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ing multiple transducer elements to a target region include generating at least
one acoustic reflector in the target region; transmitting ultrasound waves to the
acoustic reflector; measuring retlections off the acoustic retlector; and based at
least in part on the measured reflections, adjusting the parameter value associated
with the transducer element(s).
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ULTRASOUND AUTOFOCUSING USING REFLECTIONS

RELATED APPLICATION

100011 This application claims the benefit of and priority 1o U.S. Provisional Patent
5 Apphcation Ng. 62/366,200 filed July 25, 2016, the entire disclosure of which s hereby

meorporated by reference.

FIELD OF THE INVENTION

16 [0002] The present mvention relates, generally, to svstems and methods for ultrasound

autofocusing and, more particularly, to autotocusing using ultrasound reflections.

BACKGROUND

[0003] Focused wltrasound (1.¢., acoustic waves having a frequency greater than about 20
15 kiloHertz) can be used to image or therapeutically treat internal body tissues within a patient.
For example, ultrasound waves may be used 1o applications involving ablation of tumors,
thereby ehiminating the need for invasive surgery, targeted drug delivery, control of the
blood-brain barrier, lysing of clots, and other surgical procedures. During tumor ablation, a
piezoceramic transducer is placed externally to the patient, but in close proximity to the tissue
20 to be ablated (i.¢., the target). The transducer converts an electronic drive signal into
mechanical vibrations, resulting in the emission of acoustic waves. The transducer may be
geometrically shaped and positioned along with other such transducers so that the ultrasound
energy they emit collectively forms a focused beam at a “focal zone™ corresponding to {or

within) the target tissue region. Altematively or additionally, a single transducer may be

o
[

formed of a phurality of individually driven transducer elements whose phases can each be
controlled independently. Such a “phased-array” transducer facilitates steering the focal zone
to different locations by adjusting the relative phases among the transducers. As used herein,
the term “element” means either an individual transducer m an array or an independently
drivable portion of a single transducer. Magnetic resonance imaging (MRI) may be used to
30 visualize the patient and target, and thereby to guide the ultrasound beam.

[0004] The nomnvasive nature of ultrasound surgery is particularly appealing for the
treatment of brain tumors. However, the human skull has been a barrier o the chmical

realization of ultrasound therapy. Impediments to transcranial ultrasound procedures mchade
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strong attenuation and the distortions caused by irregularnities m the skull’s shape, density,
and sourd speed, which contribute toward destroying the focus and/or decreasing the ability
to spatially register received diagnostic mformation.

00051 To overcome difficulties associated with the human skull, one conventional
approach measures phase shifts resulting from travel of an ultrasound beam through the skull
and subsequently adjusts ultrasound parameters to account for the aberrations caused at least
m part by the skull. For example, a mmimally invasive approach uses receiving probes
designed for catheter insertion into the brain to measure the amplitude and phase distortion
capsed by the skull. Catheter insertions, however, still require surgery, which can be pamful
and can create a risk of infection.

[0006] An aiternative, completely noninvasive approach uses X-ray compute
tomography (CT) images, rather than receiving probes, to predict the wave distortion caused
by the skell. In practice, however, computations of the relative phases alone may oo be
mmprecise to enable high-quality focusing. For cxample, when ulirasound 1is focused nto the
brain to treat a tumor, the skull in the acoustic path may cause aberrations that are not readily
ascertaimable. In such situations, treatment 13 typically preceded by a focusing procedure in
which an ultrasound focus 1s generated at or near the target, the quality of the focus is
measured {using, ¢.g., thermal imaging or acoustic radiation torce imaging (ARFI)), and
experimental feedback 1s used to adjust the phases of the transducer elements to achieve
sufficient focus quality.

160671 The preceding focusing procedure, however, may take a substantial amount of
time, which may render it impracticable or, at the least, mconvenient for a patient. In
addition, ultrasound energy is mevitably deposited mnto the tissue surrounding the target
during the procedure, thereby potentially damaging healthy tissue. While the effect of pre-
therapeutic sonications may be mimimized by employing an imagmg technique that requires
only low acoustic intensity (e.g., ARFI}, it 1s generally desirable to limit the number of
sonications prior to reatment.

0008} Accordingly, there 1s a need for more efficient and reliable ways of focusing

ultrasound beams and creating a high-quality ultrasound focus.

SUMMARY

[0009]  The present invention provides svstems and methods for automatically focusing

ultrasound beams at a target region when traversing tissue (such as a human skull} having an
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wregular structure, shape, density, and/or thickness using transient cavitation microbabbles.
In various embodiments, each vltrasound transducer clement is first energized to transout
waves having a phase shift and a power level sutficient to create a small cloud of transient
microbubbles in the focus zone that is substantially close to the target region; the power
levels and/or relative phases of the transducer elements used to create these micrgbubbleg
may be initially estimated based on a physical model mcluding the geometries of the
transducer elements, their locations and orientations relative to the target, and/or relevant
material properties (2.2, the energy absorption of the tissue or the speed of sound at the
cmploved frequency} along the beam path. Alternatively or additionally, the power levels
and/or relative phases may be estimated based on the transmutted and/or reflected ultrasound
measured either prior to treatment or dunng treatment (e.g., during treatment setup). In any
case, perfect focus is unnecessary for generating the transignt microbubble cloud since this
cloud is rself used to establish the ultrasound focus for treatment purposes. So long as the
mitially estimated power levels and/or relative phases are sufficient to generate cavitation
microbubbles at the target region, accounting pertectly for acoustic aberrations caused by
mhomogencous intervening tissue may be unnecessary at this stage.

