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INSONIFICATION METHOD FOR
OBTAINING A PREDETERMINED FIELD OF
ULTRASONIC WAVES AND PRODUCTION
METHOD FOR MAKING AN ULTRASONIC
LENS FOR THESE PURPOSES

[0001] The present invention relates to methods for insoni-
fication for obtaining a predetermined field of ultrasonic
waves in a substantially homogeneous medium masked by
an osseous barrier, and production methods for implement-
ing ultrasonic lenses for these purposes.

[0002] More specifically, the invention relates to an
insonification method for obtaining, from an ultrasound
probe, a predetermined objective field of ultrasonic waves in
a medium comprising a substantially homogeneous internal
part masked by at least one aberrating barrier, where the
method comprises a step of simulation during which at least
one propagation of ultrasonic waves is simulated in the
medium based on a mapping of ultrasonic wave propagation
properties in the medium.

[0003] Here “substantially homogeneous part” is under-
stood to mean a medium having substantially homogeneous
properties for ultrasonic wave propagation. It can for
example involve the brain of a human or animal, in which
case the aberrating barrier is made up by the skull.

[0004] The document WO 2004/019784 A1 describes an
example of such a process in which, from the aforemen-
tioned simulation, individual signals to be sent by each
transducer are determined in order to obtain the objective
field in the internal part of the medium. This method works
well but in practice requires a large number of transducers
(typically 500 to 1000) and complex electronics capable of
individually driving each transducer.

[0005] The object of the present invention is in particular
further improving this type of method, in particular in order
to allow practicing it with simplified and less costly means.
[0006] For this purpose, the invention proposes an insoni-
fication method for a medium comprising at least one
aberrating barrier and a substantially homogeneous internal
part masked by said aberrating barrier, in order to obtain a
predetermined objective ultrasonic wave field in at least one
predetermined area belonging to said internal part, by hav-
ing said ultrasonic waves sent by an ultrasound probe placed
in a predetermined position relative to said medium, on the
other side of said aberrating barrier from said internal part,
where the insonification method comprises at least the
following steps:

[0007] (c) a lens calculation step during which an ultra-
sonic lens is calculated, using a model of the medium
comprising a mapping of ultrasonic wave propagation prop-
erties obtained from actual imaging of the medium, that is
suited, when it is interposed between the ultrasound probe
and the aberrating barrier, for generating aberrations such
that when the ultrasound probe sends a predetermined
ultrasonic wave (independent of the particular aberrating
barrier), said predetermined wave generates said predeter-
mined objective ultrasonic wave field in said predetermined
area;

[0008] (d) a step of implementation of the lens calculated
in the lens calculation step (c);

[0009] (e) a step of emission during which said predeter-
mined ultrasonic wave is sent by said ultrasound probe
through the ultrasonic lens disposed in said predetermined
position.
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[0010] Because of these arrangements, the objective ultra-
sonic wave field can be obtained very simply, possibly with
a reduced number of transducers (possibly a single one). In
particular, the insonification method according to the inven-
tion does not require sending a particularly complex wave-
form from the ultrasound probe, because the probe can send
a particularly simple predetermined wave, for example
always focused at a predetermined distance.
[0011] In that way, using an actual image of the medium
such as an x-ray (CT) or MRI image, the ultrasonic lens can
be quickly calculated by computer means and then this lens
can also be quickly implemented, for example by comput-
erized production means such as three-dimensional printing
or numerically controlled machining. A standard ultrasound
probe and control means that are also standard can then
insonify the medium in a desired and customized way. The
lens can be reused many times for the same medium 3 (for
example for the same patient). The ultrasound probe and the
means of control thereof are reusable for several media (for
example for several patients), without change or reprogram-
ming, because the emitted ultrasonic wave is a predeter-
mined wave, independent of the aberrating barrier specific to
each application (and notably specific to each patient in the
context of a medical application).
[0012] The insonification method is thus made very easy
to use and at low cost.
[0013] In the preferred embodiments of the insonification
method according to the invention, use could further be
made of one and/or the other of the following dispositions:
[0014] The lens calculation step (c) is preceded by an
imaging step (a) during which said mapping is done;

[0015] The imaging step (a) is done by x-ray or MRI
imaging;
[0016] Said cartography is done from bone density

measurements;

[0017] The lens implementation step (d) is done by a
method chosen among three-dimensional printing of
the lens and numerically controlled machining of at
least one block of material for forming the lens;

[0018] The lens implementation step (d) comprises the
following substeps:

[0019] (d1) A substep of implementation of at least one
mold done by a method chosen among three-dimensional
printing of said at least one mold and numerically controlled
machining of at least one block of material for forming said
at least one mold;

[0020] (d2) A substep of molding in which said lens or at
least one component of said lens is molded in said at least
one mold;

[0021] The lens calculation step (c) is preceded by a
simulation step (b) during which:

