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Description
Title: Self-positioning acoustic lens
Technical Field

[1] The present disclosure relates to a self-positioning acoustic lens configured to obtaining a
predetermined field of ultrasonic waves in a substantially homogeneous medium masked by a
bony structure, and production methods for implementing such self-positioning acoustic lens for

these purposes.
Background Art

[2] Nowadays, the interest to use ultrasound waves in the medical field no longer needs to be

proven.

[3] Generally, ultrasound may be generated from a probe comprising one or a plurality of
transducers able to generate individually ultrasound waves. Such ultrasound waves may be
transmitted toward a medium in order to generate in response backscattered signals, which may

be acquired and used to generate a 3D ultrasound image for instance.

[4] Another use of such ultrasound wave may be in applications for therapeutic purposes for
instance. Indeed, such ultrasound waves may be focused towards an organ (e.g. brain or heart,
liver, etc.) in order to treat a specific zone of the organ. For instance, in the case of the brain, this
specific zone to treat may be relative to a disease such as Essential tremor or Glioblastoma or
Depression. The focusing may be performed in different ways. For instance, when using a plurality
of transducers, the focusing may be performed by adjusting the delay on each transmitted
ultrasound wave in order to obtain a focal spot at the targeted area. When using only one
transducer or few transducers (less than 128 transducers for instance), the focal spot of the
ultrasound waves depends on the shape of the ultrasound probe or the shape of the ultrasound
transducers (typically the active surface is distributed on a spherical surface). The main
advantage to use only one transducer or few transducers (less than 128 transducers for instance)
may be the cost reduction and the simplification of the system used to perform the insonification
of the medium compared to an equipment doing the same but with a plurality of transducers
(superior to 100). However, the inconvenient, when using only one transducer or few transducers
for focusing the ultrasound waves, may be the deformation of the focal spot in the area to treat in
the medium. Such deformation may happen when the ultrasound waves have to cross a barrier
such as bones before reaching the area to treat in the medium. The document W0O2017001781A1
describes a method for designing and fabricating an ultrasound lens suitable to focus ultrasound
waves in a medium as a brain (i.e. located behind the skull bone barrier) while limiting the

deformation of the focal spot.



WO 2023/222635 PCT/EP2023/063032
-

[5] Besides, when focusing ultrasound wave towards a specific zone of the medium as a specific
zone of a brain for instance, it is usually mandatory to use a navigation system allowing to know,
in real-time, the position of the ultrasound probe in regard to the surface of the medium. Without
such navigation system, the focus could be located in a wrong zone of the brain and damage
healthy tissues. For example, a Magnetic Resonance Imaging (MRI) system can be used to locate
the transducer and guide the treatment [Elias, W. Jeffrey, et al. "A randomized trial of focused
ultrasound thalamotomy for essential tremor." New England Journal of Medicine 375.8 (2016):
730-739.]. Nevertheless, such systems are expensive, and the treatment must be performed
inside the MRI system. One way to decrease the cost of a navigated treatment is to use a
neuronavigation system taking advantage of an optical or a magnetic position tracking system.
Neuronavigation systems present, however, several drawbacks. One of the main drawback is the
need to pre-configure such a system each time a patient needs to be treated. Indeed, before
using a neuronavigation system with a patient, the system has to be configured by providing one
or several images of the head of the patient in order to get a referential of the brain (or brain
cavity) as well as a referential of the surface of the skull. The images may be performed by using,
for instance, Magnetic Resonance Imaging, or CT Scan or Ultrasound Imaging. Then reference
tools need to be used to locate anatomical landmarks (for example by pointing the nose bridge,
or the left and right tragus, or by palping the skin surface) and register the patient head. This pre-
configuration has to be carried out at the beginning of each treatment for every patient, which
may represent a lost of time for the clinicians. Moreover, neuronavigation systems have a
significant cost and not all the clinical departments possess such systems. Besides, medical office
and home use of focused ultrasound would benefit from avoiding the use of a neuronavigation

system.

[6] Therefore, there is a need to allow the focus of ultrasound waves in a specific zone of a human

brain without requiring the use of a neuronavigation system.
Summary

[7] To this end, the present disclosure proposes a self-positioning acoustic lens comprising a front
surface and back surface, said back surface being opposed to the front surface, said self-
positioning acoustic lens being adapted for transmitting an ultrasound wave into a medium
comprising at least one aberrating barrier and a substantially homogeneous internal part masked
by said aberrating barrier , said ultrasound wave being generated by an ultrasound probe located

outside of the medium and said back surface facing the emission surface of the ultrasound probe,

wherein the self-positioning acoustic lens being configured to, when the self-positioning acoustic
lens is interposed between the ultrasound probe and the aberrating barrier and when the

ultrasound probe transmits a predetermined ultrasonic wave, generate a predetermined objective
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ultrasonic wave field in at least one predetermined area belonging to said internal part despite the

presence of the aberrating barrier,

and wherein the front surface may be constrained and may be adapted to match the outer surface
of the medium, said outer surface of the medium not being perfectly spherical, and wherein the
back surface may be spaced from the front surface according to a specific acoustic lens thickness

in order to create the said predetermined objective ultrasonic wave field.

[8] By self-positioning acoustic lens, it is understood that the acoustic lens may be configured to
be placed at only one correct possible position on the surface of the medium. The front surface
may be constrained and may be adapted to match the outer surface of the medium in order to be
self-positioned on the outer surface of the medium. The front surface of the self-positioning
acoustic lens may be configured to match the outer surface of the medium in a complementary
way at only one correct possible position on the surface of the medium, as one position only will
allow a complete contact between the front surface of the lens and the outer surface of the

medium.

[9] Thus, advantageously, the self-positioning acoustic lens may serve to treat a zone of interest
(or specific zone) comprising in the focal (or focus) spot as previously explained without using
any neuronavigation systems. The zone of interest may be a zone located in the brain and related
to a disease such as Depression or Essential Tremor for instance. Indeed, thanks to the fact that
the front surface is shaped for only one specific area of the surface of the medium (or instance
surface of the skin surrounding the skull), the acoustic lens is configured to be placed at only one
possible position, therefore self-positioning, on the skull allowing to treat the correct zone (e.g. in
the brain) without using any neuronavigation systems. Moreover, the configuration of the self-
positioning acoustic lens is such that the acoustic lens thickness compensates the distortions
induced by the aberrating medium. As the acoustic lens is designed for a specific zone to treat in
the brain from only one possible position on the outer surface or the head, the risk of mistakes

(e.g. treating the wrong zone in the brain) is highly minimized.

[10] In one or several embodiments, the surface of contact between the front surface of the self-
positioning acoustic lens and the outer surface of the medium may be limited to a restricted and

specific area on the outer surface of the medium.

[11] By contact, it may be understood a physical contact between a surface (front surface for

instance) of the self-positioning acoustic lens and the outer surface of the medium.

[12] In one or several embodiments, the aberrating barrier is a skull and the outer surface is the
skin surrounding the skull, and the restricted and specific area may correspond to a part of the

outer surface in contact with the front surface of the self-positioning acoustic lens.
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[13]In one or several embodiments, the self-positioning acoustic lens may be made of

polydimethylsiloxane, or polymethylpentene or is a compound lens.

[14] In one or several embodiments, the back surface of the self-positioning acoustic lens may
be distant from the emission surface of the ultrasound probe according to a value comprised

between 0 and 15 centimeters.

[15] In one or several embodiments, the thickness of the self-positioning acoustic lens from each

point of the front surface of the self-positioning acoustic lens may satisfy the following formula:

At(x,y,z)
e(x,y,z) = 1 + e
c G

where:
-c is the speed of the ultrasonic wave in coupling medium outside of the aberrating barrier;
-C1 is the speed of the ultrasonic wave in the self-positioning acoustic lens;

-eg is a real number such that e(x, y, z) has a value at each point of the self-positioning acoustic
lens that is positive and greater than a minimum value necessary to ensure the robustness of the
self-positioning acoustic lens, said minimum value depending on the material of the self-

positioning acoustic lens;

- At(x,y,z) is a delay law calculated to recreate the predetermined objective despite the presence

of the aberrating medium.