(00101  Because the microbubbles encapsulate gas, the bubble surfaces may collectively
form an ultrasound reflector. Ultrasound signals reflected from the bubbles may be therefore
be utilized to establish a focus at the target region. Accordingly, afier formation of the
microbubbles, the transducer elements may be energized to direet ultrascund beams thereto,
and ultrasound reflections from the bubbles may be analyzed. Based on the amphitudes
and/or phases associated with the reflected ultrasound, the transducer parameters (¢.g., phase
shifts and/or amplitudes) may be adjusted m order to optimize the focus at the target region.
These adjustments may be repeated until the detected reflection signals are cousistent with an
optimal focus. For example, if the amphitudes of the reflected signals are monttored during
the process, optimal beam focusmg may occur when the reflected amplitude reaches a
maximum. Similady, if phase information s extracted, optimal beam focusing may ocour
when the difference between reflected and transmitied phases reaches a minimum.
Accordingly, through iterative cycles of measurement and adjustment as ultrasound is
reflected from the microbubbles, a high-quality ultrasound focus may be reliably generated at
the target region.

[0011]  In one implementation, the ultrasound transducer is coupled to a controller
meluding all necessary hardware components and/or software modules to avtomatically

analyze the reflected signals received by the transducer and/or other detector(s}, determine
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the phase/amplitude adjustments, and thereby automatically focus the ultrasound beams at the
target region with satisfactory focusing propertics. Alternatively, analysis of the reflected
signals and/or adjustments of the transducer parameters may be performed manually by a
user to focus ultrasound beams at the target region. The current invention thus aliows the
ultrasoond beams to focus at the target region automatically or manually when traversing
mhomogeneous tissue without the need to establish and rely on a physical model that predicts
and accounts tor aberrations resulting from the inhomogeneous tissue.

[0012] Accordingly, in one aspect, the invention pertains to a method of focusing an
pltrasound transducer having multiple transducer elements on a target region. In varicus
cmbodiments, the method mcludes (a) gencrating one or more acoustic reflectors in the target
region; (b} transmitting the first ultrasound waves to the target region; () measuring
reflections of the first ultrasound waves off the acoustic refiector; and (d) based at feast in
part on the measured reflections, adjusting a parameter value associated with one or more
transducer clemends so as to improve an ultrasound focus at the target region. The parameter
value may include a freguency, a phase, or an amplitude of a signal driving the transducer
clement(s) for generating the first ultrasound waves. In one implementation, the parameter
value is mitiallv estimated based at feast in part on a measurement of transmitied or reflected
wlirasound waves. In addition, the method may further include introducing an ultrasound
contrast agent info the target region.

(00137 The acoustic reflector may be generated by the first ultrasound waves and/or the
second ultrasound waves that are transmitted to the target region prior to the first ultrasound
waves. In one implementation, the second ultrasound waves have a value of a constitutive
parameter different from that of the first ultrasound waves. The constitutive parameter may
be, for example. an intensity level and/or a frequency associated with the ultrasound waves.
In addition, the first ulirasound waves and/or the second ultrasound waves may be transmitte
based at least i part on a physical model.

00147 In various ¢mbodiments, the method further includes dividing the ultrasound
transducer udo multiple sub-regions, cach sub-region having multiple transducer elements.
The tirst ultrasound waves and the second ultrasound wave may be transmiited from different
sub-regions of the transducer. Additionally or alternatively, the first ultrasound waves may
be transmitted by the first sub-region and the reflections are measured by the second sub-
region, the first sub-region being different from the second sub-region. In some embodiment,
the first ultrasound waves are transmitied by the first sub-region of the transducer and the

reflections are subsequently measured by the first sub-region.
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[0015] In various embodiments, the method includes (e} transmitting the second
pltrasound waves to the acoustic reflector and/or a second acoustic reflector based on the
adjusted parameter value, and repeating steps (c), {d), and (¢) until a stopping condition is
satisfied. The stopping condition may mclude a phase difference between currently measured
reflections and previously measored reflections being below a threshold and/or a number of
Herations exceeding a predetermined limit. In some embodiments, the method ncludes {¢)
transmitting second ultrasound waves, based on the adjusted parameter value, to the target
region to cause generation of one or more secondary acoustic reflectors therein, and repeating
steps {b), (¢}, (4}, and {e) until a stopping condition is satisfied. The stopping condition
mecludes a phase difference between currently measured reflections and previously measured
reflections being below a threshold and/or a number of derations exceeding a predeternuned
Bt

