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Description
BACKGROUND

[0001] Ultrasound penetrates well through soft tissues
and, due toits shortwavelengths, can be focused to spots
with dimensions of a few millimeters. As a consequence
of these properties, ultrasound can and has been used
for a variety of diagnostic and therapeutic medical pur-
poses, including ultrasound imaging and non-invasive
surgery of many parts of the body. For example, by heat-
ing diseased (e.g., cancerous) tissue using ultrasound,
it is often possible to ablate the diseased portions without
causing significant damage to surrounding healthy tis-
sue.

[0002] The noninvasive nature of ultrasound surgery
is particularly appealing for the treatment of brain tumors.
Moreover, coherent, non-invasive focusing of ultrasound
through the human skull has been considered as a tool
for targeted drug delivery to the brain, improved throm-
bolytic stroke treatment, blood flow imaging, the detec-
tion of internal bleeding, and tomographic brain imaging.
However, the human skull has been a barrier to the clin-
ical realization of many of these applications. Impedi-
ments to transcranial procedures include strong attenu-
ation and the distortions caused by irregularities in the
skull's shape, density, and sound speed, which contrib-
ute toward destroying the ultrasound focus and/or de-
creasing the ability to spatially register received diagnos-
tic information.

[0003] Several minimally invasive or noninvasive ab-
erration-correction techniques for transskull focusing
overcome the focusing difficulties at least partially. Min-
imally invasive approaches may use receiving probes
designed for catheter insertion into the brain to measure
the amplitude and phase distortion caused by the skull,
and then correct the ultrasound beam using an array of
transducers. An alternative, completely noninvasive ap-
proach uses X-ray computed tomography (CT) images,
rather than receiving probes, to predict the wave distor-
tion caused by the skull.

[0004] Noninvasive focusing with a therapeutic array
has been demonstrated at frequencies of about 2 MHz
with a longitudinal wave propagation model. The velocity
of these waves is approximately 2700 m/s in the skull,
and about 1500 m/s in water and soft tissue. Due to this
ratio, sound that arrives at the skull under an incident
angle above about 30°, the critical angle, is reflected.
The amplitude of the focus therefore drops when the fo-
cus is directed close to the skull surface. As shown in
FIGS. 1A and 1B, a treatment envelope 100 is defined
as the region accessible to ultrasound from a sufficient
numberof transducers 102 to enable treatment. Whereas
the effect of reflection is minimal when the target area is
deep within the brain (FIG. 1A), since it lies inside the
treatment envelope 100, reflection becomes problematic
when the target is outside the envelope 100 (FIG. 1B).
In the latter case, only a small number of transducers
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can reach the target area without reflection, and the clos-
er the target is to the skull, the more transducers will be
completely excluded from treatment due to reflection.
[0005] The treatment envelope 100 can be extended
by reducing the frequency, e.g., t0 0.2 MHz, and employ-
ing shear waves. Shear waves are largely absorbed in
the skull at frequencies between 0.5 MHz and 4 MHz; at
lower frequencies, however, their absorption is reduced
to about that of longitudinal modes. Moreover, at 0.2
MHz, the sound velocity of shear waves in water (~1500
m/s) is comparable to that in the skull (~11400 m/s),
thereby essentially eliminating the problem of reflection
above a critical angle.

[0006] Previous methods of utilizing shear waves have
calculated the phase shifts and amplitude attenuation as-
sociated with an originally longitudinal mode that is con-
verted to a shear mode upon encountering the skull, and
converted back to a longitudinal mode when entering the
soft tissue of the brain. This approach is limited to large
incidence angles at which no longitudinal mode is excited
inthe skull, oris otherwise inaccurate. In order to optimize
focusing properties and maximize the amount of energy
available in the focus, the coexistence of longitudinal and
transverse modes ought to be taken into consideration.
[0007] Document WO 03 013 654 discloses an ultra-
sound system comprising a phased array, wherein the
ultrasound beam angle of the incidence with regard to
the tissue is chosen to obtain both a longitudal and a
shear component. The beam is not focussed as relatively
huge tissue areas are to be stimulated.

SUMMARY

[0008] Theinventionisdefinedinthe claims. Otherem-
bodiments are described for illustrative purposes only.
The present invention provides, in various embodiments
apparatus for ultrasound focusing utilizing both longitu-
dinal and shear modes. While developed mostly for
non-invasive brain surgery and imaging, the approach of
the invention may also be applied to other parts of the
body requiring the penetration of ultrasound through a
bone or cartilage interface. In transcranial applications,
atransducer array emits longitudinal sound waves, which
split into longitudinal and transverse components when
entering the skull. The ratio of these two components
depends on the frequency and the incidence angle. At
the interface of the skull with the soft brain tissue, the
transverse wave, or shear wave, is converted back to a
longitudinal wave, or pressure wave, and both longitudi-
nal components contribute to the ultrasound focus in the
brain. Exemplary methods compute and correct for a
phase shift and/or amplitude attenuation experienced by
the waves during their propagation through the skull and
brain.