[0022] (bl) Propagation in the medium of the predeter-
mined ultrasonic wave from, the ultrasound probe disposed
at said predetermined position to a chosen position of the
lens is calculated, and the first arrival times t,(x,y) of said
predetermined ultrasonic wave to said chosen lens position
are determined;

[0023] (b2) Back-propagation in the medium (3) of said
predetermined objective ultrasonic wave field from the
predetermined area to said chosen lens position is simulated;
[0024] (b3) Second arrival times t;(X.y) of said back-
propagation of said predetermined objective ultrasonic wave
field to said chosen lens position are determined,;
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[0025] (b4) A delay law At(x,y) at said chosen lens posi-
tion equal to the sum of the first arrival times t,(x,y) and
second arrival times t,(x,y) is determined; And during the
lens calculation step (c), the ultrasonic lens is calculated
using said delay law At(x,y), so that when the ultrasound
probe sends said predetermined ultrasonic wave through
said ultrasonic lens, said predetermined wave reproduces the
desired wave field in the target area after passing through
said aberrating barrier;

[0026] The first arrival times t,(x,y) and the second
arrival times t,(x,y) are determined at different control
points M(x,y) belonging to a predetermined control
surface located at said chosen lens location;

[0027] The control surface is located between the ultra-
sound probe and the aberrating barrier;

[0028] At the lens calculation step (c), an ultrasonic lens
thickness e(x,y) is calculated at each point L(x,y) of the
lens corresponding to a control point M(x, y) with the
following formula:

e(x,y)=eq+Atx,y)/ (Ve-1/e)) 3)

where:—< is the speed of the ultrasonic wave in the medium
outside of the aberrating barrier;

[0029] c, the speed of the ultrasonic wave in the lens;

[0030] e, is a constant such that e(x,y) has a has a value
at each point of the lens that is positive and greater than
a predetermined minimum thickness;

[0031] The ultrasonic wave is monochromatic and at the
lens (9) calculation step (c), a lens thickness e(x,y) is
calculated at each point L(x,y) of the lens correspond-
ing to a control point M(x,y) with the following for-
mula:

e(x,y)=eq+At(x,y)/(1/e-1/c;), modulo T/(1/e-1/e)).

where:—< is the speed of the ultrasonic wave in the medium
outside of the aberrating barrier,

[0032] ¢, is the speed of the ultrasonic wave in the
lens;
[0033] e, is a real number such that e(x,y) has a has

a value at each point of the lens that is positive and
greater than a predetermined thickness;
[0034] T is the period of the ultrasonic wave;

[0035] The lens calculation step (c) considers travel
times of said predetermined ultrasonic wave in the
ultrasonic lens and angles of incidence of said prede-
termined ultrasonic wave at the surface of the ultra-
sonic lens;

[0036] The lens calculation step (c) considers all the
propagation of said predetermined ultrasonic wave,
including echoes between the ultrasound probe, the
ultrasonic lens and the aberrating barrier, so that the
ultrasonic energy transmission vield can be optimized
in the predetermined zones;

[0037] Thelens calculation step (c) is done iteratively in
order to optimize the ultrasonic energy transmission
yield in the predetermined area, using an analytic or
numerical model;

[0038] The medium in which the ultrasonic waves
propagate is a human or animal head, where the aber-
rating barrier is a skull and the internal part is a brain;

[0039] Said predetermined ultrasonic wave field is
focused in said internal part in at least one predeter-
mined area.

[0040] Further, the object of the invention is also a pro-
duction method for implementing an ultrasonic lens for
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purposes of insonification of a medium comprising at least
one aberrating barrier and a substantially homogeneous
internal part masked by said aberrating barrier, in order to
obtain a predetermined objective ultrasonic wave field in at
least one predetermined area belonging to said internal part,
by having said ultrasonic waves sent by an ultrasound probe
placed in a position predetermined relative to said medium
on the other side of said aberrating barrier from said internal
part,

[0041] The production method comprises at least one lens

calculation step (c) during which an ultrasonic lens is

calculated, using a model of the medium comprising a

mapping of ultrasonic wave propagation properties obtained

from actual imaging of the medium, that is suited, when it
is interposed between the ultrasound probe and the aberrat-
ing barrier, for generating aberrations such that when the
ultrasound probe sends a predetermined ultrasonic wave,
said predetermined wave generates said predetermined
objective ultrasonic wave field in said predetermined area.