00167 In another aspect, the invention relates to a system for focusing an ultrasound
transducer. In various cmbodiments, the systom ncludes an ultrasound transducer having
multiple transducer elements; and a controller configured to (a} cause generation of one or
more acoustic reflectors in the target region using the ultrasound transducer; (b} transmit the
first ultrasound waves to the target region; (¢ measure refloctions of the first ultrasound
waves off the acoustic reflector; and {d) based at least in part on the measured reflections,
adjust a parameter valug associated with one or more transducer elements so as to improve an
wltrasound focus at the target region. The parameter value may mclude a frequency, a phase,
and/or an amplitude of a signal driving the transducer clement(s} for gencrating the first
ultrasound waves. In one implementation, the controller is further configured to imtially
cstimate the parameter value based on a measurement of transmitted or reflected ultrasound
waves. In addition, the svstem may include an adounistration device for introducing an
ulirasound contrast agent mio the target region. In one embodiment, the svstem includes a
detector device for measuring the reflections off the acoustic reflector. In another
embodiment, the svstem includes an imager and/or a detector device for detecting gencration
of the acoustic reflector.

[0017] The controller may be configured to cause the transducer clements to measure the
reflections off the acoustic reflector. 1n addition, the controller may be configured to canse
the first oltrascund waves to generate the acoustic reflector. In some embodiments, the
controller is further configured to cause the transducer elements to transmit the second
ulirasound waves 1o the target region so as 1o generate the acoustic reflector, the second

wltrasound waves being transmitied to the target region prior 1o the first ultrasound waves. In

.4
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one implementation, the second vhtrasound waves have a vahie of a constitutive parameter
different fron: that of the first ulirasound waves. The constitutive parameter may be, for
cxample, an mtensity level and/or a trequency associated with the ultrasound waves. In some

embodiments, the controller is further configured to transmit the first ultrasound waves

(]

and/or the second ultrasound waves based at least in part on a physical model.

[0018] In various embodiments, the ultrasound transducer includes multiple sub-regions,

cach sub-region having multiple transducer clements. The controller is configured to cause

different sub-regions of the transducer to transmit the first ultrasound waves and the second

pltrasound waves. In one embodiment, the controller 1s further configured to cause the first

10 sub-region to transmit the first ultrasound waves and the second sub-region to measure the
reflections, the fivst sub-region being different from the second sub-region. Additionally or
altermatively, the controlier may be configured to cause the first sub-region of the transducer
to transmit the first ultrasound waves and subsequently measure the reflections.
[0019] In various embodiments, the controller is further configured to {e) transmit the

15 second ultrasound waves to the acoustic reflector and/or a second acoustic reflector based on
the adjusted parameter value, and repeat steps (¢), (d), {¢) until a stopping condition is
satisfied. The stopping condition may include a phase difference between currently measured
reflections and previously measured reflections being below a threshold and/or a number of
tterations exceeding a predetermined limit. In some embodiments, the controller is further

20 configured to (2} transmit the second ulirasound waves, based on the adjusted parameter
value, to the target region to cause generation of one or more secondary acoustic reflectors
therein, and repeat steps (b), (¢}, {d), and (e} until a stopping condition is satisfied. The
stopping condition mchudes a phase difference between cwrrently measured reflections and
previousiy measuicd reflections being below a threshold and/or a mumber of iterations

25 exceeding a predetermined limit.
1060201 As used herein, the term “substantially” means +10%, and in some embodiments,
+5% of the peak mtensity. Reference throughout this specification to “one example,” “an
gxample,” “one embodiment,” or “an embodiment” means that a particular feature, structure,
or characteristic described in connection with the example is included 10 at least one example

30 ofthe present technology. Thus, the occurrences of the phrases “in one example,” “in an

example,” “one embodiment,” or “an embodiment” in various places throughout this

specification are not necessarily all referring to the same example. Furthermore, the

particolar features, structures, routines, steps, or characteristics may be combined in any
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suttable manner in one or more examples of the technology. The headmgs provided herein
are for convenience only and are not intended to limit or interpret the scope or meamng of the

claimed technology.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] Inthe drawings, like reference characters generally refer to the same parts
throughout the different views. Also, the drawings are not necessantly to scale, with an
emiphasis instead generally being placed upon iHustrating the principles of the wvention. In
the following description, various embodiments of the present invention are described with
reference to the following drawings, in which:

100221 FiG. 1 illustrates a focused ultrasound system m accordance with various
cmbodiments;

(00231 FiG. 2 depicts ultrasound beams delivered to a target tissue region and thereby
causing generation of microbubbles in tissue located m a focal zone of the transducer in
accordance with vanous embodiments;

106024} FIGS. 3A-3C depict various configurations of the transducer elements performing
an auto-focusing method 1n accordance with various emboduments; and

100251 FlIG. 4 is a flow chart illostrating an auto-focusing approach in accordance with

various embodiments.