[16] In one or several embodiments, when the ultrasound probe is a focused transducer, the
thickness may be defined so that, in spherical coordinates, each point L(7/,0, ¢) of the back
surface of the self-positioning acoustic lens in regard to a corresponding point on the front surface

M(r, 8, @), may verify the following formula :

, At(r, 0, @)
A D T
cT G

where:
-c is the speed of the ultrasonic wave in the medium outside of the aberrating barrier ;

-C1 is the speed of the ultrasonic wave in the self-positioning acoustic lens;



WO 2023/222635 PCT/EP2023/063032
5.

-€9 is a real number such that the thickness of the self-positioning acoustic lens is positive at each
point and greater than a minimum value necessary to ensure the robustness of the self-positioning

acoustic lens, said minimum value depending on the material of the self-positioning acoustic lens;

- At(r, 6, @) is a delay law calculated to recreate the predetermined objective despite the presence
of the aberrating medium, said delay law is calculated at each point 4/, 9, ¢) on the front surface
defined in the spherical coordinates with the origin of the spherical reference system being located

at the center of curvature of the focused transducer.

[17] In one or several embodiments, the front surface may be constrained and may be adapted

to match the outer surface of the medium in a complementary way.

[18] The present disclosure also relates to a production method for implementing a self-
positioning acoustic lens comprising a front surface and back surface, said back surface being
opposed to the front surface, said self-positioning acoustic lens being adapted for transmitting an
ultrasound wave into a medium comprising at least one aberrating barrier and a substantially
homogeneous internal part masked by said aberrating barrier , the ultrasound wave being
generated by an ultrasound probe located outside of the medium and said back surface being

adapted to face the emission surface of the ultrasound probe;
the production method may comprise at least:
- imaging the medium for generating a mapping of the acoustic properties of the medium ;

- using a model to estimate time delays at a given control surface comprised within an expected
volume of the acoustic lens, said time delays allowing to produce predetermined objective

ultrasonic wave field in at least one predetermined area belonging to said internal part ;

- calculating a geometry of the self-positioning acoustic lens comprising at least a determination
of a first shape of front surface and a determination of a thickness between the front and the back
surface, by using the model of the medium comprising the mapping of acoustic properties, the
self-positioning acoustic lens being configured to generate the time delays so that, when the self-
positioning acoustic lens is interposed between the ultrasound probe and the aberrating barrier
and when the ultrasound probe transmits a predetermined ultrasonic wave it produces the
predetermined objective ultrasonic wave field in at least one predetermined area belonging to

said internal part despite a presence of the aberrating barrier;

- implementing the self-positioning acoustic lens by using the calculated self-positioning acoustic

lens;

and wherein the first shape of the front surface of the self-positioning acoustic lens is determined
to match the outer surface of the medium, said outer surface of the medium not being perfectly

spherical.
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[19] In one or several embodiments, the surface of contact between the front surface of the self-
positioning acoustic lens and the outer surface of the medium may be limited to a restricted and

specific area on the outer surface of the medium.

[20] By contact, it may be understood a physical contact between a surface (front surface for

instance) of the self-positioning acoustic lens and the outer surface of the medium.

[21] In one or several embodiments, the imaging of the medium may be performed by using
computed tomography (CT) or Magnetic Resonance Imaging (conventional imaging or Ultra-short

echo-time imaging) or Ultrasound Imaging.

[22] In one or several embodiments, the calculation of the geometry of the self-positioning

acoustic lens may be preceded by a simulation comprising:

- (b1) a back-propagation in the medium of said predetermined objective ultrasonic wave field

from the predetermined area to a chosen position of the control surface is simulated;

- (b2) first arrival times t;(x,y,z) of said back-propagation of said predetermined objective

ultrasonic wave field to said chosen position of the control surface are determined;

- (b3) a propagation in a coupling medium of the ultrasonic wave emitted by the ultrasound probe
disposed outside of the medium to the chosen position of the front face of the self-positioning
acoustic lens is calculated, and second arrival times t,(x, v, z) of said ultrasonic wave to said

chosen position of the front face of the self-positioning acoustic lens are determined,

- (b4) a delay law At(x, y, z) at said chosen position of the control surface equal to the sum of

the first arrival times ¢; (x, y, z) and second arrival times t,(x, y,z) is determined,

wherein the geometry of the self-positioning acoustic lens is calculated using said delay law
At(x,v,z), so that when the ultrasound probe emits the ultrasonic wave through said self-
positioning acoustic lens, said predetermined ultrasonic wave reproduces the objective wave field

in said predetermined area after passing through said aberrating barrier, and

wherein control points M(x, v, z) distributed on the front surface of the self-positioning acoustic
lens and at which points the second arrival times t,(x, y, z) and the first arrival times ¢, (x, y, z) are
determined, belong to a single control surface, preferably the control surface is located at the

outer surface of the medium.

[23] In one or several embodiments, when the ultrasound probe is a focused transducer, the
thickness may be determined so that, in spherical coordinates, each point L(+’, 8, ¢) of the back
surface of the self-positioning acoustic lens in regard to a corresponding point on the front surface

M(r, 8, @), may be calculated with the following formula:
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At(r, 0, @)
r=r+ T + €o

c G

where:
-c is the speed of the ultrasonic wave in the coupling medium of the aberrating barrier ;
-c1 is the speed of the ultrasonic wave in the self-positioning acoustic lens;
-e9 is a real number such that the thickness of the self-positioning acoustic lens is positive at each
point and greater than a minimum value necessary to ensure the robustness of the self-positioning

acoustic lens, said minimum value depending on the material of the self-positioning acoustic lens;

- At(r, 6, @) is adelay law calculated to recreate the predetermined objective despite the presence
of the aberrating medium, said delay law is calculated at each point on the front surface M (r, 8, @)
defined in the spherical coordinates with the origin of the spherical reference system being located

at the center of curvature of the focused transducer.

[24] In one or several embodiments, if the ultrasonic wave is monochromatic, the thickness may
be determined so that, in spherical coordinates, each point L(+’, 6, ¢) of the back surface of the
self-positioning acoustic lens in regard to a corresponding control point M(r,0,¢), may be

calculated with the following formula :

’ At(r,6,¢)
T 1

T
r =r+ + ey, modulo +—

C Cq C Cq

where:

-c is the speed of the ultrasonic wave in the medium outside of the aberrating barrier,;
-c1 is the speed of the ultrasonic wave in the self-positioning acoustic lens;
-e0 is a real number such that the thickness of the self-positioning acoustic lens is positive at each
point and greater than a minimum value necessary to ensure the robustness of the self-positioning

acoustic lens, said minimum value depending on the material of the self-positioning acoustic lens;

- At(r, 6, @) is adelay law calculated to recreate the predetermined objective despite the presence
of the aberrating medium, said delay law is calculated at each point on the constrained front
surface M(r, 8, p) defined in the spherical coordinates with the origin of the spherical reference

system being located at the center of curvature of the focused transducer.

[25] In one or several embodiments, the thickness e(x,y,z) may be calculated at each point

M(x,y, z) of the front surface with the following formula:

At(x,y,z)
e(x,y,z) = 1 + e
c G

where;
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-c is the speed of the ultrasonic wave in the coupling medium outside of the aberrating barrier,;
-C1 is the speed of the ultrasonic wave in the self-positioning acoustic lens;

- €0 is a real number such that the thickness e(x, y, z) of the self-positioning acoustic lens is
positive at each point and greater than a minimum value necessary to ensure the robustness of
the self-positioning acoustic lens, said minimum value depending on the material of the self-

positioning acoustic lens.

[26] In one or several embodiments, if the ultrasonic wave is monochromatic, the thickness

e(x,y,z) may be calculated at each point M(x, y, z) of the front with the following formula:

At(x,y, T
e(x,y,z) = fxfz) + ep, modulo +—
¢y ¢ ¢y

where;

-c is the speed of the ultrasonic wave in the coupling medium outside of the aberrating barrier;

-C1 is the speed of the ultrasonic wave in the self-positioning acoustic lens;

-go is a real number such that e(x,y,z) has a has a value at each point of the self-positioning
acoustic lens that is positive and greater than a minimum value necessary to ensure the
robustness of the self-positioning acoustic lens, said minimum value depending on the material

of the self-positioning acoustic lens;

- At(x,y,z) is a delay law calculated to recreate the predetermined objective despite the presence

of the aberrating medium;
-T is the period of the ultrasonic wave.

