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Abstract

Focused Ultrasound (FUS)-based viscoelastic imaging techniques using high-frame-rate (HFR)
ultrasound to track tissue displacement can be used for mechanistic monitoring of FUS
neuromodulation. However, a majority of techniques avoid imaging during the active push
transmit (interleaved or post-push acquisitions) to mitigate ultrasound interference, which leads to
missing temporal information of ultrasound effects when FUS is being applied. Furthermore,
critical for clinical translation, use of both axial steering and real-time (<1s) capabilities for
optimizing acoustic parameters for tissue engagement are largely missing. In this study, we
describe a method of non-interleaved, single Vantage imaging displacement within an active FUS
push with simultaneous axial steering and real-time capabilities using a single ultrasound
acquisition machine. Results show that the pulse sequence can track micron-sized displacements
using frame rates determined by the calculated time-of-flight (TOF), without interleaving the FUS
pulses and imaging acquisition. Decimation by 3-7 frames increases SNR by 15.09+7.03 dB.
Benchmarking tests of CUDA-optimized code show increases in processing speed of 35 -and 300-
fold in comparison with MATLAB parallel processing GPU and CPU functions, respectively and
we can estimate displacement from steered push beams +10 mm from the geometric focus.
Preliminary validation of displacement imaging in humans show that the same driving pressures
led to variable nerve engagement, demonstrating important feedback to improve transducer
coupling, FUS incident angle, and targeting. Regarding the use of our technique for
neuromodulation, we found that FUS altered thermal perception of thermal pain by 0.9643 units of
pain ratings in a single trial. Additionally, 5 microns of nerve displacement was shown in on-target
vs. off-target sonications. The initial feasibility in healthy volunteers warrants further study for
potential clinical translation of FUS for pain suppression.
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. Introduction

NEUROMODULATORY effects of ultrasound on electrically excitable tissues have been
widely observed [1]-[3]. Ultrasound has been proven capable of modulating ion channel,
peripheral nerve, and brain activity in a multitude of /n vitro, ex vivo, and in vivo studies
[4]-[12]. In specifically the peripheral nerves, both pulsed ultrasound in the kilohertz (kHz)
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range [13], [14] and continuous wave (CW) ultrasound in the megahertz (MHz) range [10]
have been reported to lead to elicited responses in both nerve and muscle recordings.
Though a common mechanism has not been discovered, our previous studies using CW
ultrasound, show neuromodulation activity has a higher probability of activation using short
duration, high intensity pulses [15]. These reports indicate that the mechanism of ultrasound
neuromodulation in the peripheral nervous system most likely involves acoustic radiation
forces.

Focused ultrasound (FUS) provides an attractive method for non-invasive therapeutics and
neuromodulation due to its high spatial resolution and deep penetration. It is for this reason
that FUS has been approved in the clinic for treatment of essential tremors [16]. Moreover,
transcranial FUS for neuromodulation in humans has shown various changes in perception
of touch and vision. Legon et al. 2014 [17] used low intensity pulsed ultrasound in the brain
to change thresholds of air puffs and two-point discrimination behavioral tests. In 2015, Lee
et al. demonstrated that transcranial FUS can also elicit sensory perceptions in humans [18].
Lastly, Dickey et al. 2012 [19] was able to, in a similar fashion to Gavrilov [20] in 1984,
stimulate the skin receptive fields of the peripheral nervous system (PNS). In our previous
studies in /n vivo and ex vivo mice preparations [15], [21], there is evidence that different
nerve fibers, including C-fibers which are pain transducing neurons, can be preferentially
stimulated using FUS. To translate these findings into a human model, not just accurate and
reliable targeting is needed, but also real-time feedback of where and what intensity of the
FUS is delivered to the nerve.

