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Abstract

Focused ultrasound (FUS) is an emerging technique for neuromodulation due to its noninvasive 

application and high depth penetration. Recent studies have reported success in modulation of 

brain circuits, peripheral nerves, ion channels, and organ structures. In particular, neuromodulation 

of peripheral nerves and the underlying mechanisms remain comparatively unexplored in vivo. 

Lack of methodologies for FUS targeting and monitoring impede further research in in vivo 
studies. Thus, we developed a method that non-invasively measures nerve engagement, via tissue 

displacement, during FUS neuromodulation of in vivo nerves using simultaneous high frame-rate 

ultrasound imaging. Using this system, we can validate, in real-time, FUS targeting of the nerve 

and characterize subsequent compound muscle action potentials (CMAPs) elicited from sciatic 

nerve activation in mice using 0.5 to 5 ms pulse durations and 22 – 28 MPa peak positive stimulus 

pressures at 4 MHz. Interestingly, successful motor excitation from FUS neuromodulation 

required a minimum interframe nerve displacement of 18 μm without any displacement incurred at 

the skin or muscle levels. Moreover, CMAPs detected in mice monotonically increased with 

interframe nerve displacements within the range of 18 to 300 μm. Thus, correlation between nerve 

displacement and motor activation constitutes strong evidence FUS neuromodulation is driven by 

a mechanical effect given that tissue deflection is a result of highly focused acoustic radiation 

force.
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I. Introduction

Noninvasive focused ultrasound (FUS) has been gaining attention as a promising method to 

stimulate electrically excitable tissues. Since 1929, FUS has been shown to evoke a plethora 

of neuromodulatory responses in various in vivo, ex vivo, and in vitro studies [1]–[16]. The 

superior target specificity and depth of penetration of non-invasive FUS demonstrated in the 

brain and the peripheral nerves make it a strong alternative to the current neuromodulation 

therapeutic methods [1], [17]. Since FUS can generate complex bioeffects, thermal and 

mechanical, it is an incredibly attractive therapeutic for conditions such as neuropathic pain 

if selective effects can be identified.

From previous studies, we know that high pressure, short pulse FUS can stimulate nerves in 

the peripheral nervous system (PNS), indicating a radiation force-based mechanism [1]. 

Accordingly, a recent study from Menz et al. 2019 has provided ex vivo evidence of a 

dominant radiation force based mechanism in retinal cells [11]. However, as of now, no 

study has investigated this mechanism in vivo. Moreover, since the underlying mechanism of 

FUS neuromodulation remains largely unknown, contradictory reports of excitation and 

inhibition of neural activity in the same biological system and similar FUS parameters have 

been reported [18]–[20]. The lack of accurate and informed confirmation of FUS targeting 

of the desired structure may explain these contradictions. Moreover, such a method would 

limit undesirable off-target effects that may result in mixed or inconclusive results.

Tissue displacement is caused by nonlinear acoustic radiation force interaction with tissue; 

the tissue at the focus is displaced in the direction of ultrasound propagation. Many modern 

ultrasound elastography techniques use this phenomenon to image tissue displacement and 

measure tissue elasticity [21]–[24]. Conventional techniques traditionally do not image 

during FUS sonication, where acoustic radiation force is at a maximum, and instead, image 

after sonication has ceased. However, some groups have shown that, with the necessary 

filtering[25], ultrasound images can be recovered during the FUS pulse and can be used to 

track displacements such as in shear wave elasticity imaging (SWEI)[26] or harmonic 

motion imaging (HMI)[27]. Moreover, promising advances in real-time magnetic resonance 

acoustic radiation force imaging (MR-ARFI) of FUS displacement and temperature have 

been reported [28]–[32]. However, the short pulses used in peripheral neuromodulation 

require high temporal resolution and are much faster than pulses used in SWEI, HMI, and 

MR-ARFI. Since, neuromodulation occurs during sonication, imaging displacement during 

the pulse would not only facilitate targeting and validation of FUS delivery, but would 

provide insights into acoustic radiation force contribution to neuromodulation in vivo.

Thus, to address this gap, we developed a real-time, noninvasive targeting and monitoring 

technique for peripheral neuromodulation to not only estimate mechanical nerve deflection 

during FUS but also to elucidate the contribution of acoustic radiation force to nerve 

activation in vivo. The following novel contributions of this study are as follows:

1. We illustrate that high frame-rate ultrasound imaging can image acoustic 

radiation force-induced tissue displacements during FUS neuromodulation 

pulses.
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2. We characterize CMAP amplitude and nerve displacements based on pressure 

and pulse duration using our developed technique.

3. We provide a correlation between acoustic radiation force, via nerve 

displacement, and CMAP amplitude.

The sciatic nerve, being a mixed sensory and motor nerve bundle, was chosen so that muscle 

activation, measured by electromyography (EMG), could be used as a metric for successful 

stimulation. This imaging technique provides real-time feedback of the actual FUS beam 

used for nerve excitation and serves as an essential tool not only for safety and in vivo 
targeting confirmation, but also to advance the investigations of FUS neuromodulation 

mechanisms.

