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METHODS AND SYSTEMS FOR
PERIPHERAL NERVE MODULATION USING
FOCUSED ULTRASOUND

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation-in-part of U.S.
application Ser. No. 15/661,909, filed Jul. 27, 2017, which
claims priority to U.S. Provisional Application Ser. No.
62/367,551, filed Jul. 27, 2016 and U.S. Provisional Appli-
cation Ser. No. 62/485,661, filed Apr. 14, 2017, each of
which is incorporated by reference herein in its entirety.

STATEMENT REGARDING
FEDERALLY-SPONSORED RESEARCH

[0002] This invention was made with government support
from the Defense Advanced Research Projects Agency
(DARPA) under Grant No. DARPA HRO0011-15-2-0054.
The Government has certain rights in the invention.

BACKGROUND

[0003] Ultrasound is a versatile technology that is used in
many different fields such as imaging, chemical processes,
and therapeutics. Ultrasound imaging is a widespread tech-
nique for monitoring fetal development or cardiac abnor-
malities, and can be employed as a therapeutic treatment for
procedures that require non-invasive, target specific, and
temporally efficient procedures. These techniques can utilize
the ability of the ultrasound to have thermal, mechanical or
a combined thermal/mechanical effect. For example,
focused ultrasound (FUS) can involve concentrating mul-
tiple intersecting beams of ultrasound on a target region
using an acoustic lens. Given the high precision and non-
invasive nature of the technique, FUS-related methods have
been utilized for the treatment of a variety of diseases
including prostate cancer and uterine fibroids.

[0004] A subset of therapeutic ultrasound utilizing FUS
can be effective at stimulating, or inhibiting neuronal activ-
ity in both the central nervous system (CNS) and peripheral
nervous system (PNS). For example, FUS can be effective to
open the blood-brain barrier and thus can facilitate the
diffusion of drug molecules into brain tissue. Moreover, FUS
can modulate neuronal activity by stimulating specific
regions in the CNS and FUS can stimulate or inhibit the PNS
due to either thermal or mechanical effects of FUS. For
example, thermal effects can be responsible for blocking
action potentials by increasing the temperature of the solu-
tion surrounding the ex vivo nerve, first reducing the peak-
to-peak response, and eventually blocking the action poten-
tial from propagating throughout the axon. A mechanical
effect can be indicated during FUS stimulation, for example,
the activation of mechanosensitive ion channels with spe-
cific FUS parameters during in vitro stimulation of the
xenopus oocyte system. FUS stimulation targeting the axon
of the sciatic nerve can also elicit compound action poten-
tials ex vivo.

[0005] Certain structures in the CNS can be targeted to
examine physiological effects of FUS stimulation. Stimu-
lating specific brain regions can result in the delay of
antisaccade motion in monkeys and limb twitching in mice,
to enhanced tactile discrimination and generation of phos-
phenes in humans. This illustrates that FUS can have an

Aug. 15,2019

excitatory or inhibitory effect on neurons, with different
potential mechanisms of action depending on the ultrasound
parameters employed.

[0006] Further, certain methods that treat peripheral ner-
vous system (PNS) diseases, such as drug therapy, electrical
stimulation and surgical interventions, can have certain
disadvantages. For example, drug therapy can be considered
non-specific and spatially untargeted. Electrical stimulation
can be either invasive and target the specific damaged
peripheral nerve, or non-invasive and non-specific, targeting
the region around the damaged peripheral nerve. Therapeu-
tic ultrasound can provide a non-invasive, and targeted
approach for treating peripheral nerves, eliminating the
potential side effects of drug therapies and invasive surgery.
Additionally, FUS systems can be relatively inexpensive and
portable, allowing clinicians to treat a larger patient popu-
lation.

[0007] Accordingly, there remains a need in the art for
improved techniques for targeted, specific, and non-invasive
treatment options that can modulate peripheral nerves, for
example, for the treatment of PNS diseases.

SUMMARY

[0008] The presently disclosed subject matter provides
techniques for modulating peripheral nerves in a subject
using focused ultrasound (FUS).

[0009] In certain aspects, methods for modulating a
peripheral nerve in a subject using a FUS assembly having
one or more ultrasound parameters are provided. Methods
can include adjusting the one or more ultrasound parameters
to adapt a FUS for a location on the peripheral nerve, and
modulating the peripheral nerve with the FUS. In certain
embodiments, the methods can further include locating the
peripheral nerve using an imaging probe prior to adjusting
the one or more ultrasound parameters. As embodied herein,
example methods can include modulating a sciatic nerve, a
tibial nerve, or a sacral nerve.

[0010] As embodied herein, and without limitation, the
imaging probe can be a B-mode imaging probe. The ultra-
sound source can include a high intensity focused ultrasound
(HIFU) transducer with a 3.57 MHz center frequency, a
0.46x3.55 mm focal area and a 35 mm focal depth, a 20
MHz function waveform generator, and a 150 W amplifier.
The one or more ultrasound parameters can include at least
one of a peak negative pressure, astimulation duration, a
duty cycle, and a pulse repetition frequency (PRF). For
example, and as embodied herein, the peak negative pres-
sure can be from about 1.1 MPa to about 8.8 MPa. The
stimulation duration can be from about 0.8 ms to about 1 s.
The duty cycle can be from about 15% to about 100%. The
PRF can be from about 1 kHz to about 50 kHz. As embodied
herein, the peak negative pressure can be from about 3.2
MPa to about 5.7 MPa, the stimulation duration can be from
about 0.8 ms to about 10.5 ms, the duty cycle can be from
about 35% to about 100%, and the PRF can be from about
1 kHz to about 50 kHz.

[0011] As embodied herein, example methods can include
eliciting and measuring a physiological response during or
after FUS modulation. As embodied herein, and without
limitation, the measuring physiological response can include
acquiring EMG signals from a muscle tissue. In certain
embodiments, the method can include modulating one or
more ultrasound parameters to change timing of the physi-
ological response.
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[0012] As embodied herein, the method can further
include causing tissue deformation in the vicinity of FUS
modulation with an acoustic radiation force generated by the
FUS. The tissue deformation can range from about 8.5 pm
to about 422 pm. In certain embodiments, the tissue defor-
mation can facilitate action potential firing within the nerve
and elicit an EMG activity.

[0013] As embodied herein, the method can further
include imaging the nerve and the tissue deformation simul-
taneously with FUS modulation. In certain aspects, the
method can further include monitoring a thermal effect
elicited by the FUS modulation.

[0014] The presently disclosed subject matter also pro-
vides systems for modulating a peripheral nerve in a subject
using FUS. As embodied herein, an example system can
include an imaging probe for locating the peripheral nerve,
an ultrasound assembly, including a high intensity focused
ultrasound (HIFU) transducer, a function generator, and an
amplifier, for providing a FUS having one or more ultra-
sound parameters to a location on the peripheral nerve, and
a processor, coupled to the ultrasound assembly, for adjust-
ing the one or more ultrasound parameters to adapt the FUS
for a location on the peripheral nerve.

[0015] As embodied herein, the system can further include
a mechanical positioning system for placing the ultrasound
assembly and the imaging probe. In certain embodiments,
the system can include an imaging system, operatively
coupled to the processor, for imaging the peripheral nerve
and/or surrounding tissue during FUS modulation. In certain
embodiments, the imaging system can be a pulse-echo
image transducer. As embodied herein, and without limita-
tion, the system can be a transdermal patch.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIG. 1 is a diagram illustrating an exemplary
embodiment of a system for modulating peripheral nerves in
a subject using an ultrasound assembly according to the
disclosed subject matter.

[0017] FIGS. 2A and 2B are graphs demonstrating arti-
facts from EMF noise according to Example 1 of the present
disclosure.

[0018] FIGS. 3A-3C are graphs showing typical EMG
responses to FUS stimulation under the conditions described
in Example 1. FIG. 3A is a graph showing a single spike
EMG response to FUS stimulation of the long duration
group (1-10 ms stimulation duration). FIG. 3B is a graph
showing a double spike EMG response to FUS stimulation
of the long duration group. FIG. 3C is a graph showing two
EMG spikes for the short FUS stimulation duration group
(0.8 ms stimulation duration).

[0019] FIG. 4 is a diagram showing stimulation success
rates.
[0020] FIG. 5 is a graph demonstrating EMG response

while stimulating the skin.

[0021] FIG. 6 is a graph showing EMG responses before
and after nerve clip.

[0022] FIGS. 7A-7B are graphs comparing EMG signals
between electrical and FUS stimulation. FIG. 7A is a graph
depicting the average delay from onset of stimulation to
EMG signal and standard deviation for each pressure and
duty cycle. FIG. 7B is a graph showing the average peak-
to-peak and standard deviation EMG for each pressure and
duty cycle.
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[0023] FIG. 8 is a series of graphs showing behavioral
testing data in accordance with Example 1 of the present
disclosure.

[0024] FIGS. 9A-9C are graphs showing H&E Histology
and thermal measurements for FUS Stimulation. FIG. 9A is
an image showing the sciatic nerve bundle and surrounding
neural and muscle tissue for the FUS stimulated group with
parameters found for successful EMG and muscle activa-
tion. FIG. 9B is an image of the positive control group
showing damaged areas by applying FUS stimulation for 0.5
s. FIG. 9C is a graph showing plot of pressure vs average
1s.d. temperature increase in an ex vivo mouse hind limb
from baseline.

[0025] FIG. 9C also includes a raster plot of temperature
increase in an ex vivo mouse hind limb during FUS stimu-
lation at a PNP of 4.5 MPa.

[0026] FIG. 10 is a diagram showing displacement maps
overlaid on the B-mode images in a mouse in vivo in
accordance with Example 2 of the present disclosure.
[0027] FIG. 11 is a diagram depicting stimulation and
imaging parameters, as well as tracking sequences.

[0028] FIG. 12 is a diagram showing targeted nerve and
recording site.
[0029] FIG. 13 is a graph showing EMG responses after

removal of artifact and comparison to normal electrical
stimulation responses.

[0030] FIG. 14 is a diagram demonstrating area of acti-
vation in relation to bone.

[0031] FIG. 15A is a graph showing areas of activation
that correspond with sciatic nerve location relative to bone.
FIG. 15B is a graph showing areas of activation after the
initial point was positioned at site of activation for finer
raster scan.

[0032] FIG. 16A is a graph showing displacement imaging
modulation with increasing pressures. FIG. 16B is a graph
showing individual frames of displacement imaging with 9
MPa pressure.

[0033] FIG. 17 is a graph showing characterization of
EMG responses.

[0034] FIG. 18 is a graph showing varied EMG responses
and tissue displacements at pressures higher than 16 MPa
peak positive pressure (PPP), 8.74 MPa peak negative
pressure (PNP).

[0035] FIGS. 19A-19D are graphs showing induction of
stable and inertial cavitations with different pressures. FIG.
19A is a graph showing no ultraharmonics or broadband
emissions. FIGS. 19B and 19C are graphs showing ultraha-
rmonics without broadband emissions. FIG. 19D is a graph
showing ultraharmonics and broadband emissions.

[0036] FIG. 20A is a diagram illustrating an exemplary
embodiment of a system for FUS neuromodulation and
displacement. FIG. 20B is a graph showing Waveform
characteristics for the FUS transducer (top) and displace-
ment imaging workflows (bottom).

[0037] FIG. 21A is a diagram illustrating representative
cumulative (left) and interframe (right) displacements
before, during, and after FUS. FIG. 21B is a diagram
illustrating displacement imaging in the human forearm.
[0038] FIG. 22A is a diagram illustrating a displacement
parameter space map (left) and mulitple displacement curves
of the nerve as a function of pulse duration (right). FIG. 22B
a graph showing representative EMG recordings as pressure
(left) and pulse duration (right).
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[0039] FIG. 22C is a graph illustrating max EMG ampli-
tude as a function of pressure (left) and pulse duration
(right).

[0040] FIG. 23A is a graph illustrating representative
EMG traces as the focus moves across the leg. FIG. 23B is
a representative displacement map for the EMG traces in
FIG. 23A. FIG. 23C s a graph illustrating EMG energy (left)
and displacement (right) as a function of depth.

[0041] FIG. 24 is an image depicting a mouse leg twitch
from FUS stimulation.

[0042] FIG. 25 is a graph illustrating exemplary real time
displacement tracking in the upper mouse thigh.

[0043] FIG. 26 is a graph illustrating exemplary real time
displacement tracking in a human forearm.

[0044] FIG. 27 is a graph illustrating representative EMG
trace and RMS EMG.

[0045] FIG. 28 is a diagram illustrating an exemplary
embodiment of a system for FUS neuromodulation and
displacement.

[0046] FIG. 29A is a graph illustrating a peak to peak
amplitude over pulse repetition frequency. FIG. 29B is a
graph illustrating a peak latency over pulse repetition fre-
quency.

[0047] FIG. 30A is an image depicting an exemplary
embodiment of a system for FUS neuromodulation and
displacement of a human forearm. FIG. 30B is a graph
illustrating representative recordings of sensation and EMG
signals of thumb and idenx figures.

[0048] FIG. 31A is an image depicting exemplary targeted
B-mode ultrasound imaging by an imaging probe coaxially
aligned with FUS. FIG. 31B is an image depicting an
exemplary contralateral hand device for recording of sen-
sation. FIG. 31C is a graph illustrating measurements of
sensations per sonication.

[0049] FIG. 32A is an image depicting an exemplary
system for recording of sensation of human forearm. FIG.
32B is a graph illustrating an exemplary amplitude modu-
lated wave form added for optimization of recording. FIG.
32C is an image depicting an exemplary system configured
to measure EEG and sensory evoked action potential from
both electrical and FUS stimulation.

