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7) ABSTRACT

An ultrasound transducer array is incorporated in a light-
weight, conformable, and wearable patch that may be used
to deliver, monitor, and control localized transcranial
focused ultrasound (tFUS). The patch may include full-
duplex transmit-receive circuitry that may be used for con-
tinuous monitoring of transcranial focused ultrasound
(tFUS) application. The circuitry may include a circulator.
The ultrasound transducer array may be coupled to an
aperture interface having irregularly sized or shaped channel
conductors to provide a coarse aperture for the array. The
coarse aperture may be designed using a method that pro-
vides a reduced channel count.
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WEARABLE TRANSCRANIAL DUAL-MODE
ULTRASOUND TRANSDUCERS FOR
NEUROMODULATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims the benefit of U.S.
Provisional Application Ser. No. 62/653,873, filed Apr. 6,
2018, which is incorporated by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support
under NS098781 and NS087887 awarded by the National
Institutes of Health. The government has certain rights in the
invention.

BACKGROUND

[0003] The present disclosure relates to ultrasound trans-
ducer systems. In particular, the present disclosure relates to
ultrasound transducer systems for imaging and therapy.
[0004] Transcranial focused ultrasound (tFUS) for neuro-
science and neurosurgery has potential as a therapeutic
modality for numerous neurologic and psychiatric condi-
tions including epilepsy, depression, anxiety disorders,
movement disorders, and traumatic brain injury.

[0005] Treatment of some conditions requires invasive
surgery to implant a medical device for deep brain stimu-
lation (DBS) therapy. For example, epilepsy may be treated
using surgical intervention, which may be considered the
best option for patients who do not respond to more than one
drug treatment. However, surgery referral times can be long
for many patients, particularly those who have suffered from
many years of seizures. Without removing the skull, tFUS
has been guided by magnetic resonance (MR) due to its high
soft-tissue contrast and specificity to a variety of lesions and
abnormalities in the brain. However, in using MR, obtaining
high-specificity feedback regarding the tFUS-tissue interac-
tions remains difficult, especially when short bursts of
sub-therapeutic tFUS are used, which may hinder under-
standing what therapeutic endpoints can be achieved using
tFUS.

[0006] Subtherapeutic tFUS has been used with a single-
frequency continuous waveform (CW) for neuromodulation
and a carrier frequency that is conservatively low. Using a
low carrier frequency may minimize the severe aberrations
and attenuation through the skull. However, lowering the
frequency of tFUS may increase the size of the focal spot,
especially in the axial direction, and may increase the
probability of forming potentially harmful interference pat-
terns.

[0007] Dual-mode ultrasound array (DMUA) applicators
may provide thermal and non-thermal tFUS neuromodula-
tion with a high degree of spatiotemporal precision. How-
ever, many tFUS DMUA applicators are too bulky for use in
freely-moving patients, which may make use of such appli-
cators outside of a clinical setting impractical.

SUMMARY

[0008] The techniques of this disclosure relate to the
design and fabrication of next-generation DMUA tFUS
applicators, which can be used to provide therapy similar to
deep brain stimulation (DBS) without being invasive. Fur-
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ther, techniques of the present disclosure may provide the
full benefits of the DMUA approach in monitoring and
delivery of tFUS imaging or therapy to mobile and fully
awake subjects (e.g., animals and humans).

[0009] Various aspects of the present disclosure relate to
employing light-weight, conformable (e.g., sufficiently flex-
ible), and wearable patches of ultrasound transducers for
delivery, monitoring, and spatiotemporal control of local-
ized tFUS. Various aspects of the present disclosure relate to
full-duplex transmit-receive circuitry for transcranial neu-
romodulation, which may be used for continuous monitoring
of tFUS application.

[0010] In one aspect, the present disclosure provides an
ultrasound transducer system including an ultrasound trans-
ducer configured to provide a transmit ultrasound wavefront
in response to an excitation waveform and to provide a
reflection waveform in response to a reflected ultrasound
wavefront. The ultrasound transducer system also includes a
circulator operably coupled to the ultrasound transducer.
The circulator includes a first port configured to receive an
excitation waveform from a transmit circuit. The circulator
also includes a second port configured to: provide the
excitation waveform to the ultrasound transducer to provide
a transmit ultrasound wavefront and receive a reflection
waveform from the ultrasound transducer corresponding to
a reflection of the transmit ultrasound wavefront during or
after providing the excitation waveform. The circulator
further includes a third port configured to provide the
reflection waveform to a receive circuit during or after
receiving the excitation waveform from the transmit circuit.
[0011] In another aspect, the present disclosure provides
an ultrasound transducer system including a lens layer
configured to partially or completely compensate for a
predetermined ultrasound beam distortion associated with
an ultrasound obstacle. The ultrasound transducer system
also includes an ultrasound transducer layer configured to
deliver a transmit ultrasound wavefront into the lens layer
and to receive a reflected ultrasound wavefront that has
passed through the lens layer corresponding to a reflection of
the transmit ultrasound wavefront. The ultrasound trans-
ducer system further includes a coarse aperture layer
coupled to the ultrasound transducer layer and comprising a
plurality of channel conductors. Each channel conductor is
operably coupled to a different portion of a surface of the
ultrasound transducer layer. Each channel conductor defines
a conductive surface area having a size or shape different
than at least one other channel conductor. Further, the
ultrasound transducer system includes a backing layer com-
prising an electrically insulative material coupled to the
coarse aperture layer.

[0012] In another aspect, the present disclosure provides a
method for generating an aperture having a reduced number
of sampling elements. The method includes generating a fine
aperture having a plurality of sampling elements each cor-
responding to a different region of an ultrasound transducer
surface. The method also includes determining at least one
propagation operator based on the fine aperture and at least
one target point. The method further includes determining an
excitation waveform vector based on the at least one propa-
gation operator. The elements of the excitation waveform
vector correspond to the sampling elements. Also, the
method includes clustering sampling elements of the fine
aperture into groups of two or more sampling elements
based on similar narrowband excitation waveforms in the
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excitation waveform vector. Further, the method includes
generating a coarse aperture with the clustered sampling
elements.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The disclosure may be more completely under-
stood in consideration of the following detailed description
of various embodiments of the disclosure in connection with
the accompanying drawings.

[0014] FIG. 1is an illustration of an ultrasound transducer
system including a patch for tFUS neuromodulation. In the
illustration, a 3 D-printed lens is attached to the scalp with
appropriate adhesive material.

[0015] FIG. 2 is a schematic illustration showing the
ultrasound transducer system of FIG. 1 showing the patch
and controller.

[0016] FIG. 3 is a schematic illustration showing the
controller of FIGS. 1-2 operably coupled to the patch using
connectors.

[0017] FIG. 4 is a diagram showing discrete excitation
waveforms and continuous excitation waveforms that may
be provided on a channel of the systems of FIGS. 1-3 to a
transducer element and expected reflection waveforms
received on the same channel.

[0018] FIG. 5 is a schematic illustration of a transducer
layer being used with a fine aperture to produce an optimal
excitation vector for use with, e.g., the systems of FIGS. 1-3.

[0019] FIG. 6 is a flowchart showing a method of gener-
ating aperture sampling with reduced channel count for use
with, e.g., the systems of FIGS. 1-3.

[0020] FIG. 7 is pseudocode of an iterative algorithm that
may be used to provide optimal sampling elements for an
aperture for use with, e.g., the systems of FIGS. 1-3.

[0021] FIG. 8is a flowchart showing a method for design-
ing a patch transducer array having a reduced channel count
for use with, e.g., the systems of FIGS. 1-3.

[0022] FIG. 9 is a schematic illustration showing an
OpAmp-based topology for an active circulator for use with,
e.g., the system of FIGS. 1-3.

[0023] FIG. 10 is a schematic illustration showing a
DMUA system with a diplexer and a supporting multi-
stream software architecture being used for an in vivo
experiment with a rat connected to an anesthesia system and
the head fixed with respect to a stereotaxic frame. In the
illustration, the DMUA system includes a render engine that
may be used for real-time visualization of DMUA images
with overlay of results from a tracking pipeline.

[0024] FIG. 11 is an image of a 4 -channel active diplexer
circuit board used in the DMUA system of FIG. 10.
[0025] FIG. 12 is a 3 D rendering showing a skull surface
in a coordinate system of a DMUA system. In the illustra-
tion, the suture lines (bregma, lambda, and medial) may be
used as clear markers for placement of the wearable based
on DMUA imaging.

[0026] FIGS.13A-B are images of a setup for hydrophone
characterization of trans-skull focusing using a DMUA
system.

[0027] FIGS. 14A-B are plots and profiles showing inten-
sity patterns of FUS in the target plane (FIG. 14A, direct
hydrophone measurements) and near the skull surface (FIG.
14B, using back propagation) from using a DMUA system.
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DETAILED DESCRIPTION

[0028] The present application relates to a wearable tran-
scranial dual-mode ultrasound transducer system for imag-
ing or therapy and, in particular, to a wearable transcranial
dual-mode ultrasound transducer system for imaging or
therapy. Although reference is made herein to patient
therapy, the ultrasound transducer device and system may be
used for any suitable application, such as using ultrasound in
research or non-medical settings. Various other applications
will become apparent to one of skill in the art having the
benefit of the present disclosure.

[0029] Transcranial focused ultrasound (tFUS) offers the
potential of precise spatial and temporal control of neural
activity with a wide range of applications in the treatment of
brain conditions and neurological disorders. tFUS neuro-
modulation systems described herein may employ light-
weight, wearable patch transducers for the spatiotemporal
control of tFUS in human patients, awake rodents, and/or
roaming large animals. The envisioned system may be used
to deliver controlled spatiotemporal tFUS energy as a pre-
scription in order to maximize the treatment efficacy at the
target while minimizing collateral inhibition/stimulations at
other locations within the treatment volume.

[0030] Transcranial focused ultrasound (tFUS) may be
used as a treatment modality for a range of brain conditions
and neurological disorders. Compared to well established
neuromodulation methods, tFUS may be used to produce
spatially precise neural inhibition/stimulation while being
noninvasive. Furthermore, tFUS appears to be non-disease
specific, which means it has the potential to be used in a
wide range of treatments. Several potential advantages of
dual-mode ultrasound array (DMUA) technology may ben-
efit from guidance, monitoring, and delivery of tFUS in
vivo.

