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(57) ABSTRACT

Various approaches of focusing an ultrasound transducer
having multiple transducer elements to a target region
include generating at least one acoustic reflector in the target
region; transmitting ultrasound waves to the acoustic reflec-
tor; measuring reflections off the acoustic reflector; 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

[0001] This application claims the benefit of and priority
to U.S. Provisional Patent Application No. 62/366,200, filed
Jul. 25, 2016, the entire disclosure of which is hereby
incorporated by reference.

FIELD OF THE INVENTION

[0002] The present invention relates, generally, to systems
and methods for ultrasound autofocusing and, more particu-
larly, to autofocusing using ultrasound reflections.

BACKGROUND

[0003] Focused ultrasound (i.e., acoustic waves having a
frequency greater than about 20 kiloHertz) can be used to
image or therapeutically treat internal body tissues within a
patient. For example, ultrasound waves may be used in
applications involving ablation of tumors, thereby eliminat-
ing 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 to be ablated (i.e., the target). The
transducer converts an electronic drive signal into mechani-
cal 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. Alternatively or additionally, a single transducer may
be formed of a plurality of individually driven transducer
elements whose phases can each be controlled indepen-
dently. 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 in an array
or an independently drivable portion of a single transducer.
Magnetic resonance imaging (MRI) may be used to visual-
ize the patient and target, and thereby to guide the ultrasound
beam.

[0004] The noninvasive nature of ultrasound surgery is
particularly appealing for the treatment of brain tumors.
However, the human skull has been a barrier to the clinical
realization of ultrasound therapy. Impediments to transcra-
nial ultrasound procedures include strong attenuation and
the distortions caused by irregularities in the skull’s shape,
density, and sound speed, which contribute toward destroy-
ing the focus and/or decreasing the ability to spatially
register received diagnostic information.

[0005] 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 in part by the skull. For
example, a minimally invasive approach uses receiving
probes designed for catheter insertion into the brain to
measure the amplitude and phase distortion caused by the
skull. Catheter insertions, however, still require surgery,
which can be painful and can create a risk of infection.
[0006] An alternative, completely noninvasive approach
uses X-ray computed tomography (CT) images, rather than
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receiving probes, to predict the wave distortion caused by
the skull. In practice, however, computations of the relative
phases alone may too be imprecise to enable high-quality
focusing. For example, when ultrasound is focused into the
brain to treat a tumor, the skull in the acoustic path may
cause aberrations that are not readily ascertainable. In such
situations, treatment is typically preceded by a focusing
procedure in which an ultrasound focus is generated at or
near the target, the quality of the focus is measured (using,
e.g., thermal imaging or acoustic radiation force imaging
(ARFD)), and experimental feedback is used to adjust the
phases of the transducer elements to achieve sufficient focus
quality.

[0007] The preceding focusing procedure, however, may
take a substantial amount of time, which may render it
impracticable or, at the least, inconvenient for a patient. In
addition, ultrasound energy is inevitably deposited into the
tissue surrounding the target during the procedure, thereby
potentially damaging healthy tissue. While the effect of
pre-therapeutic sonications may be minimized by employing
an imaging technique that requires only low acoustic inten-
sity (e.g., ARFI), it is generally desirable to limit the number
of sonications prior to treatment.

[0008] Accordingly, there is 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 systems and meth-
ods for automatically focusing ultrasound beams at a target
region when traversing tissue (such as a human skull) having
an irregular structure, shape, density, and/or thickness using
transient cavitation microbubbles. In various embodiments,
each ultrasound transducer element is first energized to
transmit waves having a phase shift and a power level
sufficient 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 trans-
ducer elements used to create these microbubbles may be
initially estimated based on a physical model including the
geometries of the transducer elements, their locations and
orientations relative to the target, and/or relevant material
properties (e.g., the energy absorption of the tissue or the
speed of sound at the employed frequency) along the beam
path. Altematively or additionally, the power levels and/or
relative phases may be estimated based on the transmitted
and/or reflected ultrasound measured either prior to treat-
ment or during treatment (e.g., during treatment setup). In
any case, perfect focus is unnecessary for generating the
transient microbubble cloud since this cloud is itself used to
establish the ultrasound focus for treatment purposes. So
long as the initially estimated power levels and/or relative
phases are sufficient to generate cavitation microbubbles at
the target region, accounting perfectly for acoustic aberra-
tions caused by inhomogeneous intervening tissue may be
unnecessary at this stage.

