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(57) Abstract: A system and method for effi-
ciently transmitting and receiving focused ultra-
sound through a medium, such as bone, is
provided. The focal region of the focused ultra-
sound is iteratively updated to provide an im-
proved focus through the medium. This method
may be carried out using a transducer assembly
that includes two or more transmit arrays each
operating at a different frequency. An initial fo-
cus is set and updated by delivering focused ul-
trasound with a lower frequency transmit array.
The phase corrections determined in the first it-
eration are applied to subsequently higher fre-
quency transmit arrays and received signals, and
the process repeated until a desired focus or im-
age resolution is achieved.
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SYSTEM AND METHOD FOR MEASURING AND CORRECTING ULTRASOUND PHASE
DISTORTIONS INDUCED BY ABERRATING MEDIA

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Patent Application
Serial No. 61/771,992, filed on March 4, 2013, and entitled "System and Method for
Measuring and Correcting Ultrasound Phase Distortions Induced by Aberrating Media"

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
[0002] This invention was made with government support under EB003268 and
EB009032 awarded by the National Institutes of Heath. The government has certain

rights in the invention.

BACKGROUND OF THE INVENTION

[0003] The field of the invention is systems and methods for focused ultrasound
("FUS'}. More particularly, the invention relates to systems and methods for efficiently
transmitting focused ultrasound through aberrating media, including skull bone and
other tissues that may aberrate ultrasound.

[0004] Transcranial focused ultrasound surgery has been clinically investigated
for the non-invasive treatment of brain disorders, including chronic pain, essential
tremor, and primary brain tumors. Although it is an attractive modality for imaging and
therapy in the brain, transcrania ultrasound suffers from the poor propagation of
ultrasound through the skull bone, which attenuates and aberrates the beam. At low
frequencies, the phase aberrations that result from the heterogeneous and irregular
nature of the skull bone are minimal, while at high frequencies phase corrections are
required to achieve an ultrasound focus in the brain. The necessary phase delays for
these corrections can be determined from computer simulations of the sound
propagation through the skull bone, using geometry and bone density information
obtained from preoperative computed tomography scans. Even the simplest
computational models, however, can take several hours to compute the phase delays.
[0005] A simple direct method for measuring phase delays through an aberrator
is to place an ultrasound source at the focus and use time-of-flight measurements to
caculate the phase delays between transducer elements. Noninvasive readlizations of
this technique have used bubbles inside the skull cavity asthe sound beacon, with the

bubbles either induced through acoustic droplet vaporization or transient cavitation. In
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one study by Gateau et a., computed tomography-based phase correction was utilized
for an initial focusing step and then bubble signature-based phase corrections were
used to improve the transducer array focusing and to conduct beam steering. The
frequency of the transducer array used by Gateau, et al., was 1 MHz, which was too high
to create a cavitation event without first using the simulation based phase correction.
In addition, the receivers were a subset of the transmit elements, and were sensitive
primarily at their driving frequency.

[0006] In a study by Haworth, et a., it was proposed that bubble-based phase
correction could be performed by first sonicating at low frequencies and then using
harmonic imaging to calculate the phase delays and refocus at the higher frequency. A
device and strategy to perform such phase corrections, however, were not described. In
particular, it has not been addressed that bubble activity at the low frequency could
occur anywhere within a fairly large transmit focal zone, which could compound
targeting errors.

[0007] It would therefore be desirable to provide a system and method for

efficiently transmitting focused ultrasound through amedium, such asbone.

SUMMARY OF THE INVENTION

[0008] The present invention overcomes the aforementioned drawbacks by
providing a system and method for efficiently transmitting focused ultrasound through
a medium, such as bone, using an adaptive focusing scheme. The foca region of the
focused ultrasound is iteratively updated to provide an improved focus through the
medium. This method may be carried out using a transducer assembly that includes
two or more transmit arrays each operating at a different frequency. Aninitial focus is
set and updated by delivering focused ultrasound with a lower frequency transmit
array. The phase corrections determined in the first iteration are applied to
subsequently higher frequency transmit arrays and the process repeated until a desired
focus is achieved.