[0009] An exemplary method for delivering ultrasound
waves to a target through at least one tissue layer, which
defines a first and a second interface. The waves have
both a shear component and a longitudinal component
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through the first tissue layer. The method involves
weighting energy contributions from the shear compo-
nent and the longitudinal component based on an inci-
dent angle of the waves at the first interface and, option-
ally, further based on a frequency of the waves and/or
on an acoustic response of the first layer. The method
may also include the computation of a coefficient for the
reflection of the waves at the first interface of the first
tissue layer. Furthermore, the method includes the steps
of computing phase shifts, and optionally attenuation co-
efficients, associated with the shear component and the
longitudinal component, and compensating for the phase
shifts and/or attenuations based on the weightings when
delivering the ultrasound waves. The compensation step
may, in some embodiments, also account for the geom-
etry, thickness, density, and/or acoustic response of the
first tissue layer. This first tissue layer corresponds in
certain embodiments to a patient’s skull. The method
may involve providing a model of the first tissue layer
(and any additional tissue layers), on which the compen-
sation step may be based. Such a model may be obtained
using computer tomography or magnetic resonance im-
aging. In certain embodiments, the model contains locally
parallel layers.

[0010] In some embodiments, the weighting of energy
contributions from the shear and longitudinal compo-
nents is accomplished by determining a threshold angle,
and setting the contribution from the shear component
to zero for incident angles below the threshold angle and
the contribution from the longitudinal component to zero
for incident angles above or at the threshold angle. Al-
ternatively, two threshold angles may be determined. In
these alternative embodiments, the contribution from the
shear mode is set to zero for incident angles below the
smaller of the two threshold angles, and the contribution
of the longitudinal mode is set to zero for angles above
the larger of the two threshold angles. Forincident angles
between the threshold angles, the energy contributions
of the two modes are computed by (e.g., linear) interpo-
lation. In some embodiments, the weighting step is based
on a relationship between energy contributions from the
shear component and the longitudinal component that
has been determined empirically over a range of inci-
dence angles.

[0011] In certain embodiments, the ultrasonic wave in-
cident upon the first interface is purely longitudinal, and
excites a longitudinal and a shear component in the first
tissue layer. The shear component, in turn, may excite a
longitudinal wave at the second interface.

[0012] In various embodiments, the ultrasound waves
are delivered by a phased array of transducers, whose
outputs are adjusted according to the computed phase
shifts and, if applicable, attenuations in the compensation
step. The waves may have a frequency in the range from
100 kHz to 400 kHz.

[0013] In a second aspect, the invention provides, in
various embodiments, a system for delivering multimode
ultrasound waves to a target located inside an object that
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contains at least a first tissue layer defining a first and a
second interface. The system includes a phased array
of transducers arranged around the object, a controller
computing phase shift compensations for the transduc-
ers, and a beam former in communication with the
phased array of transducers for adjusting outputs of the
transducers in accordance with the phase shift compen-
sations computed by the controller. The controller re-
ceives data about the object and its location relative to
the transducers, as well as about the location of the tar-
get, and uses this data to compute an incident angle at
which waves emanating from the transducer arrive at the
first interface. Based on the computed incidence angle,
the controller computes weightings of the energy contri-
butions from the shear component and the longitudinal
component. It further calculates phase shifts for the two
wave components, based on the incident angle and the
data about the object, and uses these phase shifts in
determining the phase shift compensations.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] The foregoing discussion and the following de-
tailed description of embodiments of the invention can
more readily be understood in conjunction with the ac-
companying drawings wherein:

[0015] FIGS. 1A and 1B are schematic diagrams illus-
trating ultrasound wave focusing for foci in the center and
near the periphery of the brain, respectively;

[0016] FIG. 2 is a schematic diagram of a system for
focusing ultrasound in accordance with various embod-
iments of the invention;

[0017] FIG. 3A is a computer tomography image of a
skull section, and FIG. 3B is a schematic diagram of an
enlarged view of the skull section illustrating acoustic
wave propagation through the skull;

[0018] FIG. 4 is a flow chart illustrating a method for
ultrasound focusing using longitudinal and transverse
modes;

[0019] FIGS. 5A-5C are flow charts detailing the
weighting step of FIG. 4 in accordance with various em-
bodiments of the invention;

[0020] FIG. 6 is a graph illustrating an interpolation for
the energy distribution between longitudinal and trans-
verse waves in accordance with one embodiment of the
invention; and

[0021] FIG. 7 is a graph showing empirical data for the
energy distribution between longitudinal and transverse
waves which may be used in accordance with one em-
bodiment of the invention.

DETAILED DESCRIPTION

[0022] Ultrasound energy may be transmitted into a
patient, for various medical purposes, using arrays of ra-
diating transducer elements. The amplitudes of the
waves emanating from the elements can affecthow much
energy penetrates the patient, and the relative phases
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and amplitudes of the waves can be controlled to focus
the energy into a desired region, e.g., into a tumor. While
penetrating the patient, the waves typically encounter
several layers of tissues, e.g., bone, muscle, or fat, whose
density and structure, and, consequently, ultrasound
propagation properties, differ. Due to inhomogeneities
and anisotropies in the tissues, the wave fronts are often
distorted. Moreover, signals from different transducer el-
ements may encounter different thicknesses and con-
tours of materials, and possibly air-filled or liquid-filled
pockets between transducer elements and the region to
be imaged or treated, resulting in different phase shifts
and attenuations. Compensating for these effects, by ap-
propriate phase shifts and amplification factors imposed
on the transducer elements, avoids deterioration of fo-
cusing properties.

[0023] FIG. 2illustrates an exemplary ultrasound ther-
apy system 200 for focusing ultrasound into a patient’'s
brain through the skull S. The system 200 includes a
phased array 202 of transducer elements 204, a beam
former 206 driving the phased array, a controller 208 in
communication with the beamformer, and a frequency
generator 210 providing an input electronic signal for the
beamformer. The system may further include an imager
212, such as amagneticresonance imaging (MRI) device
or a computer tomography (CT) device, for determining
the structure of the patient’s skull and brain.