DETAILED DESCRIPTION

[0050] The presently disclosed subject matter provides
techniques for modulating nerves using focused ultrasound
(FUS). According to one aspect of the disclosed subject
matter, methods and systems for applying FUS to the
peripheral nerves of a subject are provided. It was found that
FUS is effective at stimulating peripheral nerves and elicit-
ing a physiological response in vivo. Furthermore, the
physiological response generated by FUS was comparable to
that generated by conventional electrical stimulation meth-
ods.

[0051] Unless otherwise defined, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art. In case of
conflict, the present document, including definitions, will
control. Preferred methods and materials are described
below, although methods and materials similar or equivalent
to those described herein can be used in practice or testing
of the presently disclosed subject matter. All publications,
patent applications, patents and other references mentioned
herein are incorporated by reference in their entirety. The
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materials, methods, and examples disclosed herein are illus-
trative only and not intended to be limiting.

[0052] The terms “comprise(s),” “include(s),” “having,”
“has,” “can,” “contain(s),” and variants thereof, as used
herein, are intended to be open-ended transitional phrases,
terms, or words that do not preclude the possibility of
additional acts or structures. The singular forms “a,” “an”
and “the” include plural references unless the context clearly
dictates otherwise. The present disclosure also contemplates
other embodiments “comprising,” “consisting of”, and “con-
sisting essentially of,” the embodiments or elements pre-
sented herein, whether explicitly set forth or not.

[0053] As used herein, the term “about” or “approxi-
mately” means within an acceptable error range for the
particular value as determined by one of ordinary skill in the
art, which will depend in part on how the value is measured
or determined, i.e., the limitations of the measurement
system. For example, “about” can mean within 3 or more
than 3 standard deviations, per the practice in the art.
Alternatively, “about” can mean a range of up to 20%,
preferably up to 10%, more preferably up to 5%, and more
preferably still up to 1% of a given value. Alternatively,
particularly with respect to biological systems or processes,
the term can mean within an order of magnitude, preferably
within 5-fold, and more preferably within 2-fold, of a value.
[0054] As used herein, “treatment” or “treating” refers to
inhibiting the progression of a disease or disorder, or delay-
ing the onset of a disease or disorder, whether physically,
e.g., stabilization of a discernible symptom, physiologically,
e.g., stabilization of a physical parameter, or both. As used
herein, the terms “treatment,” “treating,” and the like, refer
to obtaining a desired pharmacologic and/or physiologic
effect. The effect can be prophylactic in terms of completely
or partially preventing a disease or condition, or a symptom
thereof and/or can be therapeutic in terms of a partial or
complete cure for a disease or disorder and/or adverse effect
attributable to the disease or disorder, “Treatment,” as used
herein, covers any treatment of a disease or disorder in an
animal or mammal, such as a human, and includes: decreas-
ing the risk of death due to the disease; preventing the
disease of disorder from occurring in a subject which can be
predisposed to the disease but has not yet been diagnosed as
having it; inhibiting the disease or disorder, i.e., arresting its
development (e.g., reducing the rate of disease progression);
and relieving the disease, i.e., causing regression of the
disease.

[0055] As used herein, the term “subject” includes any
human or nonhuman animal. The term “nonhuman animal”
includes, but is not limited to, all vertebrates, e.g., mammals
and non-mammals, such as nonhuman primates, dogs, cats,
sheep, horses, cows, chickens, amphibians, reptiles, etc. In
certain embodiments, the subject is a pediatric patient. In
certain embodiments, the subject is an adult patient.
[0056] As used herein, an “effective amount” refers to an
amount of the compound sufficient to treat, prevent, manage
the disease, or to generate a physiological response. An
effective amount can refer to the amount of a compound that
provides a beneficial physiological response in the treatment
or management of the disease, and as such, an “effective
amount” depends upon the context in which it is being
applied. In the context of administering anesthetics during
FUS modulation in a subject, an effective amount of anes-
thetics described herein is an amount sufficient to elicit an
anesthetizing effect in the subject. An effective amount can
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be administered in one or more administrations. Further, a
therapeutically effective amount can mean the amount of
therapeutic alone, or in combination with other therapies,
that provides a therapeutic benefit in the treatment or man-
agement of the disease, which can include a decrease in
severity of disease symptoms, an increase in frequency and
duration of disease symptom-free periods, or a prevention of
impairment or disability due to the disease affliction. The
term can encompass an amount that improves overall
therapy, reduces or avoids unwanted effects, or enhances the
therapeutic efficacy of or synergies with another therapeutic
agent.

[0057] For the purpose of illustration, FIG. 1 is a diagram
depicting an exemplary system for peripheral nerve modu-
lation according to the disclosed subject matter. Systems
according to the disclosed subject matter can include various
combinations of some or all of the components of FIG. 1
according to the desired application(s) and are not limited to
the particular combinations of components described herein.

[0058] For purpose of illustration and not limitation, the
system can include an ultrasound assembly 102 for provid-
ing FUS having one or more ultrasound parameters to a
location on the peripheral nerve. The ultrasound assembly
can include a FUS transducer, a function generator, and an
amplifier. As embodied herein, the FUS transducer can be a
high intensity focused ultrasound (HIFU) transducer with a
3.57 MHz center frequency, a 0.46x3.55 mm focal area and
a 35 mm focal depth (SU-107, SonicConcepts, Seattle,
Wash., USA). The transducer can be driven by any suitable
equipment, such as a function generator. For example, and
as embodied herein, the function generator can be a 20 MHz
function waveform generator (332204, Keysight Technolo-
gies Inc., Santa Rosa, Calif., USA). The function generator
can be joined to an amplifier. As embodied herein, the
amplifier can be a 150 W amplifier (A150, Electronics &
Innovation, Ltd. Rochester, N.Y., USA). The amplifier can
increase the power from the generator, e.g., by about 20 dB
to about 100 dB. A signal from the function generator can be
amplified by the amplifier, and the transducer can convert
the amplified signal into FUS.

[0059] As embodied herein, the system can further include
an imaging probe for locating the peripheral nerve. The
imaging probe can be a B-mode imaging probe. For
example, and as embodied herein, the imaging probe can be
a [.L22-14V imaging probe with 128 elements, linear array
and 18.5 MHz (Verasonics, Kirkland, Wash., USA).

[0060] In certain embodiments, the system can further
include a processor, coupled to the ultrasound assembly, for
adjusting one or more ultrasound parameters to adapt the
FUS for a location on the peripheral nerve. For example, the
processor can be configured to perform the instructions
specified by software stored in a hard drive, a removable
storage medium, or any other storage media. The software
can include computer codes, which can be written in a
variety of languages, e.g., MATLAB and/or Microsoft
Visual C++. Additionally or alternatively, the processor can
include hardware logic, such as logic implemented in an
application-specific integrated circuit (ASIC). The processor
can be configured to control one or more of the system
components described above. For example, and as embodied
herein, the processor can be configured to control imaging
and ultrasound stimulation. Additionally or alternatively, the
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processor can be configured to control the output of the
function generator and/or the transducer to provide the FUS
to the subject.

[0061] Referring to FIG. 1, the system can further include
a mechanical positioning system 110 for placing the ultra-
sound assembly and the imaging probe. As embodied herein,
the positioning system can be used to place both the ultra-
sound transducer and the imaging probe with submillimeter
resolution. The positioning system can be a 3D positioner
mount system (Velmex, Bloomfield, N.Y., USA), which can
be used to align the FUS from the transducer with a target
area on the subject. The 3D positioner mount system can
move the transducer in the x-, y-, and z-directions. For
example, the 3D positioner mount system can include a
motor and a controller. In certain embodiments, the 3D
positioner mount system can move the transducer, for
example and without limitation, within a predefined grid.
The size and resolution can be selected by the user. The 3D
positioner mount system can move the transducer within the
grid to produce a random raster sonication on the subject
using the FUS.

[0062] As embodied herein, the system can have high
target specificity, and can achieve a resolution in the sub-
millimeter range. For example, and as embodied herein, the
system can provide FUS to a target area that is from about
0.1 mm to about 5 mm, or from about 0.1 mm to about 1
mm, or from about 0.5 mm to about 5 mm, or from about
0.75 mm to about 2 mm. This high target specificity enables
the FUS to target a specific region of the peripheral nerve.
[0063] In certain embodiments, the system can be a sta-
tionary device. In certain embodiments, the system can be a
portable device. Additionally or alternatively, the system can
be configured as a wearable device. As embodied herein, the
ultrasound assembly can be a transdermal patch. For
example, in certain embodiments, the system can be con-
figured as a transdermal patch having an array of multiple
transducers operating in unison. The stationary device can
be used as an alternative to, or in combination with, the
portable device, for example and without limitation, in the
modulation of peripheral nerves.

[0064] Ultrasound can refer to a sound wave having a
frequency above that of human hearing, e.g., greater than 16
kHz. In certain embodiments, the FUS can have a frequency
greater than about 16 kHz. In certain embodiments, the FUS
can have a frequency from about 50 kHz to about 20 MHz,
or from about 0.1 MHz to about 5 MHz, or from about 0.5
MHz to about 3 MHz, or from about 1 MHz to about 2 MHz.
In certain embodiments, the FUS can have a sweep of
different frequencies. As embodied herein, the FUS can have
a center frequency of about 3.57 MHz.

[0065] The FUS can be delivered in multiple different
forms. For example, and not limitation, the FUS can be a
chirp, ie., a swept frequency cosine signal. The swept
frequency cosine signal can be linear, quadratic, or logarith-
mic. In certain embodiments, noise can be reduced using a
continuous ultrasound wave. Thus. in certain embodiments,
the FUS can be a continuous ultrasound wave.

[0066] The FUS can have one of more ultrasound param-
eters. As embodied herein, the one or more ultrasound
parameters can include at least one of a peak negative
pressure, a stimulation duration, a duty cycle, and a pulse
repetition frequency (PRF). The ultrasound parameters can
be pre-programmed and/or adjusted. The peak negative
pressure (input pressure) can be from about 1.1 MPa to
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about 8.8 MPa, or from about 3.2 MPa to about 5.7 MPa, or
at least about 3.2 MPa for the frequency of 3.57 MHz. The
stimulation duration can be from about 0.8 ms to about 1 s,
or from about 0.8 ms to about 10.5 ms, or from about 1 ms
to about 10 ms. The duty cycle can be from about 15% to
about 100%, or from about 35% to about 100%, or at least
about 35%. The PRF can be from about 1 kHz to about 50
kHz, or from about 1 kHz to about 25 kHz, or from about 1
kHz to about 10 kHz, or from about 1 kHz to about 5 kHz.
[0067] As embodied herein, the system can further include
an imaging system, operatively coupled to the processor, for
imaging the peripheral nerve and/or surrounding tissue
during FUS modulation. For example, and as embodied
herein, the imaging system can be a pulse-echo imaging
transducer. The pulse-echo imaging transducer can function
at 7.8 MHz and have 104 elements.

[0068] With further reference to FIG. 1, the system can
further include a chamber 140 containing a couplant, such as
oil or water, for transmitting the ultrasound. Additionally or
alternatively, a conductive material 142 can be placed on the
subject 150. For example, such conductive material includes
ultrasound gel and/or water. The chamber 140 can include a
membrane 144 located adjacent to the position of the subject
150, to facilitate the transmission of the ultrasound through
the chamber.

[0069] Additional details of systems and techniques for
using FUS can be found, for example and without limitation,
in International Patent Application Serial No. PCT/US16/
40776, which is incorporated by reference herein in its
entirety.

[0070] As embodied herein, the peripheral nerves can
include a sciatic nerve, a tibial nerve, or a sacral nerve.
Additionally or alternatively, the peripheral nerves can
include one or more of the following nerves: a vagus nerve,
a intercostals nerve, a subcostal nerve, an iliochypogastric
nerve, an ilioinguinal nerve, a lateral cutaneous of thigh
nerve, a genitofemoral nerve, a musculocutaneous nerve, a
radial nerve, a median nerve, an ulnar nerve, an obturator
nerve, a femoral nerve, a muscular branches of femoral
nerve, a saphenous nerve, a sciatic nerve, a tibial nerve, a
sacral nerve, a common peroneal nerve, a deep peroneal
nerve, a superficial peroneal nerve, sural nerve, a cranial
nerve, a spinal cord, a spinal cord element, a spinal root, a
dorsal root ganglion, a sympathetic chain ganglion, a bra-
chial nerve, and/or a hair follicle.

[0071] The disclosed techniques can be used in a wide
variety of clinical applications. For example, FUS can be
used to treat various peripheral nervous system diseases,
including but not limited to, acute or chronic neuropathic
pain, Guillain-Barre syndrome, urinary or fecal inconti-
nence, amyloid neuropathy, brachial plexus neuropathy,
complex regional pain syndrome, diabetic neuropathy,
mononeuropathy, nerve compression syndrome, neuralgia,
neuritis, peripheral nervous system neoplasm, or polyneu-
ropathy. Additionally or alternatively, FUS can be used to
treat other diseases including epilepsy, depression, meta-
bolic disorders, chronic trunk or limb pain, radicular pain,
diabetic neuropathy, motor or sensory recovery, nerve or
tissue repair or healing, vertigo, nystagmus, motion sick-
ness, tinnitus, and/or hair regrowth.

