245 A1 (KONOFAGOU) 29 November 2007 (29.11.2007), entire document 1-38

|:] Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents:

“A”  document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“0” document referring to an oral disclosure, use, exhibition or other
means

“P”  document published prior to the international filing date but later than

the priority date claimed

“T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying tge invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

29 May 2019

Date of mailing of the international search report

18JUN 2019

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

Authorized officer:
Lee W. Young

PCT Helpdesk: §71-272-4300
PCT OSP: 571-272-7774

Form PCT/ISA/210 (second sheet) (January 2015)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - claims
	Page 37 - claims
	Page 38 - claims
	Page 39 - claims
	Page 40 - claims
	Page 41 - claims
	Page 42 - claims
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - wo-search-report