[0024] The array 202 may comprise a single row or a
matrix of transducer elements 204. In alternative embod-
iments, the transducer elements 204 may be arranged
in a non-coordinated fashion. The array 202 may have a
curved (e.g., spherical or parabolic) shape suitable for
placing it on the surface of the skull S, or may include
one or more planar or otherwise shaped sections. Its di-
mensions may vary, depending on the application, be-
tween millimeters and tens of centimeters. The transduc-
er elements 204 of the array 202 may be piezoelectric
ceramic elements, and may be mounted in silicone rub-
ber or any other material suitable for damping the me-
chanical coupling between the elements 204. Piezo-
composite materials, or generally any materials capable
of converting electrical energy to acoustic energy, may
also be used. To assure maximum power transfer to the
transducer elements 204, the elements may be config-
ured for electrical resonance at 50 Q, matching input con-
nector impedance.

[0025] The array 202 is coupled to the beamformer
206, which drives the individual transducer elements so
that they collectively produce a focused ultrasonic beam
or field. For n transducer elements, the beamformer 206
may contain n pairs of an amplifier 212 and a phase delay
circuit 214, each pair driving one of the transducer ele-
ments. The beamformer 206 receives a radio frequency
(RF) input signal, typically in the range from 0.1 MHz to
0.4 MHz, from frequency generator 210, which may, for
example, be a Model DS345 generator available from
Stanford Research Systems. The input signal may be
splitinto n channels for the n amplifiers and delay circuits
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212, 214 of the beamformer 206. In some embodiments,
the frequency generator 210 is integrated with the beam-
former 206. The radio frequency generator 210 and the
beamformer 206 are configured to drive the individual
transducer elements 204 of the array 206 at the same
frequency, but at different phases and different ampli-
tudes.

[0026] The amplification or attenuation factors and the
phase shift a imposed by the beamformer 206 serve to
transmit and focus ultrasonic energy through the patient’s
skull S into a selected region of the patient’s brain, and
account for wave distortions induced in the skull and soft
brain tissue. They are computed in the controller 208,
which may provide the computational functions through
software, hardware, firmware, hardwiring, or any combi-
nation thereof. For example, the controller 208 may utilize
a general purpose, or special purpose, digital data proc-
essor programmed with software in a conventional man-
ner in order to determine the phase shifts and amplifica-
tion factors. In certain embodiments, the computation is
based on detailed information about the structure, thick-
ness, density, etc. of the skull. Such information may be
obtained from the imager 212. Image acquisition may be
three-dimensional or, alternatively, the imager 212 may
provide a set of two-dimensional images suitable for con-
structing a three-dimensionalimage of the skull and brain
from which thicknesses and densities can be inferred.
Image-manipulation functionality may be implemented in
the imager 212, in the controller 208, or in a separate
device.

[0027] System 200 may be modified in many ways
within the scope of the invention. For example, for diag-
nostic applications, the system may further include a de-
tector device that measures transmitted or reflected ul-
trasound, and which may provide the signals it receives
to the driver 208 for further processing. The reflection
and transmission signals may also be used as feedback
for the phase and amplitude adjustments of the beam-
former 206. The system may contain a positioner for ar-
resting the array 202 of transducer elements 204 with
respect to the patient’s skull S. In order to apply ultra-
sound therapy to body parts other than the brain, the
transducer array 202 may take a different, e.g., a cylin-
drical, shape. In some embodiments, the transducer el-
ements 204 are mounted movably and rotatably, provid-
ing mechanical degrees of freedom that can be exploited
to improve focusing properties. Such movable transduc-
ers may be adjusted by conventional actuators, which
may be driven by a component of controller 210 or by a
separate mechanical controller.

[0028] Unlike many previous systems for focusing ul-
trasound through the skull, embodiments of the present
invention utilize both longitudinal and shear waves. While
water and soft brain tissue, for all practical purposes, only
support longitudinal waves, shear waves can be excited
in the much denser skull bone by longitudinal waves in-
cident upon the skull surface. FIG. 3A shows a CT image
of a skull section 300, in which the brightness level cor-
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relates with material density. The propagation of an ul-
trasound beam through the skull is illustrated schemati-
cally in FIG. 3B, which shows an enlarged section of the
skull 300. A purely longitudinal wave L, falling onto the
outer skull surface 302 splits into a shear component §,
and a longitudinal component L. The relative contribu-
tions of these two components depend largely on the
incidence angle. For wave frequencies between 100 kHz
and 400 kHz, at angles below 20°, most of the energy of
waves propagates in the longitudinal mode. At angles
above 40°, the shear mode is predominant. In the inter-
mediate regime, longitudinal and transverse modes co-
exist. In general, part of the incident acoustic energy may
be reflected (not shown). The remaining energy, which
enters the skull, is partially absorbed, and partially prop-
agated through the skull, depending on the frequency of
the waves. For example, at frequencies above 500 kHz,
most of the energy contained in the shear mode is ab-
sorbed and heats the skull. At frequencies between 100
kHz and 400 kHz, however, a significant fraction of the
shear energy exits the skull at the interface 304 with the
soft brain tissue, where it is transformed back into a lon-
gitudinal wave L. The longitudinal wave L, likewise
penetrates the bone at such frequencies, and enters into
the brain tissue as a longitudinal wave L, - The two com-
ponents propagate through the skull 300 under different
angles due to their different propagation velocities, and,
consequently, enter the brain at different locations. In
order to accurately adjust the amplitudes and phases of
the transducer elements to focus the acoustic energy at
the desired location, the energy contributions of both
components are taken into consideration.