Current methods of FUS targeting largely rely upon MRI-based methods or B-mode
ultrasound-guided imaging [22]-[24]. MRI-guided FUS (MRIgFUS) is reliable, albeit a
costly modality, requiring compliant transducers and equipment to minimize interaction with
the magnetic fields. Though commercially available, MRI-compatible transducers heavily
restrict what experiments can be performed inside the coil. On the other hand, ultrasound-
guided (B-mode) FUS does not require specialized equipment. However, B-mode imaging
and identification of tissue structures based on speckle patterns typically require experienced
sonographers and only provide anatomical information but not targeting confirmation.
Neither of these techniques are capable of providing real-time feedback and monitoring on
where and to what extent ultrasound engages the targeted tissues. Current MR-based
imaging techniques can measure temperature or displacement using interleaved FUS pulses
[25], though the displacements reported are an effective average displacements and may not
reflect the true displacement, whereas interleaved and non-interleaved ultrasound-based
cross-correlation techniques can measure displacements down to the theoretical Cramer-Rao
lower bound [26]. Considerable advances in MRI-based Elastography and ARFI techniques
enable detection of micron displacements within FUS pulses [27]-[30]. However, to acquire
higher frame rates, event locking MRI acquisitions to the FUS pulse requires multiple
sonications to acquire the full temporal displacement profile [25]. Because neuromodulatory
effects are unique to a specific FUS pulse, it would be more informative to have both spatial
and temporal displacement profiles for a single FUS pulse. Frame rates in MR-ARFI may
range from 0.5 [29] to 1 Hz [28] whereas ultrasound elastography can achieve frame rates
thousands of times higher. Therefore, a non-invasive ultrasound-based technique for accurate
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real-time monitoring and targeting of the actual FUS beam used in neuromodulation is
needed.

Ultrasound imaging techniques for tissue elasticity measurement have had success in various
medical applications. These methods usually depend upon accurate displacement estimation
of tissue between sequential ultrasound frames [31]. Techniques such as acoustic radiation
force imaging (ARFI), shear wave imaging, and harmonic motion imaging (HMI), utilize
radiation forces to generate local displacements within the tissue, palpating non-invasively
using ultrasound [32], [33]. Tissue motion caused by this radiation force can be tracked
using cross-correlation algorithms [34]. Additionally, using 2D or 3D probes for ARFI, the
localized response in the tissue can be tracked both spatially and temporally [35]. Feasibility
of ARFI has been demonstrated in numerous studies and in clinical applications such as
breast, abdominal muscle, heart, liver, and colon imaging [36]-[38]. Acoustic radiation force
can also be used to image lesions in the tissue where conventional ultrasound imaging has
poor visualization [39], [40]. Additionally, real-time ARFI has been applied to guide
surgical procedures and high intensity focused ultrasound (HIFU) ablation [41], [42]. Since
we hypothesize radiation force is involved in the mechanism of FUS neuromodulation, we
may be able to take advantage of conventional elastography imaging techniques to monitor
and target acoustic radiation force generated by FUS pushes. We have previously
demonstrated this technique in mice for mechanistic studies, relating displacement to the
amount of neuromodulation of the sciatic nerve [43].

As previously mentioned, conventional acoustic radiation force imaging techniques do not
image within the push pulse. For systems that use a single transducer to push and image, the
contribution of all the elements are needed to remotely palpate the tissue, thus imaging must
occur after the acoustic radiation force delivery. Systems using confocal arrangements of
two transducers experience interference between the push transducer and the imaging
transducer bandwidth. Current, monitoring techniques implement filtering and/or coded
excitation to avoid this interference [40], [44]. However, pulse length for therapy and lesion
monitoring indicated in these studies are on orders of seconds as opposed to <2 ms for
neuromodulation. Methods, such as Supersonic Shear Imaging, interleave imaging and push
pulses at multiple focal depths [45]. But interleaving imaging between pushes limits the
amount of displacement and thus may change neuromodulatory effects. Therefore, we
present a technique for HFR displacement tracking of the FUS beam using two confocal
transducers and a single ultrasound data acquisition (DAQ) Vantage system for real-time
targeting and monitoring of the median nerve. Lastly, we use this method to acquire
preliminary evidence for FUS-modulated thermal sensations in humans.