II. Materials and Methods

A. Ultrasound neuromodulation system

The experimental setup in Fig. 1(a) was used to activate the sciatic nerve in anesthetized 

mice. Two commercially available ultrasound transducers were used in a confocally aligned 

configuration: A FUS stimulation transducer (H-215, 4 MHz, single-element FUS; Sonic 

Concepts Inc., Bothell, WA, USA) and an imaging array (L22–14vX-LF, 16 MHz, 128 

elements linear array; Vermon, Tours, France). The imaging transducer was inserted through 

a central opening in the FUS transducer and were coaligned using a 3D-printed attachment 

through a central opening in the FUS transducer and with the faces of both transducers 15 

mm apart. The attachment was designed in a CAD program (Solidworks; Dassault Systemes, 

Waltham, MA, USA) and printed in clear resin in a 3D printer (Form2; Formlabs, 

Somerville, MA, USA) using the direct dimensions of the imaging transducer provided by 

the manufacturer (Fig. 1(b)). The part puts the focus of the FUS transducer within the 

imaging plane of the imaging transducer. Since both transducers are driven simultaneously, 

the center frequencies were chosen to be as separate as possible, reducing FUS interference. 

A function generator (33220a; Keysight Tech., Santa Rosa, CA, USA) amplified by a 150 W 

RF power amplifier (A150; E&I, Rochester, NY, USA) drove the FUS transducer. Imaging 

transmit and receive events were acquired using a research ultrasound system (Vantage 256; 

Verasonics Inc., Redmond, WA, USA) research platform. Ultrasound was transmitted 

through a coupling cone filled with degassed water and degassed ultrasound gel coupled to 

the upper thigh of the mouse.

B. Animal preparation

Male C57BL/6J mice, weighing between 22g to 28g, were used in all experiments (n = 6). 

Male mice were used to decrease variability between animals and to compare with our 

previous study by Downs et al. 2018 [1]; we have not found nerve excitability differences 

between male or female mice (see Appendix B). Mice were anesthetized with isoflurane: 4% 

during induction and preparation, 2% during the procedure. Physiological saline (0.1 mL per 

10 g of body weight) was subcutaneously injected every 1–2 h to prevent dehydration. 

Mouse hind limbs were shaved and de-haired using a depilatory cream. An infrared heating 

pad was used to maintain proper body temperature (36.5°C) throughout all experiments (Fig. 
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1). The mouse was placed in a pronated orientation so that the sciatic nerve ran superficially 

below the skin.

C. Acoustic parameters

In this study the acoustic parameters that were varied were acoustic pressure and pulse 

duration. The acoustic pressure was varied from 4 to 30 MPa in steps of 4 MPa and the pulse 

duration was varied from 0.5 to 10 ms in steps of 0.5 ms. We established these ranges based 

on the success rate and safety analysis of our previous studies [1]. In addition, histological 

and behavioral analyses were performed to check for potential damage specifically using the 

setup and parameters used in this study. Single pulses were emitted at 0.03 Hz to mitigate 

cumulative bioeffects in and around the nerve. These parameters are summarized in Fig. 

2(a). Parameter space exploration was done using 1) constant 1 ms pulses using the whole 

pressure range and 2) constant 24 MPa pressures using the whole pulse duration range.

D. Hydrophone measurements

Hydrophone measurements were conducted to characterize the FUS beam in free field 

degassed water. A fiber-optic hydrophone (HFO-690, Onda Corp, Sunnyvale, CA, USA) 

was positioned on a 3D manipulator and the FUS transducer was held stationary. Lateral and 

axial beam profiles were achieved at 6.5 MPa, showing that the FUS focal size is 0.24 by 

1.19 mm full width half maximum (FWHM) (Fig. 2(b)). Pressure curves were acquired by 

sweeping the whole input voltage range for 10 cycles (sufficient to ramp up to saturated 

pressure). A second capsule hydrophone (HLG-0200, Onda Corp, Sunnyvale, CA, USA) 

was used to characterize pressures under 5 MPa. The fiber optic curve was fit to the capsule 

hydrophone results to generate the whole pressure range.

E. Electromyography recordings

Electromyography was performed using two bi-polar needle electrodes (EL451; Biopac, 

Goleta, CA, USA) grounded to either the loose skin on the back of the neck, the table, or the 

tail. 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 frame 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. 

A two-second window surrounding the FUS trigger was recorded to capture any CMAP 

activation.