[0029] One approach to computing the propagation of
longitudinal and shear waves through the skull involves
numerically solving the Navier differential equation,
which fully describes acoustic wave propagation, imply-
ing both longitudinal and transverse modes. Such a nu-
merical simulation may be carried out, for example, using
the finite elements method, and is therefore amenable
to an arbitrary skull structure and geometry. It facilitates
optimization of the phase and amplitude adjustments of
the transducer elements for a particular patient, e.g.,
based on a CT scan of the patient’s skull. However, this
method is computationally expensive, and typically is
performed off-line, i.e., during treatment planning.
[0030] Various alternative approaches are based on
the analysis of the propagation of individual rays. For
each transducer element, the path and phase shift of an
acoustic ray starting at the element, passing through the
skull bone, and arriving at the focal point is calculated.
Using a simplified model of the skull which contains three
locally parallel (e.g., concentric spherical) layers, corre-
sponding to two cortical layers and a marrow layer in
between, a closed analytical solution for the propagation
of aray through the skull may be obtained. Similarly, the
propagation through other layers, e.g., soft brain tissue
layers, may be calculated. The relations between incom-
ing and outgoing waves for the various layers may be
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expressed in terms of transmission matrices, the product
of which yields the overall transmission matrix for prop-
agation from the transducer element to the focus. In this
method, an acoustic ray is modeled as a planar wave,
and includes both longitudinal and transverse modes.

[0031] A more realistic skull geometry can be account-
ed for in approaches that weight the contributions of lon-
gitudinaland shear modes, and calculate the propagation
of these two modes separately. FIG. 4 illustrates sepa-
ration methods in accordance with such approaches. In
a first step 400, an image of the patient's head may be
taken, e.g., by magnetic resonance imaging or computer
tomography. Step 400 is optional, as an otherwise ob-
tained model of the skull and brain may be substituted
for the image. For certain applications, a simplified mod-
el, such as a series of concentric spherical layers, may
suffice to focus ultrasound with adequate accuracy. In
step 402, an array of transducer elements (see FIG. 2)
is positioned with respect to the skull, and the desired
focus of the acoustic energy is specified. The information
about the skull geometry and structure and about the
locations of transducer array and focus are used repeat-
edly throughout the following computational steps, which
may be carried out by controller 208. First, an incident
angle ¢ of the acoustic wave onto the skull is computed
for each transducer element (step 404). In an optional
step 406, the amount of energy reflected from the skull
may be calculated based on the angle. The contributions
of the transmitted energy to the longitudinal and the shear
modes, respectively, are weighted in step 408, as de-
tailed further below. In step 410, wave propagation
through the skull and brain, and the phase shift and at-
tenuationresulting atthe focus, are calculated separately
for each mode. Then, the contributions of the two waves
are added to determine an overall phase shift and atten-
uation for waves emanating from the transducer element
(step 412). In embodiments wherein the transducer ele-
ments can be moved or rotated, they may then be ad-
justed to improve the focus (step 414), and steps 404
through 412 may be repeated. Once the total phase
and/or attenuation are determined for each transducer
element, they are employed, in step 416, to adjust the
phase shifts o and amplification factors in the beamform-
er. Finally, the transducer array is driven accordingly to
deliver acoustic energy to the desired focus (step 418).
[0032] The weighting step 408 may be carried out in
one of several ways of various levels of sophistication.
FIGS. 5A-5C illustrate three exemplary methods. In ap-
proach 408a, shown in FIG. 5A, a threshold angle 6 is
determined (step 500), and this angle separates a pre-
dominantly longitudinal regime from a predominantly
transverse regime. The threshold angle may be chosen
dependent on the frequency of the waves. For example,
for acoustic waves at a frequency of around 0.2 MHz, a
suitable threshold angle is 30°. The energy is assumed
to be carried entirely by the longitudinal mode for inci-
dence angles below the threshold angle, and entirely by
the transverse mode for incidence angles above the
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threshold angle. Accordingly, the energy contribution of
the shear wave is set to zero below the threshold angle
(step 502), and the energy contribution of the longitudinal
pressure wave is set to zero above the threshold angle
(step 504).

[0033] FIG. 5B illustrates a more involved method
408b, involving three regimes — a longitudinal regime,
a shear regime, and an overlap regime. In step 510, two
threshold angles, 64 and 6,, are defined. For incidence
angles ¢ below the first, smaller threshold angle 6, the
shear component is set to zero (step 512), and for inci-
dence angles above the second, larger threshold angle
6,, the longitudinal component is set to zero (step 514).
Atincidence angles between the first and second thresh-
old angles, longitudinal and shear are assumed to coin-
cide, and their relative contributions are determined by
interpolation (step 516). For example, the fraction of the
shear component may be set to increase linearly from
zero percent at the first threshold angle, 6, to one hun-
dred percent at the second threshold angle, 6, as illus-
trated in the diagram of FIG. 6. However, non-linear in-
terpolations may also be used.