[0031] The ultrasound transducer devices and systems
described herein may provide continuous delivery, monitor-
ing, and control of localized tFUS using light-weight, con-
formable structures. The ultrasound transducer system may
employ light-weight, conformal array elements with sup-
porting front-end electronics and real-time signal processing
capabilities for the delivery of tFUS energy with continuous
monitoring. For example, a light-weight polymer transducer
material may be used to implement a wideband ultrasound
transducer array with appropriate backing to maintain low-
profile patch-like tFUS applicators. Patch-like ultrasound
transducer applicators may be suitable for long-term appli-
cation in research subjects and human patients. tFUS neu-
romodulation arrays may be custom-designed or fitted for
each patient based on the target voxel(s) and the optimal
access window(s) through the skull.

[0032] The DMUA may utilize the same array elements
for delivering the tFUS neuromodulation (or therapy) and
imaging the mechanical and/or thermal tissue response with
high spatial and temporal resolutions. To improve the
DMUA’s ability to characterize the tissue response to tFUS,
front-end electronic circuitry may be configured to allow
full-duplex transmit-receive operation. This may provide a
powerful tool for the detection and localization of low levels
of inertial cavitation that may be responsible for the
observed neural inhibition/stimulation effects of non-ther-
mal tFUS beams. This tool may also allow for the use of
transmit waveforms with very large time-bandwidth prod-



US 2019/0308036 A1

uct, which could improve the spatial localization of ultra-
sound neuromodulation with continuous monitoring of
acoustic bioeffects.

[0033] It may be beneficial to provide an ultrasound
transducer device and system to facilitate delivering therapy
in a minimally invasive or non-invasive manner. It may
further be beneficial to facilitate the low intensity, high focus
application of ultrasound to specific target volumes in a
patient’s tissue, which may reduce undesirable interference
and side effects. It may also be beneficial to provide a device
and system that facilitates portable use with a patient to
receive therapy outside of a clinical setting, preferably
without significantly impairing normal daily activities.
[0034] In some embodiments, the present disclosure pro-
vides an innovative design of front-end electronics for
DMUA transducers employing full-duplex transmit-receive
operation to allow monitoring of acoustic feedback simul-
taneously with the application of neuromodulation. This
may be used in the detection and localization of subtle
inertial cavitation activities associated with tFUS neuro-
modulation. Further, the use of wideband tFUS waveforms
with high time-bandwidth product can achieve unprec-
edented levels of localization of neuromodulation effects.
[0035] In some embodiments, the present disclosure pro-
vides the use of three-dimensional (3D) ultrasound imaging
of the subject’s skull/scalp to design and construct custom-
fit, light-weight DMUA tFUS applicators for use in awake
rodents or freely-moving patients. These applicators may
impact the clinical use of tFUS technology and may also
impact the value of animal research when used for the
application and monitoring of tFUS on awake rodents and
freely-moving large animals. These applicators may use
innovations in transducer design and fabrication, mixed
analog-digital electronics, and real-time array signal pro-
cessing.

[0036] As used herein, the term “transducer element”
refers to a single transducer or a portion of a transducer layer
configured to act as a single transducer. For example, a
portion of a transducer layer may be operably coupled to a
channel conductor and act as one transducer element. The
portion of the transducer layer may also be referred to as a
sampling element of an aperture.

[0037] As used herein, the term “excitation vector” refers
to a representation of ultrasound energy including a plurality
of vector elements, each representing ultrasound energy to
be delivered by one transducer element. In particular, each
element of an excitation vector may represent (e.g., contain
or correspond to) the magnitude and phase of a narrowband
waveform representing ultrasound energy.

[0038] As used herein, the term “waveform” refers to
signals provided to and from a transducer element. Each
waveform may include one or more frequencies in an overall
bandwidth of the transducer element. In general, one exci-
tation waveform may be determined for each transducer
element and may be a broadband arbitrary waveform.
[0039] As used herein, “voxel” refers to an element of
volume in an array of discrete elements of volume that
constitute a three-dimensional space (e.g., used to represent
a target volume of tissue).

[0040] Reference will now be made to the drawings,
which depict one or more aspects described in this disclo-
sure. However, it will be understood that other aspects not
depicted in the drawings fall within the scope of this
disclosure. Like numbers used in the figures refer to like
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components, steps and the like. However, it will be under-
stood that the use of a reference character to refer to an
element in a given figure is not intended to limit the element
in another figure labeled with the same reference character.
In addition, the use of different reference characters to refer
to elements in different figures is not intended to indicate
that the differently referenced elements cannot be the same
or similar.

[0041] FIG. 1 is a perspective view of one ultrasound
transducer system 100. Ultrasound transducer system 100
may be modular and include patch 110, or transducer
portion, which is shown attached to subject 102 (e.g., a
patient). As illustrated, patch 110 is coupled adjacent to
surface layer 150 (e.g., skin/scalp) of the head of subject
102. The ultrasound transducer system 100 may include
controller 112 (e.g., a control circuit or circuitry) operably
coupled to patch 110. A cross-section of head 102 is shown
for illustrative purposes, in particular, to show the subject’s
ultrasound obstacle 152 (e.g., a skull, which may cause
ultrasound distortion) and subject tissue 154 (e.g., brain
tissue).

[0042] System 100 may be configured to provide continu-
ous delivery, monitoring, and control of localized tFUS and
may use a light-weight, conformable transducer array. Fur-
ther, system 100 configured as an ultrasound patch may be
used to provide a personalized-medicine approach to tFUS
neuromodulation. Light-weight, custom-designed arrays
may be included in patch 110 and optimized for targeting
specific circuit(s) within the brain utilizing low-power driv-
ers and processors, which may be included in controller 112,
for closed-loop control of neuromodulation. Patch 110 may
be described as a dual-mode ultrasound array (DMUA)
applicator.

[0043] Transducer system 100 may be described as a tFUS
applicator and may be customized to each subject to opti-
mize ultrasound energy deposition in a small target volume
(e.g., at target points in a target volume). The subject-
specific customization may facilitate a dramatic reduction in
the number of array elements needed to provide effective
ultrasound energy deposition in the small target volume.

[0044] In some embodiments, controller 112 includes
front-end circuitry that may be used for full-duplex DMUA
operation, which may improve detection and localization of
subtle cavitation activity while tFUS neuromodulation is
active. The front-end circuitry may also be used for trans-
mitting waveforms with very large time-bandwidth product
(e.g., large bandwidth and/or long duration), which may also
have appropriate, or desirable, correlation properties (e.g.,
orthogonal or almost orthogonal waveforms) for improved
spatial localization in the axial direction (e.g., a direction
orthogonal to a transducer major surface or substantially
parallel to the direction of propagation of the transmit
ultrasound wavefront).

[0045] FIG. 2 is a schematic illustration showing ultra-
sound transducer system 100 including patch 110 and con-
troller 112 (e.g., control circuit). As illustrated, patch 110
may include lens 120 positioned between transducer 122
(e.g., transducer array of one or more elements) and the
subject 102. Patch 110 may be operably coupled to control-
ler 112 using one or more connectors 124. In general, the
lower number of connectors 124, the smaller the patch 110
and overall system 100 can be. Each connector 124 may
include a wired connection. In some embodiments, each
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connector 124 includes one or more conductors extending
between patch 110 and controller 112 to provide an electrical
connection.

[0046] Each connector 124 may be associated with a
channel of the system 100. As used herein the term “chan-
nel” refers to circuitry and/or operative couplings that enable
controller 112 to generate one or more ultrasound wave-
fronts with patch 110 using one or more ultrasound wave-
forms.

[0047] Controller 112 may be contained within a portable
package to provide a portable control circuit for system 100.
In particular, a portable configuration of controller 112 may
be useful for a low channel-count configuration of system
100, which can be used for low intensity imaging or therapy
outside of a clinical setting (e.g., on the move). In some
cases, controller 112 may be contained within a larger,
stationary package, which may be used to provide a robust
control circuit for system 100. In particular, a robust con-
figuration of controller 112 may be useful for a high channel-
count configuration of system 100, which can be used, for
example, in a clinical setting, for low or high intensity
imaging or therapy or to configure a portable controller to be
used outside of the clinic.

[0048] Using the high channel-count configuration may be
appropriate for designing laboratory or even clinical
DMUAs for arbitrary targeting within the brain cavity, e.g.,
targeting a region within the hippocampus in one application
versus the thalamus in another using the same DMUA. The
overall system 100 may be bulky, requiring relatively large
coupling medium (e.g., usually a water bolus) and cabling
for relatively large number of elements. The high-channel
count configuration may not be feasible for use in scenarios
where the subject is awake and able to perform some tasks
while tFUS neuromodulation is being applied.

[0049] Using the low channel-count configuration may be
more appropriate for awake and mobile subjects. In some
embodiments, the low channel-count configuration may be
used for delivery of modulated tFUS beams to one or more
discrete voxels in a target volume (e.g., fewer target voxels
or target points in a smaller volume).

[0050] Controller 112 may include one or more compo-
nents (e.g., processing circuits or circuitry) configured to use
the patch 110 to provide imaging of, or therapy to, head 102
of the patient. As illustrated, controller 112 may include
circulator 130. Circulator 130 may be operably coupled to
transmit circuit 132 and receive circuit 134. Circulator 130
may facilitate the ability of the system 100 to provide
full-duplex transmit-receive functionality. In addition, or
alternatively, certain transducer elements may be selected
and dispersed within the DMUA structure of patch 110 with
dedicated receive-only circuitry for the detection of subtle
cavitation activity.

[0051] In general, a higher signal-to-noise ratio (SNR) for
receive circuitry of controller 112 is desirable (e.g., maxi-
mizing the SNR of the receiver), which may depend on the
performance of circulator 130. Receive circuitry may be
described as including circulator 130 and receive circuit 134.
In some embodiments, field-programmable gate array
(FPGA) circuitry with programmable amplifier networks
may be used in the receive circuitry to achieve a high SNR.
[0052] Transmit circuit 132 may include memory and
digital-to-analog (DA) network 138 and linear amplifier
network 136. Linear amplifier network 136 may include
broadband matching network configured to optimize the
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efficiency of the transmission through circulator 130 and
transducer 122. Memory and DA network 138 may be
configured to store the element waveforms necessary to
produce a desired wavefront near the target point(s) while
avoiding direct exposure to any critical point(s) defined by
the user.