[0072] In certain embodiments, it can be desirable for the
subject to receive FUS treatment in a clinic. For example,
certain conditions can be treated with a single treatment or
infrequent, periodic treatments that can be performed by a
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clinician. In certain embodiments, it can be more convenient
for the subject to receive FUS treatment outside a clinic. For
example, certain conditions require frequent or regular treat-
ments, and therefore it can be more desirable to perform the
treatment in the subject’s home. For example, a subject
diagnosed with such a condition can be provided with a
portable device that can be used to perform FUS treatments
outside a clinical setting. FUS can be provided by the
portable device when symptoms occur and/or pursuant to a
predetermined schedule. The wearable device, such as a
transdermal patch, can be pre-programmed with particular
ultrasound parameters. In certain aspects, an at-home trans-
dermal electrical stimulation system can be used to perform
FUS treatments. The system can be an all-in-one system for
both targeting and stimulating the peripheral nerve. Such
system can also include a multi-element array. Additionally
and alternatively, the ultrasound parameters can be adjusted
according to the symptoms experienced by the subject, the
biomarkers experienced by the subject and/or picked up by
biosensors on a device, and/or smart device questioning of
the subject. The duty cycle can be tailored to the subject.
Remote programming can also be performed by the physi-
cian based on data analytics.

[0073] The disclosed techniques can be applied to a vari-
ety of living subjects, including humans and animals. For
example, and as embodied herein, the subject can be anes-
thetized using an effective amount of anesthetics. The anes-
thetics can be sodium pentobarbital, isoflurane, or ketamine.
The anesthetics can be provided in a certain dosage relative
to the body weight of the subject. For purpose of illustration
and not limitation, sodium pentobarbital can be administered
from about 25 mg/kg to about 100 mg/kg, or from about 50
mg/kg to about 75 mg/kg. Modulation of the peripheral
nerves using FUS can be affected at least in part by the type
of anesthesia used. Anesthesia can also help secure the
subject in a fixed position relative to an ultrasound source.
As embodied herein, the subject can be awake or asleep in
a specific mode. For example, FUS can be delivered to the
subject after sleep is behaviorally detected.

[0074] 1In certain aspects, the present disclosure provides
methods for modulation of a peripheral nerve in a subject
using a FUS assembly having one or more ultrasound
parameters including locating the peripheral nerve using an
imaging probe; adjusting the one or more ultrasound param-
eters to adapt a FUS for a location on the peripheral nerve;
and modulating the peripheral nerve with the FUS. In certain
aspects, modulating the peripheral nerve with FUS can be
non-invasive and have minimal side effects. In certain
aspects, modulating the peripheral nerve with FUS does not
cause any damage to the nerve or surrounding tissues.
[0075] As embodied herein, the method of the present
disclosure can further include eliciting a physiological
response. In certain aspects, the physiological response can
be observed during FUS modulation. In certain aspects, the
physiological response can be observed after FUS modula-
tion is ceased. In certain aspects, the physiological response
can be observed both during and after FUS stimulation.
[0076] The physiological response can include any physi-
cal change as a result of peripheral nerve modulation. For
example, the physiological response can include one or
more of the following responses: nuscle contraction, a body
movement, an eye movement, and/or pupil dilation. As
embodied herein, the physiological response can also
include an electromyography (EMG) activity from a muscle
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tissue. The EMG activity can be detected using an electro-
myograph. In certain embodiments, EMG recording can be
acquired using needle electrodes placed in a muscle tissue.
As embodied herein, additional physiological responses
including acceleration, EMG, temperature, heart rate, blood
sugar level, moisture, and pressure can be detected by
biosensors on a probe or a patch. For example and not
limitation, such biosensors can include an accelerometer,
EMG, thermometer, heart rate, glucose meters, moisture
detectors, pressure gauges). Additionally or alternatively,
smart apps programmed on the system or another device can
be used to test or track eye movement, test cognition, mood,
quality of life, and/or treatment scores.

[0077] As embodied herein, methods for modulation of a
peripheral nerve in a subject using a FUS assembly can
further include eliciting and measuring a physiological
response during or after FUS modulation. In certain embodi-
ments, the physiological response is measured by acquiring
EMG signals from a muscle tissue. The muscle tissue can be
adjacent to the modulated peripheral nerve. Additionally or
alternatively, the muscle tissue can be remote from the
modulated peripheral nerve. For example, and as embodied
herein, the peripheral nerve can be a sciatic nerve and the
muscle tissue can be a tibialis anterior muscle. The periph-
eral nerve can be a tibial nerve and the muscle can be a foot
or a calf muscle. The peripheral nerve can be a sacral nerve
and the muscle can be a rectal or a bladder muscle. In certain
embodiments, the methods can further include recording
muscle activation along with EMG activity using a video
recording device.

[0078] As embodied herein, the method of the present
disclosure can further include modulating one or more
ultrasound parameters to change the timing of the physi-
ological response. For purpose of illustration and not limi-
tation, the ultrasound parameters can be changed such that
an EMG activity is only detected after FUS stimulation has
ceased as opposed to during FUS stimulation. The ultra-
sound parameters that can be changed include peak negative
pressure, stimulation duration, duty cycle, and/or pulse
repetition frequency (PRF).

[0079] As embodied herein, the methods of the present
disclosure can further include generating a certain acoustic
radiation force onto the nerve and/or surrounding tissue with
FUS. An increased acoustic radiation force can increase the
ability of the FUS to elicit a physiological response in a
subject. In certain aspects, the acoustic radiation force can
be calibrated to achieve the desired response without com-
promising safety. In certain aspects, the acoustic radiation
force can be greater than or equal to a threshold acoustic
pressure to evoke the physiological response. For purpose of
illustration and not limitation, the acoustic radiation force
can range from about 0.5 nanonewtons to about 5.4
meganewtons.

[0080] As discussed above, FUS can generate a certain
acoustic radiation force onto the nerve and/or surrounding
tissue in the subject. Thus, in certain aspects, the method of
present disclosure can further include measuring the acous-
tic radiation force. For example, and as embodied herein, the
acoustic radiation force can be measured using a force
balance. Measuring acoustic radiation force can allow FUS
parameters to be properly adjusted and/or calibrated to avoid
damaging effects. In certain aspects, measured acoustic
radiation force can be converted to determine the tissue
deformation at the focal region.
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[0081] As embodied herein, the acoustic radiation force
generated by the FUS can cause tissue deformation in the
vicinity of FUS modulation. The tissue deformation can be
approximated based on the input voltages and pressures,
e.g., based on the Young’s modulus of the tissue as detailed
in Example 1. For example, and as embodied herein, the
tissue deformation can range from about 8.5 um to about
422.8 um, or from about 14 pum to about 422 um. The input
voltage can range from about 0.1 V to about 0.9 V. Addi-
tionally or alternatively, the tissue deformation can be moni-
tored and/or measured in real-time. In certain embodiments,
real-time monitoring of tissue deformation can be used to
provide image-guided treatment via FUS. Thus, as embod-
ied herein, the method of the present disclosure can further
include imaging the nerve and the tissue deformation simul-
taneously with FUS modulation of peripheral nerves. Such
method can allow the mechanisms of FUS on the peripheral
nervous system to be dissected and controlled. The imaging
can be performed with a transducer that is designed to
incorporate both the FUS transducer and an imaging trans-
ducer. Such transducer can simultaneously image the
mechanical perturbation of the tissue during FUS modula-
tion in vivo. For example, and as embodied herein, the
imaging transducer can be a pulse-echo imaging transducer.
The pulse-echo imaging transducer can be a 104-element,
7.8-MHz, pulse-echo imaging transducer.

[0082] In certain embodiments, the tissue deformation
generated is large enough to facilitate action potential firing
within the nerve. In certain aspects, the action potential
firing can further elicit a physiological response such as an
EMG activity. In certain aspects, the mechanical forces from
the FUS can be converted into an electrical signal by forcing
open the voltage gated ion channels in the nodes of Ranvier.
In certain embodiments, tissue deformation can itself be
therapeutic. For example and not limitation, targeted deep
massage of micro muscles and/or nerve sites can be per-
formed in certain embodiments.

[0083] As embodied herein, the method of the present
disclosure can further include monitoring a thermal effect
elicited by the FUS modulation. For example, the thermal
effect can be monitored by embedding wire thermocouples
in the muscle tissue adjacent to the stimulated peripheral
nerve. Such thermal monitoring can help determine whether
the FUS stimulation effects are due to temperature increase
or due to mechanical effects.

[0084] In certain aspects, the present disclosure provides
methods for treating peripheral nervous system disease in a
subject including modulating one or more peripheral nerves
in the subject with a FUS. For purpose of illustration and not
limitation, the subject can have one or more of the following
diseases: acute or chronic neuropathic pain, Guillain-Barre
syndrome, urinary or fecal incontinence, amyloid neuropa-
thy, brachial plexus neuropathy, complex regional pain
syndrome, diabetic neuropathy, mononeuropathy, nerve
compression syndrome, neuralgia, neuritis, peripheral ner-
vous system neoplasm, polyneuropathy migraine, or head-
ache.

[0085] The systems and techniques of the disclosed sub-
ject matter provide advantages over certain existing thera-
pies for peripheral nervous system diseases. For purpose of
illustration and not limitation, advantages of the systems of
techniques described herein include non-invasive proce-
dures, high target specificity, minimal side effects, low cost,
and increased portability. Additionally, the systems and
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techniques described herein can provide non-invasive treat-
ment options for other medical conditions including epi-
lepsy, depression, metabolic disorders, chronic trunk or limb
pain, radicular pain, diabetic neuropathy, motor or sensory
recovery, nerve or tissue repair or healing, vertigo, nystag-
mus, motion sickness, tinnitus, and/or hair regrowth.
[0086] The systems and techniques of the disclosed sub-
ject matter can further be extended to stimulate peripheral
fields. For example, the FUS can stimulate or modulate
general transdermal fields of neural elements or nerve plex-
uses instead of or in addition to a peripheral nerve. Addi-
tionally, the system and techniques described herein can be
applied to stimulate visceral or smooth muscles to modulate
the function of other organs or structures, such as bladder,
kidney, spleen, sex organ, transcranial brain, and/or cortical
and deep structures.

[0087] In certain embodiments, the disclosed subject mat-
ter can provide techniques and systems for peripheral nerve
modulation in various animal models including mice, pri-
mates and humans. In non-limiting embodiments, the dis-
closed techniques can target and monitor the focused ultra-
sound (FUS) neuromodulation of sciatic nerve using high
frame-rate displacement imaging. For example, micron dis-
placements from a peak-positive pressure of about 1 MPa
can be detected for safe targeting and confirmation of FUS
activated tissues. Displacements, for example and without
limitation, as embodied herein in the range of 30-300
microns, can induce downstream sciatic nerve excitability,
which can indicate that radiation force is a part of the
underlying mechanism. Displacement imaging can be used
as an in vivo tool for real-time targeting of deep structures
and investigation of the FUS neuromodulation mechanism.
[0088] In certain embodiments, the FUS neuromodulation
can be determined by the disclosed techniques. For example,
the techniques described herein can visualize the FUS focus
and can provide real-time feedback with regard to which
tissues are activated. In some embodiments, the FUS-in-
duced tissue displacement can correlate with electromyog-
raphy (EMG) activation.

[0089] In certain embodiments, the disclosed methods and
systems can be used to treat a variety of diseases including,
for example and not limitation, chronic pain and inconti-
nence. For example, the disclosed system can be used to
treat a variety of chronic neuropathic pain conditions
through peripheral nerve stimulation (PNS). Furthermore,
the disclosed techniques can be specific to the desired
treatment, i.e., by targeting a specific nerve for treatment. In
some embodiments, the techniques can be non-invasive and
can have minimal side-effects. For example, the disclosed
techniques can be used to modulate peripheral nerves with-
out causing damage to the nerves or surrounding tissue. In
certain embodiments, the sensitivity of the disclosed tech-
nique provides the ability to visualize direct confirmation of
targeting at low and safe acoustic levels.

[0090] The description herein merely illustrates the prin-
ciples of the disclosed subject matter. Various modifications
and alterations to the described embodiments will be appar-
ent to those skilled in the art in view of the teachings herein.
Accordingly, the disclosure herein is intended to be illus-
trative, but not limiting, of the scope of the disclosed subject
matter. Moreover, the principles of the disclosed subject
matter can be implemented in various configurations and are
not intended to be limited in any way to the specific
embodiments presented herein.
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EXAMPLES

[0091] The present disclosure is further illustrated by the
following Examples which should not be construed as
further limiting.

Example 1: Non-Invasive Peripheral Nerve
Stimulation Via Focused Ultrasound In Vivo

[0092] This Example provides methods and systems for
non-invasive peripheral nerve stimulation via focused ultra-
sound in vivo. Focused ultrasound (FUS) has been
employed on a wide range of clinical applications to safely
and non-invasively achieve desired effects that have previ-
ously required invasive and lengthy procedures with con-
ventional methods. Conventional electrical neuromodula-
tion therapies that are applied to the peripheral nervous
system (PNS) are invasive and/or non-specific. Recently,
focused ultrasound has demonstrated the ability to modulate
the central nervous system and ex vivo peripheral neurons.
Here, non-invasive stimulation of the sciatic nerve eliciting
a physiological response in vivo is demonstrated with FUS.
FUS was applied on the sciatic nerve in mice with simul-
taneous electromyography (EMG) on the tibialis anterior
muscle. EMG signals were detected during or directly after
ultrasound stimulation along with observable muscle con-
traction of the hind limb. Transecting the sciatic nerve
downstream of FUS stimulation eliminated EMG activity
during FUS stimulation. Peak-to-peak EMG response ampli-
tudes and latency were found to be comparable to conven-
tional electrical stimulation methods. Histology along with
behavioral and thermal testing did not indicate damage to
the nerve or surrounding regions. The findings presented
herein demonstrate that FUS can serve as a targeted, safe and
non-invasive alternative to conventional peripheral nervous
system stimulation to treat peripheral neuropathic diseases
in the clinic.