[27] In one or several embodiments, implementing the self-positioning acoustic lens may be done
by a method chosen among three-dimensional printing of the self-positioning acoustic lens and/or
digitally controlled machining of at least one block of material for forming the self-positioning

acoustic lens.

[28] In one or several embodiments, implementing the self-positioning acoustic lens may

comprise at least:

(d1) a mold implementation done by a method chosen among three-dimensional printing of said
at least one mold and/or numerically controlled machining of at least one block of material for

forming said at least one mold,;

(d2) a molding in which said self-positioning acoustic lens or at least one component of said self-

positioning acoustic lens is molded in said at least one mold.
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[29] In one or several embodiments, the self-positioning acoustic lens may be made of a material

having acoustic properties modifiable by exposure to a predetermined radiation,

during the calculation of geometry of the self-positioning acoustic lens, the self-positioning
acoustic lens is calculated by taking into account the local acoustic properties in the said self-

positioning acoustic lens ;

and the method comprises an implementation of the self-positioning acoustic lens during which
said self-positioning acoustic lens is locally exposed to said predetermined radiation for obtaining
the local acoustical properties of the self-positioning acoustic lens needed to generate the
calculated time delay law At(x, y, z) needed to recreate the predetermined objective despite the

presence of the aberrating medium.

[30] In one or several embodiments, the first shape of the front surface of the self-positioning
acoustic lens may be determined to match the outer surface of the medium in a complementary

way.

[31] In one or several embodiments, the calculation of geometry of the self-positioning acoustic
lens may be done iteratively in order to optimize the ultrasonic energy transmission yield in the

predetermined zone, using an analytic or numerical model.

[32] In one or several embodiments, at sub-step (b3), the second arrival times ¢,(x, y, z) may be
determined by simulating propagation of said predetermined ultrasonic wave in a simplified model

allowing an analytic calculation.

[33] In one or several embodiments, the calculation of geometry of the self-positioning acoustic
lens may consider the travel times of said predetermined ultrasonic wave in the self-positioning
acoustic lens and angles of incidence and refraction of said predetermined ultrasonic wave at the

surface of the self-positioning acoustic lens.

[34] In one or several embodiments, the calculation of geometry of the self-positioning acoustic
lens may consider the entire propagation of said predetermined ultrasonic wave, including
refraction by each surface of the self-positioning acoustic lens and/or echoes between the
ultrasound probe, the self-positioning acoustic lens and the aberrating barrier and/or including

echoes within the self-positioning acoustic lens.

[35] The present disclosure also relates to an insonification method of a medium comprising at
least one aberrating barrier and a substantially homogeneous internal part masked by said
aberrating barrier, said outer surface of the medium not being perfectly spherical, the
insonification method may comprise a manufacturing of a self-positioning acoustic lens according

to the present disclosure;

the insonification method further may comprise:
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- transmitting said predetermined ultrasonic wave through the self-positioning acoustic lens, the
ultrasound wave being generated by said ultrasound probe located outside of the medium and

said back surface being adapted to face the emission surface of the ultrasound probe,

and wherein the self-positioning acoustic lens being disposed on the outer surface of the medium
so that the first shape of the front surface of the self-positioning acoustic lens match with the outer

surface of the medium.

[36] In one or several embodiments, the surface of contact between the front surface of the self-
positioning acoustic lens and the outer surface of the medium may be limited to a restricted and

specific area on the outer surface of the medium.

[37] By contact, it may be understood a physical contact between a surface (the front surface for

instance) of the self-positioning acoustic lens and the outer surface of the medium.

[38] In one or several embodiments, the medium in which the ultrasonic waves propagate may
be a human or animal head, where the aberrating barrier may be a skull and the internal part may

be a brain.

[39] In one or several embodiments, the predetermined ultrasonic wave field may be focused in

said internal part in at least one predetermined zone.

[40] The present disclosure also relates to a method for calculating a geometry of a self-
positioning acoustic lens, the self-positioning acoustic lens being suitable for insonification of a
medium comprising at least one aberrating barrier and a substantially homogeneous internal part

masked by said aberrating barrier , the outer surface of the medium not being perfectly spherical,

the method for calculating the geometry of the self-positioning acoustic lens, by using a model of
the medium comprising a mapping of acoustic properties, the self-positioning acoustic lens being
configured to, when the self-positioning acoustic lens is interposed between the ultrasound probe
and the aberrating barrier and when the ultrasound probe transmits a predetermined ultrasonic
wave, generates a predetermined objective ultrasonic wave field in at least one predetermined

area belonging to said internal part.

[41] The present disclosure also relates to a calculation device of a geometry of a self-positioning
acoustic lens, the self-positioning acoustic lens being suitable for insonification of a medium
comprising at least one aberrating barrier and a substantially homogeneous internal part masked

by said aberrating barrier, the outer surface of the medium not being perfectly spherical,

the calculation device being configured to calculate said geometry of the self-positioning acoustic
lens, using a model of the medium comprising the mapping of acoustic properties, the self-
positioning acoustic lens being configured to, when the self-positioning acoustic lens s

interposed between the ultrasound probe and the aberrating barrier and when the ultrasound
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probe transmits a predetermined ultrasonic wave , generates a predetermined objective

ultrasonic wave field in at least one predetermined area belonging to said internal part .

[42] The present disclosure also relates to a device for manufacturing a self-positioning acoustic
lens, comprising a calculation device of a self-positioning acoustic lens according to the present

disclosure and means for producing the self-positioning acoustic lens.

[43] The present disclosure also relates to a computer program comprising instructions which,
when the program is executed by a computer comprising a processor and a storage, cause the

computer to carry out the methods of the present disclosure.

[44] The present disclosure also relates to a computer-readable medium having stored thereon

the computer program of the present disclosure.

[45] The present disclosure also relates to a non-transitory computer readable medium having
stored thereon software instructions that, when executed by a processor, cause the processor to

carried out the methods of the present disclosure.
Brief Description of Drawings

[46] Other features, details and advantages will be shown in the following detailed description

and on the figures, on which:
Fig. 1&Fig. 2

[47] [Fig. 1&Fig. 2] schematically illustrate an overall view of an ultrasonic wave generation

mechanism according to the present disclosure, comprising an acoustic lens.
Fig. 3

[48] [Fig. 3] illustrates the method for obtaining an acoustic lens such the acoustic lens of the

present disclosure.

Fig. 4

[49] [Fig. 4] is a drawing illustrating the operation of the mechanism from Figure 1.

Fig. 5a

[50] [Fig. 54] illustrates a predetermined ultrasound wave field in an area which is not corrected.
Fig. 5b

[51] [Fig. 5b] illustrates a predetermined ultrasound wave field in the same area corrected with a

self-positioning acoustic lens.

Description of Embodiments
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[62] Figure 1 and Figure 2 schematically illustrate an overall view of an ultrasonic wave generation

mechanism according to the present disclosure, comprising a self-positioning acoustic lens.
[53] In the various figures, the same references designate identical or similar items.

[54] The mechanism 100 for generation of ultrasonic wave(s) shown on Figure 1 may be capable
of generating predetermined ultrasonic waves fields (or ultrasonic waves) in a medium 103, for
example the head of a patient P. The medium 103 may comprise at least one aberrating barrier
108 and at least one substantially homogeneous internal part 107 masked by said aberrating
barrier 108.

[65] According to an example, the aberrating barrier may be the skull of the patient P and the

internal part may be the brain of the patient P.

[66] The mechanism 100 may be intended to generate ultrasonic waves in the brain 107 of the
patient P (or more generally in the internal part 107 of the medium 103) at frequencies for example

in the range of 0.1 to 10 MHz, in particular from 0.2 to 3 MHz, from the outside of the patient P.

[57] This generation of ultrasonic waves may be intended for example to treat a zone of the brain
which may be associated to a specific pathology as Parkinson, Essential Tremor, Depression,
Anxiety, Schizophrenia, Alzheimer’s Disease or other psychiatric or neurological disorders. The
treatment could for example consist in ultrasound thermal ablation, ultrasound neuromodulation,

ultrasound histotripsy, or ultrasound blood brain barrier opening for drug delivery.