[0053] Receive circuit 134 may include filter bank inverse
and matched filtering network 140 and beamforming and
filtering network 142. Filter bank inverse and matched
filtering network 140 may be configured to correct for
waveform distortion due to propagation in inhomogeneous
media (e.g., skull). Beamforming and filtering network 142
may be configured to maximize the SNR from the target
point(s) and suppress interference from strongly scattering
objects. In some embodiments, linear amplifier network 136
may be operably coupled to filter bank inverse and matched
filtering network 140 to produce synchronized transmission
wavefronts for motion tracking, elastography, thermogra-
phy, and/or other signal processing.

[0054] Both transmit circuit 132 and receive circuit 134
may be operably coupled to feedback control 144. Feedback
control 144 may be configured to facilitate using different
modes of the system, such as adaptive imaging mode and
therapy mode.

[0055] Feedback control 144 may be operably coupled to
signal processing and communication processor 146. Signal
processing and communication processor 146 may be con-
figured to produce sensing and imaging data and, for
example, transmit wirelessly to a mobile device. In particu-
lar, signal processing and communication processor 146
may be configured to interpret a reflection waveform from
receive circuit 134 for storage or processing.

[0056] Insome embodiments, patch 110 may be described
as a structure including “super” elements that connect to a
full transducer element array (e.g., a high channel-count
controller 112 ). An algorithm may be used to calibrate
and/or design a printed circuit board defining the “super”
array elements. The “super” array elements may be irregu-
larly shaped (e.g., have an irregularly shaped area). As used
herein with respect to array elements, the term “irregular”
may refer to non-uniformly shaped elements in an array
(e.g., two or more elements having different shapes) or
non-standard shapes (e.g., one or more elements having
non-circular or non-rectangular shapes). The system 100
may be described as a reconfigurable ultrasound system that
includes patch 110, which can be connected to different
circuitry interfaces (e.g., a fully capable clinical interface
and a portable interface with “super” array elements when
used as a wearable device). Transmitting long duration
waveforms (e.g., long pulse duration or continuous wave-
forms) may be used to provide high focusing gain while
maintaining low intensity outside the target volume, which
may be facilitated by using circulators 130.

[0057] One or more of the components, such as control-
lers, circuits, or circuitry, described herein may include a
processor, such as a central processing unit (CPU), com-
puter, logic array, or other device capable of directing data
coming into or out of system 100. The controller may
include one or more computing devices having memory,
processing, and communication hardware. The controller
may include circuitry used to couple various components of
the controller together or with other components operably
coupled to the controller.
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[0058] The functions of the controller may be performed
by hardware and/or as computer instructions on a non-
transient computer readable storage medium. The processor
of the controller may include any one or more of a micro-
processor, a microcontroller, a digital signal processor
(DSP), an application specific integrated circuit (ASIC), an
FPGA, and/or equivalent discrete or integrated logic cir-
cuitry. In some examples, the processor may include mul-
tiple components, such as any combination of one or more
microprocessors, one or more confrollers, one or more
DSPs, one or more ASICs, and/or one or more FPGAs, as
well as other discrete or integrated logic circuitry. The
functions attributed to the controller or processor herein may
be embodied as software, firmware, hardware, or any com-
bination thereof. While described herein as a processor-
based system, an alternative controller could utilize other
components such as relays and timers to achieve the desired
results, either alone or in combination with a microproces-
sor-based system.

[0059] In one or more embodiments, the exemplary sys-
tems, methods, and interfaces may be implemented using
one or more computer programs using a computing appa-
ratus, which may include one or more processors and/or
memory. Program code and/or logic described herein may be
applied to input data/information to perform functionality
described herein and generate desired output data/informa-
tion. The output data/information may be applied as an input
to one or more other devices and/or methods as described
herein or as would be applied in a known fashion. In view
of the above, it will be readily apparent that the controller
functionality as described herein may be implemented in any
manner known to one skilled in the art.

[0060] FIG. 3 is a schematic illustration showing a con-
troller 112 (e.g., control circuit) operably coupled to patch
110 using connectors 124 with the patch being attached to
subject 102. Different regions may be defined relative to
subject 102. In particular, patch 110 may be coupled to
surface layer 150 (e.g., skin or scalp) of subject 102.
Ultrasound obstacle 152 (e.g., skull) typically separates skin,
or surface layer, 150 from subject tissue 154 (e.g., brain
tissue). Patch 110 (e.g., a tFUS neuromodulation array) may
be custom-designed or fitted for each patient based on the
target voxel(s) and the optimal access window(s) through
the skull (e.g., obstacle 152 ).

[0061] Patch 110 is configured to deliver ultrasound
energy to patient through surface layer 150, obstacle 152,
and tissue 154 accord8ing to an ultrasound field of view
(FOV) 156 (e.g., ultrasound imaging field of view, or
IxFoV). In general, FOV 156 is configured to direct one or
more ultrasound transmit wavefronts from patch 110 toward
target volume 158 (e.g., therapeutic operating field, or
ThxOF). The number of channels and the size of the target
volume 158 may be related (e.g., larger target volumes may
use higher numbers of channels to achieve desired focusing
gains). For example, target volume 158 may have a width or
diameter up to 10 mm for a controller 112 having up to 10
channels.

[0062] Target volume 158 may include one or more target
voxels 160 (e.g., target points). Target voxel 160 may reflect
ultrasound energy from patch 110 back to the patch to be
detected as an ultrasound reflection wavefront. In general,
target voxel 160 may be described as a volume, or point,
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where it is desirable to deposit ultrasound energy. In other
words, it may be desirable to have high or maximal focusing
gain at target voxels 160.

[0063] Obstacle 152 may include one or more critical
voxels 190 (e.g., critical points). As used herein, the term
“critical voxel” refers to a volume, or point, where it is
desirable to avoid depositing ultrasound energy. It may be
desirable to have low or minimal focusing gain at critical
voxels 190. The term “critical” is not intended to convey that
it is necessary for the operation of patch 110.

[0064] Patch 110 may include one or more of ultrasound
lens layer 170, ultrasound transducer layer 172 (e.g., includ-
ing one or more transducers), ultrasound aperture layer 174,
and backing layer 176. Lens layer 170 may be positioned
adjacent to surface layer 150 and configured to partially or
completely compensate for a predetermined ultrasound
beam distortion associated with obstacle 152 (e.g., based on
a determined propagation operator corresponding to the
obstacle). Lens layer 170 may be coupled to transducer layer
172. Lens layer 170 may be positioned to receive a transmit
ultrasound wavefront from transducer layer 172.

[0065] A site-specific acoustic lens layer 170 that con-
forms to the skull/scalp geometry in the access region may
be formed, for example, using various methods of 3D
printing. In some embodiments, three-dimensional (3D)
image data of a skull/scalp (e.g., obstacle 152/ surface layer
150) may be used to design an acoustic lens to cover a
predetermined aperture (e.g., a coarse or fine aperture). In
particular, the lens geometry may be derived from the
rendered 3D surface of the skull intersecting with the
DMUA tFUS beam.

[0066] A non-limiting example of material that may be
used to form lens layer 170 includes FLGPLCO02, a photo-
polymer resin used in 3D printing, or any other suitable
glass-like material. FLGPLCO2 has acoustic properties simi-
lar to glass and may be used to provide a low-loss coupling
medium, for example, as described in W. Chan, T. Hies, and
C.-D. Ohl, Laser-generated focused ultrasound for arbitrary
waveforms, Appl. Phys. Lett., 109:174102, 2016. A glass-
like material may be used to implement phase-conjugate
acoustic lenses, for example, as described in R. Lalonde and
J. W. Hunt, Variable frequency field conjugate lenses for
ultrasound hyperthermia, IEEE Transactions on Ultrasonics,
Ferroelectrics, and Frequency Control, 42(5):825-831, Sep-
tember 1995, and R. J. Lalonde, A. Worthington, and J. W.
Hunt, Field conjugate acoustic lenses for ultrasound hyper-
thermia, IEEE Transactions on Ultrasonics, Ferroelectrics,
and Frequency Control, 40(5):592-602, September 1993.
[0067] A phase-conjugate acoustic lens layer 170 may be
formed using a pseudoinverse pattern synthesis method, for
example, as described in E S Ebbini and C A Cain, Multiple-
focus ultrasound phased array pattern synthesis—Optimal
driving signal distributions for hyperthermia, 1EEE
TRANSACTIONS ON ULTRASONICS FERROELEC-
TRICS AND FREQUENCY CONTROL, 36(5):540-548,
September 1989.

[0068] Transducer layer 172 may receive an excitation
waveform through the ultrasound aperture layer 174 and
produce a transmit ultrasound wavefront in response to, or
based on, the excitation waveform. For example, transducer
layer 172 may be configured to deliver a transmit ultrasound
wavefront into lens layer 170 based on the excitation wave-
form. Transducer layer 172 may be configured to provide a
reflection waveform to the ultrasound aperture layer 174 in
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response to receiving a reflected ultrasound wavefront. For
example, transducer layer 172 may receive a reflected ultra-
sound wavefront that has passed through lens layer 170
corresponding to a reflection of the transmit ultrasound
wavefront.

[0069] Transducer layer 172 may be formed from any
suitable material for generating ultrasound wavefronts in
response to receiving an excitation waveform. Lightweight
polymer transducer material may be used to implement
wideband a DMUA with appropriate backing to maintain a
low-profile patch-like tFUS applicator. The transducer layer
172 may include polyvinylidene fluoride (PVDF) material.
In some embodiments, transducer layer 172 is formed of a
PVDF piezoelectric and may have a 9-micron to 25-micron
thickness. PVDF transducers for transducer layer 172 may
be designed and fabricated to have low-profiles. MR-com-
patible, low-profile, high-power PVDF transducers may be
designed and fabricated as disposable HIFU transducers, for
example, as described in U.S. Pat. No. 6,492,762 (Pant et
al.), granted Dec. 10, 2002, entitled “Ultrasonic transducer,
transducer array, and fabrication method.” In some embodi-
ments, the transducer layer 172 may include multilayer
PVDF films connected electrically in parallel and acousti-
cally in series.