[0042] In preferred embodiments of the production

method according to the invention, use could further be

made of one and/or the other of the following dispositions:

[0043] The production method further comprises a step
(d) of implementation of the lens calculated in the lens
calculation step (c);

[0044] The lens implementation step (d) is done by a
method chosen among three-dimensional printing of
the lens and digitally controlled machining of at least
one block of material for forming the lens;

[0045] The lens implementation step (d) comprises the
following substeps:

[0046] (d1) A substep of mold implementation done by a

method chosen among three-dimensional printing of said at

least one mold and numerically controlled machining of at
least one block of material for forming said at least one
mold;

[0047] (d2) A substep of molding in which said lens or at

least one component of said lens (9) is molded in said at least

one mold;

[0048] Advantageously, the lens is implemented of a

material having acoustic wave propagation properties modi-

fiable by exposure to a predetermined radiation;

[0049] During lens calculation step (c), the lens is calcu-
lated by determining local mechanical characteristics of
acoustic wave propagation in said lens;

[0050] And the method comprises a step (d) of implemen-
tation of the lens during which said lens is locally exposed
to said predetermined radiation for obtaining the local
mechanical properties of acoustic wave propagation
determined in lens calculation step (c).

[0051] Other features and advantages of the invention will

become apparent during the following description of one of

the embodiments thereof, given as a nonlimiting example,
with reference to the attached drawings.

[0052] In the drawings:

[0053] FIG. 1 is an overall schematic view of a sample

ultrasonic wave generation mechanism practicing the inven-

tion, comprising an ultrasonic lens;

[0054] FIG. 2 is a functional drawing of the mechanism
from FIG. 1;
[0055] FIG. 3 is a drawing illustrating the mode for

calculation of the acoustic lens usable in the mechanism
from FIG. 1;
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[0056] FIG. 4 is a drawing illustrating the operation of the
mechanism from FIG. 1.

[0057] In the various figures, the same references desig-
nate identical or similar items.

[0058] The mechanism 1 for generation of ultrasonic wave
shown on FIG. 1 is capable of generating predetermined
ultrasonic wave fields in a medium 3, for example the head
of a patient P, or in another part of the body. The medium 3
comprises at least one aberrating bartier 8 (here the skull of
the patient P) and at least one substantially homogeneous
internal part 7 (here the brain of the patient P) masked by
said aberrating barrier 8.

[0059] More generally, the substantially homogeneous
medium 7 could be any tissue medium of a human patient or
any other vertebrate, with tissue medium having substan-
tially homogeneous characteristics for propagation of ultra-
sonic waves, whereas the aberrating barrier could be any
other bone barrier. As an alternative example, the tissue
medium could possibly be made up by the heart or the
heart-lung system of the patient P, in which case the bone
barrier would be made up by the thoracic cage.

[0060] The mechanism 1 is intended to generate ultrasonic
waves in the brain 7 of the patient P (or more generally in
the internal part 7 of the medium 3) at frequencies for
example of order 0.1 to 10 MHz, in particular from 0.2 to 3
MHz, from the outside of the brain 8.

[0061] This generation of ultrasonic waves can be
intended for example to:

[0062] Make an ultrasonic image or series of images of
the brain, whether it involves static or functional imag-
ing, in particular Doppler imaging with which to view
blood flow or thermal imaging with which to view
heating caused by a hyperthermia treatment;

[0063] And/or perform a hyperthermia treatment, in
particular for destroying tumors, coagulating hemor-
rhages, and locally activating thermally activated medi-
cations;

[0064] And/or locally open the blood-brain barrier in
order to locally diffuse a medication previously injected
intravenously;

[0065] And/or activate/inhabit the brain by ultrasonic
neuromodulation.

[0066] 1In these latter applications, it will be noted that
obtaining an objective wave field is never in itself a thera-
peutic 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 length of application thereof, the
number of applications of this objective wave field and their
distribution over time.

[0067] In all cases, it is necessary to be able to generate,
with the greatest precision possible, one or more predeter-
mined objective ultrasonic wave field(s) in the brain 7 of the
patient P, for example for focusing the ultrasonic waves
emitted by an ultrasound probe 2 on one or more points of
the brain, or for generating more complex wave fields. As
shown in FIG. 4, the objective wave field can for example
be a wave field focused on a focal spot F in the brain 7, or
possibly several focal spots.

[0068] As shown in FIG. 1, the ultrasound probe 2 can for
example be integrated in a helmet 4 positioned in a prede-
termined way on the head 3 of the patient P, or else said
ultrasound probe 2 can be carried by any other known
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positioning system. In all cases, the ultrasound probe 2 is
positioned outside of the skull 8 of the patient in a prede-
termined position.

[0069] An acoustic lens 9, here also called ultrasonic lens,
also incorporated in the helmet 4, is interposed between the
ultrasound probe 2 and the skull 8 of the patient P. A gel or
liquid, which could be contained in a flexible pouch (not
shown), can be interposed between the ultrasonic lens 9 and
the skull 8 and or between the ultrasound probe 2 and the
ultrasonic lens 9, so as to assure good transmission of
ultrasonic waves. Here, this gel or liquid will be called
external medium and considered as making up part of the
propagation medium 3 of the ultrasonic waves.