F. Displacement imaging

Displacement imaging was performed by synchronization of the FUS pulse and the imaging 

sequence (Fig. 3)(a). The imaging transducer sequence connected to the Verasonics triggered 

the function generator so that plane waves were sent 0.5 ms before to 0.5 ms after the FUS 

pulse. Five sequential plane wave transmits were tilted from −5° to +5° and summed up to 

produce a compounded image with higher SNR. After summation, the compounded frame 

rate was 5 kHz and this was used for imaging tissue movement before, during, and after FUS 

sonication. Notch filters were designed to remove FUS interference from the fundamental 

and sequential harmonics. Since the FUS pulse is 1 ms, having 5 angles allows 5 fully 
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compounded frames for displacement estimation. Increasing the number of angles improves 

B-mode quality but decreases the amount of frames within the pulse, thus displacement 

quality is reduced. Angles less than 5° were found to be more susceptible to FUS 

interference.

After acquisition, delay-and-sum beamforming maps were calculated using the CUDA API 

for real-time processing on a GPU (Tesla K40, Nvidia, Santa Clara, CA, USA) [33]. The 

delay calculations were parallelized onto 3 grids of 1024 threads, specific to the GPU. 1D 

normalized cross-correlation [34] was performed on RF sampled at 4 points per wavelength 

and calculated also using GPU processing. Correlation window length of 9 λ and a 95% 

overlap provided adequate balance between processing speed and accuracy of displacement 

in real-time. Lastly, interframe displacement movies were generated and immediately 

displayed to visualize how FUS engages the nerve during each modulation event in ∼300 

ms. Fig. 3(b) shows frame captures of interframe displacement and its summation 

(cumulative) over the course of one FUS sonication in the mouse leg during (1.33 ms), 

immediately after (2.5 ms), and long after FUS (6.5 ms). The FUS pulse was turned on at 1 

ms and off at 2 ms. Characteristic displacement traces at the nerve for various pulse lengths 

can be seen in Fig. 3(c). The resolution of our displacement imaging technique is 96.25 

microns, the wavelength of the imaging transducer [35]. In addition, regarding the 

displacement sensitivity, the Cramer-Rao Lower Bound (CRLB) of the cross-correlation 

technique with our transducer specifications was calculated using the equation derived by 

Walker and Trahey [36]. The lower limit of the displacements we can measure for 1 dB 
signal-to-noise (SNR) and 0.5 correlation coefficient (experimentally obtained during 24 

MPa FUS pulses) is 0.897 microns.

G. FUS targeting of the sciatic nerve

The FUS transducer was positioned using a 3D motorized positioner (Velmex, Bloomfield, 

NY, USA). Landmarks such as the femur and the trifurcation branching of the sciatic nerve 

into the sural, femoral, and tibial nerves were used as visual indicators of the location of the 

sciatic nerve. FUS at 1–5 MPa was used as a targeting pulse to gently perturb the nerve. 

Resultant tissue interframe displacement was estimated and displayed in real-time to 

validate placement of the FUS focus. Minor adjustments could then be made before the start 

of an experiment.

H. Experimental design

The method described above was used to measure the effect of radiation force on sciatic 

nerve activation in two separate experiments. The first experiment was performed to 

characterize typical nerve displacements and muscle activations over a wide parameter 

space. The CMAP waveform and nerve displacement from each sonication were recorded. A 

second experiment was conducted to determine whether displacement is a prerequisite for 

neuromodulation. The focus was placed at the top of the skin and rastered downwards past 

the sciatic nerve. Interframe displacement maps and CMAP amplitudes were measured for 

each pulse. Sonications that did not elicit muscle contraction are presented in Fig. 6(a), but 

they were excluded from CMAP amplitude vs pressure, duration, and interframe 

displacement analysis.
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I. Data analysis

Parameter space maps were generated by measuring average interframe nerve displacement 

using an ROI (1 mm x 0.5 mm) at the center of the focus and nerve. 50 displacement images 

per parameter (8 pressures x 10 PD parameters) per sciatic nerve (n = 6) were acquired. 

Displacements were excluded when higher sonication pressures created noise that could not 

be properly filtered. Parameter space maps were interpolated using a cubic spline 

interpolation.

All statistics were run using GraphPad Prism 7.04. For correlation experiments (CMAP 

energy vs interframe displacement), a non-parametric Spearman correlation was run to 

compute the R-value between interframe displacement measurements and CMAP energy. 

For gait analysis, a two-way ANOVA with multiple comparisons was used to evaluate sciatic 

nerve function before and after sonications.

J. Histological analysis

A separate experiment in mice was conducted to demonstrate safety parameters of FUS (n = 

6 nerves). Mice were anesthetized and 100 pulses of FUS at 0.2 Hz pulse repetition 

frequency (PRF) to the sciatic nerve in the same area was applied. Nerves received 1 of 5 

experimental parameters and 1 sham sonication. Sonications were applied with a PRF of 0.2 

Hz for 50 seconds using a subset of parameters where CMAPs were observed (22, 24, 26, 

28, and 30 MPa; 1 ms pulse duration). Sciatic nerves were immediately dissected post-

sacrifice and perfused with 4% PFA and 70% EtOH for 3 days before sectioning and 

Hematoxylin and Eosin (H&E) Staining. Red blood cell extravasation, degenerated myelin, 

cell apoptosis, inflammation and swelling, and protein degradation were used as indication 

of damage.