[0034] In some embodiments, illustrated in FIG. 5C,
the proportions of longitudinal and shear modes are de-
termined empirically. Such methods 408c involve provid-
ing, in step 520, values for the contributions of both
modes over a range of incident angles, e.g., in the form
of a graph. FIG. 7 is an exemplary graph showing the
fraction of the incident energy that propagates through
the skullin the longitudinal and transverse modes, based
on empirically gathered data. At about 40°, the energy
of the longitudinal mode drops to zero. The energy of the
transverse mode increases from zero at normal inci-
dence to as significant fraction at about 40°, above which
angle ofincidence it predominates. In step 522, weighting
factors for the longitudinal and the transverse component
are determined for a particular incident angle based on,
for example, the relationships shown in FIG. 7.

[0035] With renewed reference to FIG. 2, steps
404-412 are typically implemented by a suitable pro-
grammable processor and computer memory. The proc-
essor may be implemented in hardware or software, or
a combination of both, within controller 208 or, alterna-
tively, in a separate device such as a general-purpose
computer. In addition, the operating program of system
200 may set aside portions of a computer’s random ac-
cess memory to provide control logic that effects one or
more of the image capture, processing, and delivery of
acoustic energy via transducer array 204. In such an em-
bodiment, the program may be written in any one of a
number of high-level languages, such as FORTRAN,
PASCAL, C, C++, C#, Java, Tcl, or BASIC. Further, the
program can be written in a script, macro, or functionality
embedded in commercially available software, such as
EXCEL or VISUAL BASIC. Additionally, the software can
be implemented in an assembly language directed to a
microprocessor resident on a computer. For example,
the software can beimplemented in Intel 80x86 assembly
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language if it is configured to run on an IBM PC or PC
clone. The software may be embedded on an article of
manufacture including, but not limited to, "computer-
readable program means" such as a floppy disk, a hard
disk, an optical disk, a magnetic tape, a PROM, an
EPROM, or CD-ROM.

[0036] Although the present invention has been de-
scribed with reference to specific details, itis notintended
that such details should be regarded as limitations upon
the scope of the invention, except as and to the extent
that they are included in the accompanying claims.

Claims

1. A system (200) for delivering multimode ultrasound
waves to a target located inside an object that com-
prises at least a first layer defining a first interface
and a second interface, the waves having a shear
component and a longitudinal component through at
least the first layer, the system comprising:

(a) a phased array (202) of transducers (204)
arranged around the object;
(b) a controller (208) for

(i) receiving data about the object, its loca-
tion relative to the transducers, and a loca-
tion of the target,

(ii) computing for each transducer, based
on the data (1) an incident angle at which
waves emanating from the transducer ar-
rive at the first interface, (2) weightings of
energy contributions from the shear com-
ponent and the longitudinal component,
based on the incident angle, and (3) phase
shifts of the shear component and the lon-
gitudinal component, and

(iii) computing phase shift compensations
for the transducers based on the phase
shifts of the shear components and the lon-
gitudinal components; and

(c) a beam former (206) in communication with
the controller (208) and the phased array (202)
oftransducers (204) for adjusting the amplitudes
and phases of the outputs of the transducers in
accordance with the phase shift compensations
computed by the controller (208) in order to fo-
cus the ultrasound waves at the target.

2. The system of claim 1, wherein the controller is
adapted to compute the weightings of energy
contributions from the shear component and the lon-
gitudinal component by determining a threshold an-
gle; and setting the energy contribution from the
shear component to zero for incident angles smaller
than the threshold angle; and setting the energy con-
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tribution from the longitudinal component to zero for
incident angles not smaller than the threshold angle.

The system of claim 1, wherein the controller is
adapted to compute the weightings of energy
contributions from the shear component and the lon-
gitudinal component by determining a first threshold
angle and a second threshold angle, the second
threshold angle being greater than the first threshold
angle; setting the energy contribution from the shear
component to zero for incident angles smaller than
the first threshold angle; and setting the energy con-
tribution from the longitudinal component to zero for
incident angles larger than the second threshold an-
gle; and computing the energy contributions from the
shear component and the longitudinal component
by interpolation for incident angles not smaller than
the first threshold angle and not larger than the sec-
ond threshold angle.

The system of claim 3, wherein the interpolation is
linear.

The system of claim 1, wherein the controller is
adapted to compute the weightings based on an em-
pirically determined relationship between relative
energy contributions from the shear component and
the longitudinal component.

The system of claim any of claims 1 to 5, wherein
the controller is adapted to compute the weightings
based on a frequency of the ultrasound waves.

The system of claim any of claims 1 to 5, wherein
the controller is adapted to compute the weightings
based on an acoustic response of the first layer.

The system of any of claims 1-7, wherein the system
further comprises an imager (212).

The system of claim 8, wherein the image is a mag-
netic resonance imaging (MRI) device.

The system of claim 8, wherein the image is a com-
puter tomography (CT) device.

The system of claim 8, wherein the data about the
object comprises a model of at least the first layer
obtained using the imager.

The system of any of claims 1-11, wherein the con-
troller is configured to further compute coefficients
of attenuation associated with the longitudinal com-
ponent and the shear component, and the beam
former is configured to compensate for the attenua-
tion when delivering the ultrasound waves.

The system of any of claims 1-12, wherein the con-

10

15

20

25

30

35

40

45

50

55

14.

troller is configured to further compute coefficients
of reflection of the wave at the first interface, and the
beam former is configured to compensate for the re-
flection when delivering the ultrasound waves.

The system of any of claims 1-13, wherein the ultra-
sound waves have a frequency in the range from
100 kHz to 400 kHz.

Patentanspriiche

1.