[0070] The acoustic lens 9 can be made of any material in
which the speed of compressive acoustic waves c, is differ-
ent from the speed ¢ of said waves in the brain (c is
substantially the speed of sound in water, which is about
1480 m/s). The ultrasonic lens can for example be made of
plastic, in particular polydimethylsiloxane, also called
PDMS (c,=1030 m/s), or polymethylpentene, known under
the name TPX® (c,=2090 m/s).

[0071] Some parts of the ultrasonic lens could be made of
a material attenuating, reflecting or absorbing ultrasonic
waves, in particular for locally attenuating the ultrasonic
wave field made in the brain 7 or the skull 8, for example in
areas not needing treatment or for limiting the heating of the
skull.

[0072] The ultrasound probe 2 can be controlled by an
electronic circuit 5 (B) which itself could be controlled by a
computer 6 (PC).

[0073] As shown in FIG. 2, the ultrasound probe 2 can
include one or more ultrasonic transducer(s) T1-T8. In the
example shown there are eight of these transducers, but there
could be more in particular in imaging applications or even
fewer. Possibly, a single transducer T1 could be used, in
particular when the ultrasonic wave only needs to be
focused, in particular for purposes of treatment by thermal
or mechanical effect. The ultrasound probe 2 could comprise
transducers intended for ultrasonic imaging and others
intended for hyperthermic treatment, as explained in the
aforementioned document WO 2004/019784 Al.

[0074] As shown in FIG. 2, the electronic circuit 5 which
controls the ultrasound probe 2 can comprise:

[0075] A central electronic unit 10 (CPU) controlled by
the computer 7,

[0076] At least one central memory 11 (MEN) con-
nected to the central electronic unit 10;

[0077] An analog-digital converter A/D1-A/D8 con-
nected to each transducer T1-T8 and generally associ-
ated with a buffer memory (not shown);

[0078] Possibly, a circuit specific for signal processing
12 (DSP),

[0079] To practice the mechanism previously described,
the ultrasonic lens 9 is designed and produced such that the
desired objective wave field can be obtained, for example by
following the following steps:

[0080] (a) Determination of a Three-Dimensional Model
of the Medium 3:

[0081] In advance, a three-dimensional model of the
medium 3 is determined comprising a mapping of propaga-
tion properties of the ultrasonic waves in the medium.
[0082] This step generally comprises an imaging opera-
tion, in particular x-ray or MRI imaging, in particular in
order to determine the bone density of the aberrating barrier
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8 at each point, so the ultrasonic wave propagation param-
eters at each point can be determined, as explained in the
aforementioned document WO 2004/019784 A1 (in particu-
lar mass density p, speed ¢ of the ultrasonic waves and/or
absorption T of said ultrasonic waves, at each point of the
aberrating barrier 8).

[0083] The three-dimensional model can for example be
loaded into the computer 6. A user can position the desired
ultrasonic wave field, for example the one or more focal
spot(s) F, on the image of the medium 3 (FIG. 4). This
positioning can for example be done by viewing a lesion to
be treated or other area of interest on the image of the
medium 3 and by locating this area on the image using the
user interface of the computer 6 (for example mouse,
touchscreen or other). In the following, in the interest of
simplicity, “the area of interest F”” will be referred to for
designating one or more focal spots or one or more complex
objective wave field areas.

[0084] (b) Simulation:

[0085] The propagation of an ultrasonic wave through the
aberrating barrier can be simulated from the aforementioned
three-dimensional model for next determining the delays or
phase shifts which will have to be induced by the lens, and
then deducing from that the shape to give to the lens. This
step can be done by the aforementioned computer 6 or
another computer.

[0086] This simulation step can comprise the following
substeps:
[0087] (bl) Determination of the Arrival Times on a

Control Surface (S1-S'1):

[0088] As shown in S1 and S'1 on FIG. 3, it is possible to
determine the arrival times t,(x,y) of a predetermined ultra-
sonic wave 13 emitted by an ultrasound probe 2, a different
control points M(x,y), preferably belonging to a single
control surface 14 disposed between the probe 2 and the
aforementioned area of interest F. This control surface 14 is
located between the aberrating barrier 8 and the ultrasound
probe 2 at the position which the aforementioned acoustic
lens 9 should occupy. The control surface 14 can for
example be a plane XY where the axes X. Y are perpen-
dicular to the Z axis disposed in the direction of the depth.
This control surface could be any other flat or curved
surface.

[0089] These arrival times t,(x,y) are easily determined by
the computer 6 or other (up to an arbitrary constant time T,
common to the entire control surface 14), because the
external part of the medium (outside of the aberrating
barrier) is considered as homogeneous for the propagation of
ultrasonic waves.

[0090] Inthe simple and the most common case where the
probe is spherical with radius R, this determination can be
done very simply in the form:

lo(xy)=To-d(M)/c @

where:—d(M) is the distance between the control point
M(x,y) and the center of curvature the probe;

[0091] c is the speed of the ultrasonic wave in the

external part of the medium 3.