[0093] Inthis Example, it is demonstrated for the first time
that FUS stimulation of peripheral nerves in vivo can elicit
a physiological response. The sciatic nerve in anesthetized
mice was stimulated via FUS while EMG signals were
recorded through needle electrodes placed into the tibialis
anterior muscle. Successful stimulation of the sciatic nerve
rather than the surrounding muscle tissue was verified
through transecting the nerve downstream of the FUS tar-
geted region, which completely eliminated the electromyo-
graphy (EMG) signal. These findings indicate that FUS can
be used for the excitation of peripheral nerves, non-inva-
sively and safely resulting in the desired physiological
response.

Methods

[0094] All procedures with mice were approved by the
Institutional Animal Care and Use Committee of Columbia
University and ACURO. Male C57BL/6] mice weighing
between 22-28 g were used in all experiments (n=42). Mice
were housed in rooms with 12-hour light/dark cycles and
provided food and water ad lib. Mice were anesthetized with
50 mg/kg pentobarbital for all FUS and electrical stimula-
tion experiments. A heating pad was used to maintain proper
body temperature throughout the experiments. For non-
survival studies (histology, electrical stimulation, thermo-
couple) mice were sacrificed by cervical dislocation before
harvesting the hind limbs.
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[0095] All FUS experiments were conducted with a HIFU
transducer with a 3.57 MHz center frequency (0.46x3.55
mm focal area, 35 mm focal depth; SU-107, SonicConcepts,
Seattle, Wash., USA). The driving signal was derived from
a function generator (33220A, Keysight Technologies Inc.,
Santa Rosa, Calif., USA) and amplified through a 150 W
amplifier (A150, Electronics & Innovation, Ltd. Rochester,
N.Y., USA). The sciatic nerve was targeted as it innervates
the leg muscles branching into the peroneal and tibial
nerves. FUS parameters employed during the experiments
ranged from 1.1-8.3 MPa peak negative pressure, 4 ms-1 s
stimulation duration, 15-100% duty cycle, 1 kHz PRF.
Accounting for the pressure attenuation through the muscle
to reach the sciatic nerve, delivered pressures ranged from
0.7-5.4 MPa. Changes for each parameter were modified as
such: Duty cycle 15, 35, 50, 90, 100%, Pressure 0.6 MPa
increments and duration 100 ms increments, unless under 10
ms, then by 1 ms increments. Each combination of param-
eter was tried n=>5 times for a total of 2,000 trials. The sciatic
nerve was targeted for FUS experiments through b-mode
imaging with a 1.22-14V imaging probe (128 elements,
linear array, 18.5 MHz, Verasonics, Kirkland, Wash., USA).
Coupling gel was used for both b-mode imaging and FUS
stimulation. A focusing cone filled with degassed water was
used with the FUS stimulation. A mechanical positioning
system was utilized for placement of both B-mode and
stimulating transducers with submillimeter resolution
(Velmex, Bloomfield, N.Y., USA). Stimulation and imaging
were controlled and recorded through in-house developed
Matlab code (Mathworks, Natick, Mass., USA). EMG
recordings were acquired with two stainless steel needle
electrodes placed in the Tibialis Anterior muscle and
recorded at 5 MHz (Biopac, Goleta, Calif., USA). A radia-
tion force balance was used to determine radiation force
generated by the transducer. Video recordings were acquired
simultaneously with stimulation to archive muscle activa-
tion along with EMG activity.

[0096] Electrical stimulation experiments (n=9) were con-
ducted with a S48 single channel stimulator (Grass, War-
wick, R.I., USA). A small incision was made through the
skin and thigh muscle then the sciatic nerve was teased apart
from the surrounding connective tissue and muscle. Plati-
num electrodes were coiled around the sciatic nerve. The
following parameters were explored: 1-10 V, 1-10 mA,
200-500 ps with 1 V, 1 mA and 50 us step sizes based on
parameters employed in prior electrical stimulation studies
treating peripheral neuropathy. EMG recordings were the
same as outlined above. Between stimulations 0.9% saline
solution was used to hydrate the nerve and exposed tissue.

[0097] Histology samples of both hind limbs were col-
lected (n=8 FUS stimulation, n=8 negative control, n=1
positive control), fixed in 0.4% PFA, 70% EtOH rinse and
embedded in paraffin. Stimulation parameters were as fol-
lows: 4.5 MPa, 90% DC, 1 kHz PRF, 4.5-9 ms stimulation
duration. Samples were sectioned coronally acquiring 5 pm
slices with 200 pm interstice gaps and affixed to slides.
Samples were stained with H&E. A blinded study was then
conducted to determine damage to the tissue as follows:
inflammation/abnormal cell morphology, red blood cell
extravasation, and cell membrane rupture.

[0098] Open field tests were conducted in a 30 cm® opaque
white box (n=4 FUS stimulation, n=4 control). FUS stimu-
lation parameters were as follows: 4.5 MPa, 90% DC, 1 kHz
PRF, 4.5-9 ms stimulation duration. Only one of the hind
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limbs was stimulated 20 times and verified with video
recording, as EMG electrodes can introduce damage to the
limbs and generate false positives. Behavioral testing was
recorded on days -1, 1, 2, and 3 with day 0 being the day
FUS stimulation was applied. Behavioral testing was
recorded and analyzed using the EthoVision behavioral
analysis suite (Noldus, Wageningen, The Netherlands). The
behavioral characteristics analyzed were the total distance
traveled, number of rotations to ipsilateral side of FUS
stimulation, and time spent in center versus along the walls
of the cube (Center=15x15 c¢m square in middle of cube,
along walls=remaining area between center square and
walls).

[0099] Thermocouple experiments were conducted with
the FUS transducer and parameters as follows: 0.7-5.4 MPa
peak negative pressure, 5 ms stimulation duration, 100%
duty cycle, 1 kHz PRF. Wire thermocouples (Omega, Nor-
walk, Conn., USA) were embedded in ex vivo hind limb
tissue along the sciatic nerve. Raster scans of a 5 mm? area
were acquired with 0.5 mm step sizes (n=5) with a tem-
perature sampling rate of 20 Hz. Samples were kept at an
average 21° C. throughout experiments.

[0100] Radiation force experiments utilized a radiation
force balance to measure the acoustic power of the trans-
ducer. A brush absorber was placed in a tank and filled with
DI water before degassing the entire setup. Once degassed,
this tank was placed on a weight balance and set to zero. The
transducer was positioned above the brush absorber with the
focal area targeting within the brush. Voltages ranging from
0.1-0.9 V were applied three times to find an average
increased weight (g) displayed from the radiation force
exerted on the weight balance. To determine the acoustic
power from the measurements the following equation (1)
was used:

2Mgc 1
Acoustic Power = 7‘57 xp2d (L

((1 + cos(arcsin(%):\)

where M is the mass reading from the weight balance, g is
gravity, ¢ is speed of sound in water at room temperature, a
is half the length of the transducer aperture, F is the focal
length, o is the acoustic attenuation of water and d is the
distance of the transducer the acoustic absorber. With this
acoustic power, it is possible to find the radiation force
according to equation (2):

s 2al
Radiation Force = —
¢

where F is a volumic force (N/m?), o is the tissue absorption
coefficient (m™"), I is the temporal average acoustic intensity
(W/m?), and ¢ is the speed of sound (m/sec). Deformation of
the tissue was found with Young’s modulus as in equation

3):

)]

=l S

assuming a Young’s modulus of 576 kPa.
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[0101] All analysis of data was done through functions
(Student’s t-test, one-way ANOVA, linear regression) pro-
vided within MATLAB.

Results

FUS Stimulation

[0102] Targeting of the sciatic nerve in anesthetized mice
was done with an 18.5 MHz imaging probe, and was
subsequently stimulated with a 3.57 MHz stimulation trans-
ducer. FIG. 1 is a diagram illustrating an exemplary embodi-
ment of a system for modulating peripheral nerves in a
subject using an ultrasound assembly according to the
disclosed subject matter. FIG. 1 shows the targeting and
positioning for both the stimulation and imaging transducer.
FIG. 1 depicts the targeting of the ultrasound transducers on
the sciatic nerve 155, as well as the position of the mouse leg
150 under the water bath 140 and stimulation transducer
102. B-mode images are acquired initially by switching out
the transducer probe on the 3D positioner mount. The
B-mode images are used to target the sciatic nerve, with
nerve and bone highlighted in white circles in the inset of
FIG. 1. Initially, a range of FUS parameters (0.7-5.7 MPa
peak-negative-pressure (PNP), 15-100% duty cycle (DC), 1
kHz pulse repetition frequency (PRF), 0.8 ms-1 s stimula-
tion duration) were employed to determine those that were
efficacious in stimulating the sciatic nerve. Reported pres-
sures in this Example for in vivo experiments account for
skin and muscle attenuation. The range of these initial FUS
parameters were determined from prior PNS and CNS
stimulation studies. Lower pressures and duty cycles were
investigated first, but EMG activity and visible muscle
activation was only detected once pressures and duty cycles
were above 3.2 MPa and 35% respectively (See Methods for
full parameter testing protocol). Also of note, the electro-
magnetic field (EMF) produced from the transducer genet-
ated various artifacts such as signal depression, which can
appear as a false positive response (FIG. 2). FIG. 2 1s a graph
demonstrating artifacts from EMF noise, where the lines
indicate traces from EMG recordings. The thick black bars
in FIG. 2 indicate the periods when ultrasound was applied.
From these preliminary experiments, a set of parameters
were found to successfully elicit EMG results: 3.2-5.7 MPa,
35-100% DC, 1 kHz PRF, 0.8-10.5 ms stimulation duration.
For evaluation, the data were divided into two groups. The
first pertaining to FUS stimulations with a total stimulation
time of 0.8 ms, and a second with stimulation times between
1-10.5 ms. The varied stimulation times between 1-10.5 ms
did not have a significant effect on EMG response delay
(time between onset of FUS stimulation and EMG response)
or peak-to-peak EMG signals (one-way ANOVA, p=0.6934,
p=0.5961 respectively). While excitation of the sciatic nerve
was possible at higher pressures/longer duration (>100 ms),
gross examination of skin and surrounding muscle revealed
tissue damage (change of color, consistency) in that range
without the need for histological evaluation. The excitation
associated with the visible damage was not reproducible
after the first EMG response regardless of intra-trial pauses.
The damage generated can be irreversible as shown in the
positive control for histology (see Results: Histology).

[0103] FIGS. 3A-3C are graphs showing typical EMG
responses to FUS stimulation. The lines are the recorded
EMG signals. The thick black bars indicate the periods when
ultrasound was applied. FIG. 3A is a graph showing a single
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spike EMG response to FUS stimulation of the long duration
group (1-10 ms stimulation duration). It shows a typical
single spike EMG response to FUS stimulation of the sciatic
nerve with a PRF of 1 kHz and an 8 ms stimulation duration.
These were the most common responses observed (n=63)
with the set of parameters defined above. Occasionally, a
second EMG signal (n=18) was observed following the FUS
stimulus, as shown in FIG. 3B. FIG. 3B is a graph showing
a double spike EMG response to FUS stimulation of the long
duration group. 83% of such secondary signals occurred
when a 50% DC was utilized during FUS stimulation. When
stimulating the sciatic nerve with a 35% DC, only this
secondary EMG response was observed after stimulation
had occurred (n=7). As seen in FIGS. 3A and 3B, these EMG
responses during FUS stimulation were accompanied by the
aforementioned EMF artifact. Reducing the stimulation
duration to 0.8 ms with 100% DC (continuous wave), single
EMG responses with reduced EMF noise can be elicited, as
shown in FIG. 3C (n=57). FIG. 3C is a graph showing two
EMG spikes for the short FUS stimulation duration group
(0.8 ms stimulation duration). No EMG signals or observ-
able muscle activation was detected using a DC less than
100% for the 0.8 ms stimulation group. There were no
significant changes in peak-to-peak EMG responses with
changes in stimulation duration for the 1-10.5 ms group
(I-way ANOVA, p=0.5961). On average, the EMG
responses for the 0.8 ms stimulation group were not signifi-
cantly different from the EMG responses for the 1-10.5 ms
stimulation group per each pressure (Student’s t-test, p=0.
1044; data are significantly different if p<0.05).

[0104] The success of stimulation for each parameter
group is shown in FIG. 4. FIG. 4 is a diagram showing
stimulation success rates. FIG. 4 shows success rate with
pressure and pulse length. The light grey, medium grey, and
black bars are from the long stimulation group (1-10.5 ms)
while the dark grey bar is from the short stimulation group
(0.8 ms). Success was determined as the ability to elicit
subsequent EMG responses following initial EMG detection
or observable muscle contraction. As shown with both the
0.8 ms and longer duration groups, success rates increased
overall with pressure and pulse length. For both groups,
there was a large decrease in success between the 4.5 MPa
and 3.8 MPa groups (55 and 41%, respectively). Successful
stimulation occurred at a higher rate for lower pressures
(2.6-3.8 MPa) with the longer duration group, than for the
same pressures in the 0.8 ms stimulation duration group. It
was observed that following a stimulation without EMG
activity (unsuccessful trial), a break period of 20-30 seconds
improved the next stimulation success to 92% (n=15),
suggesting a greater latency is needed for repolarization
after multiple failed stimulations. Moving the FUS focal
spot away from the targeted sciatic nerve eliminated both
observable muscle activation and single spike EMG activity
with fully anesthetized mice. Stimulation of the skin and
muscle tissue at light planes of anesthesia did result in
compound EMG activity shown in FIG. 5 (n=80), but never
single spikes as observed with stimulation of the sciatic
nerve. FIG. 5is a graph demonstrating EMG response while
stimulating the skin. The lines are traces from EMG record-
ings. The thick black bars indicate the period when ultra-
sound was being applied.

