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Abstract— Conventional treatments of neuropathic pain are
commonly invasive or non-localized. Focused ultrasound (FUS)
is a promising neuromodulation technique that has been shown
effective in various animal models. There have been numerous
advances in the field of ultrasound neuromodulation with the
technology already being applied to humans without a clear
understanding of the underlying mechanism. Here, we present
a method capable of targeting and monitoring of focused
ultrasound (FUS) neuromodulation of the mouse sciatic nerve
using high frame-rate displacement and cavitation imaging. Our
technique is capable of detecting micron displacements and
cavitation activity at the focus. Displacement and cavitation
were measured with excitation of the sciatic nerve, indicating
that radiation force and cavitation play in parts of the under-
lying mechanism. Taken together, our imaging technique is a
powerful in vivo tool for real-time targeting of deep structures
and investigation of the FUS neuromodulation mechanism.

I. INTRODUCTION

Peripheral nerve stimulation (PNS) has been employed as
a therapeutic for peripheral neuropathy and other chronic
pain through the use of permanent, implanted electrodes [1]—
[5]. Other techniques for the treatment of neuropathic pain
include brain stimulation include transcutaneous electrical
stimulation, transcranial direct-current stimulation (tDCS) or
repetitive transcranial magnetic stimulation (rTMS)[6]-[8].
Though these techniques may produce long-lasting effects,
they are also non-localized methods with significant hetero-
geneity among studies[9].

Alternatively, focused ultrasound (FUS) has been shown to
evoke neuromodulatory responses in a variety of studies[10]—
[21]. In addition to its neuromodulatory effects, FUS also
has superior target specificity and depth of penetration com-
pared to other non-invasive technique[10], [17]. Despite the
efforts in developing ex vivo and in vitro models for the
investigation of the mechanism of FUS neuromodulation,
experimental conditions are different than in vivo so that
the underlying mechanism of FUS neuromodulation remains
largely unknown. In addition, studies investigating FUS
CNS modulation are prone to physical artifacts such as the
skull which absorbs and distorts ultrasound energy, forcing
the practitioner to increase the intensity of the transducer
or lowering the frequency in order to reach certain brain

regions. Whereas the access to the periphery remains un-
obstructed and the acoustic energy may reach the nerve.
Despite the differences between the central and peripheral
nervous systems, FUS-based PNS performed noninvasively
may give insights into the mechanisms coupled with FUS
that could be associated with neuronal activation such as
cavitation, temperature, and acoustic radiation force, while
avoiding physical limitations commonly found in central
nervous system (CNS) studies.

In this study, we developed a FUS-based imaging tech-
nique to monitor and track tissue displacement and mea-
sure cavitation during FUS neuromodulation of the sciatic
nerve in an in vivo mouse model at high frame rates. We
demonstrate a connection between displacement, cavitation
and corresponding electromyography (EMG). This technique
is an important tool to advance the investigations of the
mechanisms involved in FUS neuromodulation.

II. EXPERIMENTAL SETUP
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Fig. 1. Schematic of experimental setup for both displacement and
cavitation studies

Two commercially available ultrasound transducers were
used in a confocally aligned configuration (Fig 1).A FUS



stimulation transducer (H-215, 4MHz center frequency,
single-element FUS; SonicConcepts, Bothell, WA) and an
imaging transducer (L22-14vX Long Focus, 16 MHz cen-
ter frequency, 128 elements linear array; Vermon, France).
Acoustic stimulation emissions were driven by a function
generator (33220a; Keysight Tech., Santa Rosa, CA) am-
plified by a 150W amplifier (A150; E&I, Rochester, NY).
Imaging transmit and receive events were acquired through a
Vantage 128 (Verasonics; Redmond, WA) research platform.

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 (ACURQO). Male C57BL/6] mice,
weighing between 22g to 28g, were used in all experiments
(n = 6). Mice were anesthetized with isoflurane: 3% during
induction and preparation, 1.2% during the procedure. The
mouse was placed in a pronated orientation so that the sciatic
nerve was more superficial to the ultrasound transducer.

Electromyography was performed using two bi-polar nee-
dle 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 eliminate external noise sources
from the recording electrodes. Both the transducer and the
Faraday cage were grounded.

III. DISPLACEMENT IMAGING

Plane wave were transmitted at a 50 kHz frame rate and
five compounded angles were used to generate subsequent
RF data to be tracked. RF data was beamformed using
conventional delay-and-sum beamforming and HIFU inter-
ference was filtered out using notch filters at the fundamental
and up to the 5th harmonic. Axial displacement was calcu-
lated through 1-D cross correlation[22], 95% overlap and
a 0.733 mm window. Displacement images were overlaid
onto B-mode images of the mice for both targeting and
mechanism studies.

EMG amplitudes were detected only when higher acoustic
pressures (between 15 and 30 MPa) were used and corre-
sponding displacements increased linearly as the pressure
increased. Figure 2 shows that when the acoustic focus is
placed on the nerve (outlined in white), the nerve will fire
and cause electrical muscle activity to be picked up by the
EMG electrodes.

IV. CAVITATION

Cavitation maps were generated using a receive-only ac-
quisition for the imaging transducer while the FUS trans-
ducer transmits enough power to elicit a response. To form an
image, the received signals were temporally delayed based on
the geometry and propagation times for each element in the
transducer. Waveforms were then beamformed to each pixel
position by summing up the contributions from each element.
The power cavitation image was then log-compressed relative
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Fig. 2. Interframe displacement images overlaid onto the upper thigh of a
mouse. The sciatic nerve and corresponding branches are outlined in each
image.
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Fig. 3. Power cavitation image overlaid onto the B-mode image of a mouse
leg

to the maximum pixel intensity. Contributions over the 1 ms
FUS pulse duration were used to generate a single power
cavitation image[23].

Figure 3 shows a generated cavitation map at -21 MPa
rarefactional pressure. The summation of the cavitational
events are seen to be located mostly at the sciatic nerve.
Cavitation was shown to be present in FUS neuromodulation
events above -10 MPa pressure.

V. DISCUSSION

Displacement and cavitation imaging were shown to be
able to detect radiation force and cavitation during individual
FUS neuromodulation events. The results indicate that the
two mechanisms may have an interconnected relevance to
how FUS neuromodulation of the peripheral nervous system
works. Since most CNS studies use low intensity pulsed
ultrasound, the cavitation events and radiation force are lim-
ited. We believe that the mechanism for targeting the nerve
bundle and subsequent axons are inherently different than
modulating the neuron cell bodies themselves. Furthermore,
there may be a dependence of acoustic parameters on the
accumulation of nerve fibers. Since many nerve fibers need
to be activated to generate an EMG response, there may
be more subtle influence of displacement and cavitation on
nerve action potentials.

Cavitation becomes more likely, the higher the acoustic
pressure used is. However, the amount of displacement
shown also increases and it becomes increasingly difficult
to separate the two. There may be instances where neuro-
modulation occurs without the presence of cavitation. We
do not expect thermal effects for neuromodulation since the
temperature, measured with a thermocouple, indicate that
temperatures for these parameters do not exceed 0.1°C.

VI. CONCLUSIONS

We present a FUS system that takes advantage of the
actual FUS pulse for neuromodulation to provide feedback
for mechanistic studies of both cavitation and radiation force.
For initial feasibility, we demonstrate that both cavitation and
radiation force contribute to the firing of the nerve bundle.
Future studies will investigate purely mechanical excitation

of the nerve or purely thermal excitation to better inform of
the mechanism behind ultrasound neuromodulation. This is
important for the scientific understanding but also the clinical
translation into a therapeutic technique for pain management.
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