K. Safety assessment of FUS parameters

Temperature measurements of single 1 ms FUS stimulations at 22 MPa and 28 MPa were 

acquired using a needle thermocouple in heterogeneous chicken muscle to mimic muscle 

and nerve temperature. 2D raster scans were performed in both axial and lateral directions of 

the FUS beam. Temperature distributions of peak temperature rise show that temperature is 

spatially confined to twice the focal volume. A sharp 3-dB temperature decrease occurred at 

0.4 mm away from the center of the focus laterally and 1.6 mm in depth. The temperature 

returned to baseline within 2 seconds after 1 ms stimulations [37], [38].

Functional safety was conducted using gait analysis (CatWalk XT; Nodulus, Utrecht, 

Netherlands) 1 day before, 1 day after, and 5 days after sonication (n = 10 male; 5 sham, 5 

FUS). 10 FUS sonications and displacement imaging pulses (24 MPa, 1 ms, 30 s 

interstimulus interval) were applied to the left hind leg in anesthetized mice. Function of the 

sciatic nerve was analyzed using measurements of the sciatic function index (SFI), the max 

contact mean intensity of the left hind paw (values between 0–255) and the measured paw 

print length. SFI was calculated using [39]:
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SFI = 118.9x(TSE − TSN
TSN

) − 51.2x(PLE − PLN
PLN

) − 7.5 (1)

where PL is the print length, TS is the toe spread, ITS is the intermediate tow spread. 

Subscripts E and N indicate experimental and normal contralateral hind paws, respectively.

L. Preliminary cavitation Mapping

A separate follow-up experiment was conducted to examine if and where cavitation occurs 

using the parameters in experiment 2. The sciatic nerve was located as before, but the nerve 

experienced 147 pulses in the same position. Cavitation using cavitation mapping and 

CMAPs were recorded simultaneously. 147 sonications were applied to the nerve in the 

same location. The same system described above can be used to map cavitation without any 

additional hardware. Cavitation maps were generated using a receive-only (passive) 

acquisition scheme. The imaging transducer received passive emissions from the FUS 

transmission to form an image so that cavitation mapping occurs during the FUS pulse. The 

receive signals were temporally delayed based on the geometry of the transducer and the 

propagation times for each element (delay, sum, and integrate beamforming) [40]. Then the 

power cavitation image was log-compressed relative to the maximum pixel intensity. The 

cavitation signals that occurred during the 1 ms pulse duration were integrated to generate a 

single cavitation image. Acoustic cavitation emissions from stable cavitation were extracted 

by selecting for ultra-harmonic frequencies (relative to 4 MHz) within the bandwidth of the 

imaging transducer. The resultant cavitation image for stable cavitation was overlaid onto a 

B-mode image of the leg. An ROI of similar size to the focal beam was chosen to quantify 

cavitation for each FUS stimulation and the normalized intensity of the integrated signal was 

plotted for each of the 147 sonications.

III. Results

A. Displacement imaging can target and monitor nerves for neuromodulation

Using the technique developed for simultaneous modulation and imaging, we were able to 

visualize the FUS focus via displaced tissue at the sciatic nerve and measure corresponding 

CMAPs (Supplemental Video S1). Fig. 4 summarizes the targeting of the sciatic nerve and 

acquisition of both displacement and CMAP waveforms. FUS is initially applied upstream 

of EMG electrodes inserted in muscles innervated by the sciatic nerve (Fig 4(a)). Short 

pulses of 1 ms, 1 – 5 MPa peak positive FUS was delivered and simultaneously imaged to 

visualize wave propagation. Fig 4(b) shows maximum downward interframe displacement at 

the sciatic nerve, validating FUS positioning for subsequent experiments. Using higher 

pressure FUS (24 – 28 MPa), CMAPs can be elicited using similar 1 ms pulses 

(Supplemental Video S2). Fig 4(c) and 4(d) show representative EMG traces in both muscle 

groups. A majority of FUS-evoked events result in a single muscle contraction (Fig 4(c)). 

However, multiple muscle contractions, such as the ones shown in Fig 4(d), were also 

observed from a single pulse.

The amount of displacement at the nerve over both acoustic pressure and pulse duration 

parameters were recorded. Fig 5 shows a parameter space map summarizing typical 
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cumulative displacement amplitudes found in the leg. The parameters where CMAPs were 

observed are indicated by two perpendicular lines. CMAPs are observed for higher pressures 

but over the whole pulse duration sweep. Higher pressures are stronger indicators of 

activation than the length of the pulse duration. Only single muscle activation events by FUS 

were used in this analysis. By holding pulse duration constant at 1 ms, increases in pressure 

seem to linearly increase the amplitude of responses (R2 = 0.9255, p = 0.038). CMAP 

probability for these parameters are summarized in table I. Cumulative nerve displacement 

at this pressure range varied from 140 to 180 μm. By holding pressure constant (24 MPa), 

increases in pulse duration also linearly increased corresponding CMAP amplitudes (R2 = 

0.6361, p = 0.0057). Example traces shown in Fig. 5 subplots show average waveform 

changes in muscle activation. As pulse duration increases, the electrical interference artifact 

starts to impede proper EMG analysis. Thus, pulses longer than 5 ms were not included in 

the EMG analysis despite their success in generating spiking activity (see Appendix B).