System (200) fir die Zufuhr von Multimode-Ultra-
schallwellen an ein Ziel, das sich innerhalb eines Ob-
jekts befindet, welches mindestens eine erste
Schicht umfasst, wodurch eine erste Grenzflache
und eine zweite Grenzflache definiert werden, wobei
die Wellen eine Scherkomponente und eine Langs-
komponente durch die mindestens eine erste
Schicht aufweisen, wobeidas System folgendes um-
fasst:

(a) eine phasengesteuerte Anordnung (202) von
Messwandlern (204), die um das Objekt ange-
ordnet sind;

(b) eine Steuereinheit (208) zum

(i) Empfang von Daten Uber das Objekt,
dessen Position im Verhaltnis zu den Mess-
wandlern und eine Position des Ziels;

(ii) Berechnen auf der Basis der Daten fur
jeden Messwandler (1) eines Einfallwin-
kels, bei dem Wellen, die von dem Mess-
wandler austreten, die erste Grenzflache
erreichen; (2) von Gewichtungen der Ener-
giebeitrage der Scherkomponente und der
Langskomponente auf der Basis des Ein-
fallwinkels; und (3) von Phasenverschie-
bungen der Scherkomponente und der
Langskomponente; und

(i) Berechnen von Phasenkompensatio-
nen fur die Messwandler auf der Basis der
Phasenverschiebungen der Scherkompo-
nenten und der Langskomponenten; und

(c) einen Strahlenformer (206), der sich in Kom-
munikation mit der Steuereinheit (208) und der
phasengesteuerten Anordnung (202) von
Messwandlern (204) befindet, um die Amplitu-
den und die Phasen der Ausgaben der Mess-
wandler gemafl den durch die Steuereinheit
(208) berechneten Phasenverschiebungskom-
pensationen anzupassen, um die Ultraschall-
wellen auf das Ziel zu fokussieren.

2. System nach Anspruch 1, wobei die Steuereinheit

die Gewichtungen der Energiebeitrage von der
Scherkomponente und der Langskomponente be-
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rechnen kann, indem ein Schwellenwinkel bestimmt
wird; und wobei der Energiebeitrag der Scherkom-
ponente fir Einfallwinkel, die kleiner sind als der
Schwellenwinkel, auf Null gesetzt wird; und wobei
der Energiebeitrag der Langskomponente fir Ein-
fallwinkel, die nicht kleiner sind als der Schwellen-
winkel auf Null gesetzt wird.

System nach Anspruch 1, wobei die Steuereinheit
die Gewichtungen der Energiebeitrage von der
Scherkomponente und der Langskomponente be-
rechnen kann, indem ein erster Schwellenwinkel und
ein zweiter Schwellenwinkel bestimmt werden, wo-
bei der zweite Schwellenwinkel gréRer ist als der er-
ste Schwellenwinkel; wobei der Energiebeitrag der
Scherkomponente fir Einfallwinkel, die kleiner sind
als der erste Schwellenwinkel, auf Null gesetzt wird;
und wobei der Energiebeitrag der Langskomponen-
te fur Einfallwinkel, die groRer sind als der zweite
Schwellenwinkel, auf Null gesetzt wird; und wobei
die Energiebeitrage der Scherkomponente und der
Langskomponente durch Interpolation fur Einfallwin-
kel berechnet werden, die nicht kleiner sind als der
erste Schwellenwinkel und nicht gréRRer als der zwei-
te Schwellenwinkel.

System nach Anspruch 3, wobei die Interpolation li-
near ist.

System nach Anspruch 1, wobei die Steuereinheit
die Gewichtungen auf der Basis eines empirisch be-
stimmten Verhaltnisses zwischen den relativen En-
ergiebeitragen der Scherkomponente und der
Langskomponente berechnen kann.

System nach einem der Anspriiche 1 bis 5, wobei
die Steuereinheit die Gewichtungen auf der Basis
einer Frequenz der Ultraschallwellen berechnen
kann.

System nach einem der Anspriiche 1 bis 5, wobei
die Steuereinheit die Gewichtungen auf der Basis
einer akustischen Resonanz der ersten Schicht be-
rechnen kann.

System nach einem der Anspriiche 1 bis 7, wobei
das System ferner eine Bilddarstellungsvorrichtung
(212) umfasst.

System nach Anspruch 8, wobei es sich bei der Bild-
darstellungsvorrichtung um eine bildgebende Kem-
spinresonanzvorrichtung (MRI-Vorrichtung) han-
delt.

System nach Anspruch 8, wobei es sich bei der Bild-
darstellungsvorrichtung um eine Computertomogra-
fie-Vorrichtung (CT-Vorrichtung) handelt.
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12.

13.

14.

System nach Anspruch 8, wobei die Daten Uber das
Objekt ein Modell zumindest der ersten Schicht um-
fassen, das unter Verwendung der Bilddarstellungs-
vorrichtung erhalten wird.

System nach einem der Anspriiche 1 bis 11, wobei
die Steuereinheit so konfiguriert ist, dass sie ferner
der Langskomponente und der Scherkomponente
zugeordnete Dampfungskoeffizienten berechnet,
und wobei der Strahlenformer so konfiguriert ist,
dass er bei der Zufuhr der Ultraschallwellen die
Dampfung kompensiert.

System nach einem der Anspriiche 1 bis 12, wobei
die Steuereinheit so konfiguriert ist, dass sie ferner
Reflexionskoeffizienten der Welle an der ersten
Grenzflache berechnet, und wobei der Strahlenfor-
mer so konfiguriert ist, dass er bei der Zufuhr der
Ultraschallwellen die Reflexion kompensiert.