[58] In these applications, it should be noted that obtaining an objective wave field is never in
itself a therapeutic treatment, but a simple technical measure for focusing waves. The possible
therapeutic treatment, selected by a physician, consists in the choice of the objective wave field,
the intensity thereof, the duration of the application thereof, the number of applications of this

objective wave field and their distribution over time.

[59] By objective wave field, it may be understood a wave field focused (or focus) on a focal point

in the brain 107 for instance.

[60] In all cases, it is necessary to be able to generate, with the greatest precision possible, one
or more predetermined objective ultrasonic wave field(s) in the brain 107 of the patient P, for
example for focusing the ultrasonic waves emitted by an ultrasound probe 102 on one or more
points of the brain, or for generating more complex wave fields. As shown in Figure 2 (or Figure
4), the objective wave field may be, for instance, a wave field focused on a focal spot F in the
brain 107, or possibly a plurality of focal spots, or one or a plurality of more complex three-

dimensional shape.

[61] The mechanism 100 may comprise an ultrasound probe 102 and a control system 111. The

ultrasound probe 102 may comprise an emission surface and may be configured to transmit
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ultrasound waves 210 into the homogeneous internal part 107 (i.e. brain of the patient P)
comprised in the medium 103. The ultrasound waves may be generated by one transducer 203
(or ultrasound transducer) or a plurality of transducers (or a plurality of ultrasound transducers)

comprised in the ultrasound probe 102.

[62] In one or several embodiments, the plurality of transducers may comprise a number of

transducers comprise between 1 and 128 transducers.

[63] According to an example, the transducer or the plurality of transducers 203 may have a
circular shape defined by a diameter comprised between 10 and 400 millimeters and present a
radius of curvature which may be comprised between 5 and 200 millimeters. According to one
example, the transducer may have curvature radius of 59 millimeters for an aperture of 67
millimeters (at 500 kHz).

[64] In one or several embodiments, the ultrasound probe may be a single transducer, and which

may be a focused or unfocused transducer.

[65] Furthermore, the control system may be programmed (or configured) such that the ultrasonic
waves may be transmitted at a rate more than 100 ultrasonic waves per second, for instance
hundreds to several thousands of ultrasonic waves per second. The control system may for
instance include a control unit 111a and a computer 111b. In this example, the control unit 111a
may be used for controlling the ultrasound probe 102, while the computer 111b may be used for
controlling the control unit 111a, determining the zone to treat in the internal part 107, and design
the acoustic lens 109 for instance. In a variant, a single electronic device could fulfill all the

functionalities of control unit 111a and computer 111b.

[66] The mechanism 100 may be comprised of an acoustic lens 109 (or self-positioning acoustic
lens) which may be interposed between the ultrasound probe 102 and a surface of the medium,
for instance the skull 108 of the patient P. The acoustic lens may comprise a front surface 109a
and a back surface 109b.

[67] In one or several embodiments, the ultrasound probe 102 may be mechanically constrained
by 102a with the acoustic lens 109 (i.e. the self-positioning acoustic lens) so that the emission
surface of the ultrasound probe may face the back surface 109b of the acoustic lens at distance
comprised between 0 and 150 millimeters. According to an example, the ultrasound probe may
be fixed with the edges of the acoustic lens by using rod 102a (e.g. in metal or polymer), and the
set (acoustic lens with the ultrasound probe) may be maintained by elastic means on the head of
the patient P during the emission of ultrasound waves. According to another example, the set
may be maintained by the hand of the patient or of an operator during the emission of ultrasound
waves or maintained by using a robotic arm (piloted manually or automatically by an operator for

instance).
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[68] According to another example, ultrasound probe 102 may be, for instance integrated in a
helmet (not shown) positioned in a predetermined way on the head 103 of the patient P, or else

said ultrasound probe 102 may be carried by any other known positioning system.

[69] In all cases, the ultrasound probe 102 may be positioned outside of the skull 108 of the
patient in a predetermined position. Such predetermined position of the ultrasound probe may be

the position near the zone to treat at the focal spot 230 (or focal point).

[70] A gel or liquid, which could be contained in a flexible pouch (not shown), may be interposed
between the acoustic lens 109 and the skull 108 and/or between the ultrasound probe 102 and
the acoustic lens 109, i.e. between the front surface 109a and the skull 108, so as to assure good
transmission of ultrasonic waves. Here, this gel or liquid will be called external medium and

considered as being part of the propagation medium 103 of the ultrasonic waves.

[71] The acoustic lens 109 (or self-positioning acoustic lens) may be made of any material in
which the speed of compressive acoustic waves ¢ is different from the speed ¢ of said waves in
water (c is about 1480 m/s at 20°C). The acoustic lens may, for example, be made of silicone, in
particular polydimethylsiloxane, also called PDMS (c; = 1030 m/s) or the Elite Double products
(Zhermack SpA, ltaly), or of plastic, in particular polymethylpentene, known under the name TPX®
(¢ = 2090 m/s).

[72] Some parts of the acoustic lens could be made of an attenuating material, reflecting and/or
absorbing ultrasonic waves, in particular for locally attenuating the ultrasonic wave field made in
the brain 107 or the skull 108, for example for enhanced beam shaping, and/or to limit the heating

of the skull or to limit the insonification volume in the brain 107.

[73] In reference to Figure 2, the front surface 109a of the acoustic lens may be in physical contact
with the outer surface 108a of the medium 103. In general, the outer surface of the medium is not

perfectly spherical, so that a plurality of specific areas are presents on the surface of the medium.

[74] For instance, the surface of the medium 103 may be limited to a specific area (or a restricted
and specific area) of the surface of the medium in regard to a zone in the internal part 107 (e.g.
zone to treat) where it is wanted to generate the objective wave field comprising one or a plurality
of focal spots or one or a plurality of more complex three-dimensional shape. This surface of the
medium (on Figure 2) limited to a specific area may have a specific shape existing only in this
specific area allowing thus a self-positioning of the acoustic lens at the surface of the medium.
For instance, this specific shape may be a specific shape (or a restricted and specific area) of the
skin on top of the skull existing only in this specific area at the surface of the medium. Indeed, the
aspherical shape of the head may present different local configurations along the surface of the
head.



WO 2023/222635 PCT/EP2023/063032
-15-

[75] As described previously, when focusing ultrasound waves in a homogeneous internal part
107 such as the brain in the medium 103, with one transducer only or few transducers (less than
128 transducers), the presence of a barrier such as the skull bone may disrupt the focus of the
ultrasound waves leading to the deformation of the focal spot 230 (or the plurality of focal spots
or one or a plurality of more complex three-dimensional shape). The deformation of the focal spot
may be problematic when it is wanted to treat a specific zone (or precise zone) in the internal part
107 such a brain. The document W02017001781A1 describes a method for designing and
fabricating an ultrasound lens suitable to focus ultrasound waves in a medium such as a brain
(i.e. located behind a bone barrier) and compensating, partially or totally, the deformation of the
focal spot. In this purpose, the method of conception of the ultrasound lens described in
WO02027001781A1 is to determine a thickness “e(x,y)” from the back surface to the front surface
of the ultrasound lens in order to compensate the phase delays induced by the barrier. No
constrain is imposed on the front surface of the lens in the document W0O2017001781A1: only
the thickness of the lens is constrained. According to the document W0O2017001781A1, it may
allow, when an ultrasound wave 210 is generated by the ultrasound probe 102 (comprising at
least one transducer 203) and crossing the ultrasound lens, to shape the ultrasound wave (by
phasing out) in order to compensate the delays caused by the barrier and thus to restore the
ultrasound wave into the internal part as if the barrier was inexistent or negligible, and avoiding,
therefore, the deformation of the focal spot 230 (or focal point). However, such acoustic lens
described in the document WO2017001781A1 is not self-positioning, and its use in the treatment
of specific zone in the brain still requires the use of a neuronavigation system or any other

navigation device.

[76] In reference to the Figure 2, it may be possible to determine a geometry of the acoustic lens
(or self-positioning acoustic lens) comprising a thickness “e(x,y,z)” from the front surface 109a to
the back surface 109b of the acoustic lens and specific shape of the front surface for instance.
The acoustic lens of the Figure 2 having a determined acoustic lens thickness and a front surface
fitting with only one specific area on the outer surface of the medium, allowing a self-positioning
on the surface of the medium, may allow to obtain one or a plurality of focal spots or one or a
plurality of more complex three-dimensional shape in a specific zone of the internal part 107 such
as a brain when transmitting a predetermined ultrasound wave without using any neuronavigation

system.