[0010] Because the microbubbles encapsulate gas, the
bubble surfaces may collectively form an ultrasound reflec-
tor. Ultrasound signals reflected from the bubbles may be
therefore be utilized to establish a focus at the target region.
Accordingly, after formation of the microbubbles, the trans-
ducer elements may be energized to direct ultrasound beams
thereto, and ultrasound reflections from the bubbles may be
analyzed. Based on the amplitudes and/or phases associated
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with the reflected ultrasound, the transducer parameters
(e.g., phase shifts and/or amplitudes) may be adjusted in
order to optimize the focus at the target region. These
adjustments may be repeated until the detected reflection
signals are consistent with an optimal focus. For example, if
the amplitudes of the reflected signals are monitored during
the process, optimal beam focusing may occur when the
reflected amplitude reaches a maximum. Similarly, if phase
information is extracted, optimal beam focusing may occur
when the difference between reflected and transmitted
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] Inone implementation, the ultrasound transducer is
coupled to a controller including all necessary hardware
components and/or software modules to automatically ana-
lyze the reflected signals received by the transducer and/or
other detector(s), determine the phase/amplitude adjust-
ments, and thereby automatically focus the ultrasound
beams at the target region with satisfactory focusing prop-
erties. 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 allows the ultrasound
beams to focus at the target region automatically or manu-
ally when traversing inhomogeneous tissue without the need
to establish and rely on a physical model that predicts and
accounts for aberrations resulting from the inhomogeneous
tissue.

[0012] Accordingly, in one aspect, the invention pertains
to a method of focusing an ultrasound transducer having
multiple transducer elements on a target region. In various
embodiments, the method includes (a) generating one or
more acoustic reflectors in the target region; (b) transmitting
the 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 one
or more transducer elements so as to improve an ultrasound
focus at the target region. The parameter value may include
a frequency, a phase, or an amplitude of a signal driving the
transducer element(s) for generating the first ultrasound
waves. In one implementation, the parameter value is ini-
tially estimated based at least in part on a measurement of
transmitted or reflected ultrasound waves. In addition, the
method may further include introducing an vltrasound con-
trast agent into the target region.

[0013] 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 ultra-
sound 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 ultrasound waves and/or the second ultrasound
waves may be transmitted based at least in part on a physical
model.

[0014] In various embodiments, the method further
includes dividing the ultrasound transducer into multiple
sub-regions, each sub-region having multiple transducer
elements. The first ultrasound waves and the second ultra-
sound wave may be transmitted from different sub-regions
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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
transmitted by the first sub-region of the transducer and the
reflections are subsequently measured by the first sub-
region.

[0015] In various embodiments, the method includes (e)
transmitting the second ultrasound waves to the acoustic
reflector and/or a second acoustic reflector based on the
adjusted parameter value, and repeating steps (c), (d), and
(e) 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 iterations
exceeding a predetermined limit. In some embodiments, the
method includes (e) 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), (c), (d), and (e)
until a stopping condition is satisfied. The stopping condi-
tion includes a phase difference between currently measured
reflections and previously measured reflections being below
a threshold and/or a number of iterations exceeding a
predetermined limit.

[0016] In another aspect, the invention relates to a system
for focusing an ultrasound transducer. In various embodi-
ments, the system includes 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; (c) measure
reflections of the first ultrasound waves off the acoustic
reflector; and (d) based at least in part on the measured
reflections, adjust a parameter value associated with one or
more transducer elements so as to improve an ultrasound
focus at the target region. The parameter value may include
a frequency, a phase, and/or an amplitude of a signal driving
the transducer element(s) for generating the first ultrasound
waves. In one implementation, the controller is further
configured to initially estimate the parameter value based on
a measurement of transmitted or reflected ultrasound waves.
In addition, the system may include an administration device
for introducing an ultrasound contrast agent into the target
region. In one embodiment, the system includes a detector
device for measuring the reflections off the acoustic reflec-
tor. In another embodiment, the system includes an imager
and/or a detector device for detecting generation of the
acoustic reflector.