[0070] In some embodiments, the transducer layer 172
may have a concave shape to improve the spatial specificity
of tFUS neuromodulation. As used herein, the term “con-
cave” refers to being concave toward the target volume 158
in the tissue 154. Lens layer 170 may be used to compensate
for the differences between the shape of transducer layer 172
and surface layer 150 of subject 102.

[0071] Aperture layer 174 may be used to define the
aperture for patch 110. As used herein, the term “aperture”
refers to a geometric extent of the active transducer surface
in contact with the patient skin through the lens 170.
Sampling of active aperture or ultrasound transducer layer
172 may be defined by one or more sampling elements. Each
sampling element may be configured to act as a different
transducer. Aperture layer 174 may include a plurality of
channel conductors 178. Each channel conductor 178 may
define a plurality of sampling elements of the aperture in
aperture layer 174.

[0072] Aperture layer 174 may be coupled to transducer
layer 172. Each channel conductor 178 may be operably
coupled to a different portion of a surface of transducer layer
172. In some embodiments, an opposite surface of trans-
ducer layer 172 may be coupled to lens layer 170.

[0073] Aperture layer 174 may be used to provide a fine
aperture (e.g., finely sampled) or a coarse aperture (e.g.,
coarsely sampled). In general, a coarse aperture will use less
channels, or ultrasound transducer elements, to provide an
ultrasound wavefront than a fine aperture, while still achiev-
ing desired target focusing gains (e.g., higher the better) and
critical focusing gains (e.g., lower the better). In other
words, a fine aperture layer (e.g., aperture layer 174 when
configured to provide a fine aperture) may have a greater
number of channel conductors than a coarse aperture layer
(e.g., aperture layer 174 when configured to provide a coarse
aperture).

[0074] Each channel conductor 178 may define a conduc-
tive surface area having a size or shape different than at least
one other channel conductor, particularly when aperture
layer 174 is used to provide a coarse aperture. The different
sizes or shapes may be determined based on coarse aperture
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sampling, or channel reduction, described herein. In some
embodiments, the conductive surface area of each channel
conductor 178 may have a size or shape different than all the
other channel conductors.

[0075] In some embodiments, aperture layer 174 may be
removably coupled to transducer layer 172. For example,
one aperture layer 174 may be described as a coarse aperture
layer. Upon removing the coarse aperture layer from trans-
ducer layer 172, a fine aperture layer may then be coupled
to the transducer layer to provide a fine aperture. The fine
aperture layer may have a greater number of channel con-
ductors than the coarse aperture layer. Using a fine aperture
layer may allow patch 110 to be coupled to a larger number
of channels in controller 112. In some embodiments, the fine
aperture layer has at least 4 times, at least 8 times, at least
10 times, at least 16 times, or even at least 32 times, the
number of channels of the coarse aperture layer. In some
embodiments, the coarse aperture layer has at most 64
channels, at most 32 channels, at most 16 channels, at most
8 channels, at most 4 channels, or even at most 1 channel.
For example, the fine aperture layer may have 256 channels
and the coarse aperture layer may have 8 channels.

[0076] In some embodiments, aperture layer 174 may
comprise a printed circuit board, particularly a flexible
printed circuit board. Conductors on the printed circuit
board may be patterned to provide channel conductors 178
on a substrate (e.g., dielectric or electrically insulative
material). In some embodiments, the substrate maybe used
to form at least part of backing layer 176.

[0077] Backing layer 176 may be coupled to aperture layer
174. Backing layer 176 may be formed of any suitable
material capable of providing a flexible or semi-rigid patch
110. Backing layer 176 may be formed of electrically
insulative material. Backing layer 176 may be configured to
control bandwidth and resonance of ultrasound energy trans-
mitted by patch 110. In particular, the material of backing
layer 176 and the thickness of backing layer 176 may be
selected to help control the bandwidth and resonance of
transducer layer 170. In some embodiments, backing layer
176 may be formed of alumina. In some embodiments,
backing layer 176 may be formed of one or more thin slab
of alumina or flexible circuit boards, which may be used to
lower the resonance frequency and control operating band-
widths. In some embodiments, backing layer 176 may have
a thickness of about 1 mm or less.

[0078] In some embodiments, backing layer 176 may
include a plurality of conductive vias 180. The plurality of
conductive vias 180 may be coupled to the plurality of
channel conductors 178 of aperture layer 174. In particular,
each conductive via 180 may operably couple one channel
conductor 178 to controller 112 using one or more connec-
tors 124. In some embodiments, conductive vias 180 are not
used. For example, in some embodiments, backing layer 176
may be sufficiently thin and may allow the electric field
generated from the excitation waveform transmitted through
connector 124 to generate a current in channel conductor
178 on the other side of the backing layer. In other words,
connector 124 may be operably coupled through electri-
cally-insulating backing layer 176 to aperture layer 174.
[0079] As mentioned, each connector 124 may be oper-
ably coupled to controller 112. In particular, each connector
124 may be coupled to at least one circulator 130. As
illustrated, each connector 124 is coupled to one circulator
130. Each circulator 130 may be operably coupled to at least
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one transmit circuit 132 and at least one receive circuit 134.
As illustrated, each circulator 130 is operably coupled to one
transmit circuit 132 and one receive circuit 134.

[0080] Circulator 130 may be described as an active
circulator. Circulator 130 may use a 3-port network, which
passes a first signal from Port 1 (driver) to Port 2 (trans-
ducer) but rejects the first signal at Port 3 (ADC) and passes
a second signal from Port 2 to Port 3 but rejects the second
signal at Port 1. This so-called clockwise circulator action
uses a design of the feedback network that creates signal
cancellation at even numbered stages (i.e., modulo-2, note
the 3 stages are tied in a circular pattern). In some embodi-
ments, circulator 130 may use an OpAmp-based topology
(see FIG. 9 using three operational amplifiers), although any
suitable circulator topology may be used.

[0081] Circulator 130 may include a plurality of ports
configured to forward signals received at one port to another
port in a “circular” fashion. In the illustrated embodiment,
circulator 130 includes a first port, a second port, and a third
port. The first port may be configured to receive an excita-
tion waveform from transmit circuit 132. The second port
may be configured to provide the excitation waveform
(received by the first port) to the transducer layer 170 to
provide a transmit ultrasound wavefront. The second may
concurrently be configured to receive a reflection waveform
from the transducer layer 170 corresponding to a reflection
of the transmit ultrasound wavefront during or after provid-
ing the excitation waveform. The third port may be config-
ured to provide the reflection waveform to receive circuit
134 during or after receiving the excitation waveform from
transmit circuit 132. In some embodiments, receive circuit
134 may be configured to begin receiving the reflection
waveform from the third port even while transmit circuit 132
is providing the transmit excitation waveform to the first
port.

[0082] Using one or more circulators 130, controller 112
may be configured to provide a continuous excitation wave-
form to transducer layer 170 on each channel even while
receiving a continuous reflection waveform on the same
channels (e.g., using the same portions of the transducer
layer and the same channel conductors 178). As used herein,
the term “continuous excitation waveform” refers to a
waveform that, in contrast to a series of pulses or bursts,
does not use breaks in transmission to detect a reflection
waveform.

[0083] Each transmit circuit 132 may be configured to
provide an excitation waveform vector to the plurality of
channel conductors 178 (e.g., an excitation waveform for
each of one or more channel conductors) to generate the
transmit ultrasound wavefront with transducer layer 170.
[0084] Each receive circuit 134 may be configured to
receive a reflection waveform vector from the plurality of
channel conductors 178 (e.g., a reflection waveform from
each of one or more channel conductors) that correspond to
the reflected ultrasound wavefront received by the trans-
ducer layer 170.

[0085] Controller 112 may be described as having one or
more channel interfaces 182. Each channel interface 182
may include one or more transmit circuits 132, one or more
receive circuits 134, and one or more circulators 130. As
illustrated, each channel interface 182 includes one transmit
circuit 132, one receive circuit 134, and one circulator 130.
[0086] Each channel may be described as including one or
more interfaces 182, one or more connectors 124, optionally
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one or more conductive vias 180, one or more channel
conductors 178, and at least a portion of transducer layer
170. As illustrated, each channel includes one channel
interface 182, one connector 124, one optional conductive
via 180, one channel conductor 178, and a portion of
transducer layer 172.

[0087] Although only three channels and channel inter-
faces 182 are shown, any number of channel interfaces 182
may be used to provide imaging or therapy using patch 110
depending on the particular application.

[0088] Patch 110 may define a transducer bandwidth.
Obstacle 152 may define an obstacle bandwidth. The trans-
ducer bandwidth and/or the obstacle bandwidth may be used
to define an overall usable bandwidth. Use of the entire
usable bandwidth may be referred to herein as “wideband,”
whereas use of a fraction of the bandwidth may be referred
to as “narrowband.” A wideband or broadband waveform
may use several narrow bands, whereas a narrowband wave-
form may use only one band.

[0089] FIG. 4 is a diagram showing illustrative discrete
excitation waveforms (e.g., pulses) and continuous excita-
tion waveforms that may be provided on a channel of an
ultrasound transducer system of the present application (e.g,,
using controller 112 having circulator 130) to a transducer
element and expected reflection waveforms received on the
same channel.

[0090] As illustrated, over a time period, channel 200 may
be used to transmit excitation waveforms 202, 206 and
receive reflection waveforms 204, 208. For convenience,
channel 200 is depicted to show a transmit portion 210 of
channel 200 (e.g., corresponding to transmit circuit 132 )
and a receive portion 212 of channel 200 (e.g., correspond-
ing to receive circuit 134 ) in the respective channel 210,
212. Channel 200 may be used to transmit waveforms 202,
206 in sequence. Each waveform 202, 206 may be described
as an ultrasound pulse or a discrete waveform. For example,
a break exists between waveforms 202, 206, even if the
break is small compared to (e.g., shorter in duration than) the
overall duration of one or both waveforms.

[0091] Using a system of the present application (e.g.,
using controller 112 having circulator 130), channel 200
may begin receiving reflection waveform 204 before exci-
tation waveform 202 is finished transmitting on the channel.
Channel 200 may also begin receiving reflection waveform
208 before excitation waveform 206 is finished transmitting
on the channel.