System nach einem der Anspriiche 1 bis 13, wobei
die Ultraschallwellen eine Frequenz im Bereich von
100 kHz bis 400 kHz aufweisen.

Revendications

1.

Systéme (200) pour délivrer des ondes ultrasonores
multimodales a une cible située a l'intérieur d’'un ob-
jet qui comprend au moins une premiere couche dé-
finissant une premiére interface et une seconde in-
terface, les ondes ayant une composante de cisaille-
ment et une composante longitudinale a travers au
moins la premiére couche, le systéeme comprenant :

(a) un réseau phasé (202) de transducteurs
(204) disposé autour de I'objet ;
(b) un contréleur (208) pour :

(i) recevoir des données concernant l'objet,
sa localisation par rapport aux transduc-
teurs et un emplacement de la cible,

(ii) calculer pour chaque transducteur, en
fonction des données (1) un angle d’inci-
dence auquel les ondes émanant du trans-
ducteur arrivent au niveau la premiére in-
terface, (2) des pondérations de contribu-
tions d’énergie a partir de la composante de
cisaillement et de la composante longitudi-
nale, par rapporta I'angle d’incidence, et (3)
des déphasages de la composante de ci-
saillement et de la composante longitudina-
le, et

(iii) calculer des compensations de dé-
phasage pour les transducteurs en fonction
des déphasages des composantes de ci-
saillement et des composantes
longitudinales ; et
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(c) un formeur de faisceau (206) en communi-
cation avec le contréleur (208) et le réseau pha-
sé (202) de transducteurs (204) pour ajuster les
amplitudes et les phases des sorties des trans-
ducteurs conformément aux compensations de
déphasage calculées par le contrdleur (208) afin
de concentrer les ondes ultrasonores sur la ci-
ble.

Systeme selon larevendication 1, dans lequel le con-
tréleur est adapté pour calculer les pondérations de
contributions d’énergie a partir de la composante de
cisaillement et de la composante longitudinale en
déterminant un angle seuil ; et régler la contribution
d’énergie a partir de la composante de cisaillement
azéropourles anglesd’incidence inférieurs a 'angle
seuil ; et régler la contribution d’énergie a partir de
la composante longitudinale a zéro pour les angles
d’incidence non inférieurs a I'angle de seuil.

Systeme selon larevendication 1, dans lequel le con-
tréleur est adapté pour calculer les pondérations de
contributions d’énergie a partir de la composante de
cisaillement et de la composante longitudinale en
déterminant un premier angle seuil et un second an-
gle seuil, le second angle seuil étant supérieur au
premier angle seuil ; régler la contribution d’énergie
a partir de lacomposante de cisaillement a zéro pour
les angles d’incidence inférieurs au premier angle
seuil ; et régler la contribution d’énergie a partir de
la composante longitudinale a zéro pour les angles
d’incidence supérieurs au second angle seuil ; etcal-
culer les contributions d’énergie a partir de la com-
posante de cisaillement et de la composante longi-
tudinale par interpolation pour des angles d’'inciden-
ce non inférieurs au premier angle seuil et non su-
périeurs au second angle seuil.

Procédé selon la revendication 3, dans lequel I'in-
terpolation est linéaire.

Systeme selon larevendication 1, dans lequel le con-
tréleur est adapté pour calculer les pondérations en
fonction d’une relation déterminée de fagon empiri-
que entre les contributions d’énergie relatives a partir
de la composante de cisaillement et de la compo-
sante longitudinale.

Systeme selon I'une quelconque des revendications
1 a 5, dans lequel le contrbleur est adapté pour cal-
culer les pondérations en fonction d’une fréquence
des ondes ultrasonores.

Systeme selon I'une quelconque des revendications
1 a 5, dans lequel le contrbleur est adapté pour cal-
culer les pondérations en fonction d’'une réponse
acoustique de la premiére couche.
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10.

1.

12.

13.

14.

Systéme selon I'une quelconque des revendications
1a7,dans lequel le systeme comprend en outre un
imageur (212).

Systéme selon la revendication 8, dans lequel 'ima-
geur est un dispositif d'imagerie a résonance ma-
gnétique (en anglais « magnetic résonance
imaging » - MRI).

Systéme selon la revendication 8, dans lequel 'ima-
geur est un dispositif de tomographie informatique
(en anglais « computer tomography » - CT).

Systéme selon la revendication 8, dans lequel les
données concernant I'objet comprennent un modéle
d’au moins la premiére couche obtenue a 'aide de
I'imageur.

Systéme selon I'une quelconque des revendications
1 a 11, dans lequel le contrdleur est configuré pour
en outre calculer des coefficients d’atténuation as-
sociés a la composante longitudinale et a la compo-
sante de cisaillement, et le formeur de faisceau est
configuré pour compenser I'atténuation lors de la li-
vraison des ondes ultrasonores.

Systéme selon I'une quelconque des revendications
1 a 12, dans lequel le contréleur est configuré pour
en outre calculer des coefficients de réflexion de I'on-
de au niveau de la premiére interface, et le formeur
de faisceau est configuré pour compenser la ré-
flexion lors de la livraison des ondes ultrasonores.

Systéme selon I'une quelconque des revendications
1 a 13, dans lequel les ondes ultrasonores ont une
fréquence dans la plage de 100 kHz a 400 kHz.



EP 2 429 656 B1

dal 'old

-
—_————
-

- : \"-‘
5

VI 94

\ 7
—’— ~\.
J \,
\\ ./.
! \,
\ .,4
f )
00l =~ \.... ....,
//. .— ._ ..
_I_// e —— “ ]
W ~ -~ '
L_ //lﬂ\\ /// ~
\ / / !