[0009] It isan aspect of the invention to provide amethod for adjusting afocus of
afocused ultrasound beam. Aninitial focal region of an ultrasound transducer assembly
having a plurality of transmit arrays each having a different operating frequency is
defined by setting an initial focus of the transmit arrays. Ultrasound energy is delivered
to the initial focal region to excite a contrast agent present in the initial foca region
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using one of the plurality of transmit arrays. Signals responsive to the excited contrast
agent in the initia focal region are then received using the ultrasound transducer array.
An image is produced from the received signals, and a center of the initial focal region is
determined from this image. Phase correction values are computed using the
determined center of the initial focal region, and are applied to the focused ultrasound
transducer assembly to update the initial focus, thereby defining an updated focal
region that is more focused than the initial foca region. This process is iteratively
repeated until the updated focal region corresponds to a desired focus. During each
repetition of this process, ultrasound energy is delivered to the updated focal region to
excite a contrast agent present in the updated focal region using a different one of the
plurality of transmit arrays that operates at a higher frequency than the previous
transmit array.

[0010] It is another aspect of the invention to provide atransducer assembly for
use with afocused ultrasound system. The transducer assembly includes a plurality of
integrated transducer units and a multiplexing circuit in communication with the
integrated transducer units. Each integrated transducer unit includes at least two
transducer elements that are concentrically nested to form the integrated transducer
unit. The multiplexing circuit is configured to connect the transducer elements in each
integrated transducer unit toat least one of atransmit line and areceive line.

[0011] It is another aspect of the invention to provide a focused ultrasound
system that includes atransducer assembly and a processor in communication with the
transducer assembly. Thetransducer assembly includes aplurality of transducer arrays
each composed of transducer elements, each transducer array operating at a different
frequency. The transducer assembly may include at least one additional receive array
composed of receive transducer elements. The processor is configured to set a focal
region for the transducer assembly and to iteratively update this focal region for each
transmit array in the transducer assembly. In each iteration, the processor selects the
transmit array having the lowest remaining operating frequency and directs the
selected transmit array to excite the initial focal region for that transmit array and
directs the at least one receive array to receive signals from the initial focal region. The
processor then reconstructs an image of the focal region from the received signals and
computes phase correction values from the reconstructed image. The processor then
applies the computed phase correction values to the selected transmit array and to the
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transmit array having the next highest operating frequency.

[0012] The foregoing and other aspects and advantages of the invention will
appear from the following description. In the description, reference is made to the
accompanying drawings which form a part hereof, and in which there is shown by way
of illustration a preferred embodiment of the invention. Such embodiment does not
necessarily represent the full scope of the invention, however, and reference is made

therefore tothe claims and herein for interpreting the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIG. 1isablock diagram of an example of afocused ultrasound system;
[0014] FIG. 2A is an example of an integrated transducer unit that includes a
nested transmit transducer and receive transducer;

[0015] FIG. 2B isan example of an array of integrated transducer units;

[0016] FIG. 2Cis an example of a multiplexing circuit connected to an integrated
transducer unit;

[0017] FIG. 2D is another example of a multiplexing circuit connected to
integrated transducer units;

[0018] FIG. 3 is an example of a transducer assembly that includes sparsely
distributed receive transducer elements;

[0019] FIG. 4 is ablock diagram of an example of a focused ultrasound system
configured for transcranial applications, and

[0020] FIG. 5isaflowchart setting forth the steps of an example of a method for
adaptively adjusting the focus of a transducer assembly that includes two or more

transmit arrays operating at different frequencies.

DETAILED DESCRIPTION OF THE INVENTION

[0021] A system and method for efficiently transmitting focused ultrasound

through skull bone using afocused ultrasound ("FUS'} system is provided. Particularly,

an ultrasound transducer array design and a method for adaptive ultrasound focusing
through the skull bone are provided.