3
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BDETAILED DESCRIPTION

10026] FIG. | ilustrates an exemplary uhirasound system 100 for focusing ulitrasound
onto a patient’s bramn through the skull. One of ordinary skill in the art, however, will
understand that the ultrasound system 100 described herein may be applied to any part of the
human body. In various embodiments, the system 100 imcludes a phased array 102 of
transducer elemenis 104, a beamformer 106 driving the phased array 102, a controller 168 in
communication with the beamformer 106, and a frequency generator 110 providing an input
clectromc signal to the beamformer 106,

10027} The array 102 may have a curved (¢.g., spherical or parabolic) shape suitable for
placing it on the surface of the skull or a body part other than the skuil, or may include one or
more planar or otherwise shaped sections. Its dimensions may vary, depending on the
application, between milhmeters and tens of centimeters. The transducer elements 104 of the
array 102 may be piezoclectric ceramic clements, and may be mounted in silicone rubber or
any other material suitable for damping the mechanical coupling between the clements 104,
Piczo-compostte 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
clements 104, the elements 104 may be configured for electrical resonance at 50 £3, matching
mput connector impedance.

[0028] The transducer array 102 18 coupled to the beamformer 106, which drives the
mdividual transducer elements 104 so that they collectively produce a focused ultrasonic
beam or field. For n transducer elements, the beamformer 106 may contain n driver circuits,
cach circuit including or consisting of an amplifier 118 and a phase delay circuit 120; drive
circuit drives one of the transducer clements 104, The beamformer 106 receives a radio
frequency (RF) input signal, typically in the range from 0.1 MHz to 1.0 MHz, from the
frequency generator 110, which may, for example, be a Model DS345 generator available
from Stanford Research Systems. The input signal mav be split into n channels for the n
amplifiers 118 and delay circuits 120 of the beamformer 106. In some embodiments, the
frequency gencrator 110 is integrated with the bearaformer 106. The radio frequency
generator 110 and the beamfommer 106 are configured to drive the individual transducer
clements 104 of the transducer array 102 at the same frequency, but at different phases and/or
different amphitudes.

[0029] The amplification or attenuation factors gi-an and the phase shifis ai-an imposed
by the beamformer 106 serve to transmit and focus ultrasonic energy through imhomogeneous

tissue {c.g., the patient’s skull} onto the target region {e.g., a region i the patient’s bram).
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Via adjustments of the amphification factors and/or the phase shifts, a desired shape and
mtensity of a focal zone may be created at the target region.

[0030] The amplification factors and phase shifis may be computed using the controller
108, which may provide the computational functions through software, hardware, firmware,
hardwiring, or any combmation thereof. For example, the controller 108 may utilize a
general-purpose or special-purpose digital data processor programmed with software m a
conventional manner, and without undue experimentation, to deternune the frequency, phase
shifts and/or amplification factors of the transducer elements 104, In certam embodiments,
the controlier computation 1s based on mformation about the characteristics {¢.g., structure,
thickness, density, cte.) of the skull and their effects on propagation of acoustic energy. In
various embodiments, such information is obtained tfrom an tmager 122, such as a magnetic
resonance imaging {MRI) device, a computer tomography (CT) device, a positron emission
tomography (PET) device, a single-photon emission computed tomography (SPECT) device,
or an ultrasonography device. The imager 122 may provide a set of two~dimensional images
suitable for reconstructing a three-dimensional image of the skall from which thicknesses and
densities can be inferred; alternatively, image acquisition may be three-dimensional. In
addition, image-manipulation functionality may be tmplemented in the imager 122, in the
controller 108, or in a separate device.

10031} Svstem 100 may be modified in various ways within the scope of the invention.
For example, for diagnostic applications, the system may further include a detector device
{24 that measures transmitted or reflected ultrasound, and which may provide the signals it
recetves to the controller 108 for further processing. The reflection and transmission signals
may also provide an alternative or additional source for determination of the phase shifts
and/or amplification factors or foedback for the phase and amplitude adjustments of the
beamformer 106. The system 100 may contain a positioner for arranging the array 102 of
transducer elements 104 with respect to the patient’s skull. In order to apply ultrasound
therapy to body parts other than the brain, the transducer array 102 may take a different {c.g.,
cvlindrical) shape. In some embodiments, the transducer elements 104 are mounted movably
and rotatably, providing mechanical degrees of freedom that can be explotted to aprove
focusing properties. Such movable transducers may be adjusted by conventional actaators,
which may be driven by a component of controller 108 or by a separate mechanical
controller.

(00321 Referring to FIG. 2, in varous embodiments, the controller 108 causes the

beamformer 106 to provide drive signals to the transducer clements 104 above an intensity
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threshold such that the acoustic energy emitted by the transducer elements 104 may gencrate
a bubble or a small cloud of gas bubbles {or “microbubbles™) 202 in the liguud contained in
the tissue. The gas bubbles can be formed due to the negative pressure produced by the

propagatmg ultrasonic waves or when the heated liquid ruptures and is filled with gas/vapor.