[0092] In comparison to channel 200, channel 220 is
illustrated being used to transmit excitation waveform 222
and receive reflection waveform 224. Channel 220 is
depicted to show a transmit portion 230 and a receive
portion 232 of channel 200. Fach waveform 222, 224 may
be described as a continuous waveform in the respective
channel 230, 232. Using a system of the present application,
channel 220 may begin receiving continuous reflection
waveform 224 while continuous excitation waveform 222 is
still being transmitted on the channel.

[0093] FIG. 5 is a schematic illustration of an illustrative
transducer layer 300 being used with fine aperture 304 to
produce excitation vector 310. Excitation vector 310 may be
used to produce reduced-element excitation vector 306 and
a reduced number of sampling super elements 312, which
may be used to define coarse aperture 308. As illustrated, the
fine aperture uses a plurality of fine sampling elements 302
shown as small squares or rectangles, although any suitable
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shape may be used. In some embodiments, fine sampling
elements 302 may be divided evenly throughout transducer
layer 300. The number of fine sampling elements 302 for
fine aperture 304 may number in the hundreds or even
thousands. Fine sampling elements 302 may be selected
using a uniform sampling lattice within array aperture 304,
which may be used to maintain uniformity.

[0094] Fine aperture 304 may be used, for example, in a
narrow frequency band, to determine optimal excitation
vector 310 using narrowband synthesis. Narrowband syn-
thesis may also use identified target points and critical points
to determine optimal excitation vector 310.

[0095] Each element of excitation vector 310 may be
described as a narrowband waveform. When generating an
optimal excitation vector 310 for a narrowband in the
bandwidth of the transducer and/or obstacle, each waveform
may be in the same narrow frequency band and may have the
same or similar frequency content. The differences in the
narrowband waveforms of excitation vector 310 are shown
as different shading of sampling elements 302 of fine aper-
ture 304. In the illustrated embodiment, the shading repre-
sents the different phases of the narrowband waveform.

[0096] Sampling elements 302 may be clustered based on
the narrowband waveforms of excitation vector 310. In
particular, the sampling elements 302 of excitation vector
310 may be clustered based on phase. Similar phases may be
grouped together. In particular, the clustering of sampling
elements 302 may be performed based on the phase distri-
bution resulting from narrowband synthesis at or around a
selected frequency. In some embodiments, the narrowband
selected may include a midrange within the bandwidth of the
transducer and/or the bandwidth of the obstacle. In addition,
or alternatively, the frequency band selected may include a
high range within the bandwidth of the transducer and/or
obstacle. Selecting a frequency band in the high range of the
bandwidth may represent a worst-case design scenario.
Phase variations are typically higher at higher frequencies or
shorter wavelengths. In some embodiments, using the high
range may be described as a conservative design, which may
result in more channels (e.g., using more super elements 312
in coarse aperture 308 ) after clustering compared to using
the midrange, which may result in a further reduction in
channels. In some cases, the difference may be insignificant
to performance. In some embodiments, similar phases are
defined as phases within a range of plus or minus 45 degrees
at the selected frequency.

[0097] When clustered, the sampling elements 302 may be
combined or grouped into super elements 312. As illustrated,
reduced-element excitation vector 306 includes only a few
super elements 312 compared to the hundreds of sampling
elements 302 of fine aperture 304. The super elements 312
may define a coarse aperture 308.

[0098] FIG. 6 is a flowchart showing an illustrative
method 400 of generating aperture sampling with reduced
channel count (e.g., coarse aperture). Method 400 may
include defining a finely-sampled aperture (e.g., fine aper-
ture), identifying target points, and/or identifying critical
points 402. The finely-sampled aperture may have a plurality
of sampling elements. Each sampling element may corre-
spond to a different region of an ultrasound transducer
surface (e.g., a different portion of an ultrasound transducer
layer). Target points and critical points may be identified
using imaging information (e.g., ultrasound imaging).
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[0099] Method 400 may include determining a desired
target focusing gain, a desired critical focusing gain, and/or
a threshold phase tolerance 406.

[0100] Using information from processes 402, 406 as
inputs, method 400 may include performing narrowband
synthesis 404 to produce an optimal excitation vector that
avoids depositing ultrasound energy in critical points (e.g,
minimizes critical focusing gain) and favors depositing
ultrasound energy in target points (e.g., maximizes target
focusing gain). The optimal excitation vector may include an
element, or narrowband waveform, for each of the sampling
elements of the finely-sampled aperture. Narrowband syn-
thesis may be performed in a mid-range of high-range of the
transducer and/or obstacle bandwidth. One example algo-
rithm for narrowband synthesis is shown as algorithm 450 in
FIG. 7. In particular, at least one propagation operator may
be determined based on the finely-sampled aperture and at
least one target point. One propagation operator may be
determined for each target point and/or each critical point.
The optimal excitation vector may be determined based on
each of the propagation operators.

[0101] In general, method 400 may cluster sampling ele-
ments of the finely-sampled aperture into groups of two or
more sampling elements based on similar narrowband exci-
tation waveforms in the excitation waveform vector. Clus-
tering may be performed on one or more narrowband
excitation waveform vectors covering the transducer and/or
obstacle bandwidth. Clustering may be described as an
optimization problem.

[0102] Insomeembodiments, in human transcranial appli-
cation, the transducers and the skull may combine to limit
the overall bandwidth to about 1.5-2 MHz (0.5-2.5 MHz).
Aperture sampling may be performed by combining results
from, for example, 100 kHz bands covering the frequency
range of 500 kHz to 2.5 MHz. Within each band, clustering
(e.g., irregular size or shape sampling) may be performed
based on phase alignment between sampling-element wave-
forms. The amplitude of each waveform can be small as long
as the energy is sufficiently high, which may depend on
having a sufficiently long pulse duration (e.g., long pulse
duration of continuous waveform). In some embodiments, a
long pulse duration waveform may be at least 1 millisecond.
[0103] In some embodiments, method 400 may include
clustering the sampling elements of the finely-sampled aper-
ture 408 using information from the optimal excitation
vector. In particular, sampling elements may be clustered
based on phase matching criterion, such as the phase toler-
ance. Each element of optimal excitation vector may corre-
spond to a waveform. The phase of each waveform may be
compared to other waveforms in neighboring sampling
elements. The reduced-element optimal excitation vector
may be used to generate a coarse aperture having fewer
sampling elements based on groups of the fine sampling
elements of the finely-sampled aperture (e.g., based on
phase).

[0104] Method 400 may include determining wideband
excitation waveforms using the coarse aperture 410. In
particular, optimal excitation vectors may be generated for
all narrowband frequencies in the transducer and/or obstacle
bandwidth. The narrowband waveforms of the optimal exci-
tation vectors may be combined into a plurality of excitation
waveforms. One excitation waveform may be generated for
each sampling element of the coarse aperture (e.g., each
super element of the coarse aperture).
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[0105] The wideband excitation waveforms used for
imaging and/or therapy may be optimized using elongated
(e.g., long pulse duration or continuous waveform) wide-
band arbitrary waveforms for exciting the transducer ele-
ments. Fach of the wideband excitation waveforms may
have desirable correlation properties for the particular target
volume.

[0106] Using wideband excitation waveforms may miti-
gate some undesirable effects of coarse sampling of the
aperture. For example, a coarsely sampled aperture excited
using narrowband waveforms may produce undesirably high
grating lobes, which may degrade both the therapeutic and
imaging performance.

[0107] The focusing gains may be determined for each of
the target points (e.g., target focusing gains G) and critical
points (e.g., critical focusing gains G ) using the wideband
excitation waveforms and the coarse aperture. These focus-
ing gains may be described as wideband, or broadband,
focusing gains.

[0108] Method 400 may include determining a target
focusing gain G (e.g., for each target point) and comparing
the target focusing gain to a desired target focusing gain y,
(e.g., a target focusing gain threshold), a previously deter-
mined target focusing gain G,, and/or a critical focusing
gain obtained using the finely-sampled aperture 412.
[0109] If G/>y, if there is no change in G, and/or the
difference between the target focusing gains for coarse and
fine apertures is acceptable, then method 400 may branch to
determining a critical focusing gain G, (e.g., for each
critical point) and comparing the critical focusing gain to a
desired critical focusing gain y.. (e.g., a critical focusing gain
threshold), a previously determined critical focusing gain
G, and/a critical focusing gain obtained using the finely-
sampled aperture 416. Otherwise (e.g., if the comparison or
difference is unacceptable), method 400 may branch to
reducing the phase tolerance 414 and reclustering sampling
elements based on the new, or reduced, phase tolerance 408,
which may increase the number of sampling elements (e.g.,
super elements) in a new coarse aperture.

[0110] When branching to process 416, if G <y, if there
is no change in G, and/or if the difference between the
critical focusing gains for coarse and fine apertures is
acceptable, then method 400 may branch to generating a
reduced element aperture based on the current phase toler-
ance. Otherwise (e.g., if the comparison or difference is
unacceptable), method 400 may branch to reducing phase
tolerance 418 and reclustering sampling elements based on
the new, or reduced, phase tolerance 408, which may
increase the number of sampling elements (e.g., super ele-
ments) in a new coarse aperture.

[0111] In general, if the focusing gain based on the
reduced-element excitation vector used to generate the
coarse aperture does not meet the specified value, the
clustering process is repeated with more stringent phase
criterion.

[0112] FIG. 7 is pseudocode of an illustrative iterative
algorithm 450 that may be used to provide optimal sampling
elements for an aperture. Optimal array design methods for
the maximization of the therapeutic (focusing) gain in the
target volume or therapeutic operating field (ThxOF) (e.g.,
target volume 158) for concave arrays may be used, for
example, as described in E. Ebbini, Deep Localized Hyper-
thermia with Ultrasound Phased Arrays Using the Psudo-
inverse Pattern Synthesis Method, PhD thesis, University of
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Tllinois, 1990, E S Ebbini and C A Cain, Experimental
evaluation of a prototype cylindrical section ultrasound
hyperthermia phased-array applicator, ITEEE TRANSAC-
TIONS ON ULTRASONICS FERROELECTRICS AND
FREQUENCY CONTROL, 38(5):510-520, September
1991, or E. S. Ebbini, H. Yao, and A. Shrestha, Dual-mode
ultrasound arrays for image-guided surgery, Ultrasonic
Imaging, 28:65-82, April 2006.