[0022] Referring to FIG. 1, an exemplary focused ultrasound ("FUS'} system 100
for delivering focused ultrasound to a subject 102 is illustrated. The FUS system
includes a controller 104, an ultrasound transducer 106, an enclosure 108, and a

positioning system 110. The enclosure 108 houses the ultrasound transducer 106 and
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provides an interface with the subject 102 such that ultrasound energy can be efficiently
transferred from the ultrasound transducer 106 to the subject 102. By way of example,
the enclosure 108 maybe filled with an acoustic coupling medium 112, which allows for
amore efficient propagation of ultrasound energy than through air. Exemplary acoustic
coupling media 112 include water, such as degassed water. Advantageously, the
ultrasound transducer 106 includes a signal detector 114, such as a hydrophone. By
way of example, the signal detector 114 may include a wideband polyvinylidene
fluoride ("PVDF'} hydrophone, such asthose described by M.A. O'Reilly and k. Hynynen
in "A PVDF Receiver for Ultrasound Monitoring of Transcranial Focused Ultrasound
Therapy,” IEEE Transactions on Biomedical Engineering, 2010; 57(9}:2286-2294. The
ultrasound transducer 106 is coupled tothe positioning system 110 by way of a support
116. The positioning system 110 is advantageously athree-axis positioning system that
provides precise and accurate positioning of the ultrasound transducer 106 in three
dimensions, but can be, in general, a multi-axis positioning system that provides precise
and accurate positioning of the ultrasound transducer 106 in two or more dimensions
or directions.

[0023] The controller 104 generaly includes a processor 118, asignal generator
120, and aradio frequency ("RF'} amplifier 122. The signal generator 120 may include,
for example, a function generator, and is configured to provide a driving signa that
directs the ultrasound transducer 106 to generate ultrasound energy. The driving
signal produced by the signal generator 120 is amplified by the RF amplifier 122 before
being received by the ultrasound transducer 106. When the FUS system 100 is used
during amagnetic resonance guided FUS ("MRgFUS'} application, the controller 104 can
be positioned inside or outside of the magnet room of the magnetic resonance imaging
("MRI"} system.

[ 0024] The processor 118 isin communication with the signal generator 120 and
directs the signal generator 120 to produce the driving signal that is delivered to the
ultrasound transducer 106. Aswill be described below in detail, the processor 118 may
be configured to adjust properties of the driving signal such that the ultrasound energy
pressure produced by the ultrasound transducer 106 is adjusted in accordance with
embodiments of the present invention.

[0025] The processor 118 receives acoustic signals from the signal detector 114.
As will be described below in detail, the feedback information provided by the signa
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detector 114 is utilized by the processor 118 to direct the appropriate adjustments in
ultrasound energy. The processor 118 is aso in communication with the positioning

system 110, and is configured to direct the positioning system 110 to move the position
of the ultrasound transducer 106 during a sonication procedure. In the case that the
ultrasound transducer 106 is a phased array transducer, the controller 104 may adjust
the phase and/or amplitude of the driving RF signal to each transducer element to
control the location of the focal spot.

[0026] In general, the ultrasound transducer 106 may be referred to as a
transducer assembly that includes one or more arrays of ultrasound transducer

elements. Each transducer array may include only transmit elements, only receive
elements, or both transmit and receive elements. By way of example, the transducer

assembly may include multiple integrated transmit and receive arrays. For instance, the
transducer assembly may include two or more transmit arrays operating at different
frequencies, and one or more receive arrays with resonances at harmonics or sub-
harmonics of the transmit arrays. Preferably, the transducer assembly would be a full
hemisphere to provide the best focusing capabilities. All of the arrays can be either fully
populated or sparse if areduced number of transducer elements is preferred.

[0027] In one configuration, such asthe one illustrated in FIGS. 2A and 2B, the
transducer assembly 208 is composed of integrated units 202 that contain a transmit

element 204 and areceive element 206. The transmit element 204 and receive element
206 are arranged inthe integrated unit 202 such that they are coaxial. For example, the
transmit element 204 can be a circular transducer element nested inside an annular-

shaped receive element 206. Although FIGS. 2A and 2B depict integrated units 202
composed of only two transducer elements, it isnoted that the integrated units 202 may
also be constructed to include more than two nested transducer elements, each capable
of transmission, reception, or both. The integrated units 202 can be arrayed over the
extent of the transducer assembly 208, as illustrated in FIG. 2B. In genera, the
frequency of the integrated units 202 would increase from the exterior transducer

elements of the integrated wunits 202 to the interior transducer elements of the
integrated units 202 so as to keep good directivity at higher frequencies. The lowest
transmit ultrasound frequency is preferably around 100-300 kHz, where distortions
due tothe skull are minimal.