(]

In one embodiment, the controller 108 catimates the mtensity and/or phase shift of the
ultrasound wave emitied from each transducer element 104 using a physical model. For
example, the phvsical model may predict focusing propertics {¢.g., the shape, size and
location of the focus zone 204} based on information about the geometry of the transducer
clements 104 and their locations and orientations relative to the target region 206 as well as
16 the amplitudes and phases of ultrasound waves transmitted from the elements 104, In
addition, the physical model may take mto account transducer output errors resulting from,
for example, transducer elements 104 moving or shifting from their expected location during
manufactuning, use and repair and/or as a result of the clements 104 being deformed by heat.
Additional mformation concerning the approach of determining the transducer output crrors
15 isprovided in U.S. Pat. No. 7,535,794, the contents of which are incorporated herein by
reference.
[0033] In some embodiments, the physical model further includes parameters, such as
matenial properties {¢.g., the energy absorption of the tissue or the speed of sound at the
employed frequency) along the beam path for predicting the focusing properties. Again, the
20 material properties may be collected using the imager 122 as described above and/or other
suitable devices. By providing certain inputs, such as the desired focusing properties, the
expected and actual geometries of the transducer elements 104 and their locations and
orientations relative to the target region 206, the physical model can compute the required
amplitudes and/or phases associated with the transducer elements 104 o produce a focus at
25 thetarget region 206, In a simplified example, all transducer elements 104 transmit
ultrasound waves having a single amplitude value but various phase shifts so as to create a
focal intensity above the threshold of microbubble formation.
0034 Ahernatively, the intensity lovels and/or relative phases of the transducer elements
104 mav be determined based on transmitted and/or reflected ultrasound measured either
30 prior to or during treatment {¢.g., during treatment setup). In addition, these measurements
may be utilized to adjust parameters of the physical prediction model. In any case, the
estimated intensity levels and/or relative phases of the ultrasound beam may be sufficient to

generate the microbubbles 202 in the focal zone 204 that 1s substantially close to the target

10
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region 206, vet without the need to account perfectly for acoustic aberrations caused by
mhomogeneous intervening tissue.
100351 Transmission of ultrasound encrgy at the intensity above the threshold level of

microbubble generation may be relatively briet, ¢.g., occurring over a duration of several

(]

milliseconds or less, vet sufficiently long to generate microbubbles 202 within the focal zone
204 withowt substantially generating microbubbles in tissue outside the focal zone 204 (2.g.,
m the near field 208); this minimizes heating 1n the surrounding tissuc. Further, although the
threshold miensity may differ with each patient and/or tissue structure, appropriate threshold
miensities may be readily determined by those skilled in the art, ¢.g., through the use of a
10 monitoring mechanism sensitive to the generation of nuicrobubbles 202, For example, the
formation of microbubbles 202 may be monitored using the wmager 122 and/or the ultrasound
detector device 124.
[0036] In some embodiments, the microbubbles 202 are mitroduced into the patient’s
body intravenously, and may cither be mjecied systemically into the patient or locally mto the
15 target region. For example, microbubbles 202 may be mtroduced into the patient’s body in
the form of ligmid droplets that subsequently vaporize, gas-filled bubbles, or other simidar
substances, such as conventional ultrasound contrast agents.
100371 Because of their encapsuiation of gas therein, the microbubbles 202 act as
reflectors of ultrasound and the reflections therefrom can be used to obtain information about
20 the focusing propertics at the target region 206. Accordingly, in some embodiments, once the
formation of the microbubbles 202 15 detected (using, for example, images acquired by the
imager 122 or reflected signals detected by the detector device 124), the controller 108 may
re-energize the transducer elements 104 to transmit ultrasound waves to the generated
microbubbles and start an auto-focusing procedure as further described below; the re-emitted
25 ulirasound beams may have the same or different mntensity levels and/or phase shifts as the
beams utilized for creating the microbubbles 202,
0038} Ultrasound reflections from the microbubbles 202 may be measured using the
detector device 124, which then transmits the resulting signals to the controller 108,
Alternatively, the transducer elements 104 may possess both transmit and detect capabilities.
30 Referring to FIG. 3A, in ong embodiment, cach individual transducer element 104 alternates
between transmitting ultrasound signals to the microbubbles and receiving ultrasovnd siguals
reflected therefrom. For example, all transducer clements 104 mayv substantially
simuitaneously transmit ultrasound to the microbubbles 202 and subsequently receive echo

signals therefrom. Referring to FHG. 3B, in one implementation, the transducer array is