[0105] To verify EMG signals and muscle contraction
occurred due to stimulation of the nerve and not the sur-
rounding tissue, nerve transection experiments were con-
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ducted. After acquiring multiple (n=20) successful EMG
responses, a small incision was made in the thigh muscle
exposing the sciatic nerve. The nerve was then clipped
downstream of FUS stimulation and the transducer was
repositioned at the prior location of successful stimulation.
Transection of the sciatic nerve abolished all EMG signals
from FUS stimulation as shown in FIG. 6. FIG. 6 is a graph
showing EMG responses before and after nerve clip. The
solid line is the recorded EMG signal before nerve trans-
section while the dashed line is the EMG signal after the
nerve had been transected. The black bar indicates the period
when ultrasound was being applied.

Electrical Stimulation Comparison

[0106] Electrical stimulation of the sciatic nerve was used
both as validation for placement of the EMG electrodes in
the tibialis anterior muscle initially as well as a benchmark
for comparing the FUS responses to conventional methods.
A range of electrical stimulation parameters were investi-
gated (see Methods: Electrical Stimulation) to determine the
parameters most similar to FUS stimulation. These param-
eters were selected from prior studies employing electrical
stimulation to treat neuropathy. An electrical stimulation of
10 mA, 250 ps stimulation duration, and 5V generated
similar peak-to-peak EMG spikes as that of the FUS stimu-
lation response. FIGS. 7A-7B are graphs comparing EMG
signals between electrical and FUS stimulation. The dotted
horizontal bar indicates electrical stimulation (“E. S.”)
response. The light grey. medium grey and black bars are
from the long stimulation group (1-10.5 ms) while the dark
grey bar color bars are from the short stimulation group (0.8
ms). FIG. 7A shows the average delay from onset of
stimulation to EMG signal and standard deviation for each
pressure and duty cycle. FIG. 7A shows that the latency to
the EMG signal was comparable for both the 0.8 ms and
long/1-10.5 ms duration stimulation groups, except for the
35% DC subgroup, which was significantly slower than all
other groups (Student’s t-test, p=6.1321e7>%). As noted
above, the 35% DC subgroup only generated EMG
responses after FUS stimulation had ceased. The 0.8 ms
stimulation duration group had the most consistent delay and
was not significantly different than that of the electrical
stimulation group (Student’s t-test, p=0.0593). FIG. 7B
shows the average peak-to-peak and standard deviation
EMG for each pressure and duty cycle.

Behavioral Testing

[0107] An open field test (30 cm® opaque square box) was
utilized to assess short term damage to the nerve and
surrounding tissue from the FUS stimulation. Mice were
recorded one day prior and three days following FUS
stimulation. The total distance traveled and number of
rotations to the ipsilateral side of FUS stimulation were
monitored as a decrease in distance traveled and ipsilateral
rotations can indicate damage. For example, FIG. 8 is a
series of graphs showing behavioral testing data. Compari-
son between the stimulated group (light grey) and the
control group (black) for each day is displayed in FIG. 8.
Each row is a separate test: time spent at the wall, time spent
in the center, total distance traveled and number of rotations.
There were no significant deviations between the day before
stimulation, nor the control groups. As shown in FIG. 8§,
distance traveled for mice that received FUS stimulation did
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not significantly change from the control group, nor from
their average distance traveled on day -1 (one-way ANOVA,
p=0.4533). The average number of rotations towards the
ipsilateral side of FUS stimulation also did not significantly
change as compared to the days following FUS stimulation
and the control group (FIG. 8, one-way ANOVA, p=0.1695).
Their time spent in the center and along the walls of the open
field test was also monitored as a determinant of their
anxiety levels. If the FUS stimulation had caused discom-
fort, but not to the point of generating detectable damage
with the metrics employed above, monitoring their activity
relative to their position in the box can be used to determine
if they were more anxious following the procedure. FIG. 8
also shows the stimulated group does not significantly differ
from the trends of the control group, as the mice spend less
time overall within the center of the box and more time in
the outside of the box over the time course of the experiment
(Student’s t-test, all groups p>0.05). These behavioral
results indicate that the FUS stimulation parameters that
were successful at eliciting EMG responses are also safe for
short term applications.

Histology

[0108] H&E staining of the sciatic nerve and surrounding
tissue in the FUS targeted area were evaluated with a blinded
study for damage (n=8 FUS stimulation, n=8 negative
control, n=1 positive control. See Methods for full param-
eters). Damage was defined as red blood cell extravasation,
abnormal cell morphology, inflammation, and destruction of
cellular membranes. FIGS. 9A-9B are images of the H&E
Histology. FIG. 9A is an image showing the sciatic nerve
bundle and surrounding neural and muscle tissue for the
FUS stimulated group with parameters found for successful
EMG and muscle activation. FIG. 9A shows the FUS
targeted area when using parameters found successful to
elicit EMG responses. No damage was observed for any of
stimulated mice samples, nor with the negative controls (no
FUS stimulation). Damage was detected for the positive
control (5.4 MPa, 90% DC, 1 kHz PRF, 0.5 s stimulation
duration) as shown in FIG. 9B. FIG. 9B is an image of the
positive control group showing damaged areas by applying
FUS stimulation for 0.5 s. Red blood cell extravasation,
inflammation, and cell membrane destruction was found in
the stimulated region, while areas neighboring the targeted
region were unaffected, demonstrating the target specificity
of the FUS stimulation. As with the behavioral results, these
results indicate that the FUS parameters found efficacious
for eliciting EMG response while stimulating the sciatic
nerve were safe.

Thermocouple

[0109] To determine if the FUS stimulation elicited a
thermal effect, thermocouples were embedded in an ex vivo
mouse hind limb adjacent to the sciatic nerve. The mouse
limb was pinned to a dissection tray filled with degassed
water and maintained at room temperature (21° C.). FIG. 9C
shows the averagezs.d. temperature for the following FUS
parameters: 0.7-5.3 MPa, 90% duty cycle, 1 kHz PRF and
provides a plot of pressure vs averagess.d. temperature
increase in an ex vivo mouse hind limb from baseline (room
temperature 21° C.). The inset of FIG. 9C includes a raster
plot of temperature increase in an ex vivo mouse hind limb
during FUS stimulation at a PNP of 4.5 MPa. Stimulation at
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the higher pressures exhibited a 1.09° C. increase in tem-
perature of the ex vivo limb with an overall range of 0-1.09°
C. The raster of the temperature during FUS stimulation at
4.5 MPa, shows the peak temperature increase was at the
focal area, but there was local heating surrounding the focal
area due to the femur being within the raster area. These
increases in temperature decayed to baseline within 142
seconds on average (n=>5). This small change in temperature
recorded was significantly lower than prior reported values
for inhibition of peripheral neurons during ex vivo experi-
ments which required temperature increases of up to 20° C.

Radiation Force

[0110] Utilizing the pressures found successful for elicit-
ing EMG responses, the acoustic radiation force generated
from the transducer was capable of deforming the tissue in
the targeted area relative to the adjacent region. The acoustic
radiation force was measured using a force balance to
determine the total power from the transducer and then
converted to determine the deformation at the focal region.
Assuming a Young’s modulus of 576 kPa for neural tissue,
the deformation varied with applied input voltages from
14-422 um (0.1 V/0.7 MPa, 0.9 V/5.7 MPa respectively).
Table 1 details the power output and deformation for all
pressures utilized within this Example. The displacement
generated by the FUS parameters employed in this study
was large enough to facilitate the firing of the action
potential to elicit EMG activity according to prior work.

TABLE 1

Values for power output, theoretical deformation, pulse
energy and temperature increase for applied pressures.

Pressure Power  Displacement Pulse Temperature
(PNP, MPa) (W) (um) Energy (mJ])  Increase (C.%)

0.7 3.2 8.5 0.5 0.01

14 12.8 34.1 1.9 0.01

2.0 31.0 82.7 4.6 0.28

2.6 54.7 146.0 8.1 0.43

32 85.2 227.1 12.5 0.54

3.8 97.8 260.6 14.4 0.88

4.5 118.1 314.7 17.4 0.83

5.1 138.4 368.7 204 1.09

5.7 158.6 422.8 234 1.01

Discussion

[0111] This Example demonstrates successful in vivo FUS

stimulation of the peripheral nervous system. Prior conven-
tional techniques such as electrical stimulation or drug
therapies are, respectively, either invasive or untargeted.
Drug therapies are the most common treatments, but with all
drug approaches there is the possibility for unwanted sys-
temic side effects. Throughout the lifetime of implantable
electrical stimulation devices, complications can arise from
surgery, immune response to implant, and damage to the
nerve from repeated electrical stimulation. FUS stimulation
of the PNS is both non-invasive and targeted, reducing the
complications for treatment of damaged peripheral nerves
and the overall cost of treatment as surgery is not necessary.
For at-home transdermal electrical stimulation systems,
patients have reported the stimulation could not penetrate
deep enough to reach the target area, along with irritation
during stimulation. With a FUS system, these issues can be
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resolved as the target depth can be tailored using a multi-
element array and varying the parameters applied. Since
ultrasound is employed for the targeting of the nerve, an
all-in-one system for targeting and stimulation of the periph-
eral nerve can be used, and with training, an at-home system
can be used by patients, allowing for treatment without the
need for travel to the clinic, reducing the overall financial
and temporal costs of the treatment compared to conven-
tional techniques that require multiple tests to determine
therapy outcomes.

[0112] The success of the technique ranged from 16%-
100% depending on the FUS parameters employed, dem-
onstrating the reproducibility of this technique. While some
of the success rates are lower than that for electrical stimu-
lation (100% success), the mechanisms are fundamentally
different. Electrical stimulation of an axon activates the
voltage gated ion channels in the nodes of Ranvier gener-
ating an action potential. With ultrasound, the stimulation is
fundamentally a mechanical force.

[0113] In this Example, it is hypothesized that the
mechanical forces from FUS are being converted into an
electrical signal by forcing open the voltage gated ion
channels in the nodes of Ranvier. The direct mechanics of
this conversion are unknown, but the findings presented
herein indicate that the generation of the action potential
occurs with onset of FUS stimulation. The short 0.8 ms
stimulation duration elicited EMG responses with 100%
success for pressures ranging from 4.5-5.7 MPa. These
pressures correspond to a theoretical tissue displacement of
up to 422 pm. Prior studies have shown mechanically
stimulating a peripheral nerve axon can elicit an action
potential with a deformation of only 10-60 pm. These
studies used unmyelinated axons which are easier to stimu-
late, but here the nerve tissue is deformed orders of mag-
nitude greater. While mechanosensitive ion channels exist
on cell bodies, they are not present on the axon of the naive
sciatic nerve. Thus, with the lack of FUS activated mecha-
nosensitive ion channels, it can be concluded that the
deflection from the acoustic radiation force generates dis-
placement of the axon, forcing opening of the voltage-gated
ion channels located at the nodes of Ranvier. Prior work
demonstrated stimulation of an ex vivo frog sciatic nerve by
both ultrasound and mechanical stimulation, postulating the
initial deformation of the nerve was the impetus of action
potential generation. Other FUS studies have postulated
intra-membrane cavitation and oscillation of bubbles within
the membrane can change the membrane capacitance, thus
triggering the cell to fire an action potential. The use of
harmonic motion imaging will be explored to verify defor-
mation in vivo during FUS stimulation as well as the
detection of cavitation in future experiments.

[0114] Current ex vivo and in vitro reports on FUS PNS
modulation are divided between thermal or mechanical
effects driving the neuromodulation. Thus far, thermal
effects are associated with inactivation of the stimulated
nerve while mechanical effects are associated with the
activation of the nerve. With the thermocouple experiments,
the stimulation effects were verified as not due to tempera-
ture increase. The maximum temperature increase with the
highest pressures/longest durations only had a temperature
change of 1.09° C. in ex vivo tissue. Temperature increases
of 14-20° C. were needed in prior work stimulating excised
peripheral nerves before the action potential was inhibited.
Even with a thermal decay time with an average of 6 seconds
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the increase in temperature at the sciatic nerve in vivo with
the FUS parameters that were found efficacious does not
necessarily generate a thermal increase of a magnitude
required for inhibition. Thus, the in vivo experiments agree
with the ex vivo literature stating excitation of the PNS is a
mechanical, not thermal effect.

[0115] Comparison of FUS stimulation to conventional
electrical stimulation shows that the latency of the EMG
response for the 0.8 ms stimulation duration group was not
significantly different than that of the electrical stimulation
group. Although the stimulation constitutes a different
mechanism, the findings indicate the mechanical stimulation
to be as temporally efficient as with electrical stimulation.
FUS stimulation responses were strong enough to elicit
EMG spikes comparable to that of electrical stimulation and
visible muscle contraction was recorded. The results dem-
onstrate FUS can potentially serve as an alternative or
complementary treatment to various patient conditions that
are currently treated with electrical stimulation at peripheral
nerve sites, like chronic pain and incontinence.