[0017] The controller may be configured to cause the
transducer elements to measure the reflections off the acous-
tic reflector. In addition, the controller may be configured to
cause the first ultrasound waves to generate the acoustic
reflector. In some embodiments, the controller is further
configured to cause the transducer elements to transmit the
second ultrasound waves to the target region so as to
generate the acoustic reflector, the second ultrasound waves
being transmitted to the target region prior to the first
ultrasound waves. In one implementation, the second ultra-
sound waves have a value of a constitutive parameter
different from that of the first ultrasound waves. The con-
stitutive parameter may be, for example, an intensity level
and/or a frequency associated with the ultrasound waves. In
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some embodiments, the controller is further configured to
transmit the first ultrasound waves and/or the second ultra-
sound waves based at least in part on a physical model.
[0018] In various embodiments, the ultrasound transducer
includes multiple sub-regions, each sub-region having mul-
tiple transducer elements. The controller is configured to
cause different sub-regions of the transducer to transmit the
first ultrasound waves and the second ultrasound waves. In
one embodiment, the controller is further configured to
cause the first sub-region to transmit the first ultrasound
waves and the second sub-region to measure the reflections,
the first sub-region being different from the second sub-
region. Additionally or alternatively, the controller may be
configured to cause the first sub-region of the transducer to
transmit the first ultrasound waves and subsequently mea-
sure the reflections.

[0019] In various embodiments, the controller is further
configured to (e) transmit the second ultrasound waves to the
acoustic reflector and/or a second acoustic reflector based on
the adjusted parameter value, and repeat steps (c), (d), (e)
until a stopping condition is satisfied. The stopping condi-
tion may include a phase difference between currently
measured reflections and previously measured reflections
being below a threshold and/or a number of iterations
exceeding a predetermined limit. In some embodiments, the
controller is further configured to (e) transmit the second
ultrasound waves, based on the adjusted parameter value, to
the target region to cause generation of one or more sec-
ondary acoustic reflectors therein, and repeat steps (b), (¢),
(d), and (e) until a stopping condition is satisfied. The
stopping condition includes a phase difference between
currently measured reflections and previously measured
reflections being below a threshold and/or a number of
iterations exceeding a predetermined limit.

[0020] As used herein, the term “substantially” means
+10%, and in some embodiments, 5% of the peak intensity.
Reference throughout this specification to “one example,”
“an example,” “one embodiment,” or “an embodiment”
means that a particular feature, structure, or characteristic
described in connection with the example is included in at
least one example of the present technology. Thus, the
occurrences of the phrases “in one example,” “in an
example,” “one embodiment,” or “an embodiment” in vari-
ous places throughout this specification are not necessarily
all referring to the same example. Furthermore, the particu-
lar features, structures, routines, steps, or characteristics may
be combined in any suitable manner in one or more
examples of the technology. The headings provided herein
are for convenience only and are not intended to limit or
interpret the scope or meaning of the claimed technology.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] In the drawings, like reference characters generally
refer to the same parts throughout the different views. Also,
the drawings are not necessarily to scale, with an emphasis
instead generally being placed upon illustrating the prin-
ciples of the invention. In the following description, various
embodiments of the present invention are described with
reference to the following drawings, in which:

[0022] FIG. 1 illustrates a focused ultrasound system in
accordance with various embodiments;

[0023] FIG. 2 depicts ultrasound beams delivered to a
target tissue region and thereby causing generation of
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microbubbles in tissue located in a focal zone of the trans-
ducer in accordance with various embodiments;

[0024] FIGS. 3A-3C depict various configurations of the
transducer elements performing an auto-focusing method in
accordance with various embodiments; and

[0025] FIG. 4 is a flow chart illustrating an auto-focusing
approach in accordance with various embodiments.