[I. Materials and Methods

A. Displacement Experimental Setup

The DAQ system includes one 256 channel Vantage research platform with the HIFU option
(\Verasonics, Kirkland, WA, USA) coupled with the extended burst power supply Fig. 1. The
power supply enables driving multiple cycle transmits. Half of the 256 connectors is
connected to a 104 element P12-5 Phased Array transducer (ATL Philips, Bothell, WA,
USA) for simultaneous imaging and displacement tracking. The other 128 elements were
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connected to a RF matching box for a 4 element, 1.1 MHz FUS transducer (SonicConcepts,
Bothell, WA, USA). A customized matching box directs power from the 64 channels in the
right connector to the 4 element annular rings (16 mm width) with area (450, 550, 650, and
70 mm?); each annular element is driven by 16 channels. The FUS transducer has an active
diameter of 64 mm with a 40 mm opening where the imaging transducer was placed through
(Fig. 1a). The attached coupling cone opening is 77 mm in diameter with two tubes for
degassing the water in the transducer cone or inflation/deflation of the membrane. The focus
of the FUS transducer (0.5 x 15 mm) was aligned using a custom 3D printed mold so that
the plane of the imaging transducer was centered at 30 mm in depth. The FUS frequency and
size of the focal region were chosen to optimize adequate radiation pressure, relative to the
focal size-to-nerve ratio. The focus encompasses the nerve diameter completely in the axial
direction and 20% in the lateral direction. RF signals acquired for HFR displacement
tracking were processed in real-time using a GPU CUDA-accelerated delay-and-sum (DAS)
beamforming and 1D cross correlation algorithm [46].

Compounded plane wave images were used for initial targeting of the nerve. We used 5
angles (£9°) and 1 transmit-receive operation per angle to generate a B-mode image (Fig 1b)
with the focus at 30 mm. Beamformed RF data was fed into a normalized cross-correlation
algorithm [46] to generate displacement maps of FUS pushes overlaid onto B-mode images.
A a 95% overlap and a window size of 12.25 mm was used to track displacements in the raw
RF data. Derated peak negative pressures used in phantoms were under 10.9 MPa peak
negative pressure (MI = 10.1, 72.3 W/cm? /spps) and under 7.9 MPa (M1 = 7.5, 29.4 W/cm?
Isppa) in humans.

B. Simultaneous Single-system FUS Displacement Tracking Pulse Sequence

Currently, the ultrasound DAQ system has not been configured for within-pulse imaging
across two transducers without interleaving sequences. Therefore, a strategy for continuous
imaging and monitoring must be developed to allow displacement tracking within the FUS
push. Simultaneous imaging of FUS pushes requires customized ultrasonic parameters for
each transducer. A 1.5 cycle plane wave emission was programmed for all 128 channels
connected to the P12-5. In order to utilize both transducers without interleaving, the pulse
duration of the FUS transducer was set to a proportion of the total time-of-flight (TOF) for a
wave to travel from the imaging transducer face to a scatterer at the edge of the imaging
window and back. Therefore, to generate an image at 41 mm from the transducer face
(aperture of 9.94 mm), the TOF (71 15) sets the extended FUS burst to be an integer multiple
of the TOF. To reach a burst pulse duration of 5 ms, matching pulse durations seen in
previous PNS neuromodulation studies, 70 bursts of ultrasound without interval between
pulse trains were transmitted during the FUS push. The 71 s bursts are programmed into
the right 128 channels of the DAQ which are used to drive all four annular elements.

Fig. 2 shows the pulse sequence of the proposed technique. The FUS push is shown in blue
and the imaging pulse in black. The total frame rate of the technique is also depth
dependent; for a depth of 41 mm, the frame-rate is 14 kHz. Hydrophone measurements of
the FUS and imaging transducers in free field (HGL-200 & HFO-660, Onda Corp,
Sunnyvale, CA) is shown in Fig. 2 middle. Hydrophone measurements reveal a 17 /5 gap

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2022 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal. Page 5

between subsequent FUS bursts. This was caused by a combination of electronic processing
time and actuation time of the elements. The processing sequence is defined in Fig. 2. After
stacking and transferring all RF imaging frames, the RF data is beamformed using a CUDA-
accelerated (CUDA version 9.1) conventional DAS beamforming. The parallel calculations
were performed using a GPU (Tesla k40c, Nvidia, Santa Clara, CA, USA) with 1024 threads
and 3 dimensional indexing. Beamformed RF data was filtered using a comb notch filter at
all the fundamental (1.1 MHz) and harmonic frequencies (2.2 — 12.1 MHz) of the FUS
transducer found within the P12-5 bandwidth. Harmonic Frequencies within the 60%
bandwidth of the P12-5 were not applied in order to maximize signal-to-noise (SNR) of the
echoes. Second order Butterworth notch bandwidths were set to 50% of the notch
frequencies and filter coefficients were calculated before the imaging sequence so that in-
sequence calculations would be devoted to beamforming and cross correlation.
Displacement calculations were performed by 1D cross-correlation with a 95% overlap and
a window size of 12.25 mm [43]. Displacement maps were smoothed using a 2D median
filter of 0.2% of the reconstruction grid. Displacements were then overlaid onto the filtered
B-mode images after calculation of all frames and displayed in real-time.