[77] Figure 3 illustrates the method for obtaining a self-positioning acoustic lens such as the

acoustic lens of the present disclosure.

[78] The method for obtaining such acoustic lens may be obtained as follow.
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(a) Determination of a three-dimensional model of the medium 103

[79] In advance, a three-dimensional model of the medium 103 may be determined comprising a
mapping of the acoustical properties in the medium 103 comprising the homogeneous internal
part 107 and the barrier 108. For instance, the internal part 107 may be the brain of the patient P
and the barrier 108 may be the skull bone of the patient P.

[80] This step may generally comprise an imaging operation, for instance by computed
tomography (CT) or by Magnetic resonance imaging (MRI, with conventional imaging or by ultras-
short echo-time imaging) or by Ultrasound imaging, in order to determine the acoustic properties
of the barrier 108. For instance, the information obtained by imaging the medium 103 may be
used to determine in particular the mass density p, the speed of sound ¢ and/or the absorption
coefficient T of said ultrasonic waves, at each point of the aberrating barrier 108 and of the medium
107.

[81] The three-dimensional model may, for instance, be loaded into the computer 111b. A user
may position the desired ultrasonic wave field, for example one or more focal spot(s) (or focal
point(s)) 230, on the image of the medium 107 (Figure 2). This positioning may, for instance, be
done by viewing a target to be treated or other zone(s) of interest on the image of the medium
107 and by locating this zone on the image using the user interface of the computer 111b (for

example mouse, touchscreen or other).

[82] In the following, for sake of simplicity, “the zone of interest” will be referred to for designating

one or more focal spots or one or a plurality of more complex three-dimensional shape.
(b) Simulation:

[83] The propagation of an ultrasonic wave through the aberrating barrier 108 may be simulated
from the aforementioned three-dimensional model for next determining the delays or phase shifts
which will have to be induced by the acoustic lens (or self-positioning acoustic lens), and then
deducing from that the geometry (or shape) to give to the acoustic lens, as for instance, the
distance between the front surface and the back surface of the acoustic lens (i.e. the thickness of
the acoustic lens). This simulation step may be done by the aforementioned computer 111b or

another computer.
[84] In one or several embodiments, this simulation step may comprise the following sub-steps:

(b1) Simulation of the back propagation of the desired ultrasonic wave in the zone

of interest in the three-dimensional model (S2)

[85] As shown in S2 in Figure 3, during this sub-step b1, a back propagation of the predetermined
objective ultrasonic wave field 320c, in the medium 107 is simulated from the focal spot 230 (i.e.

zone of interest) in the medium 107 to a single control surface 330.
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[86] The predetermined control surface 330 may have a shape which may be shaped as the
shape of the outer surface of the medium 107, i.e. the shape of the surface of the skin surrounding
the skull (i.e. the shape of the surface of the barrier 108) in a specific area. This specific area may
be the area of the surface of the medium which may be close to the focal spot 230 and on which

the acoustic lens (or self-positioning acoustic lens) is intended to be positioned.

[87] The shape of the predetermined control surface 330 may have been determined in advance

by using the information obtained from the imaging operation at the step (a) previously presented.

[88] This simulation may be done, for example, by the computer 111b, by using a wave equation

such as equation (1) below:

1 N 1 @p@n) _ N
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[89] Where 7 designates a position vector for the point considered; p designates the pressure;
and S designates the ultrasonic signals generated by an ultrasonic source which could be present

at the point considered.

[90] The propagation of the ultrasonic waves in the aberrating barrier 108 and the internal part
107 may be simulated in the computer by finite differences, by discretizing the equation (1) above.
The simulation may also be done by finite elements, or by an impulse diffraction method, or any

other known method.

[91] The simulation may be performed by the control unit or the computer of the control system
or by the single electronic device or by others electronic device which may include a processor,

a storage and an instruction set configured to implement the simulation.

(b2) Determination of the first arrival times on a control surface 330 (S2’)

[92] As shown in S2 in Figure 3, the arrival times t,(x, y, z) of the ultrasonic wave 320c, 320b
representative of the back propagation of the predetermined objective wave field may be
determined at control points M (x, y, z) preferably belonging to a single control surface 330 located

at the outer surface of the medium 103, for instance confused with the surface 108a.

[93] The arrival times t; (x, y, z) may be counted, for example, from the instant of the emission of
the ultrasonic wave 320c in said zone 230, where X, y and z are respectively the coordinates on
the axes X, Y and Z of each control point M considered. The arrival times ¢, (x, y, z) are hereafter

be called first arrival times.

(b3) Determination of the second arrival times on the control surface 330 (S1-S1’)
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[94] As shown in S1 and S'1 on Figure 3, it may be possible to determine arrival times t,(x, y, z)
of a predetermined ultrasonic wave 320a emitted by an ultrasound probe 102 comprising at least
one transducer, at different control points M(x,y, z), preferably belonging to the single control

surface 330 located at the outer surface of the medium 103.

[95] As for (b1), the predetermined control surface 330 may be shaped according to the shape of
the surface of the medium, i.e. the shape of the surface of the skin surrounding the skull in a
specific area. This specific area may be the area of the surface of the medium which may be close
to the focal spot 230 and on which the acoustic lens (or self-positioning acoustic lens) is intended

to be positioned.

[96] The arrival times ty(x,y,z) may be determined by the computer 111b or other (up to an
arbitrary constant time T's common to the entire control surface 330), because the external part
of the medium (outside of the aberrating barrier) is considered as homogeneous for the

propagation of ultrasonic waves.

[97] In the simple and the most common case where the ultrasound probe (or the transducer) is

spherical with radius R, this determination may be done very simply in the form:

+dM)
to(x,y,2) = T, i

where;

- d(M)is the distance between the control point M(x,y,z) and the center of curvature of the

ultrasound probe 109;
- c is the speed of sound in the external part of the coupling medium 110.

[98] More generally, the arrival times t,(x, y, z) may be determined by calculation of the ultrasonic
wave propagation between the ultrasound probe and the control points or by any other known
wave propagation method, which is simple in a homogeneous medium (the propagation can then

be done in a simplified model allowing an analytic calculation).
[99] The arrival times ty(x, y, z) will hereafter be called second arrival times.
(b4) Determination of the delay law of the lens (S3)

[100] As shown in S3 on Figure 3, the delay law At(x, y, z) may be determined at various control

points M(x,vy,z), equal to the sum of the first arrival times ¢; (x,v,z) and second arrival times
to(x,v,2)

(c) Calculation of the acoustic lens (S4)

[101] Starting from the aforementioned delay law At(x, y, z) and the shape of the front surface

(comprised in the geometry of the self-positioning acoustic lens) which has to match with the outer
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surface of the medium or with a specific area of the outer surface of the medium, the
computer 111b or other may next calculate the profile of the acoustic lens 109 which, when it is
interposed between the ultrasound probe 102 and the aberrating barrier 108 and positioned on
the outer surface of the medium, may be able to add said delay At(x, y, z), such that when the
ultrasound probe 102 emits the predetermined ultrasonic wave 320a, the predetermined wave
after traversing the acoustic lens and then the aberrating barrier may produce the predetermined
ultrasonic wave field in the zone of interest, corresponding to one or a plurality of focal spots or

one or a plurality of more complex three-dimensional shape 230 in the internal part 107.

[102] More precisely, the thickness e of the acoustic lens 109, i.e. the thickness between the front
surface and the back surface of the acoustic lens, may be calculated at each point of the acoustic
lens corresponding to a control point M(x, y, z) of the predetermined control surface 330, such
that the thickness e(x, y, z) of the acoustic lens may introduce an ultrasonic wave propagation
time correction corresponding to said delay law modulo the period T=1/f of the ultrasonic wave
(where f is the central frequency of the ultrasonic wave) and/or up to an arbitrary constant time To

common to the entire control surface.