DETAILED DESCRIPTION

[0026] FIG. 1 illustrates an exemplary ultrasound system
100 for focusing ultrasound onto a patient’s brain 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 includes a phased array 102 of
transducer elements 104, a beamformer 106 driving the
phased array 102, a controller 108 in communication with
the beamformer 106, and a frequency generator 110 provid-
ing an input electronic signal to the beamformer 106.
[0027] The array 102 may have a curved (e.g., spherical or
parabolic) shape suitable for placing it on the surface of the
skull or a body part other than the skull, or may include one
or more planar or otherwise shaped sections. Its dimensions
may vary, depending on the application, between millime-
ters and tens of centimeters. The transducer elements 104 of
the array 102 may be piezoelectric ceramic elements, and
may be mounted in silicone rubber or any other material
suitable for damping the mechanical coupling between the
elements 104. 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 104, the elements 104
may be configured for electrical resonance at 50Q, matching
input connector impedance.

[0028] The transducer array 102 is coupled to the beam-
former 106, which drives the individual 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, each circuit including or
consisting of an amplifier 118 and a phase delay circuit 120,
drive circuit drives one of the transducer elements 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 may be split into n
channels for the n amplifiers 118 and delay circuits 120 of
the beamformer 106. In some embodiments, the frequency
generator 110 is integrated with the beamformer 106. The
radio frequency generator 110 and the beamformer 106 are
configured to drive the individual transducer elements 104
of the transducer array 102 at the same frequency, but at
different phases and/or different amplitudes.

[0029] The amplification or attenuation factors al-an and
the phase shifts al-an imposed by the beamformer 106 serve
to transmit and focus ultrasonic energy through inhomoge-
neous tissue (e.g., the patient’s skull) onto the target region
(e.g., a region in the patient’s brain). Via adjustments of the
amplification factors and/or the phase shifts, a desired shape
and intensity of a focal zone may be created at the target
region.

[0030] The amplification factors and phase shifts may be
computed using the controller 108, which may provide the
computational functions through software, hardware, firm-
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ware, hardwiring, or any combination thereof. For example,
the controller 108 may utilize a general-purpose or special-
purpose digital data processor programmed with software in
a conventional manner, and without undue experimentation,
to determine the frequency, phase shifts and/or amplification
factors of the transducer elements 104. In certain embodi-
ments, the controller computation is based on information
about the characteristics (e.g., structure, thickness, density,
etc.) of the skull and their effects on propagation of acoustic
energy. In various embodiments, such information is
obtained from an imager 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 skull from which thicknesses
and densities can be inferred: alternatively, image acquisi-
tion may be three-dimensional. In addition, image-manipu-
lation functionality may be implemented in the imager 122,
in the controller 108, or in a separate device.

[0031] System 100 may be modified in various ways
within the scope of the invention. For example, for diag-
nostic applications, the system may further include a detec-
tor device 124 that measures transmitted or reflected ultra-
sound, and which may provide the signals it receives 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 shifis and/or
amplification factors or feedback for the phase and ampli-
tude 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 (e.g.,
cylindrical) shape. In some embodiments, the transducer
elements 104 are mounted movably and rotatably, providing
mechanical degrees of freedom that can be exploited to
improve focusing properties. Such movable transducers may
be adjusted by conventional actuators, which may be driven
by a component of controller 108 or by a separate mechani-
cal controller.