[0116] Investigation of the short-term physiological
effects of FUS stimulation on the sciatic nerve revealed no
detectable damage with either histology or behavioral test-
ing. For many electrical stimulation therapies to treat periph-
eral nerve damage, device implantation and removal can
generate damage to the nerve or surrounding tissue. The
blinded histological examination study did not detect any
RBC extravasations nor changes in cellular morphology of
the surrounding tissue for FUS parameters that were found
successful for stimulation, demonstrating the technique is
safe. Open field testing did not indicate any damage to the
sonicated limb, behavior in mice after the stimulation was
not significantly different from that of the control or baseline
groups.

[0117] Overall, this example demonstrates FUS stimula-
tion of the sciatic nerve in vivo and provides a range of FUS
parameters that have been determined to successfully acti-
vate peripheral nerves and to elicit EMG activity down-
stream of FUS stimulation, as well as the abolishment of
EMG signal when the nerve is transected. Safety experi-
ments did not indicate any short-term damage to the nerve
or the surrounding tissue. Recorded EMG signals were
comparable to those generated using conventional electrical
stimulation methods, indicating FUS stimulation can be a
non-invasive alternative to electrical stimulation for periph-
eral nerve excitation. FUS thus has the ability to both excite
and inhibit neuronal activity and can be a powerful tool to
target multiple nerve types including the vagus, which has
the potential to treat multiple diseases such as epilepsy,
depression, and metabolic disorders. These results support
further investigation of FUS-based techniques as a non-
invasive and safe alternative to conventional treatment of
electrical stimulating peripheral nerve sites.

Example 2: Imaging of Tissue Displacement
During Focused Ultrasound Neuromodulation In
Vivo

[0118] This Example provides methods and systems for
imaging of tissue displacement during focused ultrasound
neuromodulation in vivo.

Background, Motivation, and Objective

[0119] FUS has been shown to modulate neural activity in
the brain. Feasibility of FUS modulation of peripheral
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nerves has been shown in vivo, as described in Example 1.
However, the mechanism of FUS on the PNS is not known
and it is desirable to image modulated nerves in vivo to
study the mechanism. Moreover, methods of imaging nerves
in vivo can provide an image-guided approach to modula-
tion monitoring. In this Example, a new transducer was
designed that incorporates both the FUS transducer and an
imaging array that can simultaneously image the mechanical
perturbation of the tissue during modulation in vivo.

Methods

[0120] The FUS stimulation system consists of a 96-¢le-
ment, 4.5 MHz HIFU therapeutic ultrasound transducer
confocally aligned with a 104-element, 7.8-MHz, pulse-
echo imaging transducer. The pulse length was equal to 6 ms
and in vivo mice were used to determine feasibility. Acti-
vation of the sciatic nerve in the upper thigh of the mouse at
5 different locations were induced with the same parameters
previously reported. A Verasonics Vantage was used to
acquire 200 RF frames at a 10 kHz pulse repetition fre-
quency and 1D cross-correlation with a 20 lambda window
and 90% overlap was applied to image the inter-frame axial
displacement before, during, and after modulation.

Results and Conclusions

[0121] Displacement maps overlaid on the B-mode
images are shown in an example of a mouse in vivo in FIG.
10. FIG. 10 is a diagram showing displacement maps
overlaid on the B-mode images in an example of a mouse in
vivo. Before FUS, no displacement was registered. Once
FUS was applied (at 2 ms), downward displacement is
detected with the highest displacement at the focus of the
FUS beam. During modulation, the average peak displace-
ment at the focus was 9.8 microns with the parameters used
to induce sciatic nerve stimulation. After FUS is stopped (at
7 ms), displacement steadily decreases during 0.5-0.8 ms
before complete recovery of the tissue. These findings
indicate that FUS neuromodulation is associated with the
radiation force effect and therefore its successful application
is dependent upon sufficient displacement generation.
[0122] FIG. 11 is a diagram depicting stimulation and
imaging parameters, as well as tracking sequences and FIG.
12 is a diagram showing targeted nerve and recording site.
FIG. 13 is a graph showing EMG responses after removal of
artifact and comparison to normal electrical stimulation
responses. It demonstrates that the ultrasound stimulated
response is similar to the normal response, indicating that
activity is induced in nerves rather than muscles.

[0123] FIG. 14 is a diagram demonstrating area of acti-
vation in relation to bone. FIG. 15A is a graph showing areas
of activation that correspond with sciatic nerve location
relative to bone. FIG. 15B is a graph showing areas of
activation afier the initial point was positioned at site of
activation for finer raster scan. These data show localized
activity where nerve should be in relation to bone.

[0124] FIG. 16A is a graph showing displacement imaging
modulation with increasing pressures. FIG. 16B is a graph
showing individual frames of displacement imaging with 9
MPa pressure. The data demonstrate that more tissue is
affected with increasing pressures and therefore indicate that
more of the nerve is influenced. EMG response character-
ization reveals max variation in latency and that peak to peak
response occurs around 700-750 mV. Successful responses



US 2019/0247678 Al

also maximize returns at these pressure/intensity levels. FIG.
17 is a graph showing characterization of EMG responses.
FIG. 18 is a graph showing varied EMG responses and tissue
displacements at pressures higher than 16 MPa peak positive
pressure (PPP), 8.74 MPa peak negative pressure (PNP). Tt
demonstrates that at high pressures, area of tissue affected by
FUS stimulation becomes varied, which can correlate with
more varied EMG responses.

[0125] FIGS. 19A-19D are graphs showing induction of
stable cavitation and inertial cavitation with different pres-
sures. FIG. 19A is a graph showing no ultraharmonics or
broadband emissions. FIGS. 19B and 19C are graphs show-
ing ultraharmonics without broadband emissions. FIG. 19D
is a graph showing ultraharmonics and broadband emis-
sions. These data provide evidence that stable cavitation is
induced at lower pressures and inertial cavitation is induced
at higher pressures. This also corresponds to more consistent
EMG responses at stable cavitation ranges, fewer responses
at inertial cavitation ranges, and no response below stable
cavitation ranges. Ongoing studies will further investigate
the link between the nerve displacement amplitude and
induced muscle activity in vivo.

Example 3: Acute Testing of Non-Invasive
Ultrasound Guided and Mediated Peripheral Nerve
Modulation in Healthy Volunteers

[0126] This Example provides methods and systems for
non-invasive ultrasound guided and mediated peripheral
nerve modulation in healthy individuals. In particular, an
example protocol is provided for performing peripheral
nerve modulation in human and animal subjects.

Purpose/Policy

[0127] The purpose of this Example is to provide detailed
instructions on the operation of ultrasound-guided and medi-
ated peripheral neuromodulation in healthy volunteers.

Scope

[0128] This Example applies to the researchers involved in
this protocol regarding the use of a custom medical device.
Adherence to this Example and its requirements will help
mitigate the risk of unexpected outcomes resulting from
machine misuse.

Definitions/ Acronyms

[0129] Transducer: A device that converts electrical sig-
nals into mechanical pressures and vice versa

[0130] Sonication: The time during which acoustic energy
is transmitted through the transducer

[0131] FUS: Focused Ultrasound

[0132] UMN: Ultrasound Mediated Neuromodulation
[0133] EMG: Electromyography

[0134] PNS: Peripheral Nervous System

Responsibilities

[0135] The UMN application should comply with the

procedure described herein. It is the responsibility of every
researcher listed in this Example to maintain documented
evidence of the ultrasound parameters and patient scans in
order to validate the effect of ultrasound operated under
explicitly specified limits.
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Procedures

Description of Focused Ultrasound

[0136] The term focused ultrasound describes the distri-
bution of the energy that is concentrated instead of being
spread. To achieve a focused energy deposition, a single
element, spherical-segment FUS transducer (H-108, Sonic
Concepts, Bothell, Wash.) operating at 3.1 MHz (radius: 30
mm; geometric focus length 50 mm; focal length 3 mm;
focal width: 0.45 mm) is used, and the FUS transducer is
driven using a function generator (Agilent, Palo Alto, Calif.,
USA) through a 50-dB power amplifier (E&I, Rochester,
N.Y., USA). A 5 MHz, phased-array imaging transducer
(IP-105, Sonic Concepts, Wash., USA; focal depth: 65 mm;
96-element) will be confocally mounted at the central open-
ing of the FUS transducer to achieve overlap of the two foci.
The signals received by the imaging probe will be processed
using a 128-element vantage machine (Verasonics, Kirk-
land, Wash., USA) to display B-mode images of the area of
stimulation before, during, and after application of therapy
in real time.

Description of the Imaging & Positioning Systems

[0137] The imaging system consists of a computer and a
transducer interface box. The imaging transducer is plugged
into the transducer interface box for recording of both
B-mode and displacement maps used for targeting of the
therapeutic transducer. This computer will also control the
stimulation program and all real-time information (B-mode,
displacement maps) will be displayed on the monitor.
[0138] The positioning system consists of a robotic arm
(Kinova Robotics, Quebec, Canada) along with a joystick to
control the initial positioning of the transducers. After initial
positioning, a program on the Verasonics computer will be
used to control the fine motions of the robot arm for the
raster scan along with the final positioning of the transducers
before stimulation.

Procedure

Before Stimulation

[0139] The procedure and respond to any questions and
concerns are described to the subject. Once the subject signs
the consent form, the process can begin with the planning of
the procedure (i.e. excitation and which nerve to target
during the procedure).

The Day of Stimulation

[0140] The morning of the procedure, 500 ml of water is
degassed for a duration of four hours, or until the dissolved
02 content is below 10%. Additionally, ultrasound gel will
be degassed for four hours in a centrifuge. Degassed water
and gel are necessary as any air will distort the ultrasound
beams resulting in lower doses of stimulation, as well as
reducing the resolution of B-mode and displacement images.
[0141] Once the system is ready, the subject enters the
room and sits on the subject table. They are given a
questionnaire to fill out, inquiring muscle activation ability
and pain in the area of the nerve to be targeted by the
therapy. The area where the ultrasound will be applied needs
to be shaved as hair will distort the acoustic waves. After
shaving the area will be cleaned with water, and then the
degassed ultrasound gel will be applied to the area. The
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transducers are then moved to the target area using the
joystick to control the robotic arm. Once the transducers are
approximately placed in the targeted area, the software is
started. The researcher will then start the B-mode acquisition
and use it to align the FUS transducer foci with the region
of interest. The B-mode display will show a 2-D image of
the region that the therapeutic ultrasound is targeting.
Crosshairs on the B-mode image display should align with
the selected peripheral nerve. To validate targeting, displace-
ment testing will be conducted. This utilizes the FUS
ultrasound at a power output significantly lower than the
therapeutic values. The output causes some tissue motion in
the focal area, and will be used to confirm the focal area of
the therapeutic transducer is on the selected nerve.

[0142] At this time, EMG leads will be placed on the skin
adjacent to the muscles innervated by the targeted nerve,
with the ground placed on another limb away from the
region of interest. Once the leads are placed, the EMG
software is turned on and parameters are selected to record
any EMG activity in the local area of the treatment. Then
parameters for modulation will be selected on the software
(pressure, duration, duty cycle, pulse repetition frequency)
as determined for the individual subject. These selections
cannot be greater than the determined safety thresholds and
the software will not allow the researcher to select values
outside of that range. Once parameters are selected and
verified, the researcher will then start the ultrasound soft-
ware to apply the therapeutic ultrasound to the subject.
Targeting and modification of parameters will be repeated as
necessary for each individual’s therapy treatment. Following
the session, the transducers and EMG leads will be removed
from the subject and the subject will be given an exit
questionnaire regarding the sensations at the target area after
the procedure. Follow up questionnaires will be sent to the
subject the day after and a week after the procedure.

The Procedure (for the Researchers)

[0143] For this procedure, up to two researchers can be
used (Researcher #1; Researcher #2).