[103] In one or several examples (like the case where the ultrasound probe is a focused
transducer or a single focused transducer), the delay At(x,y,z) may be defined in spherical
coordinates according to At(r,0,¢) with the center of coordinates located at the center of
curvature of the transducer 102, and may be used to calculate the spherical coordinates of each
point L(7, 0, ¢) of the back surface of the acoustic lens in regard to a corresponding control point

M(r, 8, @),with the following formula (3):

r=r+ Atir_’el_’(p) + e )

C Cq

[104] Where ¢ is the speed of the ultrasonic wave in the coupling medium 110 outside the

aberrating barrier 108 and ¢4 is the speed of the ultrasonic wave in the lens.

[105] The constant eg is a real number such that the thickness of the lens is positive at each point
and greater than a minimum value necessary to ensure the robustness of the lens, said minimum

value depending on the material of the lens.

[106] In the case of the emission of a monochromatic wave, in one or several embodiments, the
spherical coordinates of each point L(7/, 8, ¢) of the back surface of the acoustic lens in regard to

the corresponding control point M(r, 8, ¢), may be calculated with the following formula (4):

roo=r+ 280 o modulo s (4)

C Cq C Cq
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[107] Modulo l_Timeans thatr' =+ Mir_’el_"p) + eg + 1. é), where n is a positive or negative
C Cq C Cq C Cq

integer such that v’ — r has a positive value. The integer n may be common to the entire acoustic
lens 109 (simple lens) or could be different according to the regions the acoustic lens 109 (for

instance in the case of the design of a Fresnel lens).

[108] These spherical coordinates of each point L(+/, 8, ¢) of the back surface of the acoustic lens
in regard to the corresponding control point M(r, 8, ) may be used to compute the distance
between the front and the back surface corresponding to the thickness of the acoustic lens (or

self positioning acoustic lens).

[109] It will be noted that the lens calculation step (¢) may consider at least the travel times of the
predetermined ultrasonic wave in the acoustic lens 109 and the angles of incidence and refraction
of said predetermined ultrasonic wave with the surface of the acoustic lens 109. The lens
calculation step (¢) may also consider the entire propagation of said predetermined ultrasonic
wave, including refraction by each surface of the self-positioning acoustic lens and/or echoes
between the ultrasound probe 102 comprising at least one transducer, the acoustic lens 109 and
the aberrating barrier 108 and/or including echoes within the self-positioning lens. The lens
calculation step (c) may be done iteratively in order to optimize the ultrasonic energy in the zone

of interest, using an analytic or numerical model.

[110] The calculation step may be carried out by a calculation device which may be the control
unit or the computer of the control system or by the single electronic device or by others electronic
device which may include a processor, a storage and an instruction set configured to implement

the calculation step.

(d) implementation of the acoustic lens

[111] Then, once the geometry of the self-positioning acoustic lens, comprising the shape of the
front surface and the distance (i.e. the thickness of the acoustic lens) between the front and back
surface, is determined, the acoustic lens may be produced by any rapid production method such

as:
- Three-dimensional printing of the acoustic lens 109;

- Numerically controlled machining of a block of material in order to form the acoustic lens
109;

- A process with two sub-steps comprising:
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(d1) A sub-step of mold production (not shown) done by a method chosen among
three-dimensional printing of the mold and/or numerically controlled machining of a block

of material for forming the mold;
(d2) A sub-step of molding in which said lens 109 is molded in said mold.

[112] In all scenarios, the acoustic lens may be produced in a material having mechanical
characteristics (in particular hardness), and therefore acoustic wave propagation characteristics,

modifiable by exposure to a predetermined radiation.
[113] The predetermined radiation may be, for instance ultraviolet radiation.

[114] The material in question may be for instance silicone, in particular polydimethylsiloxane,
also called PDMS (¢ = 1030 m/s) or the Elite Double products (Zhermack SpA, ltaly),, or plastic,

like for example polyvinylmethylsiloxane (PVMS), which hardens under ultraviolet radiation.

[115] In this case, during lens calculation step (c), the acoustic lens 109 may be calculated by
determining the local acoustical properties of the acoustic lens 109 with which to achieve the
desired objective wave field. These mechanical properties can be determined in addition to the
shape of the acoustic lens 109, or as a variant, the objective wave field could be obtained just by

local variations of local propagation characteristics of the acoustic lens 109.

[116] During the step (d) of implementation of the acoustic lens 109, said lens is locally exposed
to said predetermined radiation to obtain the local acoustical properties determined during the

lens calculation step (c).

(e) Use

[117] Once the acoustic lens 109 is produced, it may be used to treat a specific zone in internal
part such as the brain. For this purpose, the acoustic lens 109 may be positioned on the skin of
the patient P so that the front surface of the acoustic lens is in physical contact with the surface
of the skin and the shape of the front surface of the acoustic lens may fit in complementary way
the shape of the surface of the medium in only one possibility. More precisely, the shape of the
front surface of the acoustic lens may match with only one specific area of the surface of the skull

so that the acoustic lens is self-positioned.

[118] Because the acoustic lens being self-positioned, the patient P may be positioning himself
the acoustic lens on which the ultrasound probe is fixed since only one position is possible and
corresponds to the position allowing to treat the right zone in the brain. For instance, the patient
may place the self-positioning acoustic lens on his head with his hand and wait for instructions

from operators before activating the ultrasound probe. In one or several alternatives, the acoustic
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lens on which the ultrasound probe is fixed (in a constrained way) may be placed with a robotic

arm, manually or automatically, or be located in a helmet, or be held by an operator.

[119] An operator may then send the predetermined wave 320a from the ultrasound probe 102

through the self-positioning acoustic lens 109.

[120] The insonification method may be carried out by the control unit or the computer of the
control system or by the single electronic device. For instance, the operator may activate the

insonification method by using the control system.

[121] As shown in Figure 4, the self-positioning acoustic lens 109, for which the front surface is
in physical contact with the surface of the skin in a specific area, may induce aberration
corrections which form the wavefront 320b upstream from the skull 108, such that after passage
through the skull 108 (or another aberrating barrier), the wavefront 320c is corrected from the
aberrations induced by the skull (or another aberrating barrier). Thus, the objective wave field

may result, for example in the focal spot 230.

[122] Thus, the wave sent into the brain or other internal part 107 may serve to treat a zone of
interest (or specific zone) 230 as previously explained, but without using any neuronavigation
system. Indeed, thanks to the configuration of the acoustic lens as the acoustic lens thickness
and the fact that the front surface is shaped for only one specific area of the surface of the medium
(for instance the surface of the skin surrounding the skull), the acoustic lens is configured to be
placed at only one possible position, therefore self-positioning, on the skin allowing to generate
the focal spot 230 (or a plurality of focal spots or one or a plurality of more complex three-
dimensional shape) comprising the correct zone to treat without using any neuronavigation
system. As the acoustic lens is designed for a specific zone to treat in the brain from only one
possible position on the skull, the risk of mistakes (e.g. treat the wrong zone in the brain) is highly

minimized.

[123] In addition, the brain or another internal part 107 at least in the neighborhood around the
zone of interest comprised in the focal spot 230 could be imaged, when the ultrasound probe 102
comprises ultrasonic transducers for imaging, because the acoustic lens 109 may compensate
the aberrations due to the skull or other aberrating barrier 108 both during transmitting and

receiving.

[124] The method according to the present disclosure may further comprise an optional step (f)
of verification of the positioning of the device, during which ultrasonic echoes which may be
reflected on said aberrating barrier are recorded on the ultrasound probe and the echoes are
compared to the same reflected signal simulated by using the aforementioned model of the

medium 103.
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[125] The control unit and/or the computer or/and the single electronic device may include a
processor, a storage (e.g. a memory) and an instruction set configured to implement the methods
according to the present disclosure. The control unit and/or the computer or/and the single
electronic device may include an input interface and an output interface. In variant, the computer
may replace the control unit, or the control unit may replace the computer. In a variant, a single

electronic device could fulfill all the functionalities of the control unit and the computer.

[126] Figures 5a and 5b illustrates the effects on the predetermined ultrasound wave field
generated when a self-positioning acoustic lens is used. More precisely, Figure 5a illustrates a
predetermined ultrasound wave field in an area which is not corrected, and Figure 5b illustrates
a predetermined ultrasound wave field in the same area corrected with a self-positioning acoustic

lens.