[0032] Referring to FIG. 2, in various embodiments, the
controller 108 causes the beamformer 106 to provide drive
signals to the transducer elements 104 above an intensity
threshold such that the acoustic energy emitted by the
transducer elements 104 may generate a bubble or a small
cloud of gas bubbles (or “microbubbles™) 202 in the liquid
contained in the tissue. The gas bubbles can be formed due
to the negative pressure produced by the propagating ultra-
sonic waves or when the heated liquid ruptures and is filled
with gas/vapor. In one embodiment, the controller 108
estimates the intensity and/or phase shift of the ultrasound
wave emitted from each transducer element 104 using a
physical model. For example, the physical model may
predict focusing properties (e.g., the shape, size and location
of the focus zone 204) based on information about the
geometry of the transducer elements 104 and their locations
and orientations relative to the target region 206 as well as
the amplitudes and phases of ultrasound waves transmitted
from the elements 104. In addition, the physical model may
take into account transducer output errors resulting from, for
example, transducer elements 104 moving or shifting from
their expected location during manufacturing, use and repair
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and/or as a result of the elements 104 being deformed by
heat. Additional information concerning the approach of
determining the transducer output errors is provided 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 material properties (e.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 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 loca-
tions 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 to pro-
duce a focus at the target 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] Alternatively, the intensity levels and/or relative
phases of the transducer elements 104 may be determined
based on transmitted and/or reflected ultrasound measured
either prior to or during treatment (e.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 is substantially
close to the target region 206, vet without the need to
account perfectly for acoustic aberrations caused by inho-
mogeneous intervening tissue.

[0035] Transmission of ultrasound energy at the intensity
above the threshold level of microbubble generation may be
relatively brief, e.g., occurring over a duration of several
milliseconds or less, yet sufficiently long to generate
microbubbles 202 within the focal zone 204 without sub-
stantially generating microbubbles in tissue outside the focal
zone 204 (e.g., in the near field 208); this minimizes heating
in the surrounding tissue. Further, although the threshold
intensity may differ with each patient and/or tissue structure,
appropriate threshold intensities may be readily determined
by those skilled in the art, e.g., through the use of a
monitoring mechanism sensitive to the generation of
microbubbles 202. For example, the formation of
microbubbles 202 may be monitored using the imager 122
and/or the ultrasound detector device 124.

[0036] In some embodiments, the microbubbles 202 are
introduced into the patient’s body intravenously, and may
either be injected systemically into the patient or locally into
the target region. For example, microbubbles 202 may be
introduced into the patient’s body in the form of liquid
droplets that subsequently vaporize, gas-filled bubbles, or
other similar substances, such as conventional ultrasound
contrast agents.

[0037] Because of their encapsulation of gas therein, the
microbubbles 202 act as reflectors of ultrasound and the
reflections therefrom can be used to obtain information
about the focusing properties at the target region 206.
Accordingly, in some embodiments, once the formation of
the microbubbles 202 is detected (using, for example,
images acquired by the imager 122 or reflected signals
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detected by the detector device 124), the controller 108 may
re-energize the transducer elements 104 to transmit ultra-
sound waves to the generated microbubbles and start an
auto-focusing procedure as further described below; the
re-emitted ultrasound beams may have the same or different
intensity 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. Alter-
natively, the transducer elements 104 may possess both
transmit and detect capabilities. Referring to FIG. 3A, in one
embodiment, each individual transducer element 104 alter-
nates between transmitting ultrasound signals to the
microbubbles and receiving ultrasound signals reflected
therefrom. For example, all transducer elements 104 may
substantially simultaneously transmit ultrasound to the
microbubbles 202 and subsequently receive echo signals
therefrom. Referring to FIG. 3B, in one implementation, the
transducer array is divided into multiple sub-regions 302;
each sub-region 302 comprises a one- or two-dimensional
array (i.e., a row or a matrix) of transducer elements 104.
The sub-regions 302 may be separately controllable, i.e.,
they are each capable of (i) emitting ultrasound waves at
amplitudes and/or phases that are independent of the ampli-
tudes and/or phases of the other sub-regions 302, and (ii)
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 transmit ultrasound to and receive reflec-
tions from the microbubbles 202. Referring to FIG. 3C, in
another embodiment, the transducer array is divided into a
transmit region 304 and a receive region 306; transducer
elements in the transmit region 304 transmit the ultrasound
waves while transducer elements in the receive region 306
receive the reflected waves. The received reflected waves are
then transmitted to the controller 108 for analysis. The
transmit region 304 and receive region 306 of may be
configured in different patterns and shapes at various loca-
tions of the transducer array.