Before Subject Arrival

[0144] 1) Degas 500 ml of water for 4 hours or until the
02% levels are less than 10% when read from a dissolved
oxygen meter (researcher 1)
[0145] 2) Degas ultrasound gel in a centrifuge at 900 RPM
for 4 hours (researcher 1) Following subject arrival
[0146] 1) Provide the entrance questionnaire to the
subject (researcher 2)

[0147] 2) Power on all equipment (researcher 1)
[0148] a. Verasonics computer
[0149] b. Verasonics transducer tower
[0150] c. Function generator
[0151] d. Amplifier
[0152] e. Matching Box
[0153] f. Robotic Arm
[0154] g. Biopac EMG recording hardware
[0155] 3) Fill water bladder from the top of the H-108

transducer full and place the imaging probe in the
center aperture (researcher 1)

[0156] 4) Bring in the subject and situate them com-
fortably on the procedure table (researcher 2)

[0157] 5) Remove hair by shaving (5 cm diameter) the
target limb region on the subject (researcher 2)
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[0158] 6) Apply degassed ultrasound gel to the newly
shaved target area (researcher 2)

[0159] 7) Place EMG leads on skin adjacent to the FUS
stimulation (researcher 2)

[0160] a. One EMG lead per each side of the trans-
ducer and place the ground on another limb

[0161] b. Start the recording software to assess sta-
bility and quality of recordings

[0162] 8) Position the ultrasound transducer system on
the target region using the robotic arm joystick (re-
searcher 1)

[0163] 9) Start the imaging/Stimulation program on the
Verasonics computer (researcher 1)

[0164] 10) Using the real-time B-mode image, locate
the target nerve (researcher 2)

[0165] 11) Probe the region of interest using the dis-
placement function to verify the focal area of the
stimulation transducer is indeed on the nerve (re-
searcher 2)

[0166] 12) Select initial pressure, duration, and duty
cycle for therapeutic ultrasound dose (researcher 2)
[0167] 13) If the subject indicated willingness for video
recordings, position the webcam where no individual
markings or ways to identify the subject are in the

viewfinder and start video recordings (researcher 1)

Treatment

[0168] 1) Click “start treatment” to start the therapy
(researcher 2)

[0169] 2) Increase acoustic power until safety limit is
reached or the subject indicates any response to the
treatment (researcher 2)

[0170] 3) BEvery minute, assess the state of the subject
for any signals to stop the procedure (researcher 2)

Post-Treatment

[0171] 1) Store all EMG data, displacement maps,
B-mode images, and video recordings into the
encrypted computer (researcher 1)

[0172] 2) Remove the ultrasound system from the sub-
ject using the robotic arm joystick (researcher 2)

[0173] 3) Clean ultrasound gel from the subject’s skin
(researcher 2)

[0174] 4) Remove all EMG leads from the subject’s
skin (researcher 2)

[0175] 5) Provide the subject with the exit questionnaire
(researcher 2)

Example 4: Targeting and Monitoring of In Vivo
Focused Ultrasound Peripheral Nerve
Neuromodulation Via Tissue Displacement

[0176] This Example provides methods and systems for
monitor and estimate tissue displacement during FUS neu-
romodulation of the sciatic nerve in an in vivo mouse model.
[0177] Peripheral nerve stimulation (PNS) can be used to
treat a variety of chronic neuropathic pain conditions. PNS
can include the inhibition of nociceptive transmission of
injured peripheral nerves via electrical pulses delivered by
permanent implanted electrodes. This procedure can be
effective in the treatment of trigeminal neuropathic pain,
painful nerve injuries, migraines, post-amputation pain, and
peripheral neuropathies. Techniques such as drug therapy
and transcutaneous electrical nerve stimulation, although
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typically non-localized, can be less invasive and cheaper
alternatives to PNS. Other techniques to treat neuropathic
pain through brain stimulation can include transcranial
direct-current stimulation (tDCS) or repetitive transcranial
magnetic stimulation (rTMS), which can produce long-
lasting effects, but can also be non-localized.

[0178] Alternatively, focused ultrasound (FUS) can evoke
neuromodulatory responses in various in vivo, ex vivo, in
vitro studies. The superior target specificity and depth of
penetration of FUS in comparison to certain other non-
invasive techniques have been demonstrated in the brain and
in the peripheral nerve. The underlying mechanism of FUS
neuromodulation has remained largely unknown, and stud-
ies involving FUS modulation of the CNS can be prone to
physical limitations. The skull absorbs and distorts the
ultrasound wave, and can force the practitioner to increase
the intensity of the transducer or lower the frequency in
order to reach certain brain regions. Furthermore, artifacts
such as indirect activation through auditory pathways have
been detected. Despite the differences between the central
and peripheral nervous systems, FUS-based PNS performed
noninvasively can give insight into the mechanisms coupled
with FUS associated with neuronal activation such as cavi-
tation, temperature, and acoustic radiation force, while
avoiding physical limitations.

[0179] Certain existing techniques for targeting of the
FUS beam for in vivo studies rely upon MRI or neuronavi-
gational systems, but are not capable of providing feedback
on what tissues are activated. Aberration of the focus and
standing wave formation can contribute to unintended deliv-
ery of acoustic energy to the surrounding regions. In addi-
tion, inadequate acoustic coupling, tissue absorption, and
scattering can cause excessive ultrasound attenuation, reduc-
ing the efficacy of the technique. Thus, the clinical transla-
tion of FUS neuromodulation calls for a method for moni-
toring FUS delivery to ensure the efficacy and safety of the
treatment.

[0180] In this example, an ultrasound-based monitoring
technique was used to monitor and estimate tissue displace-
ment during FUS neuromodulation of the sciatic nerve in an
in vivo mouse model at high frame rates. The example
illustrates that FUS-induced tissue displacement correlates
with electromyography (EMG) activation. This technique
can visualize the FUS focus and provide real-time feedback
regarding which tissues are activated, and thus can provide
an important tool to determine the mechanisms involved in
FUS neuromodulation.

Methods

Ultrasound Neuromodulation System

[0181] Two commercially available ultrasound transduc-
ers were used in a confocally aligned configuration (FIG.
20A): A FUS stimulation transducer (H-215, 4 MHz center
frequency, single-element FUS; SonicConcepts, Bothell,
Wash.) and an imaging transducer (L.22-14vX_LF, 16 MHz
center frequency, 128 elements linear array, Vermon,
France). Transducer frequencies were chosen to reduce the
overlap between the bandwidth for mitigation of interfer-
ence between imaging and stimulation pulses. Acoustic
stimulation emissions were driven by a function generator
(33220a; Keysight Tech., Santa Rosa, Calif.) amplified by a
150 W amplifier (A150; E&I, Rochester, N.Y.). Imaging
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transmit and receive events were acquired through a Vantage
128 (Verasonics; Redmond, Wash.) research platform.

Animal Preparation

[0182] All procedures and protocols were approved by the
Columbia University Institutional Animal Care and Use
Committee (IACUC) and the USAMRMC Animal Care and
Use Review Office (ACURO). Male C57BL/6J mice, weigh-
ing between 22 g to 28 g, were used in all examples (n=6).
Mice were anesthetized with isoflurane: 3% during induc-
tion and preparation, 1.2% during the procedure. Dehydra-
tion is an important issue in acquiring robust EMG response
from focused ultrasound so 0.1 mL per 10 g of body weight
was subcutaneously injected every 1-2 h. An infrared heat-
ing pad was used to maintain proper body temperature
throughout all examples. The mouse was placed in a pro-
nated orientation so that the sciatic nerve was more super-
ficial to the ultrasound transducer.

EMG Recordings

[0183] Electromyography was performed using two bi-
polar needle electrodes grounded to either the loose skin on
the back of the neck, or the table. One electrode was placed
1 mm into the tibialis anterior and the other 1 mm into the
gastrocnemius muscle. The head was fixed in a stereotaxic
system and the legs were immobilized to reduce movement
artifacts in the EMGs. The mouse was then placed in a
custom-built Faraday cage to block external noise sources
from the recording electrodes. Both the transducer and the
faraday cage were grounded. Stimulation and recording sites
are depicted in FIG. 20A on the right. FUS was delivered
noninvasively into the sciatic nerve in the upper thigh and
EMG was recorded downstream. Representative EMG
traces are shown below for both the Tibialis Anterior and the
Gastrocnemius Muscles (n=10).

Acoustic Waveform Parameters

[0184] FIG. 20B shows the acoustic waveform used in the
example. Ultrasonic neuromodulation stimulation param-
eters were configured as follows. The function generator was
set to output 0.5 to 10 ms pulse duration (2,000-40,000 burst
cycles) of 4 MHz ultrasound. The pulses were repeated at a
frequency (PRF) of 0.01 Hz (0.005% DC) to ensure miti-
gation of thermal effects on the nerve and the skin. The
ultrasound focus size is 0.24 by 1.19 mm (Full Width Half
Maximum), which envelops the whole nerve axially and
33% laterally. In addition to pulse duration, the pressure was
varied from 4 MPa to 33 MPa (peak positive pressure).
Ultrasound waveforms were transmitted through a coupling
cone filled with degassed water, a degassed water bath, and
degassed ultrasound gel coupled to the upper thigh of the
mouse.

FUS Targeting of the Sciatic Nerve

[0185] The FUS transducer was positioned using a 3D
motorized positioner (Velmex, Bloomfield, N.Y.). Ultra-
sound B-mode images were used to align the focal zone of
the transducer and the sciatic nerve using the femur and the
trifurcation branching of the sciatic into the sural, femoral,
and tibial nerves as landmarks. Low intensity pulses were
then applied onto the nerve and resultant tissue displacement
was estimated and displayed in real-time to visualize ultra-
sound propagation to the nerve. The displacement from FUS
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can have an ellipsoid shape propagating outward in a shear
wave. Position was then fine-tuned to place the focus onto
the nerve trunk.

Displacement Imaging

[0186] For acquisition of displacement data, plane wave
transmits were used, allowing for a high frame rate of 50,000
acquisitions per second (FIG. 20B bottom). The plane wave
transmits were tilted from -5° to +5° and summed up to
produce a compound image with higher resolution and lower
noise. Five compounding angles corresponding to a final
frame rate of 10 kHz frame rate were used for the capture of
tissue movement before, during, and after FUS application
to the nerve. For initial targeting, low pressures <1 MPa
were delivered and tracked. For a 1 ms FUS stimulation,
nerve and surrounding tissue movement can be seen within
10 frames due to nonlinear ultrasound absorption (FIG.
21A). The relaxation of the tissue is then shown in the
remaining frames. Additionally, shear dynamics can be
tracked by displaying the displacement between subsequent
frames. The technique was also delivered to the median
nerve in the human arm (FIG. 21B). The beam can be
localized at coordinates O mm lateral and 25 mm axial/depth.
FUS transmit can cause interference in the imaging trans-
ducers bandwidth leading to reduced accuracy and noise in
the displacement images. To counter this, notch filters at the
fundamental and up to the 7th harmonic were implemented
before beamforming.

[0187] Before acquisition, delay-and-sum beamforming
maps were pre-allocated onto a GPU for real-time process-
ing of the compounded data after acquisition. Additionally,
to improve processing speed, one-dimensional normalized
cross correlation was calculated using GPU processing
(Tesla K40, NVidia, USA). RF search window length of 9A
and a 95% overlap provided adequate balance between
processing speed and accuracy of visualized displacement in
real-time.

Statistical Analysis

[0188] All statistical tests were run using GraphPad Prism
7.04. To determine the statistical significance of displace-
ment vs EMG energy, a Spearman correlation was run to
compute the r value between cumulative displacement mea-
surements and EMG energy. Because the correlation
between EMG and displacement of the nerve was not
known, this nonparametric test was run so that a normal
Gaussian distribution was not assumed.

Results

Displacement in the Mouse Leg

[0189] First, the average displacement was measured in
the mouse leg and the sciatic nerve at various peak-positive
pressures (4.3 MPa-43 MPa) and pulse durations (0.5 ms-10
ms) at 4 MHz using the designed technique (FIG. 22).
Measurements corresponding to high pressure and/or pol-
luted by FUS interference noise were exempted from further
post processing. Results showed increases in displacement
were linear in pressure but not in pulse duration. Displace-
ment of the nerve reached a saturation at approximately 4 ms
and did not increase with longer pulse durations (F1G. 22A,
right). The saturation asymptote was linear as a function of
pressure.
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Initial Targeting of the Sciatic Nerve

[0190] Real-time B-mode images were used to identify the
sciatic nerve branch and subsequent tibial and femoral
branches. The main sciatic nerve branch was placed at the
center of the focus and a single FUS pulse, characterized to
be the minimum measurable amount of displacement, was
applied to displace the nerve. Successful targeting of the
nerve was characterized by downward displacement of the
nerve trunk at the focus and subsequent shear wave fronts
traveling down the nerve after FUS ceased.

Activation of the Sciatic Nerve

[0191] After displacement imaging targeting, the effects of
FUS pressure and duration on EMG activation of the gas-
trocnemius and the tibialis anterior 20 mm away from the
stimulation site were considered. Two paradigms were cho-
sen based on previous successful nerve activation: lIms pulse
duration varying peak-positive pressure and 31 MPa sweep-
ing pulse duration. Sciatic nerve activation required a mini-
mum of 25 MPa peak-positive pressure and increased in
frequency and amplitude as the applied pressure increased.
The displacement for these pressures ranged from 140 pm to
160 pum.

[0192] Holding pressure constant, increasing the pulse
duration of the stimulus also increased the success rate of
activating the nerve bundle. Successful EMGs were
recorded for 1 ms stimuli and above at this pressure level.
Analogous to the pressure paradigm, the frequency and
amplitude of EMGs recorded increased at higher pulse
durations. Additionally, higher pressures decreased the
threshold of activation, indicating a greater dependence on
pressure than pulse duration.

Region-Dependent Activation

[0193] In addition to altering the pulse parameters, the
focus was moved to achieve varying degrees of displace-
ment. To demonstrate this effect, the FUS focus was moved
anteriorly through the upper thigh of a mouse (n=2) from the
top to the bottom covering a distance of approximately 7
mm. The location of the nerve was identified and targeted at
3.5 mm below the surface of the skin. A majority of EMG
activation only occurred 1 mm surrounding the nerve with
small EMGs occurring with the focus below the nerve.
Displacement images were generated, and displacement of
the nerve was measured at each location of the focus. 24+0.5
microns of nerve displacement was required to elicit an
EMG, which in turn was determined by taking the mean
displacement, off focus, where EMG amplitude was greater
than the average noise level.

[0194] Comparing RMS energy and maximum displace-
ment of the nerve resulted in a positive correlation
(R-squared=0.6791, FIG. 23). Similar to previous results, as
the displacement at the focus increased, the EMG energy
also increased. The largest amplitude EMG was recorded
when the focus of the FUS was placed onto the nerve. The
lowest amount of displacement that resulted in an action
potential was 18 microns, indicating that the chance of
successful activation increases as the total intensity of the
FUS pulse is increased. These results are consistent with the
expected displacement in the mouse upper thigh.

[0195] As shown FIG. 27, the displacement can be posi-
tively correlated with EMG energy. The focus was posi-
tioned at the skin (x=0.0 m) and stepped by 0.5 mm. The
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nerve was located 3.0 mm below the skin. FIG. 27 also
shows that the highest displacement can occur when the
beam overlaps with the nerve, confirming that nerve modu-
lation is induced.