[127] In the experimental setup allowing to obtain the above predetermined ultrasound wave field,
a self-positioning acoustic lens was designed and manufactured for a cadaver human skull,
according to the method presented previously. The front surface of the self-positioning acoustic
lens was shaped to be constrained and shaped to match the surface of the outer surface of the
skull. The back surface of the self-positioning acoustic lens was also shaped to compensate for
skull aberrations using structural and mechanical information derived from a CT scan. The
experimental setup also comprises a water tank, an ultrasound transducer and a hydrophone.

The acoustic pressure field generated by the transducer is measured by the hydrophone.

[128] Two acoustic pressure fields are recorded. One after propagation through the human skull
without the self-positioning acoustic lens (figure 5a) and one after propagation through the self-

positioning acoustic lens and the human skull (figure 5b).

[129] These data show that a self-positioning acoustic lens can both match the outer surface of
an aberrating barrier to allow the positioning of the lens and also correct for the aberrations

induced by the skull for a precise focusing of the wave.
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Claims

[Claim 1] A self-positioning acoustic lens comprising a front surface and back surface, said back
surface being opposed to the front surface, said self-positioning acoustic lens being adapted for
transmitting an ultrasound wave into a medium comprising at least one aberrating barrier (108)
and a substantially homogeneous internal part (107) masked by said aberrating barrier (108), said
ultrasound wave being generated by an ultrasound probe (102) located outside of the medium

and said back surface facing the emission surface of the ultrasound probe,

wherein the self-positioning acoustic lens being configured to, when the self-positioning acoustic
lens (109) is interposed between the ultrasound probe (102) and the aberrating barrier (108) and
when the ultrasound probe (102) transmits a predetermined ultrasonic wave (320a), generate a
predetermined objective ultrasonic wave field in at least one predetermined area (230) belonging

to said internal part (107) despite the presence of the aberrating barrier,

and wherein the front surface is constrained and is adapted to match the outer surface (108a) of
the medium in order to be self-positioned on the outer surface of the medium, said outer surface
of the medium not being perfectly spherical, and wherein the back surface being spaced from the
front surface according to a specific self-positioning acoustic lens thickness in order to create the

said predetermined objective ultrasonic wave field.

[Claim 2] Self-positioning acoustic lens according to claim 1 wherein the surface of contact
between the front surface of the self-positioning acoustic lens and the outer surface of the medium

is limited to a restricted and specific area on the outer surface of the medium.

[Claim 3] Self-positioning acoustic lens according to any preceding claims 1 or 2, wherein the
aberrating barrier is a skull and the outer surface is the skin surrounding the skull, and the
restricted and specific area corresponds to a part of the outer surface in contact with the front

surface of the self-positioning acoustic lens.

[Claim 4] Self-positioning acoustic lens according to any claim 1-3 wherein the thickness of the
self-positioning acoustic lens from each point of the front surface of the self-positioning acoustic

lens satisfies the following formula:

At(x,y,z)
e(x,y,z) = 1 + e

c G
where;

-c is the speed of the ultrasonic wave in coupling medium (110) outside of the aberrating barrier
(108);
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-C1 is the speed of the ultrasonic wave in the self-positioning acoustic lens;

-eg is a real number such that e(x, y, z) has a value at each point of the self-positioning acoustic
lens that is positive and greater than a minimum value necessary to ensure the robustness of the

lens, said minimum value depending on the material of the self-positioning acoustic lens;

- At(x,y,z) is a delay law calculated to recreate the predetermined objective despite the presence

of the aberrating medium.

[Claim 5] Self-positioning acoustic lens according to any preceding claims 1-3, wherein when the
ultrasound probe is a focused transducer, the thickness is defined so that, in spherical coordinates,
each point L(+’, 6, ¢) of the back surface of the self-positioning acoustic lens in regard to a

corresponding point on the front surface M(r, 8, ¢), verifies the following formula :

, At(r, 0, @)
T :I'+T+ €o
cT G

where:
-c is the speed of the ultrasonic wave in the medium (103) outside of the aberrating barrier (108);
-C1 is the speed of the ultrasonic wave in the self-positioning acoustic lens;

-e9 is a real number such that the thickness of the self-positioning acoustic lens is positive at each
point and greater than a minimum value necessary to ensure the robustness of the self-positioning

acoustic lens, said minimum value depending on the material of the self-positioning acoustic lens;

- At(r, 6, @) is a delay law calculated to recreate the predetermined objective despite the presence
of the aberrating medium, said delay law is calculated at each point 4/, 9, ¢) on the front surface
defined in the spherical coordinates with the origin of the spherical reference system being located

at the center of curvature of the focused transducer.

[Claim 6] Self-positioning acoustic lens according to any of the preceding claims, wherein the
front surface is constrained and is adapted to match the outer surface (108a) of the medium in a

complementary way.

[Claim 7] A production method for implementing a self-positioning acoustic lens comprising a
front surface and back surface, said back surface being opposed to the front surface, said self-
positioning acoustic lens being adapted for transmitting an ultrasound wave into a medium
comprising at least one aberrating barrier (108) and a substantially homogeneous internal part

(107) masked by said aberrating barrier (108), the ultrasound wave being generated by an
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ultrasound probe located outside of the medium and said back surface being adapted to face the

emission surface of the ultrasound probe;

the production method comprising at least:

imaging the medium (103) for generating a mapping of the acoustic properties of the
medium (103);

using a model to estimate time delays at a given control surface (330) comprised within
an expected volume of the self-positioning acoustic lens, said time delays allowing to
produce predetermined objective ultrasonic wave field in at least one predetermined area

belonging to said internal part (107);

calculating a geometry of the self-positioning acoustic lens comprising at least a
determination of a first shape of front surface and a determination of a thickness between
the front and the back surface, by using the model of the medium comprising the mapping
of acoustic properties, the self-positioning acoustic lens being configured to generate the
time delays so that, when the self-positioning acoustic lens (109) is interposed between
the ultrasound probe (102) and the aberrating barrier (108) and when the ultrasound probe
transmits a predetermined ultrasonic wave (320a) it produces the predetermined objective
ultrasonic wave field in at least one predetermined area belonging to said internal part

despite a presence of the aberrating barrier,;

implementing the self-positioning acoustic lens by using the calculated self-positioning

acoustic lens;

and wherein the first shape of the front surface of the self-positioning acoustic lens is

determined to match the outer surface (108a) of the medium in order to be self-positioned on

the outer surface of the medium, said outer surface of the medium not being perfectly

spherical.

[Claim 8] The production method according to claim 7, wherein the imaging of the medium is

performed by using computed tomography (CT) or Magnetic Resonance Imaging (conventional

imaging or Ultra-short echo-time imaging) or Ultrasound Imaging.

[Claim 9] The production method according to any preceding claims 7 or 8, wherein the

calculation of the geometry of the self-positioning acoustic lens is preceded by a simulation

comprising:

(b1) a back-propagation in the medium (103) of said predetermined objective ultrasonic
wave field from the predetermined area (230) to a chosen position of the control surface
(330) is simulated;
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(b2) first arrival times ¢, (x, y, z) of said back-propagation of said predetermined objective

ultrasonic wave field to said chosen position of the control surface (330) are determined,;

(b3) a propagation in a coupling medium (110) of the ultrasonic wave (320a) emitted by
the ultrasound probe (102) disposed outside of the medium to the chosen position of the
front face of the self-positioning acoustic lens (109a) is calculated, and second arrival
times t,(x, vy, z) of said ultrasonic wave to said chosen position of the front face of the

self-positioning acoustic lens (109a) are determined;

(b4) a delay law At(x,y, z) at said chosen position of the control surface (330) equal to
the sum of the first arrival times t,(x,y,z) and second arrival times ty(x,v,z) is

determined,

wherein the geometry of the self-positioning acoustic lens (109) is calculated using said delay law
At(x, v, z), so that when the ultrasound probe (102) emits the ultrasonic wave (320a) through said
self-positioning acoustic lens, said predetermined ultrasonic wave reproduces the objective wave

field in said predetermined area (230) after passing through said aberrating barrier (108), and

wherein control points M(x, v, z) distributed on the front surface of the self-positioning acoustic
lens and at which points the second arrival times t,(x, y, z) and the first arrival times ¢, (x, y, z) are
determined, belong to a single control surface (330), preferably the control surface (330) is located
at the outer surface (108a) of the medium (103).