[0039] Once the measured wave reflected signals are pro-
vided to the controller 108, the controller 108 may analyze
them to obtain information, such as the amplitudes and/or
phases, associated with the reflection beams. In one embodi-
ment, the controller 108 compares the phases of the mea-
sured reflections, ¢,., to the phases of the transmitted
waves, (,,, determines the difference therebetween
(A¢=0,.~®,..), and operates the transducers elements 104 in
accordance with the difference. For example, the controller
108 may cause each transducer element 104 to transmit
another ultrasound beam having a phase shift of the deter-
mined 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 trans-
mitted ultrasound 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 ultrasound beams focus at the target
region with desired focusing properties (e.g., having a
desired shape and/or an optimal power for thermal treat-
ment). The phase shift adjusting procedure may be termi-
nated when other conditions are met. For example, the phase
shift adjustment may be stopped when too may iterations
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(e.g., more than 20 times) have been performed or when the
improvement of the deviation between two successive itera-
tions is too small (e.g., Ap,,,—A@,<5°).

[0040] The amplitudes of the ultrasound waves in each
sonication during the focusing process may be the same or
different. In one embodiment, after formation of the
microbubbles, the intensity of the beams is lowered below
the threshold level of microbubble collapsing and, main-
tained 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 properties. If not, the necessary adjustments are
made based on the deviation between the reflected signals
and what was expected. After the focusing process is com-
plete, 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 until the generated
microbubbles substantially collapse or at least until the
enhanced ultrasound energy absorption that they cause are
minimized.

[0041] In other embodiments, treatment is performed in
the presence of microbubbles 202—i.e., the treatment ultra-
sound 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 limited local cavitation, they may serve to
increase the mechanical-to-thermal energy conversion,
enhance absorption of the energy at the focal zone and
thereby 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 automatically perform certain functions as
described above (e.g., analysis of the reflected signals,
comparison 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 alternative, the analysis of the reflected
signals and/or adjustments of the phases/amplitudes may be
partially performed manually by a user to create a high-
quality ultrasound focus.

[0043] FIG. 4 is a flow chart 400 illustrating an ultrasound
focusing approach in accordance with various embodiments.
In a first step 402, initial parameter values (e.g., frequencies,
amplitudes and/or phases) of the ultrasound beams emitted
from the transducer elements 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 generate
microbubbles therein. In a third step 406, ultrasound
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 elements
transmit ultrasound waves based on the current values of the
transducer parameter to start treatment of the target (step
410). If not, a new set of parameter values of the transducer
elements is determined based on the measured reflection
waves, and the ultrasound 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
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properties are achieved at the target region. In each iteration,
the ultrasound waves may be transmitted 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 microbubbles. Accordingly, this
approach allows the ultrasound beams to auto-focus at the
target region despite the presence of inhomogeneous inter-
vening tissue.

[0044] One of ordinary skill in the art will understand that
variations in the focusing approach described above are
possible and are thus within the scope of the present inven-
tion. 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 elements activated in each soni-
cation may vary. For example, a fraction of the transducer
elements 104 (e.g., every one out of ten elements) may be
selected to transmit and/or receive ultrasound waves in a
first sonication for creating microbubbles 202. The com-
puted phase differences associated with the selected trans-
ducer elements may then be interpolated, extrapolated or
processed using any suitable estimation approach to obtain
the phase differences associated with unselected transducer
elements. In the next sonication, a fraction of the previously
unselected transducer elements may be used to repeat the
focusing steps—i.e., transmitting ultrasound waves to the
microbubbles 202 based on the interpolated (or extrapo-
lated) 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 in the precedent sonication(s) and the
number of selected elements may be different in each
sonication.

[0045] Further, the microbubbles 202 may be alternatively
generated using a conventional dual-frequency approach—
i.e., the ultrasound beams are delivered at one frequency to
generate microbubbles 202 in 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 wvariations utilizing
microbubbles 202 for auto-focusing ultrasound beams at the
target region 206 are within the scope of the present inven-
tion.