[0092] More generally, the arrival times t,(x,y) can be
determined by calculation of the ultrasonic wave propaga-
tion between the probe and the control points or by any other
known wave propagation method, which is simple in an
homogeneous medium (propagation can then be done in a
simplified model allowing an analytic calculation).
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[0093] The arrival times t,(x,y) will hereafter be called
first arrival times.

[0094] (b2) Simulation of the Back Propagation of the
Desired Ultrasonic Wave in the Area of Interest in the
Three-Dimensional Model (82):

[0095] As shown in S2 in FIG. 3, during this substep b2,
a back propagation of the predetermined objective ultrasonic
wave field in the medium 3 is simulated from the area of
interest F in the medium 3 to the aforementioned control
surface 14.

[0096] This simulation can be done for example by the
computer 6, for example by using a wave equation such as
equation. (1) below:

Lol Loow [ Ly e 1 azp(m)_r (m
(+T(V)6—I'JP(") % p(F, 1) —C(?T— (. 0,

Where T designates a position vector for the point consid-
ered; p designates the pressure; and S designates the ultra-
sonic signals generated by an ultrasonic source which could
be present at the point considered.

[0097] The propagation of ultrasonic waves in the aber-
rating barrier 8 and the internal part 7 can be simulated in the
computer by finite differences, by discretizing the equation
(1) above. The simulation can also be done by finite ele-
ments, or by an impulse diffraction method, or any other
known method.

[0098] (b3) Determination of the Second Arrival Times on
the Control Surface 14 (S'2):

[0099] As shown in S'2 in FIG. 3, the arrival times t,(x,y)
of the ultrasonic wave 13¢, 135 representative of the back
propagation of the predetermined objective wave field can
be determined at said control points M(x,y) belonging to the
control surface 14 with the aforementioned simulation.
[0100] The arrival times t,(x,y) are counted for example
from the instant of emission of the ultrasonic wave 13¢ in
said area F, where x and y are respectively the coordinates
on the axes X, Y of each control point M considered. The
arrival times t,(x.y) are hereafter be called second arrival
times.

[0101] (b4) Determination of the Delay Law of the Lens
(S3):
[0102] As shown in S3 on FIG. 3, the delay law At(x,y) is

determined at various control points M(x,y), equal to the
sum of the first arrival times t,(X,y) and second arrival times

t1 (Xay)'
[0103] (c) Calculation of the Ultrasonic Lens (S4):
[0104] Starting from the aforementioned delay law At(x,

vy), the computer 6 or other next calculates the profile of the
ultrasonic lens 9 which, when it is interposed between the
ultrasound probe 2 and the aberrating barrier a, is able to add
said delay At(x,y), such that when the ultrasound probe 2
emits said predetermined ultrasonic wave 134, said prede-
termined wave after traversing the lens and then the aber-
rating barrier produces the predetermined ultrasonic wave
field in the area of interest.

[0105] More precisely, a thickness e of the ultrasonic lens
9 can be calculated at each point of said lens corresponding
to a control point M(x,y) of the control surface 14, such that
the thickness e of the lens introduces an ultrasonic wave
propagation time correction corresponding to said delay law
modulo the period T=1/f of the ultrasonic wave (where f is
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the central frequency of the ultrasonic wave) and/or up to an
arbitrary constant time T, common to the entire control
surface.

[0106] For example, the ultrasonic lens thickness e(x,y)
can be calculated at each point L(x,y) of the lens corre-
sponding to a control point M(x,y), with the following
formula (3):

e(xy)=At(x,y)/(1/c-1/c )+eq (3).

[0107] The constant e, is a real number such that e(x, y)
has a has a value at each point of the lens that is positive and
minimal.

[0108] In the case of the emission of a monochromatic
wave, the ultrasonic lens thickness e(x,y) can be calculated
at each point L(x.y) of the lens corresponding to a control
point M(x,y), with the following formula (4):

e(x,y)=At(x,3)/(1/c-1/c|)+eq, modulo T/(1/e-1/c) 4.

[0109] Modulo T/(1/c-1/c,) means that e(x,y)=At(x,y)/(1/
c-1/c )+e +n-T/(1/c-1/c ), where n is a positive or negative
integer such that e(x, y) has a positive value. The integer n
can be common to the entire lens 9 (simple lens) or could be
different according to the regions the lens 9 (Fresnel lens).
[0110] Tt will be noted that the lens calculation step (c) can
consider at least travel times of the predetermined ultrasonic
wave in the ultrasonic lens 9 and angles of incidence of said
predetermined ultrasonic wave with the surface of the ultra-
sonic lens 9. The lens calculation step (c) can also consider
the entire propagation of said predetermined ultrasonic
wave, including echoes between the ultrasound probe 2, the
ultrasonic lens 9 and the aberrating barrier 8. The lens
calculation step (¢) can be done iteratively in order to
optimize the ultrasonic energy transmission yield in the
predetermined area F, using an analytic or numerical model.
[0111] (d) Implementation of the Ultrasonic Lens (S5):
[0112] Once the profile of the lens 9 for the patient P (or
more generally for a given application) is calculated, it can
be produced, preferably by a rapid production method.
[0113] In particular one of the commonly used production
methods for rapid prototyping can be used, for example:

[0114] Three-dimensional printing of the lens 9;

[0115] Numerically controlled machining of a block of

material in order to form the lens 9;

[0116] A process with two substeps comprising:
[0117] (dl) A substep of mold production (not shown)
done by a method chosen among three-dimensional printing
of the mold and numerically controlled machining of a block
of material for forming the mold,

[0118] (d2) A substep of molding in which said lens 9 is
molded in said mold.

[0119] (e) Use:

[0120] Once the lens 9 is produced, it can be attached in
the aforementioned helmet 4 or other support, and thus
positioned in the predetermined position that it must occupy
on the skull 8 of the patient P. An operator can then send the
predetermined wave 13a from the ultrasound probe 2
through the ultrasonic lens 9.

[0121] As shown in FIG. 4, the lens 9 introduces aberra-
tions which form the wavefront 135 upstream from the skull
8, such that after passage through the skull 8 or another
aberrating barrier, the wavefront 13¢ corresponds to the
aforementioned theoretical wave 13. Thus the objective
wave field results, for example of focusing in the focal spot
F.
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[0122] The wave thus sent, into the brain or other internal
part 7 can serve to treat the area of interest F as previously
explained. Further, the brain or another internal part 7 at
least in the neighborhood around the area of interest F could
be imaged, when the ultrasound probe 2 comprises ultra-
sonic transducers for imaging, because the ultrasonic lens 9
compensates the aberrations due to the skull or other aber-
rating barrier 8 both during transmitting and receiving.
[0123] The method according to the invention can further
comprise an optional step (f) of verification of the position-
ing of the device, during which ultrasonic echoes which are
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 3.

[0124] In all scenarios, the lens 9 can he produced in a
material having mechanical characteristics (in particular
hardness), and therefore acoustic wave propagation charac-
teristics, modifiable by exposure to a predetermined radia-
tion.

[0125] The predetermined radiation can for example be
ultraviolet radiation.

[0126] The material in question can for example be poly-
dimethylsiloxane (PDMS) or polyvinylmethylsiloxane
(PVMS), which harden under ultraviolet radiation.

[0127] In this case, during lens calculation step (c), the
lens 9 can be calculated by determining local mechanical
characteristics of acoustic wave propagation in said lens 9
with which to achieve the desired objective wave field.
These mechanical properties can be determined in addition
to the shape of the lens 9, or as a variant, the objective wave
field could be obtained just by local variations of local
propagation characteristics of the lens 9.

[0128] During the step (d) of implementation of the lens 9,
said lens is locally exposed to said predetermined radiation
for obtaining the local mechanical properties of acoustic
wave propagation determined in lens calculation step (c).

1. An insonification method for a medium comprising at
least one aberrating barrier and a substantially homogeneous
internal part masked by said aberrating barrier, in order to
obtain a predetermined objective ultrasonic wave field in at
least one predetermined area belonging to said internal part,
by having said ultrasonic waves sent by an ultrasound probe
placed in a predetermined position relative to said medium,
on the other side of said aberrating barrier from said internal
part, where the insonification method comprises at least the
following steps:

a lens calculation step during which an ultrasonic lens is
calculated, using a model of the medium comprising a
mapping of ultrasonic wave propagation properties
obtained from actual imaging of the medium, that is
suited, when it is interposed between the ultrasound
probe and the aberrating barrier, for generating aber-
rations such that when the ultrasound probe sends a
predetermined ultrasonic wave, said predetermined
wave generates said predetermined objective ultrasonic
wave field in said predetermined area;

a step of implementation of the lens calculated in the lens
calculation step;

a step of emission during which said predetermined
ultrasonic wave is sent by said ultrasound probe
through the ultrasonic lens disposed in said predeter-
mined position.
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2. The insonification method according to claim 1,
wherein the lens calculation step is preceded by an imaging
step during which said mapping is done.

3. The insonification method according to claim 2,
wherein the imaging step is done by x-ray or MRI imaging.

4. The insonification method according to claim 3,
wherein said cartography is done from bone density mea-
surements.

5. The insonification method according to claim 1,
wherein the lens implementation step is done by a method
chosen among three-dimensional printing of the lens and
digitally controlled machining of at least one block of
material for forming the lens.

6. The insonification method according to claim 1,
wherein the lens implementation step comprises the follow-
ing substeps:

a substep of implementation of at least one mold done by

a method chosen among three-dimensional printing of
said at least one mold and numerically controlled
machining of at least one block of material for forming
said at least one mold,;

a substep of molding in which said lens or at least one
component of said lens is molded in said at least one
mold.