[Claim 10] The production method according to claim 9, wherein when the ultrasound probe is a
focused transducer, the thickness is determined so that, in spherical coordinates, each point
L(r', 0, ) of the back surface of the self-positioning acoustic lens in regard to a corresponding

point on the front surface M(r, 8, ), is calculated with the following formula:

, At(r, 0, @)
T :I'+T+ €o
cT G

where;

-c is the speed of the ultrasonic wave in the coupling medium (110) of the aberrating barrier (108);
-c1 is the speed of the ultrasonic wave in the self-positioning acoustic lens;
-e9 is a real number such that the thickness of the self-positioning acoustic lens is positive at each
point and greater than a minimum value necessary to ensure the robustness of the self-positioning

acoustic lens, said minimum value depending on the material of the self-positioning acoustic lens;

- At(r, 6, @) is adelay law calculated to recreate the predetermined objective despite the presence
of the aberrating medium, said delay law is calculated at each point on the front surface M (r, 8, @)
defined in the spherical coordinates with the origin of the spherical reference system being located

at the center of curvature of the focused transducer.
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[Claim 11] The production method according to claim 9, wherein the thickness e(x,v,z) is

calculated at each point M(x, y, z) of the front surface with the following formula:

At(x,y,z)
e(x,y,z) = 1 + e
c G

where;

-C is the speed of the ultrasonic wave in the coupling medium (110) outside of the aberrating
barrier (108);

-C1 is the speed of the ultrasonic wave in the self-positioning acoustic lens;

- €0 is a real number such that the thickness e(x, y, z) of the self-positioning acoustic lens is
positive at each point and greater than a minimum value necessary to ensure the robustness of
the self-positioning acoustic lens, said minimum value depending on the material of the self-

positioning acoustic lens.

[Claim 12] The production method according to any one of the preceding claims 7-11, wherein
implementing the self-positioning acoustic lens is done by a method chosen among three-
dimensional printing of the self-positioning acoustic lens (109) and/or digitally controlled

machining of at least one block of material for forming the self-positioning acoustic lens (109).

[Claim 13] The production method according to any one of the preceding claims 7 to 12, the
calculation of geometry of the self-positioning acoustic lens considers the entire propagation of
said predetermined ultrasonic wave, including refraction by each surface of the self-positioning
acoustic lens and/or echoes between the ultrasound probe, the self-positioning acoustic lens and

the aberrating barrier and/or including echoes within the self-positioning acoustic lens.

[Claim 14] The production method according to any one of the preceding claims 7 to 13, wherein
the first shape of the front surface of the self-positioning acoustic lens is determined to match the

outer surface (108a) of the medium in a complementary way.

[Claim 15] An insonification method of a medium (103) comprising at least one aberrating barrier
(108) and a substantially homogeneous internal part (107) masked by said aberrating barrier
(108), said outer surface of the medium (103) not being perfectly spherical, the insonification
method comprising a manufacturing of a self-positioning acoustic lens (109) according to any of

claims 7 to 14;
the insonification method further comprises:

- transmitting said predetermined ultrasonic wave (320a) through the self-positioning

acoustic lens (109), the ultrasound wave being generated by said ultrasound probe
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located outside of the medium and said back surface being adapted to face the emission

surface of the ultrasound probe,

and wherein the self-positioning acoustic lens being disposed on the outer surface of the medium
so that the first shape of the front surface of the self-positioning acoustic lens match with the outer

surface of the medium in order to be self-positioned on the outer surface of the medium.

[Claim 16] The insonification method according to claim 15, wherein the surface of contact
between the front surface of the self-positioning acoustic lens and the outer surface of the medium

is limited to a restricted and specific area on the outer surface of the medium.

[Claim 17] The insonification method according to any preceding claims 15 or 16, wherein the
medium (103) in which the ultrasonic waves propagate is a human or animal head, where the

aberrating barrier (108) is a skull and the internal part (107) is a brain.

[Claim 18] A method for calculating a geometry of a self-positioning acoustic lens, the self-
positioning acoustic lens being suitable for insonification of a medium comprising at least one
aberrating barrier (108) and a substantially homogeneous internal part (107) masked by said

aberrating barrier (108), the outer surface of the medium not being perfectly spherical,

the method for calculating the geometry of the self-positioning acoustic lens, by using a model of
the medium comprising a mapping of acoustic properties, the self-positioning acoustic lens being
configured to, when the self-positioning acoustic lens (109) is interposed between the ultrasound
probe (102) and the aberrating barrier (108) and when the ultrasound probe (102) transmits a
predetermined ultrasonic wave (320a), generates a predetermined objective ultrasonic wave field

in at least one predetermined area (230) belonging to said internal part (107).

[Claim 19] A calculation device of a geometry of a self-positioning acoustic lens, the self-
positioning acoustic lens being suitable for insonification of a medium comprising at least one
aberrating barrier (108) and a substantially homogeneous internal part (107) masked by said

aberrating barrier (108), the outer surface of the medium not being perfectly spherical,

the calculation device being configured to calculate said geometry of the self-positioning acoustic
lens (109), using a model of the medium comprising the mapping of acoustic properties, the self-
positioning acoustic lens being configured to, when the self-positioning acoustic lens (109) is
interposed between the ultrasound probe (102) and the aberrating barrier (108) and when the
ultrasound probe (102) transmits a predetermined ultrasonic wave (320a), generates a
predetermined objective ultrasonic wave field in at least one predetermined area (230) belonging

to said internal part (107).
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[Claim 20] A device for manufacturing a self-positioning acoustic lens, comprising a calculation
device of a self-positioning acoustic lens according to claim 18 and means for producing the self-

positioning acoustic lens.

[Claim 21] A computer program comprising instructions which, when the program is executed by
a computer comprising a processor and a storage, cause the computer to carry out the method
of one of claims 7 to 14 or/and the method of one of claims 15 to 17 or/and the method of claim
18.

[Claim 22] A computer-readable medium having stored thereon the computer program of claim
21.
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method for implementing a self-positioning acoustic lens. Said method
however does not recite any actual technical step or means. Indeed, the
whole method as currently on file lists a sequence of calculation steps
("implementing" not referring to an actual technical step or means), and
is thus related to a mental act. Such methods for performing mental acts
are excluded from patentability (Rule 39.1(iii) PCT ). It should be noted
that including the additional technical features of claims 8 and 12 would
likely overcome this objection. Claim 18 Independent claim 18 recites a
method for calculating a geometry of a self-positioning acoustic lens.
Said method does not recite any actual technical step or means. Indeed,
the whole method as currently on file lists a sequence of calculation
steps and is thus related to a mental act. Such methods for performing
mental acts are excluded from patentability (Rule 39.1(iii) PCT ). It
should be noted that adding the implementation of said method by means of
a computation device (computer or processor) would overcome this
objection. Rule 39.1(iv) PCT - Method for treatment of the human or
animal body by therapy Independent claim 15, and dependent claims 16 and
17, recites a insonification method of a medium comprising at least one
aberrating barrier and a substantially homogeneous internal art masked by
said aberrating barrier. Said claim does not exclude parts of the human
or animal body. All embodiments and figures evidently refer to the
insonification of a part of the human or animal body ([5, 9, 12, 38, 55,
66, 69, 70, 72, 74, 75, 79, 86, 95, 117, 121-123], Fig. 1), with the aim
of providing treatment to, or having a therapeutic effect on, said part
([5, 9, 57, 69, 72, 74, 75, 81, 117, 118, 122]). It is noted that
Applicant argues that "it should be noted that obtaining an objective
wave field is never in itself a therapeutic treatment, but a simple
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field, the intensity thereof, the duration of the application thereof,
the number of applications of this objective wave field and their
distribution over time." ([58]). Regarding this argument, the Examiner
would like to respond that independent claim recites "an insonification
method", with "insonification" being defined as "applying to an area or
an object carefully-controlled sound waves"
(https://classic.clinicaltrials.gov/ct2/show/NCT04502212), insonification
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independent claim 15), but also the "choice of the objective wave field,
the intensity thereof, the duration of the application thereof, the
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recited in independent claim 15 without those parameters would certainly
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15, and dependent claims 16 and 17, comprise treatment of the human or
animal body by therapy in their scope. Such methods for treatment of the
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human or animal body by therapy are excluded from patentability (Rule
39.1(iv) PCT ).
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