B. CMAP activity from mouse sciatic nerve is associated with acoustic radiation force

To determine if there is a correlation between CMAP and tissue displacement, we varied the 

FUS focal position to achieve varying degrees of nerve displacement. The FUS focus was 

moved from the upper region (starting at the skin) to the bottom of the mouse leg (n = 4) in 

the supine position, covering a distance of approximately 7 mm. Nerve displacements were 

measured using a region-of-interest (ROI) surrounding the nerve over the focal depth (Fig. 

6(a)). The location of the nerve (denoted as 0 mm) was 3.5 mm below the surface of the 

skin. CMAP activations were elicited within ± 1 mm around the sciatic nerve, coincident 

with the FUS focal spot size, with a probability of 30% ± 20%. The step size was chosen to 

overlap with half the FUS FWHM focal area so that the nerve was subjected to maximum 

pressure. Displacement maps corroborate the focus position at each depth and nerve 

displacement measurements were recorded (Fig. 6(b)). Measurements of 29.1 μm (± 0.5 μm, 

STD) to 34.4 μm (± 0.2 μm, STD) of peak interframe displacement were shown to elicit 

CMAP activity. Furthermore, the EMG amplitude and the peak interframe displacement of 

the nerve incurred during modulation were found to be well correlated (R2 = 0.6791, p = 

0.0094, (Fig. 7)). The lowest interframe nerve displacement required for an elicited CMAP 

amplitude was 18.7 μm while the probability of successful activation proportionally 

increased with the total nerve displacement.

IV. Discussion

This study sought to devise a method that could not only validate FUS targeting, but also 

provide mechanistic insight into the underpinnings of peripheral neuromodulation. The 

results show that high frame-rate displacement tracking during short FUS pulses can 

visualize focal displacements in the mouse leg. Using this technique we show that through 

radiation force parametric space exploration, i.e., varying both pulse duration and pressure, 

there is a clear correlation with CMAP amplitude. Lastly, we report that nerves experiencing 

interframe displacements above 18 μm were more likely to result in CMAP generation. The 

amplitude of CMAPs increasing with nerve displacements provides evidence towards the 

hypothesis that ultrasound neuromodulation is driven by nerve deflection as a result of the 

highly focused acoustic radiation force. Therefore, the results show that this method is an 
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essential tool for informed targeting and mechanistic monitoring of FUS neuromodulation. 

This technique could prevent off-target effects and raise confidence in future FUS 

neuromodulation studies in nerves and even the brain.

Micron-sized displacements using high frame-rate compounded plane wave imaging before, 

during, and after FUS excitation pulses could be displayed back in real-time for in-procedure 

adjustments. The sensitivity of our technique to noninvasively image and localize minute 

displacements (< 5 μm at 3 MPa within 1 ms) in vivo provides unique capability of real-time 

monitoring of both the mechanism and successful FUS targeting and modulation at safe 

acoustic levels. Since the beam being imaged is the same as the stimulation FUS, the same 

potential effects on wave propagation such as aberration, interference, attenuation, and/or 

scattering can also be monitored. Moreover, the CMAP amplitudes in our study being 

similar to those found in our previous work[1] without image pulses indicates that using an 

imaging pulse during the FUS does not effect neuromodulation output. Therefore, 

monitoring with mechanical imaging constitutes a critical safety tool for mitigating 

unintentional modulation in surrounding tissue regions (e.g., blood vessels or tendons) while 

focusing in the intended region and optimizing the required acoustic intensity for 

neuromodulation. Other methods for displacement imaging during neuromodulation often 

require longer ultrasound pulses to engage tissues at detectable displacement ranges [31], 

[32]. Not only was this technique demonstrated as an effective metric for noninvasive FUS 

targeting in vivo, but it was also capable of drawing specific conclusions about CMAP 

activation. For example, acoustic pressure seems to influence CMAP probability more than 

pulse duration. Using the technique, we showed that longer pulse durations plateaued the 

amount of displacement during the pulse. This saturation may explain why increases in 

pressure affected CMAPs more than pulse durations.