11
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divided into multiple sub-regions 302; cach sub-region 302 comprises a one- or two-
dimensional array {(1.¢., a row or a matrix} of transducer elements 104, The sub-regions 302
may be separately controflable, i.c., they are cach capable of (1} cnutting ultrasound waves at
amplitudes and/or phases that are independent of the amplitudes and/or phases of the other
sub-regions 302, and (i1} measuring reflected waves off the microbubbles 202, In one
embodiment, the sub-regions 302 are assigned different amplitudes and/or phases from one
another, and activated, one at a time, to transnut ultrasound to and receive reflections from
the microbubbles 202, Referning to FIG. 3C, n another embodiment, the transducer array 1s
divided into a transmit region 304 and a receive region 306, transducer elements in the
transmit region 304 transmit the ulirasound waves while transducer clements m the receive
region 306 receive the reflected waves. The received reflected waves are then transmitted to
the controller 108 for analvsis. The transmit region 304 and receive region 306 of may be
configured in different patterns and shapes at various locations of the transducer array.
[0039] Once the measured wave reflected signals are provided to the controller 108, the
controller 108 may analvze them to obtain information, such as the amplitudes and/or phases,
associated with the reflection beams. In one embodiment, the controller 108 compares the
phases of the measured reflections, ¢re, to the phases of the transmitted waves, Qira,
determines the difference therebetween (A® = Qs — 0us), and operates the transducers
glements 104 in accordance with the difference. For example, the controller 108 may cause
cach transducer clement 104 to transmit another ultrasound beam baving a phase shift of the
determined phase difference, A, to the focal point 204 and measure the resulting reflections
from the microbubbles 202, Again, the phase difference between the reflected and
transmitted vltrasound may be set as the phase value correction for the next sonication. This
process can be iteratively implemented until the phase difference between the reflected and
transmitted waves is below a threshold value (e.g., 10°%), which indicates that the uitrasound
beams focus at the target region with desired focusing properties (2.g., having a desired shape
and/or an optumal power for thermal treatment). The phase shift adjusting procedare may be
terminated when other conditions arc met. For example, the phase shift adjustment may be
stopped when too may iterations {¢.g., more than 20 times) have been performed or when the
mnprovement of the deviation between two successive iterations 1s too small {e.g., Apur - A
Pn < 3%

[0040] The amplitudes of the ulirasound waves in cach sonication during the focusing
process may be the same or different. In one embodiment, after formation of the

microbubbles, the intensity of the beams 1s lowered below the threshold level of microbubble
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collapsing and, mamtained at the lower intensity during the next sonication{s} so as to
generate a focal zone in the target region without collapsing the microbubbles 202, The
resulting reflections are detected and measured to ensure that the focal zone has the desired
propertics. If not, the necessary adjustments are made based on the deviation between the
reflected signals and what was expected. Afier the focusing process is complete, the first
treatment ultrasound transmission may be delayed to allow the microbubbles 202 to at least
partially dissipate and/or collapse. If ultrasound contrast agents are introduced for
microbubble formation during the focusing process, treatment may be postponed unti] the
generated microbubbles substantially collapse or at least until the enhanced ultrasound energy
absorption that thev cause are miimized.

(00411 In other embodiments, treatment is performed n the presence of microbubbles
202 — 1.¢., the treatment ultrasound sonications are delivered in the presence of
microbubbles 202 As the microbubbles 202 may oscillate at the frequency of the delivered
ultrasound waves and/or generate some himited local cavitation, they may serve to incroase
the mechanical-to-thermal energy conversion, enhance absorption of the energy at the focal
zone and thercby ablate the target tissue faster and more efficiently.

[0042] In various embodiments, the controller 108 includes all necessary hardware
components and/or software modules to antomatically perform certain functions as described
above (e.g., analysis of the reflected signals, companison of the measured phase to the
transmitted phase, and/or adjustments of the phases/amplitudes). Accordingly, the focusing
approach as described herein may be performed automatically. As an aliemative, the analysis
of the reflected signals and/or adjustments of the phases/amplitudes may be partiaily
performed manoally by a user to create a high-quality ultrasound focus.

10043} FIG. 4 is a flow chart 400 illastrating an eltrasound focusing approach m
accordance with varnous embodiments. In a first step 402, initial parameter values {(e.g.,
frequencies, amplitudes and/or phases) of the ultrasound beams emitted from the transducer
clements are estimated using, for example, a physical model and/or measurements of the
transmitted and/or reflected ultrasound. In a second step 404, based on the estimated
parameter, the transducer elements transmit ultrasound waves to a target region and gencrate
microbubbles therein. In a third step 406, altrasound reflected from the microbubbles is
measured. In a fourth step 408, the measured reflections are analyzed to determine whether a
focal zone with desired focusing properties is created at the target region. If so, the
transducer clements transmit ultrasound waves based on the current values of the transduacer

parameter to start treatment of the target {step 410). H not, a new set of parameter values of
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the transducer clements 1s deternined based on the measured reflection waves, and the
pltrasound elements apply the new set of values to direct waves to the microbubbles (step
412). Steps 406, 408, 412 are then repeated until desired focusing properties are achicved at
the target region. In each iteration, the ultrasound waves may be transmutted to the same or
different microbubbles from that in the previous iteration(s); as a result, the reflections
received in two iterations may be from the same or different micrcbubbles. Accordingly, this
approach allows the ultrasound beams to auto-focus at the target region despite the presence
of inhomogencous intervening tissue.