7. The insonification method according to claim 1,
wherein the lens calculation step is preceded by a simulation
step during which:

propagation in the medium of the predetermined ultra-
sonic wave from the ultrasound probe disposed at said
predetermined position to a chosen position of the lens
is calculated, and the first arrival times t,(x,y) of said
predetermined ultrasonic wave to said chosen lens
position are determined,

back-propagation in the medium of said predetermined
objective ultrasonic wave field from the predetermined
area to said chosen lens position is simulated;

second arrival times t,(x,y) of said back-propagation of
said predetermined objective ultrasonic wave field to
said chosen lens position are determined;

a delay law At(x,y) at said chosen lens position equal to
the sum of the first arrival times t,(x,y) and second
arrival times t,(x.y) is determined,;

And during the lens calculation step, the ultrasonic lens is
calculated using said delay law At(x,y), so that when
the ultrasound probe sends said predetermined ultra-
sonic wave through said ultrasonic lens, said predeter-
mined wave reproduces the objective wave field in said
area F after passing through said aberrating bartier.

8. The insonification method according to claim 7,
wherein the first arrival times t,(x,y) and the second arrival
times t,(x,y) are determined at different control points
M(x,y) belonging to a predetermined control surface located
at said chosen lens location.

9. The insonification method according to claim 8,
wherein the control surface is located between the ultra-
sound probe and the aberrating barrier.

10. The insonification method according to claim 8,
wherein at the lens calculation step, an ultrasonic lens
thickness e(x,y) is calculated at each point L(x,y) of the lens
corresponding to a control point M(x,y) with the following
formula:

e(xy)=Atlx )/ (Ue-1/c | )+eq

where: ¢ is the speed of the ultrasonic wave in the medium
outside of the aberrating barrier;
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¢, is the speed of the ultrasonic wave in the lens;

e, is a real number such that e(x,v) has a has a value at
each point of the lens that is positive and greater than
a predetermined thickness.

11. The insonification method according to claim 8,
wherein the ultrasonic wave is monochromatic and at the
lens calculation step, a lens thickness e(x.y) is calculated at
each point L(x,y) of the lens corresponding to a control point
M(x,y) with the following formula:

e(xy)=Atx,y) (Ue-1/e, ey, modulo T/(1/e-1/ey).

where: ¢ s the speed of the ultrasonic wave in the medium

outside of the aberrating barrier;

¢, is the speed of the ultrasonic wave in the lens;

¢, is a real number such that e(x,y) has a has a value at

each point of the lens that is positive and greater than
a predetermined thickness;

T is the period of the ultrasonic wave.

12. The insonification method according to claim 7,
wherein at substep, the arrival times t,(x,y) is determined by
simulating propagation of said predetermined ultrasonic
wave in a simplified model allowing an analytic calculation.

13. The insonification method according to claim 1,
wherein the lens calculation step considers travel times of
said predetermined ultrasonic wave in the ultrasonic lens
and angles of incidence of said predetermined ultrasonic
wave at the surface of the ultrasonic lens.

14. The insonification method according to claim 1,
wherein the lens calculation step considers the entire propa-
gation of said predetermined ultrasonic wave, including
echoes between the ultrasound probe, the ultrasonic lens and
the aberrating barrier.

15. The insonification method according to claim 1,
wherein the lens calculation step is done iteratively in order
to optimize the ultrasonic energy transmission yield in the
predetermined area, using an analytic or numerical model.

16. The insonification method according to claim 1,
wherein the medium in which the ultrasonic waves propa-
gate is a human or animal head, where the aberrating barrier
is a skull and the internal part is a brain.

17. The insonification method according to claim 1,
wherein said predetermined ultrasonic wave field is focused
in said internal part in at least one predetermined area.

18. A production method for implementing an ultrasonic
lens for purposes of insonification of a medium comprising
at least one aberrating barrier and a substantially homoge-
neous internal part masked by said aberrating barrier, in
order to obtain a predetermined objective ultrasonic wave
field in at least one predetermined area belonging to said
internal part, by having said ultrasonic waves sent by an
ultrasound probe placed in a position predetermined relative
to said medium on the other side of said aberrating barrier
from said internal part,

the production method comprising at least one lens cal-

culation step during which an ultrasonic lens is calcu-
lated, using a model of the medium comprising a
mapping of ultrasonic wave propagation properties
obtained from actual imaging of the medium, that is
suited, when it is interposed between the ultrasound
probe and the aberrating barrier, for generating aber-
rations such that when the ultrasound probe sends a
predetermined ultrasonic wave, said predetermined
wave generates said predetermined objective ultrasonic
wave field in said predetermined area.
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19. The production method according to claim 18, further
comptising a step of implementation of the lens calculated
in the lens calculation step.