[0028] With reference to FIGS. 2C and 2D, the nested transducer elements in the
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integrated units 202 are connected to multiplexers in amultiplexer circuit 210 that can,
under the direction of a controller, connect the RF-transmit signal to any of the
transducer elements capable of transmitting ultrasound energy.  Similarly, the
multiplexers can connect the receiver electronics to any of the transducer elements that
are capable of detecting acoustic signals. It is possible aso to connect multiple
transducer elements simultaneously to separate transmit and/or receive lines. Two
example configurations of the possible connections between integrated transducer

units 202 and the multiplexing circuit 210 are illustrated in FIGS. 2Cand 2D. In FIG. 2C,
each transducer element in the each integrated transducer unit 202 is connected to a
multiplexer that connects that transducer element to both atransmit line and areceive
line. In FIG. 2D, each integrated transducer unit 202 includes one transducer element
that, via the multiplexing circuit, is connected only to atransmit line and one transducer

element that, via the multiplexing circuit 210, is connected to both the transmit line and
areceive line. It should be appreciated that any suitable combination of connections
between transducer elements in the integrated transducer units 202 and the transmit

and receive lines can be made via an appropriately configured multiplexing circuit. It is
also noted that each integrated transducer unit 202 does not need to be connected to
the transmit and receive lines in the same manner; rather, one group of integrated

transducer units 202 could be connected to the transmit and receive lines in one
configuration (e.g., the configuration shown in FIG. 2C) while another group of
integrated transducer units 202 could be connected to the transmit and receive lines in
another configuration (e.g., the configuration shown in FIG. 2D}.

[0029] Referring now to FIG. 3, the transmit elements 302 and the receive
elements 304 of a transducer assembly 304 can also be interspersed in a sparse
arrangement over the entire array aperture. In some high power applications there isa
need for alarge number of transmit elements, however a substantially smaller number

of receive elements are necessary to map the contrast agent activity. To reduce the
hardware reguirements, the receiver elements or integrated units could be more
sparsely populated within the larger number of transmit elements. Phase delays
caculated from the receive elements could then be applied to groups of surrounding

transmit elements that would be propagating sound through the same region of the
skull bone.

[0030] Referring now to FIG. 4, in some instances, an FUS system 400 may be
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configured more particularly for transcranial ultrasound applications in human
subjects. In such asystem, a subject 402 receives ultrasound energy from a transducer
406 that is configured to surround an extent of the subject's head. For example, the
transducer 406 may be an approximately hemispherical array of transducer elements.
The FUS system 400 may include a cooling system, such as a sealed water system with
an active cooling and degassing capacity, sothat an appropriate temperature of the skull
and skin of the subject 402 may be maintained during treatment.

[0031] The FUS system 400 includes a processor 418 that is in communication
with a multi-channel amplifier 424 and a multi-channel receiver 426. The multi-
channel amplifier 424 receives driving signals from the processor 418 and, in turn,
directs the transducer elements of the transducer 406 to generate ultrasound energy.
The multi-channel receiver 426 receives acoustic signals during sonications and relays
these signals to the processor 418 for processing in accordance with embodiments of
the present invention. The processor 418 may aso be configured to adjust the driving
signals in response to the acoustic signals received by the multi-channel receiver 426.
For example, the phase and/or amplitude of the driving signals may be adjusted so that
ultrasound energy is more efficiently transmitted through the skull of the subject 402
and into the target volume-of-interest 430. Furthermore, the acoustic signals may also
be analyzed to determine whether and how the extent of the focal region should be
adjusted.