100441} One of ordinary skill m the art will understand that variations i the focusing
approach described above are possible and are thus within the scope of the present invention.
For example, it may not be necessary to activate a majority of the transducer elements 104 for
performing focusing using cavitation bubbles as described herein, and the number of
transducer ¢lements activated in each sonication may vary. For example, a fraction of the
transducer elemends 104 {¢.g.. every one out of ton elements) may be selected to transmit
and/or recetve ultrasound waves in a first sonication for creating microbubbles 202, The
computed phase differences associated with the selected transducer elements may then be
mterpolated, extrapolated or processed using any suitable estimation approach to obtain the
phase differences associated with unselected transducer clements. fn the next somication, a
fraction of the previously unselected transducer elements may be used to repeat the focusing
steps— i.c., transmitting vlirasound waves to the microbubbles 202 based on the nterpolated
{or extrapolated) phase differences and receiving reflections off the microbubbles 202, The
selected transducer elements in the current sonication may or may not include the selected
transducer elements m the precedent sonication{(s) and the number of selected clements may
be different in cach sonication.

00451 Further, the nucrobubbles 202 may be alternatively generated usimg a
conventional dual-frequency approach — 1.¢., the ultrasound beams are delivered at one
frequency to generate microbubbles 202 i the focal zone 204, and subsequently delivered at
another frequency to start the auto-focusing approach as described above. One of skill in the
art will understand that any variations utilizing microbubbles 202 for auto-focusing
sltrasound beams at the target region 206 are within the scope of the present mvention.
10046} In general, functionality for performing avto-focusing of ultrasound beams,
mcluding, computing initial values of fransducer parameters {¢.g., frequencies, amplitudes
and/or phases} associated with the transducer elements {(based on a physical model and/or

measurements), analyzimg the reflected signals, determining new parameter values of the
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transducer elements and/or adjusting ultrasound operations, as described above, whether
mtegrated within a controller of the imager, and/or an ultrasound system, or provided by a
separate extemal controller, may be structured in one or more modules mmplemented in
hardware, software, or a combination of both. For embodiments in which the functions are
provided as one or more software programs, the programs may be written in any of a number
of high level languages such as FORTRAN, PASCAL JAVA € C++ C# BASIC, varicus
scripting languages, and/or HIML. Additionally, the software can be implemented in an
assembly language direcied to the microprocessor resident on a target computer (¢.g., the
controller); for example, the software may be implemented in Intel 80x86 assembly language
if it is configured to ron on an IBM PC or PC clone. The software may be embodied on an
article of manufacture including, but not imited to, a floppy disk, a jump dnive, a hard disk,
an optical disk, a magnetic tape, a PROM, an EPROM, EEPROM, field-programmable gate
array, or CB-ROM. Embodiments using hardware circuitry may be implemented using, for
example, one or more FPGA, CPLD or ASIC processors.

[0047] In addition, the term “controlier” used herein broadly includes all necessary
hardware components and/or software modules utilized o perform any functionality as
described above; the controlier may include multiple hardware components and/or software
modules and the functionality can be spread among different components and/or modules.
0048} Certain embodiments of the present invention arg described above. 1t 13, however,
expressly noted that the present invention is not limited to those embodiments; rather,
additions and modifications to what is cxpressly described herein are also imcluded within the
scope of the invention.

100491 What 1s claimed is:
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CLAIMS

1. A method of focusing an ultrasound transducer, comprising a plurality of transducer
clements, on a target region, the method comprising:

{(a) generating at least one acoustic reflector in the target region;

(b} transmitting first ultrasound waves to the target region;

{c) measuring reflections of the first ultrasound waves off the acoustic reflector; and

{d} based at least in part on the measured reflections, adjusting a parameter value
associated with at least one of the transducer elements so as to mprove an vltrasound focus at

the target region.

2. The method of claim 1, wherein the acoustic reflector is generated by the first

ultrasound waves.

3. The method of claim 1, wherein the acoustic reflector is generated by second

pltrasound waves that are transmitted to the target region prior to the first altrasound waves.

4, The method of claim 3, wherein at least one of (1) the first ultrasound waves or (it} the

second ultrasound waves are transmitted based at least in part on a physical model.

5. The method of claim 3, wherein the first ultrasound waves have a value of a
constitutive parameter different from that of the second ultrasound waves.

6. The method of claim 5, wherein the constitutive parameter comprises at least ong of
an intensity level or a frequency.

7. The method of claimn 3, further comprising dividing the ultrasound transducer into a

plurality of sub-regions, cach sub-region comprising a plurality of transducer clements.

8. The method of claim 7, wherein the first ultrasound waves and the second ultrasound

wave are transinitted from different sub-regions of the transducer.

PCT/IB2017/000990
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9, The method of claim 7, wherein the first ultrasocund waves are transmitted by a first
sub-region and the reflections are measured by a second sub-region, the first sub-region being

different from the second sub-region.

10, The method of claim 7, wherein the first ultrasound waves are transmitted by a first
sub-region of the transducer and the reflections are subsequently measured by the first sub-

region.

11, The method of claim 1, wherein the parameter value 1s initially cstimated based at

least in part on a measurement of transmitted or reflected vlirasound waves.