20. The production method according to claim 19,
wherein the lens implementation step is done by a method
chosen among three-dimensional printing of the lens and
digitally controlled machining of at least one block of
material for forming the lens.

21. The production method according to claim 19,
wherein the lens implementation step comprises the follow-
ing substeps:

a substep of mold implementation done by a method
chosen among three-dimensional printing of said at
least one mold and numerically controlled machining
of at least one block of material for forming said at least
one mold;

a substep of molding in which said lens or at least one
component of said lens is molded in said at least one
mold.

22. The production method according to claim 18,
wherein the lens calculation step is preceded by an imaging
step during which said mapping is done.

23. The production method according to claim 22,
wherein the imaging step is done by x-ray or MRI imaging.

24. The production method according to claim 23,
wherein said cartography is done from bone density mea-
surements.

25. The production method according to claim 18,
wherein the lens calculation step is preceded by a simulation
step during which:

propagation in the medium of the predetermined ultra-
sonic wave from the ultrasound probe disposed at said
predetermined position to a chosen position of the lens
is calculated, and the first arrival times t,(x,y) of said
predetermined ultrasonic wave to said chosen lens
position are determined;

back-propagation in the medium of said predetermined
objective ultrasonic wave field from the predetermined
area to said chosen lens position is simulated;

second arrival times t,(x,y) of said back-propagation of
said predetermined objective ultrasonic wave field to
said chosen lens position are determined;

a delay law At(x,y) at said chosen lens position equal to
the sum of the first arrival times t,(x,y) and second
arrival times t,(x.y) is determined,

And during the lens calculation step, the ultrasonic lens is
calculated using said delay law At(x,y), so that when
the ultrasound probe sends said predetermined ultra-
sonic wave through said ultrasonic lens, said predeter-
mined wave reproduces the objective wave field in said
area F after passing through said aberrating bartier.

26. The production method according to claim 25,
wherein the first arrival times t,(x,y) and the second arrival
times t,(x,y) are determined at different control points
M(x,y) belonging to a predetermined control surface located
at said chosen lens location.

27. The production method according to claim 26,
wherein the control surface is located between the ultra-
sound probe and the aberrating barrier.

28. The production method according to claim 26,
wherein at the lens calculation step, an ultrasonic lens
thickness e(x,y) is calculated at each point L(x,y) of the lens
corresponding to a control point M(x,y) with the following
formula:
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e(xy)=Atx,y)/(1/c-1/c))+e,

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

¢, is the speed of the ultrasonic wave in the lens;

€, is a real number such that e(x,v) has a has a value at
each point of the lens that is positive and greater than
a predetermined thickness.

29. The production method according to claim 26,
wherein the ultrasonic wave is monochromatic and at the
lens calculation step (c), a lens thickness e(x,y) is calculated
at each point L(x,y) of the lens corresponding to a control
point M(x,y) with the following formula:

e(x,y)=At(x,y)/(1/c-1/c|)+eq, modulo T/(1/c-1/c)).

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

¢, is the speed of the ultrasonic wave in the lens;

€, is a real number such that e(x,y) has a has a value at
each point of the lens that is positive and greater than
a predetermined thickness;

T is the period of the ultrasonic wave.

30. The production method according to claim 25,
wherein at substep, the arrival times t,(X,y) can be deter-
mined by simulating propagation of said predetermined
ultrasonic wave in a simplified model allowing an analytic
calculation.

31. The production method according to claim 18,
wherein the lens calculation step considers travel times of
said predetermined ultrasonic wave in the ultrasonic lens
and angles of incidence of said predetermined ultrasonic
wave at the surface of the ultrasonic lens.

32. The production method according to claim 18,
wherein the lens calculation step considers the entire propa-
gation of said predetermined ultrasonic wave, including
echoes between the ultrasound probe, the ultrasonic lens and
the aberrating barrier.

33. The production method according to claim 18,
wherein the lens calculation step is done iteratively in order
to optimize the ultrasonic energy transmission yield in the
predetermined area, using an analytic or numerical model.

34. The insonification method according to claim 1,
wherein the lens is made of a material having acoustic wave
propagation properties modifiable by exposure to a prede-
termined radiation,

during lens calculation step, the lens is calculated by
determining local mechanical characteristics of acous-
tic wave propagation in said lens;

and the method comprises a step of implementation of the
lens during which said lens is locally exposed to said
predetermined radiation for obtaining the local
mechanical properties of acoustic wave propagation
determined in lens calculation step.

35. The production method according to claim 18,
wherein the lens is made of a material having acoustic wave
propagation properties modifiable by exposure to a prede-
termined radiation,

during lens calculation step, the lens is calculated by

determining local mechanical characteristics of acous-
tic wave propagation in said lens;

and the method comprises a step of implementation of the

lens during which said lens is locally exposed to said
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predetermined radiation for obtaining the local
mechanical properties of acoustic wave propagation
determined in lens calculation step.
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