[0113] The aperture size, radius of curvature, element size,
and spacing may be chosen based on maximizing the
focusing gain throughout the ThxOF, which may be defined
by the depth and extent of the target volume, e.g., a cancer
tumor. The imaging field of view (IxFoV) (e.g., ultrasound
FOV 156) may be maximized using an optimized DMUA
design, for example, as described in E. S. Ebbini, H. Yao,
and A. Shrestha, Dual-mode ultrasound arrays for image-
guided surgery, Ultrasonic Imaging, 28:65-82, April 2006,
or Y Wan and E S Ebbini, Imaging with concave large-
aperture therapeutic ultrasound arrays using conventional
synthetic-aperture beamforming, IEEE Trans. UFFC, 55(2):
368-383, February 2008. A pseudoinverse pattern synthesis
method, for example, as described in E S Ebbini and C A
Cain, Multiple-focus uitrasound phased array pattern syn-
thesis—Optimal driving signal distributions for hyperther-
mia, IEEE TRANSACTIONS ON ULTRASONICS FER-
ROELECTRICS AND FREQUENCY CONTROL, 36(5):
540-548, September 1989, may be used, to solve for the
array excitation pattern assuming a known propagation
operator H; between N array elements and M control (target)
points for a specified vector of complex pressures, p,- of size
Mx1. The optimization problem may be used to adjust,
compensate, or account for the presence of obstacles (e.g.,
obstacle 152, such as the skull) or critical points (e.g., the rib
cage when targeting liver tumors) in the path of the beam.
These critical points may be used to define another propa-
gation operator, H, from the array elements to the set of
target points which may be dense. As used herein, target
points may also be described as control points.

[0114] With these parameters, an iterative aperture-sam-
pling algorithm for defining the DMUA elements according
to algorithm 450 may be used. The algorithm may be
initialized by specifying the one or more target points and a
Nyquist-sampled aperture (e.g., finely-sampled aperture) on
a planar or nonplanar surface (e.g., surface of transducer
layer 172 ), for example, as described in E. Ebbini, Deep
Localized Hyperthermia with Ultrasound Phased Arrays
Using the Psudoinverse Pattern Synthesis Method, PhD
thesis, University of Tllinois, 1990, which defines H, and)
H. The procedure in algorithm 450 may be called, which
produces or provides an optimal excitation vector Hopt(0)~
[0115] In addition to providing the optimal excitation
vector, algorithm 450 may use clustering and focusing gain
evaluation to reduce channel count. In particular, the size of
the optimal excitation vector may be reduced by clustering
neighboring elements with “sufficiently close™ phase and
amplitude driving signals (e.g., process 408 of FIG. 6),
Wh%?)h will produce new propagation operators, H,{" and
H .

[0116] The quality of the field patterns generated by the
coarse sampling may be checked against the fully-sampled
aperture (e.g., Nyquist-sampled or finely-sampled aperture).
For example, one or more target and/or critical focusing
gains may be determined using Equation 1, where (-} is the
Hermitian transpose. Based on comparing the focusing gains
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for the coarsely sampled and the fully sampled apertures, the
clustering process may be refined (if the loss in G, is
unacceptable) or continued (if G, is within acceptable
limits). The iterative process may continue until a desired
reduction in channel count is achieved, or no further reduc-
tion in channel count can be achieved, for a given G,
specification.

pipr pipr M
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[0117] FIG. 8 is a flowchart showing an illustrative
method 500 for designing a patch transducer array (e.g.,
patch 110 of FIGS. 1-3) having a reduced channel count
(e.g., low channel count).

[0118] Method 500 may include obtaining a scan of a
surface and/or obstacle 502. In particular a 3D scan of the
skull (e.g., obstacle 152 of FIG. 3) may be obtained in the
region where the tFUS beam (e.g., ultrasound FOV 156 of
FIG. 3) is expected to access the brain (e.g., of subject 102
of FIG. 3). An illustrative 3D scan is shown in the rendering
900 of FIG. 12. A high channel-count controller 112 (FIGS.
1-3) may be used with patch 110 for this purpose.

[0119] Method 500 may include extracting surface geom-
etry 504. In particular, skull surface geometry may be
extracted using appropriate 3 D rendering (e.g., using MAT-
LAB or Slicer).

[0120] Method 500 may include determining a multi-
region propagation medium 506. In particular, a 3-region
propagation medium may be determined for the estimation
of H,” and H.” using Regions 1, 2, and 3 as described
herein.

[0121] Region 1: The scalp (e.g., surface layer 150 of
FIG. 3) with lateral and elevation extent (e.g., area
having width and elevation) sufficiently larger than the
size of the DMUA aperture used to achieve an accept-
able focusing gain G, (e.g., area of patch 110 shown
in FIG. 1).

[0122] Region 2: The skull (e.g., obstacle 152 of FIG. 3)
with similar lateral and elevation extent as in Region 1.

[0123] Region 3: The brain tissue volume (e.g., tissue
154 of FIG. 3) with similar lateral and elevation extent
as in Regions 1 and 2. The axial extent (e.g., depth) will
include the target voxel(s) and sufficient volume distal
to the target voxel(s) to account for the divergence of
tFUS.

[0124] Method 500 may include computing propagation
operators using the multi-region propagation medium 508.
In particular, an appropriate numerical method may be used
to compute the propagation operators. For example, a
boundary element method as described in Y. Y. Botros, I. L.
Volakis, P. VanBaren, and E. S. Ebbini, A4 hybrid computa-
tional model for ultrasound phased-array heating in pres-
ence of strongly scattering obstacles, IEEE Trans Biomed
Eng, 44(11):1039-1050, November 1997, may be used,
although other approaches, including the angular spectrum
method as described in Joseph W. Goodman, Introduction to
Fourier Optics, Roberts & Company, 2005, and its extension
to inhomogeneous media as described in U Vyas and D A
Christensen, Extension of the angular spectrum method to
calculate pressure from a spherically curved acoustic
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source, 130:2687-93, T Acoust Soc Am., 2011, may also be
used, which may be described as being simpler in some
cases.

[0125] Method 500 may include running an algorithm to
provide a system with minimal channel count 510. In
particular, algorithm 450 may be run iteratively with clus-
tering and focusing gain evaluation to provide design of
system 100 and patch 110 of FIGS. 1-3 with low channel
count (e.g., DMUA tFUS applicator with minimum or
substantially minimal channel count).

[0126] While the present disclosure is not so limited, an
appreciation of various aspects of the disclosure will be
gained through a discussion of the specific examples and
illustrative embodiments provided below.

EXAMPLES

Example 1
[0127] Full-Duplex DMUA System for tFUS Using
Diplexer
[0128] The DMUA system as described in A. J. Casper, D.

Liu, J. R. Ballard, and E. S. Ebbini, Real-time Implementa-
tion of a Dual-Mode Ultrasound Array System: In Vivo
Results, Biomedical Engineering, TEEE Transactions on,
Pre-publication, May 2013(99):1-1, 2013, and the in vivo
results in rat brain as described in Alyona Haritonova,
Dalong Liu, and Emad S Ebbini, In Vivo application and
localization of transcranial focused ultrasound using dual-
mode ultrasound arrays, 62:2031-2042, 2015, were modi-
fied using a 3-axis motorized DMUA holder together with
synchronized synthetic aperture imaging, as shown in FIG.
10, to obtain 3D ultrasound images of the skull and target
brain region before each treatment. The modified DMUA
system was used to identify suture lines (bregma, lambda
and medial), which were used to position the DMUA in a
proper targeting position as described in D. Liu, K. Schaible,
W. Low, and E. S. Ebbini, Three-dimensional image guid-
ance for transcranial focused ultrasound therapy, 2017
IEEE 14th International Symposium on Biomedical Imaging
(ISBI 2017), pages 916-919, April 2017. In FIG. 10, the
ultrasound system 700 including the DMUA system 702 and
supporting multi-stream software architecture 704 are illus-
trated. The DMUA system 702 prototype is shown during an
in vivo experiment with the rat connected to the anesthesia
system and the head fixed with respect to a stereotaxic
frame. The render engine was used for real-time visualiza-
tion of DMUA images with overlay of results from the
tracking pipeline.

[0129] The DMUA system 702 used an active RF trans-
mit-receive switch to allow for pulse-echo imaging with
high levels of isolation suitable for high dynamic range
imaging. FIG. 11 shows an image of a 4-channel active
diplexer circuit board 800 that was used with the DMUA
system 702. The circuit board 800 was designed to provide:
1) a programmable high-voltage isolation/attenuation (trans-
ducer side), 2) buffering with programmable gain (trans-
ducer to ADC), and 3) over-voltage protection of the ADC.
The circuit was thoroughly tested in a variety of applica-
tions, including high power ablative experiments. This was
accomplished uniformly in the 0.3-10 MHz band using 7
precision resistors, 2 high-speed relays, 4 diodes, and 1
OpAmp per channel.
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Example 2

[0130] Full-Duplex DMUA System for tFUS and Tran-
scranial Neuromodulation Using Full-Duplex Transmit-Re-
ceive Circuitry (e.g., Circulators)

[0131] Topology 600 shown in FIG. 9 will be used to
realize an active circulator. The active diplexer circuit on
circuit board 800 shown in FIG. 11 and used in Example 1
will be replaced with active circulator circuit 600 of FIG. 9
to provide a circulator DMUA system. The active diplexer
circuit 600 will have all the components needed for using the
circulator. The components are expected to satisfy the band-
width as well as the power targets.

[0132] The active circulator will be a 3-port network,
which will pass the signal from Port 1 (driver) to Port 2
(transducer) but reject the signal at Port 3 (ADC). Similarly,
the active circulator will pass the signal from Port 2 to Port
3 but reject the signal at Port 1. This so-called clockwise
circulator action will use a design of the feedback network
that creates signal cancellation at even numbered stages (i.e.,
modulo-2, note the 3 stages are tied in a circular pattern).

[0133] The level of isolation using the active circulator
will be tested.

[0134] Acoustic Characterization of Full-Duplex Opera-
tion In Vivo

[0135] The full-duplex operation of the DMUA will be
acoustically characterized. In vivo experiments will be per-
formed for collecting data using the diplexer-based DMUA
system of Example 1 and using the circulator DMUA system
with the proposed circulator-based transmit-receive circuitry
as described herein. The circulator circuitry will be designed
and fabricated on printed-circuit boards pin-compatible to
the diplexer board 800 shown in FIG. 11.