[0046] In general, functionality for performing auto-fo-
cusing of ultrasound beams, including, computing initial
values of transducer parameters (e.g., frequencies, ampli-
tudes and/or phases) associated with the transducer elements
(based on a physical model and/or measurements), analyz-
ing the reflected signals, determining new parameter values
of the transducer elements and/or adjusting ultrasound
operations, as described above, whether integrated within a
controller of the imager, and/or an ultrasound system, or
provided by a separate external controller, may be structured
in one or more modules implemented 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++,
C#, BASIC, various scripting languages, and/or HTML.
Additionally, the software can be implemented in an assem-
bly language directed to the microprocessor resident on a
target computer (e.g., the controller); for example, the soft-
ware may be implemented in Intel 80x86 assembly language
if it is configured to run on an IBM PC or PC clone. The
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software may be embodied on an article of manufacture
including, but not limited to, a floppy disk, a jump drive, a
hard disk, an optical disk, a magnetic tape, a PROM, an
EPROM, EEPROM. field-programmable gate array, or CD-
ROM. Embodiments using hardware circuitry may be
implemented using, for example, one or more FPGA, CPLD
or ASIC processors.

[0047] In addition, the term “controller” used herein
broadly includes all necessary hardware components and/or
software modules utilized to perform any functionality as
described above; the controller may include multiple hard-
ware components and/or software modules and the func-
tionality can be spread among different components and/or
modules.

[0048] Certain embodiments of the present invention are
described above. It is, however, expressly noted that the
present invention is not limited to those embodiments;
rather, additions and modifications to what is expressly
described herein are also included within the scope of the
invention.

What is claimed is:

1-17. (canceled)

18. A system for focusing an ultrasound transducer com-
prising:

an ultrasound transducer comprising a plurality of trans-

ducer elements; and

a controller configured to:

(a) cause generation of at least one acoustic reflector in the

target region using the ultrasound transducer;

(b) transmit first ultrasound waves to the target region;

(c) measure reflections of the first ultrasound waves off

the acoustic reflector; 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 improve an ultrasound
focus at the target region.

19. The system of claim 18, further comprising a detector
device for measuring the reflections off the acoustic reflec-
tor.

20. The system of claim 18, further comprising at least
one of an imager or a detector device for detecting genera-
tion of the acoustic reflector.

21. The system of claim 18, wherein the controller is
further configured to cause the transducer elements to mea-
sure the reflections off the acoustic reflector.

22. The system of claim 18, wherein the controller is
further configured to cause the first ultrasound waves to
generate the acoustic reflector.

23. The system of claim 18, wherein the controller is
further configured to cause the transducer elements to trans-
mit second ultrasound waves to the target region so as to
generate the acoustic reflector, the second ultrasound waves
being transmitted to the target region prior to the first
ultrasound waves.

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 ultrasound 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 ultrasound waves.
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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 claim 23, wherein the ultrasound
transducer comprises a plurality of sub-regions, each sub-
region comprising a plurality of transducer elements.

28. The system 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 is
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 is
further configured to cause a first sub-region of the trans-
ducer to transmit the first ultrasound waves and subse-
quently measure the reflections.

31. The system of claim 18, wherein the controller is
further configured to initially estimate the parameter value
based on a measurement of transmitted or reflected ultra-
sound waves.

32. The system 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 least one of the trans-
ducer elements for generating the first ultrasound waves.
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33. The system of claim 18, wherein the controller is
further configured to (e) transmit second ultrasound waves,
based on the adjusted parameter value, to at least one of the
acoustic reflector or a second acoustic reflector, and repeat
steps (), (d), (e) until a stopping condition is satisfied.

34. The system of claim 33, wherein the stopping condi-
tion 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.

35. The system of claim 18, wherein the controller is
further configured to (e) transmit second ultrasound waves,
based on the adjusted parameter value, to the target region
to cause generation of at least one secondary acoustic
reflector therein, and repeat steps (b), (c), (d), and (e) until
a stopping condition is satisfied.

36. The system of claim 35, wherein the stopping condi-
tion 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 18, further comprising an admin-
istration device for introducing an ultrasound contrast agent
into the target region.
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