Sciatic nerves were chosen because they are mixed nerve bundles with both sensory and 

motor fibers. Though sensory activation is more relevant to neuromodulatory therapeutics, 

having motor neurons allows sensory activation in mice to be interpreted through CMAP 

recordings in EMG. Since increased CMAP amplitudes are a result of increased recruitment 

of nerve fibers, correlations show that increased deflection of the nerve may contribute to 

more motor nerve recruitment. Moreover, due to motor nerves responding to mV level 

voltages, the high pressures used in this study may be necessary to mediate 

mechanotransduction of the nerve to these levels. As a result, our implementation provides 

the unique capability of using the actual FUS neurostimulation pulse to qualitatively target 

and monitor nerve engagement during sonication.

FUS-induced excitation has been observed in brain circuits [2], [12], [13], [41], [42] and 

nerves [1], [15], [20], [43]. However, equally as many reports of inhibitory effects have also 

been published [18], [19], [44], [45]. Similarly, neuromodulation has been achieved using 

pulsed ultrasound, but also with continuous wave and increases in acoustic intensity can 

both increase or not decrease action potential probability [46]. This disagreement between 

observations, especially in vivo, may be a result of inaccurate and/or blind targeting without 

feedback that FUS was delivered correctly. Our findings demonstrate the utility of imaging 

the radiation force generated during FUS stimulation of the peripheral nerves as a method 

for visualizing FUS propagation during the whole neuromodulation sequence. Using the 
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same pulse, we were able to stimulate nerves in mice and relay information, in real-time, 

regarding the breadth and locality of tissue engagement by FUS. Moreover, our technique is 

supported by findings in two studies hypothesizing that the mechanism includes acoustic 

radiation forces [11], [47].

Our results show that increased nerve deflection may induce higher levels of nerve 

recruitment and increases in deflection can be mediated through increases in both FUS 

pressure and duration. We employed a 1 ms and 24 MPa FUS stimulus as a base parameter 

to limit thermal effects from ultrasound but also increase the likelihood of CMAP activation. 

The range of pressures and pulse durations used in this study were based upon previous 

findings from a prior study [1] where it was shown that for short durations, higher pressure 

FUS bursts increased stimulation success. Our current study employs a 4 MHz transducer 

with a 1.19 × 0.24 mm focal size, which may explain the need for higher pressures to 

achieve the same stimulation success. Increases in pressure engages additional volumes of 

tissue, thus raising the probability of modulating the nerve, which may compensate for 

targeting precision, especially out-of-plane positioning (elevation direction) with such a 

small focus. Our future studies will test whether focal volume changes (i.e., larger f-

number), driven at the same frequency, changes stimulation success. Nevertheless, in the 

current manuscript we explored an unprecedented spatial specificity (0.2 mm versus several 

mm, i.e. above 1 mm [13], [44], [48]) and reached targeting accuracy far beyond previous 

studies, as no targeting confirmation were reported previously.

The parametric study revealed that CMAPs were observed at the whole range of pulse 

durations given a sufficiently high pressure. This may indicate that the physical stretch of the 

nerve from FUS may trigger CMAP events, especially given evidence of established links 

between mechanical forces and neural function and activity [47], [49]–[51]. Regarding the 

safety of our technique, H&E stains in Fig. 8(a) show that sonications at all parameters 

explored in the study appear safe and do not show apparent damage compared to sham 

sonications. There is no red blood cell extravasation or myelin disruption characteristic of 

damage to the sciatic nerve. Regarding the temperature elevations from parameters used in 

the current study, we did not observe a significant increase in the local temperature 

generated. Using a needle thermocouple in ex vivo chicken breast, we measured the 

temperature elevation of the parameters used in this study (Fig. 8(b–c)). 2D temperature 

maps show the spatial temperature elevation around the FUS focus. The maximum local 

temperature measured was 1.6°C (± 0.1°C, STD) and 1.3°C (± 0.2°C, STD) at the highest 

and lowest parameters, respectively. Although temperatures returned to baseline at most 2 

seconds after the stimulus, the interstimulus interval between FUS application in this study 

was set to 30 seconds to prevent the accumulation of heat. Previous studies have shown that 

a 3.8–6.4°C minimum temperature change is required to thermally activate HEK cells and 

rat sciatic nerve using infrared optical stimulation [52], [53], or a 3°C increase from low-

pressure FUS can activate posterior tibial nerve [54]. Though it remains unknown what FUS 

parameters lead to nerve activation as opposed to CMAP spiking, the low temperature 

induced by FUS in this study is unlikely to generate nerve activation. Since our in vivo 
studies have tissue blood perfusion, estimates in chicken muscle are overestimations of 

thermal effects. To further validate the safety of our technique, gait analysis was conducted 

using the CatWalk XT program to analyze left hind limbs of mice undergoing FUS (n = 5) 
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and sham (n = 5) sonications. Trials were acquired −1, 1, and 5 days from FUS sonication, 

where 10 stimulations were applied to the hind limb of each anesthetized mouse (24 MPa, 1 

ms, 30 s interstimulus interval). A two-way ANOVA (Fig. 8(d)) shows no significant 

difference in the sciatic functional index (SFI) (p = 0.4491), the max contact mean pixel 

intensity (p = 0.8841), and the print length (p = 0.2442) between sham and FUS mice. A test 

for multiple comparisons shows that there is a significant difference in day −1 and day 1 in 

the max contact mean intensity in FUS mice (p = 0.0153), which also occurred between day 

−1 and days 1 and 5 in sham mice. These differences may be a result of anesthetizing and 

shaving only the left hind limb on day 0. Moreover, the SFI across all time points (used for 

measuring the direct function of the sciatic nerve) was comparable to SFI values in normal, 

healthy populations (−4.3 ± 17.3) [55], indicating that our FUS sonications did not 

functionally impair mice sciatic nerves.