Example 3

[0136] DMUA Systems for Continuous Delivery, Moni-
toring, and Control of Localized tFUS In Vivo Using Light-
Weight, Conformable Arrays

[0137] Light-weight, site-specific arrays optimized for tar-
geting specific circuit(s) within the brain will be designed
and fabricated. These wearable patch-like arrays will utilize
low-power drivers and processors for generating tFUS neu-
romodulation patterns with high spatial localization. These
arrays and DMUA system of Example 2 will be used to test
continuous delivery, monitoring, and control of localized
tFUS in vivo through the temporal bone into an area that
may traditionally be targeted by a deep-brain stimulation
(DBS) electrode.

[0138] While the design and fabrication for the in vivo rat
model is described herein, parallel studies using human skull
samples and a realistic human head phantom ( TruePhantom,
Toronto, Ontario) will be performed. For the rat model,
patch DMUA transducers will be produced to dimensions of
10x6x2 mm> in the lateral, elevation, and axial directions,
respectively. These apertures are expected to be effectively
sampled using 8-10 channels for most targets in the rat brain.
[0139] Patch DMUA Design Optimization and Validation
[0140] The DMUA design algorithm described herein will
be used to achieve substantial reduction in the number of
channels. For patch DMUA design optimization and vali-
dation, optimal array design methods for the maximization
of the therapeutic (focusing) gain in the target volume or
therapeutic operating field (ThxOF), which have been
applied to a number of concave array transducers, as
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described in E. Ebbini, Deep Localized Hyperthermia with
Ultrasound Phased Arrays Using the Psudoinverse Pattern
Synthesis Method, PhD thesis, University of Illinois, 1990,
E S Ebbini and C A Cain, Experimental evaluation of a
prototype  cylindrical section ultrasound hyperthermia
phased-array applicator, JTEEE TRANSACTIONS ON
ULTRASONICS  FERROELECTRICS AND  FRE-
QUENCY CONTROL, 38(5):510-520, September 1991, or
E. S. Ebbini, H. Yao, and A. Shrestha, Dual-mode ulira-
sound arrays for image-guided surgery, Ultrasonic Imaging,
28:65-82, April 2006, will be used. Briefly, the aperture size,
radius of curvature, element size, and spacing will be chosen
based on maximizing the focusing gain throughout the
ThxOF, which will be defined by the depth and extent of the
target volume, e.g., a cancer tumor. The imaging field of
view (IxFoV) will be maximized using an optimized DMUA
design as described in E. S. Ebbini, H. Yao, and A. Shrestha,
Dual-mode ultrasound arrays for image-guided surgery,
Ultrasonic Imaging, 28:65-82, April 2006, and Y Wan and E
S Ebbini, Imaging with concave large-aperture therapeutic
ultrasound arrays using conventional synthetic-aperture
beamforming, ITEEE Trans. UFFC, 55(2):368-383, February
2008. A pseudoinverse pattern synthesis method as
described in E S Ebbini and C A Cain, Multiple-focus
ultrasound phased array pattern synthesis—Optimal driving
signal distributions for hyperthermia, IEEE TRANSAC-
TIONS ON ULTRASONICS FERROELECTRICS AND
FREQUENCY CONTROL, 36(5):540-548, September
1989, will be used to solve for the array excitation pattern
assuming a known propagation operator H, between N array
elements and M control (target) points for a specified vector
of complex pressures, p, of size Mxl. The optimization
problem will account for the presence of obstacles or critical
points (e.g., the rib cage when targeting liver tumors) in the
path of the beam. These critical points will define another
propagation operator, H, from the array elements to the
(possibly dense) set of target, or control, points.

[0141] With these parameters, an iterative aperture-sam-
pling algorithm for defining the DMUA elements is given in
algorithm 450 (FIG. 7). The algorithm will be initialized by
specifying the target point(s) and a Nyquist-sampled aper-
ture on a planar or nonplanar surface, as described in E.
Ebbini, Deep Localized Hyperthermia with Ultrasound
Phased Arrays Using the Psudoinverse Pattern Synthesis
Method, PhD thesis, University of Illinois, 1990, which
defines H,'” and H. The procedure in algorithm 450 will
be called, which will produce an optimal excitation vector,
uop,(o). The size of this vector may be reduced by clustering
neighboring elements with “sufficiently close” phase and
amplitude driving signals (e.g., within plus or minus 45
degrees), which will produce new propagation operators,
H,™" and H.™". The quality of the field patterns generated
by the coarse sampling will be checked against the fully-
sampled aperture (e.g., Nyquist-sampled aperture). In par-
ticular, the focusing gains will be determined using Equation
1, where (-} is the Hermitian transpose. Based on compar-
ing the focusing gains for the coarsely sampled and the fully
sampled apertures, the clustering process can be refined (if
the loss in G, is unacceptable) or continued (if G, & is
within acceptable limits). The iterative process will continue
until no further reduction in channel count can be achieved
for a given G specification.



US 2019/0308036 A1

[0142] The design algorithm will be modified to account
for the skull geometry as follows:

[0143] Step 1: Obtain 3D scan of the skull in the region
where the tFUS beam is expected to access the brain similar
to the scan render 900 shown in FIG. 12. A laboratory
prototype DMUA can be used for this purpose.

[0144] Step 2: Extract skull surface geometry using appro-
priate 3D rendering (e.g., using MATLAB or Slicer).
[0145] Step 3: Build a 3-region propagation medium for
the estimation of H,*” and H,{” using Regions 1, 2, and 3
as described herein.

[0146] Region 1: The scalp with lateral and elevation
extent (e.g., area having width and elevation) suffi-
ciently larger than the size of the DMUA aperture used
to achieve an acceptable focusing gain G,

[0147] Region 2: The skull with similar lateral and
elevation extent as in Region 1.

[0148] Region 3: The brain tissue volume with similar
lateral and elevation extent as in Regions 1 and 2. The
axial extent (e.g., depth) will include the target voxel(s)
and sufficient volume distal to the target voxel(s) to
account for the divergence of tFUS.

[0149] Step 4: Use appropriate numerical method to com-
pute the propagation operators. For example, a boundary
element method as described in Y. Y. Botros, J. L. Volakis,
P. VanBaren, and E. S. Ebbini, 4 hybrid computational
model for ultrasound phased-array heating in presence of
strongly scattering obstacles, IEEE Trans Biomed Eng,
44(11):1039-1050, November 1997, may be used, but sim-
pler approaches, including the angular spectrum method as
described in Joseph W. Goodman, Introduction to Fourier
Optics, Roberts & Company, 2005, and its extension to
inhomogeneous media as described in U Vyas and D A
Christensen, Extension of the angular spectrum method to
calculate pressure from a spherically curved acoustic
source, 130:2687-93, J Acoust Soc Am., 2011, may also be
used.

[0150] Step 5: Run algorithm 450 (FIG. 7) iteratively with
clustering and focusing gain evaluation to realize a DMUA
tFUS applicator with minimum or substantially minimal
channel count.

[0151] The optimal DMUA designs will be validated
using the ex vivo trans-skull characterization setup 950
shown in FIGS. 13A-B, using hydrophone characterization
of trans-skull focusing. This setup will facilitate complex
measurement of the tFUS beam in a plane parallel to the face
of the DMUA. Using backpropagation, the wavefront at the
skull surface will be reconstructed, which will define the size
of the aperture for the wearable transducer (e.g.. patch).
[0152] FIGS. 14A-B demonstrate the validation method
that will be used for estimating the effective aperture of the
patch DMUA. The intensity pattern of FUS are shown in the
target plane in FIG. 14A, showing direct hydrophone mea-
surements, and near the skull surface in FIG. 14B, showing
results of using back propagation. The line plots 970 of FIG.
14A will show normalized lateral and elevation beam pro-
files of the DMUA geometric focus in water (blue) and
trans-skull (red). The results are expected to demonstrate the
loss in focusing gain and increased sidelobe level due to the
skull. The false color intensity profiles 980 of FIG. 14B will
show the backpropagated wavefront at the skull location for
water-only (top) and trans-skull (bottom) wavefronts. The
latter profile will be used to define the size of the aperture for
the wearable ~5x4 mm” in the lateral and elevation direc-
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tions.) Furthermore, as illustrated, the energy distribution
may be nonuniform within this aperture, which may result in
further reduction in the element (channel) count.

[0153] Design and Implementation of 3D-Printed Lens
Material for Patch DMUA

[0154] Useof 3D printing in the fabrication of site-specific
acoustic lens material that conforms to the skull geometry in
the access region will be investigated. The lens geometry
will be derived from the rendered 3D surface of the skull
intersecting with the DMUA tFUS beam.

[0155] Using a 3D ultrasound imaging approach using
existing DMUA prototypes is expected to produce skull
surface markers that will be ideal for the identification of
treatment sites based on rodent brain atlas, for example, as
described in Rembrandt Bakker, Paul Tiesinga, and Rolf
Kotter, The scalable brain atlas: Instant web-based access
to public brain atlases and related content, Neuroinformat-
ics, 13(3):353-366, 2015, and G Paxinos and KBJ Franklin,
The mouse brain in sterotaxic coordinates, Gulf Profes-
sional Publishing, 2004. The skull may be rendered, and its
3D surface can be extracted from the 3D ultrasound render
900 as shown in FIG. 12. In principle, the same methodol-
ogy can be used to obtain the skull geometry for lens design
in larger animals or human subjects. In some cases, 3D
imaging data from other modalities such as MM can be used
in conjunction with 3D DMUA imaging data. In either case,
characterization of transmission through the skull can be
achieved using DMUA echo data from the surface of the
skull.

[0156] Design and Fabrication of Low-Profile PVDF
Transducers for Patch DMUAs

[0157] A technique for fabricating MR-compatible, low-
profile, high-power PVDF transducers as disposable HIFU
transducers will be used according to U.S. Pat. No. 6,492,
762 (Pant et al.), granted Dec. 10, 2002, entitled “Ultrasonic
transducer, transducer array, and fabrication method.” Thin
slabs of alumina or flexible circuit boards as backing mate-
rial may be used to lower the resonance frequency and
control the operating bandwidths. Efficiency can be
increased by using multilayer PVDF films that are connected
electrically in parallel and acoustically in series. Efficiencies
on the order of 33% are expected achieved, which can be
sufficient for a disposable HIFU hyperthermia applicator.
The low power operation of requirements for tFUS neuro-
modulation will even less demanding making the PVDF
approach to designing low-profile transducer very attractive
for the realization of patch DMUAs.