[0196] FIG. 28 is a diagram illustrating an exemplary
embodiment of a system for FUS neuromodulation and
displacement 2801. As shown in FIG. 28, system 2801 can
allow for targeting of the FUS ultrasound transducers with
coupling cone 2802 on the sciatic nerve 2803. For purpose
of illustration only, and not limitation, as embodied herein,
mouse leg 2804 can be positioned under imaging prove 2805
and stinulation transducer 2806. System 2801 can further
include a positioning system 2807 configured to position the
ultrasound assembly and the imaging probe. As embodied
herein, the positioning system can be used to place both the
ultrasound transducer and the imaging probe with submil-
limeter resolution. The positioning system can be a 3D
positioner mount system, which can be used to align the
FUS from the transducer with a target area on the subject.
The 3D positioner mount system can move the transducer
within the grid to produce a random raster sonication on the
subject using the FUS. The positioning program can be
controlled and recorded, for example and as embodied
herein, using programmed instructions, such as Matlab
program 2808. To achieve a focused energy deposition, a
FUS transducer 2802 can be used, and as embodied herein,
the FUS transducer 1s driven using a function generator 2809
through a power amplifier 2810 and matching network. The
signals received by the imaging probe can be processed
using a vantage system to display B-mode images of the area
of stimulation before, during, and/or after application of
therapy in real time. EMG recording 2812 can be acquired
using needle electrodes placed in a muscle tissue. The
temperature can be measured at 1.5 mm from focus using T
type wire thermocouple with about 2 kHZ sampling rate.
Temperature difference at distance of 1.5 mm was estimated
and conipensated by the law of heat conduction assuming
that all acoustic energy is absorbed and converted into heat.
The disclosed system can also provide an electrical stimu-
lation approach by inserting stimulating electrode under the
skin to obtain improved signals compared to stimulating
electrode on the skin. The disclosed system can differentiate
the signal from electrically evoked EMG and artifact signals.
The disclosed system also can calculate EMG amplitude and
latency right after focused ultrasound. It can also differen-
tiate electrically induced EMG from FUS-induced while
unveiling inhibitory mechanisms by applying FUS during
electrical stimulation.

[0197] FIG. 29 shows inhibitory effects with the con-
trolled heating rate (5.1° C.-26.1° C.) by PRF (40 Hz-500
Hz). The magnitude of inhibitory effects monotonically can
increase with the heating rate.

Discussion

[0198] Tissue displacement was observed during nonin-
vasive FUS excitation of the sciatic nerve in the mouse leg
and is an effective metric for FUS targeting in vivo. Micron
precision displacements were measured using high frame
rate plane wave imaging before, during, and after FUS
excitation pulses, varying in pressure and pulse duration.
Finally, EMGs evoked by FUS excitations were correlated
with radiation force tissue displacements tracked using the
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presented technique. This imaging method thus used the
same FUS neuromodulation stimulation to target and pro-
vide feedback in real-time.

[0199] Nerve displacements in the range of 1 to 5 microns
were detectable with pressure levels as low as 2 MPa and 1
ms pulse durations. The sensitivity of the technique dis-
closed herein to micron displacements establishes that it can
be used for non-invasively palpating the tissue for target
confirmation at safe acoustic levels, as the beam used for
imaging and stimulation will undergo through the same
propagation path and phenomena such as aberration, inter-
ference and scattering (leading to standing wave formation).
The system can also track the maximum amount (saturation)
of displacement given the pressure and stimulus duration.
This can be an important tool for mitigating the delivery to
unintended areas of tissues (e.g. blood vessels or tendons)
while improving the necessary acoustic dose for neuro-
modulation. Other techniques such as coded excitation can
be employed to improve focusing and avoid standing wave
formation.

[0200] At higher pressures where EMGs were found to be
correlated, displacements were in a range of up to 300
microns at the sciatic nerve. A significant reduction in EMG
occurrence and amplitude was observed when the focus of
ultrasound was driven off target of the nerve. A maximum
nerve displacement was reached with a pulse duration of 4.0
ms. At this point, a static component of the radiation force
can compress the nerve, keeping it deformed. Higher pres-
sures and longer pulse durations increased the amount of
tissue activated by the FUS, thus recruiting more nerve
fibers to trigger a muscle activation. This can explain the
increased EMG generation at higher acoustic levels. How-
ever, higher pressure levels and longer pulse durations also
increase the probability of thermal effects and stochastic
events such as inertial cavitation. Certain studies have
reported those effects as possible mechanisms that contrib-
ute to the firing of an action potential.

[0201] In the current example, the maximum temperature
measured using fine wire thermocouples was 0.1° C. as
opposed to the 3.8-6.4° C. change required to thermally
activate the sciatic nerve using infrared optical stimulation.
In addition to that, an ex vivo example detected cavitation
during ultrasound neuromodulation, although this can be
explained by the culture cell used in the example being
prone to cavitation formation as the solution necessary to
preserve nerve function was non-degassed.

[0202] The demonstration of the twitch response to FUS
excitation (FIG. 24) contributes to the confirmation of
ultrasound’s ability to modulate neuronal activity. The
implementation and design of the FUS PNS example has the
benefit of preventing artifacts such as indirect activation of
the auditory pathway. As the vibration of the skull is not a
factor in these examples, the muscle activation is purely a
result of FUS. In addition, showing that EMGs are only
generated when the focus lies on the nerve itself, all while
the animal is anesthetized, also support the use of FUS in
eliciting neuronal activation through direct neuromodulatory
effects.

[0203] In vitro and ex vivo studies can be important to a
thorough understanding of FUS neuromodulation, but can
also have limitations in their setups that hinder accurate
interpretations of the mechanism. For example, cavitation
can be more present in these examples due to cultures or
nerve preparations being unable to be degassed accurately to
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preserve cell and tissue viability. In vivo studies can have the
added benefit of tissue blood perfusion, reducing the overall
temperature effects from FUS delivery. Moreover, since
displacements in humans can be imaged and ultrasound is
commonly available in clinical settings, the techniques
disclosed herein can readily be applied to the clinic. Taken
together, these results highlight the use of displacement
imaging as a targeting tool and a robust method to provide
neuromodulation under varied model types.

Conclusion

[0204] In this example, novel real time displacement
imaging was used to noninvasively target and monitor
neuromodulation of the sciatic nerve in vivo. The sensitivity
of the disclosed technique provides the ability to visualize
direct confirmation of targeting at low and safe acoustic
levels. Using the same setup, neuromodulation through the
acoustic radiation force was shown with the absence of
artifacts found in certain other CNS in vivo, ex vivo, and in
vitro examples. The current example delivers an important
tool for investigation into the mechanism of FUS neuro-
modulation and facilitates its applicability in a clinical
setting.

Example 5: Clinical Example

[0205] This Example provides methods and systems for
monitor and estimate tissue displacement during FUS neu-
romodulation of the sciatic nerve in clinical trial.

[0206] A displacement parameter space was created over
pressure and pulse duration, and correlation nerve mechani-
cal displacement with EMG response was identified. For
example, sensations were recorded. Tingling and pulse
(similar to electrical shock) along the arm or towards the
fingers at pressures up to 5.6 MPa were measured. Pressure
higher than 5.6 MPa caused mainly local poke sensation.
[0207] In this example, a quantitative method to assess
sensation was developed using EEG electrodes to record
somatosensory evoked potential (SSEP) responses. No
muscle activation was detected in the EMG recordings.
[0208] Targeting medical nerve occurred in proximal
regions of the arm, where the median nerve is deeply located
(approximately 10 mm depth). Electrical stimulation using
surface electrodes was not capable of stimulating the median
nerve at dipper regions. Thus, these results represent an
advantage in comparison to certain non-invasive available
methods.

[0209] Accordingly, the disclosed real-time monitoring of
neuromodulation in vivo in mice/human and displacement
positively correlated with EMG energy. The results showed
that type of sensations elicited by focused ultrasound is
pressure dependent. For example, higher pressures (e.g,,
>about 6.6 MPa) were capable of causing only poke sensa-
tion. Pressures at lower levels (e.g., ~about 5.6 MPa) were
capable of causing tingling and pulse sensation in the nerve
and arm, which show promising for causing muscle activa-
tion (e.g., finger twitches).

[0210] The contents of all figures and all references,
patents and published patent applications and Accession
numbers cited throughout this application are expressly
incorporated herein by reference.

[0211] In addition to the various embodiments depicted
and claimed, the disclosed subject matter is also directed to
other embodiments having other combinations of the fea-
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tures disclosed and claimed herein. As such, the particular
features presented herein can be combined with each other
in other manners within the scope of the disclosed subject
matter such that the disclosed subject matter includes any
suitable combination of the features disclosed herein. The
foregoing description of specific embodiments of the dis-
closed subject matter has been presented for purposes of
illustration and description. It is not intended to be exhaus-
tive or to limit the disclosed subject matter to those embodi-
ments disclosed.

[0212] It will be apparent to those skilled in the art that
various modifications and variations can be made in the
systems and methods of the disclosed subject matter without
departing from the spirit or scope of the disclosed subject
matter. Thus, it is intended that the disclosed subject matter
include modifications and variations that are within the
scope of the appended claims and their equivalents.

What is claimed is:

1. A method for modulation of a peripheral nerve in a
subject using a focused ultrasound (FUS) assembly having
one or more ultrasound parameters, comprising:

adjusting the one or more ultrasound parameters to adapt

a FUS for a location on the peripheral nerve; and
modulating the peripheral nerve with the FUS.

2. The method of claim 1, wherein the modulating com-
prises stimulating or exciting the peripheral nerve with the
FUS.

3. The method of claim 1, wherein the modulating com-
prises inhibiting activities of the peripheral nerve.

4. The method of claim 1, further comprising locating the
peripheral nerve using an imaging probe prior to adjusting
the one or more ultrasound parameters.

5. The method of claim 1, wherein the peripheral nerve
comprises a sciatic nerve, a median nerve, an ulnar nerve, a
tibial nerve, or a sacral nerve,

6. The method of claim 1, wherein the FUS assembly
comprises a high intensity focused ultrasound (HIFU) trans-
ducer with a 3.57 MHz center frequency, a 0.46x3.55 mm
focal area and a 35 mm focal depth, a 20 MHz function
waveform generator, and a 150 W amplifier.

7. The method of claim 1, wherein the one or more
ultrasound parameters comprise at least one of a peak
negative pressure, a stimulation duration, a duty cycle, and
a pulse repetition frequency (PRF).

8. The method of claim 7, wherein the peak negative
pressure is from about 1.1 MPa to about 8.8 MPa.

9. The method of claim 7, wherein the stimulation dura-
tion is from about 0.8 ms to about 1 s.

10. The method of claim 7, wherein the duty cycle is from
about 15% to about 100%.

11. The method of claim 7, wherein the PRF is from about
1 kHz to about 50 kHz.

12. The method of claim 7, wherein the peak negative
pressure is from about 3.2 MPa to about 5.7 MPa, the
stimulation duration is from about 0.8 ms to about 10.5 ms,
the duty cycle is from about 35% to about 100%, and the
PRF is from about 1 kHz to about 50 kHz.

13. The method of claim 1, further comprising eliciting
and measuring a physiological response during or after FUS
modulation.

14. The method of claim 13, wherein measuring the
physiological response comprises acquiring electromyogra-
phy (EMG) signals from a muscle tissue.
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15. The method of claim 13, further comprising modu-
lating the one or more ultrasound parameters to change
timing of the physiological response.

16. The method of claim 2, wherein the imaging probe
comprises a B-mode imaging probe.

17. The method of claim 1, further comprising causing
tissue deformation in the vicinity of FUS modulation with an
acoustic radiation force generated by the FUS.

18. The method of claim 17, wherein the tissue deforma-
tion ranges from about 8.5 um to about 422 pm.

19. The method of claim 17, wherein the tissue deforma-
tion facilitates action potential firing within the nerve and
elicits an EMG activity.

20. The method of claim 17, further comprising imaging
the nerve and the tissue deformation simultaneously with
FUS modulation.

21. The method of claim 1, further comprising monitoring
a thermal effect elicited by the FUS modulation.

22. A system for modulating a peripheral nerve in a
subject using focused ultrasound (FUS), comprising:

an imaging probe for locating the peripheral nerve;

an ultrasound assembly, including a high intensity

focused ultrasound (HIFU) transducer, a function gen-
erator, and an amplifier, for providing a FUS having
one or more ultrasound parameters to a location on the
peripheral nerve; and
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a processor, coupled to the ultrasound assembly, for
adjusting the one or more ultrasound parameters to
adapt the FUS for a location on the peripheral nerve.

23. The system of claim 22, wherein the HIFU comprises
a transducer with a 3.57 MHz center frequency, a 0.46x3.55
mm focal area and a 35 mm focal depth.

24. The system of claim 22, wherein the function gen-
erator comprises a 20 MHz function waveform generator,
and the amplifier comprises a 150 W amplifier.

25. The system of claim 22, further comprising a
mechanical positioning system for placing the ultrasound
assembly and the imaging probe.

26. The system of claim 22, further comprising an imag-
ing system, operatively coupled to the processor, for imag-
ing the peripheral nerve and/or surrounding tissue during
FUS modulation.

27. The system of claim 26, wherein the imaging system
comprises a pulse-echo image transducer.

28. The system of claim 24, wherein the imaging system
is configured to perform a displacement estimation.

29. The system of claim 24, wherein the imaging system
is configured to perform a strain estimation.

30. The system of claim 24, wherein the imaging system
is configured to perform an electroencephalogram (EEG)
analysis.
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