A. Limitations

The main difference between this technique and current ARFI, MR-ARFI, and shear wave 

techniques is the ability to image and measure transient displacement during FUS delivery 

(< 1 ms) whereas all other techniques image after the application of radiation force or have 

temporal resolutions inadequate for these fast pulses. However, our technique is limited to 

regimes where there is considerable absorption of acoustic radiation force. Low FUS 

pressure levels without detectable displacements (< 0.8 μm) cannot be accurately mapped 

using this method, while higher FUS pressure levels above acoustic cavitation thresholds 

often introduce difficulties in filtering interference, corrupting displacement measurements. 

Additionally, depths, where ultrasound at the imaging transducer frequencies have poor 

penetration, are subjected to noisy displacements, but techniques such as coded excitation 

can be employed in future studies to improve focusing and avoid standing wave formation 

[17]. Moreover, the mechanistic investigation of FUS neuromodulation in the PNS provides 

the additional benefits over studies on the CNS by avoiding artifacts such as indirect 

activation of the auditory pathway through shear mode conversion in the skull [56], [57].

However, regarding the high pressures used for motor excitation, we cannot discount other 

effects at the pressure levels and pulse durations employed herein such as thermal effects 

and acoustic cavitation since previous studies have reported on those effects as possible 

mechanisms of action potential generation [43], [52], [58], [59]. It is known that cavitation 

thresholds increase with frequency [60], but also lower F-numbers can decrease cavitation 

probability [61]. To determine the dependence of neuromodulation on acoustic cavitation, 

passive cavitation imaging methods [40], [62] may prove useful to detect and localize 

acoustic cavitation activity during FUS application. Our preliminary findings indicate the 

presence of cavitation exists using the FUS parameters in experiment 2.

Seemingly contradictory reports of ultrasound neuromodulatory effects may be potentiated 

by a combination of radiation force [11], cavitation[20], or temperature [63]. In the present 

study, we cannot fully decouple cavitation from radiation force. Our findings, using passive 

cavitation mapping, can be summarized in Fig. 9. The irregular pattern of cavitation events 

is similar to what Li et al. 2014 reported using 1.1 MHz and 1ms over 60 pulses at 5 MPa 

[64]. Over 147 sonications, 36 sonications had coincident cavitation activity and observable 
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CMAP recordings. Some sonications that cavitation was observed did not elicit a CMAP. 

Interestingly, 3 CMAP recordings did not have cavitation recorded at the nerve. While 

cavitation is not detected for some muscle activations, the radiation force exerted on the 

nerve was present every sonication. This may indicate that even though cavitation may play 

a role in neuromodulation, it may not be necessary for activation and may be driven more 

significantly by the acoustic force. Nonetheless, the influence of cavitation at our pulse 

parameters is a limitation, warranting a full study dedicated to characterizing its role in 

neuromodulation. However, this is nothing less than exciting; FUS is uniquely positioned as 

a potential neuromodulation technology where various combinations of radiation force, 

cavitation, and temperature may be employed to achieve a variety of therapeutic effects. 

Therefore, future studies will be geared towards additional characterization of the observed 

bioeffects to further develop and understand ultrasound neuromodulation.

V. Conclusion

Displacement-based nerve imaging was developed to noninvasively target and monitor 

neuromodulation of mouse motor nerves in vivo. Micron-sized displacements were mapped 

in the nerve and surrounding regions and the correlation between displacement and 

activation amplitude provides evidence towards the contribution of acoustic radiation force 

for activating nerves. However, it is difficult to conclude that displacement is the main 

driving force behind neuromodulation. Thus, the system developed in this study can perform 

cavitation mapping for the same FUS pulse without additional hardware and future studies 

will take cavitation into careful consideration. Nonetheless, displacement amplitude 

thresholds for successful FUS modulation may provide an important metric for consistent 

and reproducible FUS modulation at safe acoustic levels; mainly, knowing FUS was 

delivered properly will generate confidence in future FUS neuromodulation studies. Finally, 

towards novel therapeutics for pain, our technique may provide important objective 

measurements for evaluation and efficacy of these treatments.
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Appendix A

DERATED PRESSURE IN THE MOUSE LEG

All pressures reported in this study are derated for attenuation in muscle tissue using the 

following equation [65], [66]:
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α = α0f1.18 (2)

where α0 is 3.3 dBcm−1MHz−1 through skeletal muscle (3 mm mouse), and f is the center 

frequency of the FUS in MHz. The peak negative pressures used in this study range up to 13 

MPa in mice.