0}

10



EP 2 429 656 B1

¢ 9lid

™ PICLIAIHS ISVHd ] Yo | ZIZ¥3ITdNY
| “ . |
| ] |
| | . |
| | |
| " . |
HOLYHINIO - FIZIAHSISYHd 1 S0 | ZIZ¥3HINdNY
AON3INOIYA —»  $7¢ 14IHS 3SVYHd T bo | ZIZ ¥314NdnY
—{  PICLIHS3SYHd  H €0 | TIZ¥31dNdiv
SN\ —»  FIZL4IHS ISYHd L 20 | ZiZ ¥3IdNdWY
|  PICLAIHSASYHd 1 ‘o | TiZ ¥3IdNdny
|
|
EN\\ “
|
80Z YITIOHULNOD |--
[ )
|
|
|
A4
HIOVAI

00¢ l\\\\‘

R
———e el
-
\u

--—L

d

. ——

v0¢
c0¢

o —

i

-

AP ]

bmm o

11



EP 2 429 656 B1

c0¢

g€ 'OlId

00€

111

v0€

Sl

g€ "Dl ~.

00¢

12



EP 2 429 656 B1

400 - 402
EL_ ~\\;

POSITION TRANSDUCER I

ARRAY, SET FOCUS LOCATION

OF INCIDENCE ¢

404 _ COMPUTE ANGLE I‘ _______________

|
|
44 = !
406 - \ !
\\ f———————— L_______.__i - E_ L I
N} COMPUTE AMOUNT OF | | ADJUST DIRECTION

| REFLECTED ENERGY | | OF TRANSDUCER

e | ELEMENTS
[ L ___SoERD >
WEIGHT CONTRIBUTIONS COMPUTE PHASE AND
OF LONGITUDINAL ATTENUATION OF
AND SHEAR MODES LONGITUDINAL
AND SHEAR MODES

408 j \
410

SUPERPOSE MODES TO
OBTAIN TOTAL PHASE SHIFTS f-——-—-=-—===—= g
AND ATTENUATIONS 412

ADJUST PHASE SHIFTS 414
AND AMPLIFICATIONS
OF BEAM FORMER

DELIVER ACOUSTIC ENERGY I/ 416

FIG. 4

13

L



EP 2 429 656 B1

gs 'oId

043z oL

7914
217 0L
SEN
IN3NOdWOJ 31V710dH3LNI
TYNIJNLIONOT 13S

ININOdWOD

dv3HS 13S

/im

\

916

'\
els

S3A

¢9 ANV t@ S31ONY

QTOHSTYHL L3S /
# 01§

b Ol

0¥ WOu4

™ 080

VS 'Ol
7914
2 oL
Oy¥3Z 0L O¥3Z oL
ININOdWOD ININOdWOD
TYNIQNLIONOT L3S dY3HS 138

/ v0S / 205

0 319NV
dTOHS3YHHL 13S

!

1ol

0y WO

005

4/ BS0Y

14



EP 2 429 656 B1

06 'Ol

¢ 1NV LNIQIONI

404 SNOILYOdON¥d
ENNETE //
, 2s

SITONV 40 IONWY
404 SININO4WOD
TYNIJNLIONOT ANV ¥V3HS 40 /
SNOILYOdO¥d 3aIA0Yd 0¢s

!

779l

0¥ NOYA

4/ 980%

15



EP 2 429 656 B1

9Ol

ML
JTONV LN3AIONI No._oxmmm_._._.

o0¢ B
LOTOHSFUHL

-

TVYNIANLIONOT

AD¥AN3
VLOLOL
Y SNOILNEIYLINOD

16



EP 2 429 656 B1

L "Old

JTONV LN3AIONI

08 0L 09 05 O 0 02 0l 0
] 1 | | 1 | 1 NO-

ADY3NI

- 80
YNIGNLIONO

— 01

¢l

S/W 002} = SA 'S/l 002C = A
NOILLNEIYLSIA ADHINT FAVM

17



EP 2 429 656 B1
REFERENCES CITED IN THE DESCRIPTION
This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description

* WO 03013654 A [0007]

18



patsnap

FRBHORF) ZEBFREATETNA
DN (E)S EP2429656B 1 N (E)H 2013-06-19
HiES EP2010720818 HiEH 2010-04-15

FRIFRB(EFR)A(GE) BERFRRBRLA
BB (Z R AGR) InSightecHI B PR 7).

LFEEF(ER)AGE) InSightecHI B R 7).

[#R]REAA PRUS OLEG
VITEK SHUKI
REAA PRUS, OLEG
VITEK, SHUKI
IPCH =S AB61N7/00 A61N7/02 A61B8/14
CPCH¥%(= A61B8/14 A61B8/0816 A61B8/4455 A61B8/485 A61N7/02 A61N2007/0056 A61N2007/0078
Lt 12/425698 2009-04-17 US
H AN FF 32k EP2429656A1
ShER4EE Espacenet
BEX) ;7%

BYMAYRMBI R TS ER T RHEFEIMERER AW+ AT
YHECET BN REMG E, TUET AHAHEERMEAIAEXN T
288

FIG. 1B

FIG. 1A



https://share-analytics.zhihuiya.com/view/c587ea94-5cd2-4701-8da3-3be9ff92787f
https://worldwide.espacenet.com/patent/search/family/042320300/publication/EP2429656B1?q=EP2429656B1