[0032] Having described the genera structure of a FUS system that implements
the present invention, reference is nhow made to FIG. 5, which illustrates a flowchart
setting forth the steps of an example of a method for improving the transmission
efficiency of delivering focused ultrasound through skull bone or other bony structures.
This example method is described with respect to atranscrania application asfollows.
[0033] Using geometric focusing, and ignoring the skull contributions, the
ultrasound would be initially focused in the brain using lower frequency ultrasound, as
illustrated at step 502. This initial focus would be relatively large due to the low
frequency used. The patient may then be administered an ultrasound contrast agent, as
illustrated at step 504. This ultrasound contrast agent may be either a microbubble
contrast agent or a phase-change droplet contrast agent, and is preferably administered
at a very low concentration. For instance, the contrast agent concentration can be

sufficiently low asto be able toimage individual bubbles in the vasculature.
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[ 0034] The low frequency transmit array is then used to excite the individual
bubbles, as indicated at step 506. Harmonic emissions that are responsive to this
excitation are acquired by one of the receive arrays and beamformed using both phase
and amplitude information to produce aninitial image of the bubble, asindicated at step
508. The initia beamforming considers only geometric delays and not those produced
by the skull. Asindicated at decision block 510, the excitation and image reconstruction
steps are repeated to create atime series of images depicting bubble activity at the
transmit focus. To the extent that additional contrast agent is required, more contrast
agent will be administered to the subject.

[ 0035] By examining the spatial extent of the activity and the strength of the
bubble responses, the approximate center of the transmit focus can be determined from
the time series of images, asindicated at step 512. Using the emissions from one of the
bubble events at this location, phase corrections for the transmitted and received beams
are calculated, asindicated at step 514. These phase corrections are then applied to the
transmit elements to improve the transmit focus, as indicated at step 516. This process
can optionaly be repeated to improve the estimates of the transmit and receive phase
corrections, asindicated at decision block 518.

[ 0036] The phase corrections could then be applied to the transmit array with
the next lowest frequency, creating a time series of images with the corresponding
receiver array to determine the spatial extent of the transmit focus and to fine-tune the
transmit and receive focusing, asindicated at step 520. This process could be iterated at
each transmit frequency, and repeated at increasing frequencies to create a sharp
treatment focus at high frequencies, asindicated at decision block 522.

[ 0037] In some embodiments, when the bubble signatures recorded at the
receivers are very weak, the image quality may be improved by fitting the expected
bubble response to the raw data. One implementation of this may include finding an
optimal fit by cross-correlating a template of the expected bubble response to the raw
data on each line. Thus, in some embodiments the systems and methods of the present
invention include providing one or more templates of expected bubble response. Data
captured at alow sampling frequency could be up-sampled prior to fitting the template
in order to preserve position information.

[ 0038] The present invention provides the ability to perform high resolution
vascular mapping of the brain for diagnostic purposes. This can be accomplished by
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scanning the transmit focus throughout the brain while collecting the scattered signals
from microbubbles that are infused into the blood vessels. In this instance, the transmit
and receive signal corrections are derived first and then the three-dimensional images
of the bubbles (and thus the vasculature] are formed and tracked as a function of time.
For this imaging, either standard short ultrasound imaging bursts can be used to
provide time-resolved echo location, or long ultrasound imaging bursts using the
method described above can be used to form the images. The method of the present
invention can also improve ultrasound imaging in other aberrating media, including the
breast, the heart, the prostate, and so on. Breast imaging, for example, could be
conducted with asimilar hemispherical array design aswould be used for brain imaging
and therapy applications.

[0039] The present invention has been described in terms of one or more
preferred embodiments, and it should be appreciated that many equivaents,
aternatives, variations, and modifications, aside from those expressly stated, are
possible and within the scope of the invention.
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CLAIMS
1. A focused ultrasound system, comprising:
atransducer assembly that includes:
aplurality of transmit arrays composed of transmit transducer elements,
each transmit array operating at a different frequency;
at least one receive array composed of receive transducer elements;
aprocessor in communication with the transducer assembly and configured to:
set afocal region for the transducer assembly;
iteratively update the focal region for each transmit array inthe
transducer assembly by :
selecting the transmit array having the lowest remaining operating
frequency;
directing the selected transmit array to excite the initia focal
region for that transmit array;
directing the at least one receive array toreceive signals from the
initial focal region;
reconstructing an image of the focal region from the received
signals,
computing phase correction values from the reconstructed image;
and
applying the computed phase correction values tothe selected
transmit array and tothe transmit array having the next

highest operating frequency.

2. The focused ultrasound system asrecited in claim 1 further comprising a
multiplexing circuit in communication with the transducer assembly and configured to

allow switching between the plurality of transmit arrays and the at least one receive

array.