Appendix B

FUS EMG ARTIFACT

Pulse durations up to 5 ms which is about 67% longer than the pulse duration that caused a 

plateau in displacement at 3 ms (Fig. 10). Pulses longer than 3 ms were found to corrupt the 

EMG signal since the artifact from FUS stimulation overlaps with the CMAP trace. 

Therefore, longer pulse durations were unnecessary and were excluded from analysis in this 

study.
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Fig. 1. 
(a) Ultrasound transducer setup for neuromodulation of in vivo sciatic nerves. All recording 

and stimulating sequences are controlled via a central computer. (b) 3D CAD designs of the 

transducer system with the custom designed imaging transducer holder. The holder positions 

the focus of the FUS transducer in the center of the imaging plane.
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Fig. 2. 
(a) Diagram depicting the waveforms used to drive the FUS transducer in this study. (b) 

Hydrophone measurements of the FUS transducer’s pressure distribution. The full-width 

half-max (FWHM) is denoted by dotted lines.
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Fig. 3. 
(a) Diagram of the tilted imaging plane waves for simultaneous imaging and stimulation 

pulse sequences during displacement imaging. Total frame rate is on the left and 

compounded frame rate is on the right. (b) Output frame captures during displacement 

imaging for a 4 MPa (MI = 1.6) pulse.

(top) Interframe displacement shows tissue movement between compounded frames. 

(bottom) Cumulative displacement shows absolute tissue movement during the whole pulse. 

(c) Representative displacement traces over varying FUS pulse lengths (top bar).
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Fig. 4. 
(a) Diagram showing mouse leg topology and relative locations of the stimulation and 

recording sites. (b) Displacement imaging validates focal position onto the sciatic nerve and 

a region of interest can be taken to acquire average interframe nerve displacement at the 

focus. A 28 MPa (MI = 6.5), 1 ms pulse was used to map the displacement. (c) Example 

traces showing single CMAPs from a single FUS stimulus. (d) Example traces of multiple 

CMAPs from a single FUS stimulus.
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Fig. 5. 
(top) Parameter space map of average cumulative nerve displacement over pulse duration 

and pressure. FUS parameters that induced CMAPs observed in this study are marked by the 

white lines. (bottom) Average CMAP amplitude over pressure and duration sweeps. 

Subplots show representative EMG traces.
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Fig. 6. 
(a) Waterfall plot of example EMG traces acquired at increasing FUS focus depths with and 

without CMAP. The sciatic nerve (n = 2; 1 mouse) is placed at 0 mm. (b) Displacement 

maps showing interframe tissue displacement at subsequent focal depths corresponding to 

traces in (a). A 24 MPa (MI = 5.6), 1 ms ultrasound pulse was used to map the displacement 

at each depth.
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Fig. 7. 
Spearman correlation of evoked CMAP amplitude vs. average interframe nerve 

displacements, acquired from varying focal depths (p = 0.0094; R2 = 0.6791) with 95% 

confidence intervals. Blue points indicate traces that were recorded within ±1 mm of the 

nerve. A 24 MPa (MI = 5.6), 1 ms ultrasound pulse was used to induce nerve displacements.
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Fig. 8. 
(a) Histological H&E staining for 100 pulses of sham ultrasound, 22 MPa, and 30 MPa at 

the same spot with a PRF of 0.3 Hz. (b) 2D Temperature heatmaps showing spatial 

temperature changes from a single pulse of FUS. (c) Boxplots showing ΔT for the lowest 

and highest pressures used in this study. (d) Results from gait analysis −1, 1, and 5 days 

from FUS sonication (10 sonications, 24 MPa, 1 ms) on the left hind limb (n = 10; 5 FUS, 5 

sham). Statistical analysis, conducted using a two-way ANOVA with multiple comparisons, 

show no significant interactions for the SFI (p = 0.4491), left hind limb max contact mean 

intensity (p = 0.8841), and left hind limb print length (p = 0.2442).
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Fig. 9. 
(top) Preliminary evidence of the contribution of cavitation, mapped using the same 

proposed setup for neuromodulation. (bottom) Measured cavitation at the sciatic nerve over 

a single trial (147 sonications); asterisks denote evoked responses.
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Fig. 10. 
Example of EMG artifact corruption in pulses 5 ms and longer in both EMG traces. FUS 

sonication is indicated by the shaded region and the artifact is overlaid in blue.
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TABLE I

Probability of success for CMAP activation over pressure and pulse duration.

Pressure [MPa] probability [%]

22 8

24 8

26 44

28 40

PD [ms] probability [%]

0.5 4

1.0 10

1.5 4

2.0 2

2.5 6

3.0 12

3.5 14

4.0 18

4.5 26

5.0 28
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