C. CUDA benchmarking

CUDA DAS beamforming was implemented through MATLAB GPU kernels. Variables
used to beamform in real-time were stored in the shared memory on the GPU before
imaging execution. All delays were calculated and summed up for each pixel in the desired
linear interpolation grid. 3D indexing was used for each calculation in time (frames) and
spatial (depth and lateral) points on 1024 threads divided into 3 blocks. The kernel grid size
was determined as a proportion of the reconstructed frames and spatial grid. Lastly,
beamforming operation was performed by passing the raw RF data as a singular vector array.

For benchmarking GPU performance, MATLAB’s GPU parallel computing toolbox, CPU
multi-core (parfor), and CPU single-core operations were used as comparisons. DAS using
MATLAB’s toolbox was performed by pre-allocating interpolated RF samples and pre-
defining forwards, backwards, and compounding delay arrays on the GPU. During imaging
operation, RF data was then beamformed by linearly interpolating the RF data onto pre-
indexed and pre-defined delays. The same calculations performed in C++ were separately
performed on a single CPU and using parfor loops using 12 workers on two CPU cores. Two
sets of analysis were performed using a sample acquired RF data of size 1152 (samples) x
104 (elements). Computational time was calculated by increasing the number of samples or
increasing the interpolation grid size and resolution. Benchmarking code can be made
provided upon request.

D. Frame decimation

The accuracy and dynamic range of displacement tracking a 1.1 MHz ARF push is
diminished. Therefore, to increase sensitivity and accuracy for real-time, intraprocedural
targeting and monitoring, we can either increase transducer driving power or remove and
decimate subsequent frames so that interframe displacement increases without changes to
overall cumulative displacement. For every displacement map, RF of dimension 104
elements x 1152 samples were stacked by the number of frames into a larger 2D array (104
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x 80640 for a 70 frames) and acquired at the highest frame-rate required to image at a
specific depth. To emphasize larger displacement estimates, we can down-sample a
percentage of frames and feed the resulting beamformed RF into the displacement
estimation algorithm. In our optimization, we decimated by a factor of 0, 3, 5, 7, and 9 (i.e.,
removing zero, every 3rd, 5th, 7th, or 9th frame). Therefore, for a 5 ms FUS pulse, the
received 70 frames would be reduced to 23 frames after decimation by 3, allowing larger
displacement measurements between subsequent frames. Afterwards, SNR was calculated
on the displacement signals for every decimation factor.

E. Sample preparation

A polyacrylamide tissue-mimicking phantom with 4% agar powder (Sigma-Aldrich, St.
Louis, MO) as a scattering particle [47] was used to validate the displacement imaging. The
phantom has an elastic modulus of 10 kPa, which was determined using the methodology
described by Han et al. 2015 [48].

F. Human subject preparation

All human subjects (n=5) were recruited acquired in accordance with the 2013 Declaration
of Helsinki. Ethical oversight and approval for this study was provided by the Institutional
Review Board of Columbia University under protocol AAAR4475. Human subjects were
seated comfortably with their forearm resting in a mechanical and movable cuff. The
forearm was placed as to not introduce any physical shifting during the experiment.
Degassed ultrasound gel was used to couple the transducer system bladder to the forearm.
Compound B-mode imaging was used to initially place the therapeutic transducer focus on
the median nerve.

Heat stimulation pulses were delivered to the C6 dermatome of the right arm (n = 1) using a
custom-built thermofoil device. This initial feasibility study was set so that the FUS was
delivered exactly when the heat signal was applied to the palm. FUS sonications (on target
and off target) were randomized within the 14 heat pulses delivered and the subject was
asked to rate the intensity of the thermal stimulus using the Wong-Baker scale [49]. Though
the scale ranges from 0 to 10, we kept thermal stimulation ratings in the range of 3 to 6.