[0158] Experiments will be used to analyze the quality of
the transmit and receive signals in typical thermal and
nonthermal neuromodulation application. Both will be at the
subtherapeutic level, i.e. no ablation.

[0159] Thus, various embodiments and examples of
WEARABLE TRANSCRANIAL DUAL-MODE ULTRA-
SOUND TRANSDUCERS FOR NEUROMODULATION
are disclosed. Although reference is made herein to the
accompanying set of drawings that form part of this disclo-
sure, one of at least ordinary skill in the art will appreciate
that various adaptations and modifications of the embodi-
ments described herein are within, or do not depart from, the
scope of this disclosure. For example, aspects of the embodi-
ments described herein may be combined in a variety of
ways with each other. Therefore, it is to be understood that,
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within the scope of the appended claims, the claimed inven-
tion may be practiced other than as explicitly described
herein.

[0160] All scientific and technical terms used herein have
meanings commonly used in the art unless otherwise speci-
fied. The definitions provided herein are to facilitate under-
standing of certain terms used frequently herein and are not
meant to limit the scope of the present disclosure.

[0161] Unless otherwise indicated, all numbers expressing
feature sizes, amounts, and physical properties used in the
specification and claims may be understood as being modi-
fied either by the term “exactly” or “about.” Accordingly,
unless indicated to the contrary, the numerical parameters set
forth in the foregoing specification and attached claims are
approximations that can vary depending upon the desired
properties sought to be obtained by those skilled in the art
utilizing the teachings disclosed herein or, for example,
within typical ranges of experimental error.

[0162] The recitation of numerical ranges by endpoints
includes all numbers subsumed within that range (e.g., 1 to
5 includes 1, 1.5, 2, 2.75, 3, 3.80, 4, and 5) and any range
within that range. Herein, the terms “up t0” or “no greater
than” a number (e.g., up to 50) includes the number (e.g,,
50), and the term “no less than” a number (e.g., no less than
5) includes the number (e.g., 5).

[0163] The terms “coupled” or “connected” refer to ele-
ments being attached to each other either directly (in direct
contact with each other) or indirectly (having one or more
elements between and attaching the two elements). Fither
term may be modified by “operably” or “operatively” to
describe that the coupling or connection is configured to
allow the components to interact to carry out at least some
functionality (for example, a processor may be operably
coupled to memory to access data stored therein).

[0164] Terms related to orientation, such as “top,” “bot-
tom,” “side,” and “end,” are used to describe relative posi-
tions of components and are not meant to limit the orienta-
tion of the embodiments contemplated. For example, an
embodiment described as having a “top” and “bottom” also
encompasses embodiments thereof rotated in various direc-
tions unless the content clearly dictates otherwise.

[0165] Reference to “one embodiment,” “an embodi-
ment,” “certain embodiments,” or “some embodiments,”
etc., means that a particular feature, configuration, compo-
sition, or characteristic described in connection with the
embodiment is included in at least one embodiment of the
disclosure. Thus, the appearances of such phrases in various
places throughout are not necessarily referring to the same
embodiment of the disclosure. Furthermore, the particular
features, configurations, compositions, or characteristics
may be combined in any suitable manner in one or more
embodiments.

[0166] The words “preferred” and “preferably” refer to
embodiments of the disclosure that may afford certain
benefits, under certain circumstances. However, other
embodiments may also be preferred, under the same or other
circumstances. Furthermore, the recitation of one or more
preferred embodiments does not imply that other embodi-
ments are not useful and is not intended to exclude other
embodiments from the scope of the disclosure.

[0167] As used in this specification and the appended
claims, the singular forms “a,” “an,” and “the” encompass
embodiments having plural referents, unless the content
clearly dictates otherwise. As used in this specification and
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the appended claims, the term “or” is generally employed in
its sense including “and/or” unless the content clearly dic-
tates otherwise.

[0168] As used herein, “have,” “having,” “include,”
“including,” “comprise,” “comprising” or the like are used
in their open-ended sense, and generally mean “including,
but not limited to.” It will be understood that “consisting
essentially of,” “consisting of,” and the like are subsumed in
“comprising,” and the like.

[0169] The term “and/or” means one or all of the listed
elements or a combination of at least two of the listed
elements.

[0170] The phrases “at least one of,” “comprises at least
one of,” and “one or more of followed by a list refers to any
one of the items in the list and any combination of two or
more items in the list.

[0171] All references and publications cited herein are
expressly incorporated herein by reference in their entirety
into this disclosure, except to the extent they may directly
contradict this disclosure.

LT3

2

What is claimed is:

1. An ultrasound transducer system comprising:

an ultrasound transducer configured to provide a transmit

ultrasound wavefront in response to an excitation
waveform and to provide a reflection waveform in
response to a reflected ultrasound wavefront; and

a circulator operably coupled to the ultrasound transducer,

the circulator comprising:
a first port configured to receive an excitation wave-
form from a transmit circuit;
a second port configured to:
provide the excitation waveform to the ultrasound
transducer to provide a transmit ultrasound wave-
front, and
receive a reflection waveform from the ultrasound
transducer corresponding to a reflection of the
transmit ultrasound wavefront during or after pro-
viding the excitation waveform; and
a third port configured to provide the reflection wave-
form to a receive circuit during or after receiving the
excitation waveform from the transmit circuit.

2. The system of claim 1, further comprising a lens layer
coupled to the ultrasound transducer and configured to
partially or completely compensate for a predetermined
ultrasound beam distortion associated with an ultrasound
obstacle, wherein the lens layer is positioned to receive the
transmit ultrasound wavefront from the ultrasound trans-
ducer.

3. The system of claim 1, further comprising an aperture
layer coupled to the ultrasound transducer, the aperture layer
comprising a plurality of channel conductors defining sam-
pling elements of the aperture.

4. The system of claim 3, wherein the aperture layer is
removably coupled to the ultrasound transducer.

5. The system of claim 3, further comprising a backing
layer coupled to the aperture layer, the backing layer com-
prising electrically insulative material.

6. The system of claim 5, wherein the backing layer
comprises a plurality of conductive vias coupled to the
plurality of channel conductors of the aperture layer.

7. The system of claim 3, further comprising a control
circuit operably coupled to the aperture layer, the control
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circuit comprising processing circuitry configured to deter-
mine an excitation waveform to provide to the transmit
circuit.

8. The system of claim 7, wherein the control circuit is
configured to provide a continuous excitation waveform
even while receiving a continuous reflection waveform.

9. The system of claim 1, wherein the receive circuit is
configured to begin receiving the reflection waveform from
the third port even while the transmit circuit is providing the
excitation waveform to the first port.

10. An ultrasound transducer system comprising:

a lens layer configured to partially or completely com-
pensate for a predetermined ultrasound beam distortion
associated with an ultrasound obstacle;

an ultrasound transducer layer configured to deliver a
transmit ultrasound wavefront into the lens layer and to
receive a reflected ultrasound wavefront that has passed
through the lens layer corresponding to a reflection of
the transmit ultrasound wavefront;

a coarse aperture layer coupled to the ultrasound trans-
ducer layer and comprising a plurality of channel
conductors, wherein each channel conductor is opet-
ably coupled to a different portion of a surface of the
ultrasound transducer layer, wherein each channel con-
ductor defines a conductive surface area having a size
or shape different than at least one other channel
conductor; and

a backing layer comprising an electrically insulative
material coupled to the coarse aperture layer.

11. The system of claim 10, further comprising a portable
control circuit configured to operably couple to the plurality
of channel conductors of the coarse aperture layer, the
portable control circuit comprising:

a transmit circuit configured to provide an excitation
waveform vector to the plurality of channel conductors
to generate the transmit ultrasound wavefront using the
ultrasound transducer layer; and

a receive circuit configured to receive a reflection wave-
form vector from the plurality of channel conductors
corresponding to the reflected ultrasound wavefront
received by the ultrasound transducer layer.

12. The system of claim 10, wherein the conductive
surface area of each channel conductor has a size or shape
different than all the other channel conductors.

13. The system of claim 10, wherein the coarse aperture
layer is removably coupled to the ultrasound transducer
layer.

14. The system of claim 10, further comprising a fine
aperture layer configured to couple to the ultrasound trans-
ducer layer and comprising a greater number of channel
conductors than the coarse aperture layer.
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15. The system of claim 14, wherein the fine aperture
layer comprises a number of channel conductors equal to at
least 10 times the number of channel conductors of the
coarse aperture layer.

16. The system of claim 14, further comprising a control
circuit operably coupled to the channel conductors of the
fine aperture layer.

17. A method for generating an aperture having a reduced
number of sampling elements, the method comprising:

generating a fine aperture having a plurality of sampling

elements each corresponding to a different region of an
ultrasound transducer surface;
determining at least one propagation operator based on
the fine aperture and at least one target point;

determining an excitation waveform vector based on the
at least one propagation operator, wherein the elements
of the excitation waveform vector correspond to the
sampling elements;

clustering sampling elements of the fine aperture into

groups of two or more sampling elements based on
similar narrowband excitation waveforms in the exci-
tation waveform vector; and

generating a coarse aperture with the clustered sampling

elements.

18. The method of claim 17, further comprising:

comparing a target focusing gain based on the coarse

aperture with a target focusing gain threshold,
determining that the target focusing gain does not meet
the target focusing gain threshold;

reclustering sampling elements of the fine aperture into

groups of two or more sampling elements based on
similar narrowband waveforms in the excitation wave-
form vector; and

generating another coarse aperture with the reclustered

sampling elements.

19. The method of claim 17, further comprising:

comparing a first wideband focusing gain based on the

fine aperture and a second wideband focusing gain
based on the coarse aperture;
determining that the difference between the first and
second wideband focusing gains is unacceptable;

reclustering sampling elements of the fine aperture into
groups of two or more sampling elements based on
similar narrowband waveforms in the excitation wave-
form vector; and

generating another coarse aperture with the reclustered

sampling elements.

20. The method of claim 17, wherein similar narrowband
waveforms have similar phases within a range of plus or
minus 45 degrees at a selected frequency.
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