3. The focused ultrasound system asrecited in claim 1inwhich the at least

one receive array issparsely distributed among the plurality of transmit arrays.
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4, The focused ultrasound system asrecited in claim 1inwhich each
transmit transducer element corresponds one-to-one with areceive transducer
element, and each transmit transducer element and receive transducer element pair
form an integrated transducer unit.

5. The focused ultrasound system asrecited in claim 4 in which each
integrated transducer unit includes areceive transducer element nested inside an
annular transmit transducer element.

6. The focused ultrasound system asrecited in claim 1inwhich the
processor isfurther configured to:

apply the computed phase correction valuesto the received signalsto form
phase-corrected signals; and

reconstruct an image from the corrected signals.

7. The focused ultrasound system asrecited in claim 6 in which the
processor is configured to scan the focal region of the transducer assembly through a
volume-of-interest while receiving signals from the volume-of-interest.

8. The focused ultrasound system asrecited in claim 6 in which the

processor is configured to set multiple simultaneously produced focal regions for the
transducer assembly so asto accelerate data acquisition.
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9. Atransducer assembly for use with afocused ultrasound system, the
transducer assembly comprising:

aplurality of integrated transducer units, each integrated transducer unit
including at least two transducer elements that are concentrically nested
toform the integrated transducer unit; and

amultiplexing circuit in communication with the plurality of integrated
transducer units, the multiplexing circuit being configured to connect the
transducer elements in each integrated transducer unit toat least one of a
transmit line and areceiveline.

10.  Thetransducer assembly asrecited in claim 9in which the multiplexing
circuit is configured to connect one of the at least two transducer elements in each
integrated transducer unit to atransmit line and to connect one of the at least two
transducer elements in each integrated transducer unit toareceiveline.

11.  Thetransducer assembly asrecited in claim 9in which the multiplexing

circuit is configured to connect each of the at least two transducer elements in each
integrated transducer toboth atransmit line and areceiveline.
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12. A method for adjusting afocus of afocused ultrasound beam transmitted
through an aberrating media, the steps of the method comprising:

a defining an initial focus region of an ultrasound transducer assembly
having a plurality of transmit arrays each having a different operating frequency by
setting an initial focus of the transmit arrays;

b) delivering ultrasound energy tothe initial focal region to excite a contrast
agent present inthe initial focal region using one of the plurality of transmit arrays;

c) receiving signals responsive tothe excited contrast agent inthe initial
focal region using the ultrasound transducer array;

d) producing an image from the received signals;

€) determining acenter of the initial focal region from the produced image;

f) computing phase correction values using the determined center of the
initial focal region;

a) applying the computed phase correction values tothe focused ultrasound
transducer assembly to update the initial focus, thereby defining an updated focal
region that is more focused than the initial focal region;

h) repeating steps b)-g) until the updated focal region corresponds toa
desired focus, during each repetition delivering ultrasound energy tothe updated focal
region to excite a contrast agent present in the updated focal region using a different
one of the plurality of transmit arrays that operates at ahigher frequency than the
previous transmit array.

13. Themethod asrecited in claim 12 further comprising:

)] forming phase-corrected signals by applying the phase correction values
computed in step f) tothe signals received in step c); and

i) and reconstructing an image from the phase-corrected signals.

14.  Themethod asrecited in claim 13 in which the aberrating media is a skull

bone and the image reconstructed from the phase-corrected signalsis ahigh resolution
image that depicts vasculature.
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15.  The method asrecited in claim 14 in which step b) includes delivering the
ultrasound energy tothe initial focal region to excite a contrast agent present in a
concentration that is sufficiently low such that the signals received in step c) are
spatialy separate and each correspond to asingle microbubble in the contrast agent.

16.  The method asrecited in claim 15 in which steps b)-j) are repeated over a
duration of time such that aplurality of time-resolved imagesthat depict microbubble
movement caused by blood flow are reconstructed in step j}.

17.  Themethod asrecited in claim 16 further comprising forming at least one

of adynamic blood flow map and a perfusion map using the plurality of time-resolved
images reconstructed in step j}.
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