12. The method of claim 1, wherein the parameter value comprises at least ong of a
frequency, a phase, or an amplitude of a signal driving the at least one of the transduce

clements for generating the first ultrasound waves.

i3. The method of claim 1, further comprising (e} transnutting second ultrasound waves,
based on the adjusted parameter value, to at feast one of the acoustic reflector or a second

acoustic reflector, and repeating steps (), (d), and {¢} until a stopping condition 1s satisfied.

14 The method of clan 13, wherein the stopping condition consists of one or morg of
a phase diffcrence between currently measured reflections and previously measured
reflections being below a threshold; or

a number of iterations exceeding a predeternnned Limit,

15 The method of claim 1, further comprising {¢) transmitting second ultrasound waves,
based on the adjusted parameter value, to the target region to cause generation of at feast one
secondary acoustic reflector therein, and repeating steps (b}, (¢}, {d), and {¢} until a stopping

condition 1s satisfied.

16, The method of claim 15, wherein the stopping condition consists of one or more of’
a phase difference between currently measured reflections and previousty measured
reflections bemmg below a threshold; or

a number of iterations exceeding a predetermined himit,

17
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17. The method of claim 1, further comprising introducing an ultrasound contrast agent

mto the target region.

18. A gvstem for focusing an ultrasound transducer comprising:

(]

an ultrasound transdacer comprising a plurality of transducer elements; and
a controller configured to:

{(a) cause generation of at least one acoustic reflector 1 the target region using
the ultrasound transducer;

(b} transmit first ultrasound waves to the target region;
10 (¢} measure reflections of the first ultrasound waves off the acoustic retlector;
and

{(d} based at least in part on the measured reflections, adjust a parameter value
associated with at least one of the transducer elements so as to unprove an ultrasound

focus at the target region.

19, The system of claim 18, further comprising a detector device for measunng the

reflections off the acoustic retlector.

20 The system of claym 18, farther comprising at least one of an imager or a detector

20 device for detecting generation of the acoustic reflector,

21, The systern of claim 18, wherem the controller is further configured to cause the

transducer elements to measure the reflections off the acoustic reflector.

25 22, Thesystem of claim 18, wherem the controller is further configured to cause the first

ultrasound waves to generate the acoustic reflector.

23, The system of claim |8, wherem the controller is further configured to cause the
transducer elements to transmit second ulirasound waves to the target region so as to generate
30 the acoustic reflector, the second ultrasound waves being transmitted to the target region prior

to the first ulirasound waves.

1%
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24, The system of claim 23, wherein the controller is further configured to transmit at
least one of the first ultrasound waves or the second vlirasound waves based at least in part

on a physical model.

25, The system of claim 23, wherein the controller is further configured to transmit the
first ultrasound waves having a value of a constitutive parameter different from that of the

second ulirasound waves.

26. The system of claim 25, wherein the constitutive parameter comprises at least one of

an intensity level or a frequency.

27. The system of claym 23, wherein the ultrasound transducer comprises a plurality of

sub-regions, cach sub-region comprising a plurality of transducer clements.

28 The systern of claim 27, wherein the controller is further configured to cause different
sub-regions of the transducer to transmit the first ultrasound waves and the second ultrasound

WavEs.

29, The system of claim 27, wherein the controller 15 further configured to cause a first
sub-region to transmit the first ultrasound waves and a second sub-region to measure the

reflections, the first sub-region being different from the second sub-region.

30.  The system of claim 27, wherein the controller 1s further configured to cause a first
sub-region of the transducer to transmit the first ultrasound waves and subsequently measure

the reflections.

31 The system of clamm 18, wherein the controller is further configured to mitially
estimate the parameter value based on a measurement of transmtited or reflected ulirasound

Waves,
32 The systom of claim 18, wherein the parameter value comprises at least one of a

frequency, a phase, or an amplitude of a signal driving the at lcast one of the transducer

elements for generating the first ultrasound waves.

19
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33. The system of claim 18, wherein the controller 1s further configured to () transmit
second ultrasound waves, based on the adjusted parameter value, 1o at least one of the
acoustic reflector or a second acoustic reflector, and repeat steps (c), {d}, (¢} until a stopping

condition 1s satisfied.

34 The system of clam 33, wherein the stopping condition consists of one or more of:
a phase difference between currently measured reflections and previously measured
reflections being below a threshold; or

a number of iterations exceeding a predeternnned Limit,

»]

L

35. The system of claim 18, wherein the controller is further configured to () transmit
secord ultrasound waves, based on the adjusted parameter value, to the target region {o cause
generation of at least one secondary acoustic reflector therein, and repeat steps (b}, (¢}, (d),

and {c) until a stopping condition is satisfied.

36. The system of claim 35, wherein the stopping condition consists of one or more of!
a phase difference between currently measured reflections and previously measured
reflections being below a threshold; or

a number of iterations exceeding a predetermined limit.

37, 'The system of claim |8, further comprising an administration device for mtroducing

an ultrasound contrast agent into the target region.

20
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