G. Statistical analysis

All data was acquired in accordance with the Columbia University Institutional Review
Board regarding patient data collection. Statistical testing was performed in Prism 8
(Graphpad, San Diego, CA) using a non-parametric Mann-Whitney test to test for
differences between ratings given concurrently with FUS or sham sonication.

lll. Results

A. Signal-to-Noise Optimization
The imaging technique, using a 5 ms pulse sequence, in Fig. 2 was optimized by calculating
SNR during the FUS pulse in a gelatin tissue-mimicking phantom for decimated
displacement estimation (0, 3, 5, 7, and 9 frames) at varying levels of focal pressures (Fig.
3). The displacement maps shown are 0.16, 0.40, and 0.55 ms after triggering the FUS pulse.
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Displacements illustrate the ellipsoidal shape of the FUS beam but with increased lateral
extent due to decimation. All calculations were performed using the ROI defined in Fig. 3
(top), placed at the center of the transducer focus (30 mm). Ten pressure levels, 5
realizations each, were used to acquire raw RF data using our technique. Post-hoc, frames
were decimated by a factor ranging from 0 to 9 frames and the resulting displacement for
each realization was estimated using normalized cross correlation. The resulting
displacement maps (Fig. 3 top) show larger interframe displacement values and illustrate the
ellipsoidal focus better as more decimation is used. The associated interframe displacement
traces are shown for a 5 ms FUS pulse in Fig. 3 bottom. Decimated displacements have
fewer time-points within the FUS pulse but have larger displacement values. Lastly, the SNR
was calculated within the pulse using the following equation [50], [51]:

SNR=§ 1

where yis the mean displacement and o is the variance across all realizations within the
ROI. SNR was calculated for displacement values only within the FUS pulse. Results show
that, for a 5 ms pulse, decimation by 7 frames had the largest increase in SNR by 15.09 £
7.03 dB compared to no zero decimation across all pressure levels. As such, displacement
SNR increases with pressure, peaking at 5.7 MPa until the noise from FUS harmonics
severely impedes both B-mode quality and the estimated displacement. Therefore, trade-offs
between maximized SNR and number of frames within the FUS pulse indicate that optimal
decimation rates should range from 3 to 7 frames. Thus, for the following study, all RF data
was decimated by 5 frames before displacement estimation.

B. GPU Benchmarking

GPU parallelization of DAS beamforming using CUDA programming was compared to
GPU parallelization using MATLAB’s parallel computing toolbox, CPU parallelization (12
workers) over 2 cores, and CPU calculation on one core. Fig. 4 shows computation time over
number of samples beamformed. Averages over 3 realizations at increasing number of RF
samples show similar computation time for both GPU methods until 10° samples. At >10°
samples, CUDA GPU performance shows increasing computational speedup up to 35 times
the MATLAB GPU computational time. CUDA GPU maintains consistent speed up over
CPU and parallel CPU by 300 and 60 times, respectively. Lastly, CUDA performs under
real-time criteria up to 1056 samples.

The same computational time comparisons were performed for different DAS interpolated
grid size resolutions (1, 0.5, 0.25, 0.125) for 70 frames of 1152 RF samples of base grid size
of 60 x 512 pixels. Fig. 5 shows CUDA DAS performs well compared to all other
computational frameworks. The MATLAB parallel toolbox and CUDA kernel performance
was similar until (240%2048 pixels) grid sizes. The CUDA kernel was not able to perform in
real-time at grid sizes 480x4096 pixels and above. Benchmarking results also show
considerable speedup over CPU calculations.
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C. Axial Displacement Focusing

The FUS beam was electronically focused in the axial direction by calculating delays for
each of the 4 annular ultrasonic elements so that the focal point is moved in the axial
direction. Variations in the beam-shape occurs due to the changes in the f-number.
Hydrophone measurements of the beam profile in free-field show axial focusing capabilities
up to £10 mm relative to the geometric focal center. Axial focusing less than +5 mm leads to
-3 dB drop off in pressure and greater than £5 mm shows greater drop off up to —6 dB.
Displacement maps in a homogeneous phantom were generated for each focal depth. Fig. 6
shows relevant focal displacements at -5, 0, 5, and 10 mm focal depths relative to the
geometric center at the same time point. The figure illustrates maps showing maximum
interframe displacement, corresponding to the first frames of FUS sonication (representative
displacement trace is shown in Fig. 3). The ellipsoidal shape of the focus can best be
visualized at £5 mm. At larger axial focusing positions, the displacements succumb to
unfilterable FUS interference noise from overlapping FUS and imaging beams.

D. Human median nerve targeting

In Fig. 7 we implemented the pulse sequence to facilitate targeting for human nerve
neuromodulation in healthy subjects (h = 5). Nerve displacements up to 1 gm, overlapping
with the FUS focus, are shown in the second frame. Upwards displacement/relaxation begins
at 32 mm in frame 3 and propagates outwards in frame 4. Interestingly, there are visible
differences nerve displacement versus muscle (above 29 mm). This technique was used to
first target the nerve, ensuring maximum FUS delivery to the nerve. Varying levels of
displacement for the five subjects were measured using a 5 ms FUS pulse (5.6 MPa and 7.9
MPa peak rarefactional pressure). Mean displacement values at the center of the nerve
(black ROI) from 7 FUS pulses are reported in Table 1. Though the focal pressure output
from the transducer was the same from subject to subject, the amount of displacement varied
from 10 to 30 microns in peak cumulative displacement. After targeting validation,
displacement images were used to monitor neuromodulation.

A neuromodulation experiment was conducted to validate the technique in a sensory
neuromodulation experiment. Fifteen 2 second thermal pulses were delivered to the C6
dermatome of the human palm at a random interval between 3 and 4 minutes and a subject
(n = 1) was asked to rate the intensity of the pulse based on the Wong-Baker scale [49]. FUS
(7.9 MPa rarefactional pressure) and sham (no FUS and off target FUS) stimulations were
randomized among the 15 heat pulses delivered in a single trial. Displacement imaging
allowed monitoring of all FUS pulses and measurement of displacement at the nerve. Fig. 8
shows one frame of the supplementary video 1, indicating FUS engagement of the median
nerve. To investigate acute effects of FUS on sensory perception, a pulse duration of 5 ms
was chosen to ensure FUS was applied during sensory stimulus conduction; based on the
average conduction velocity in a healthy human subject [52] and the approximate distance of
the FUS focus to the thermal stimulus (approximately 5 — 6 cm). Both interframe and
cumulative displacement were estimated during the FUS pulse transmission at the peak of
temperature delivery. For this particular subject, the peak interframe and cumulative
displacements were estimated at the center of the nerve (black ROI) during neuromodulation
was 5.1 £ 0.7 and 40.7 + 7.4 microns, respectively. The maximum interframe displacement
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was achieved at the beginning of the pulse and the peak cumulative displacement was
acquired at the end of the FUS pulse. Sources of error in the displacement curve may be due
to slight movement in the subjects’ arm during the procedure. Preliminary data indicates that
FUS may change subjective thermal perception by modulating the median nerve during heat
stimulation. Fig. 9 shows ratings from heat stimuli with FUS vs sham. A 0.9643 pain rating
unit decrease, without significance, was found in FUS sonications vs. sham stimulations (p =
0.0547; two-tailed unpaired Mann-Whitney test) where lower ratings were indicated for
lower needle-like thermal pain.

For further validation of our technique to neuromodulation, we note differences between
FUS delivery when FUS is applied directly to the nerve vs off-target. Fig. 10 illustrates a
representative displacement image when the focus was off the median nerve (white outline).
FUS displacement still appears at the focus of the transducer, however the nerve was
positioned 5 mm away. As a result, the displacement at the center of the nerve (black ROI)
had a peak cumulative displacement of 3.2#1.7 microns when the focus was off-target.
Moreover, the peak interframe displacement was 1.7+0.3 microns at the end of the FUS
pulse rather than the beginning as in Fig. 8 with a 5 gm difference in peaks. Finally, the
thermal stimulations which were off-target had an average rating of 1 higher than when FUS
was acting on the nerve directly (p = 0.4524; two-tailed unpaired Mann-Whitney test).

V. Discussion

Using a confocally aligned imaging and FUS transducer, we can perform real-time
displacement tracking, mediated by CUDA-accelerated DAS, and axial focal steering using
a single ultrasound DAQ system without interleaving. Half of the channels can be used to
drive the FUS-guided system with simultaneous custom waveforms programmed for
imaging on half the channels and FUS on the other. A major advantage of using this
technique, is the ability to perform RF stacking and displacement tracking in real-time.

Using the Cramer-Rao lower bound [26] for a SNR of 30 dB, a correlation coefficient of
0.98, and a window length of 11.25 /s our technique can ideally achieve displacements
above 0.6711 ym where they succumb to jitter. Though, our transducer can achieve 10 mm
axial steering of the FUS focus, there is a drop off in tracked displacement. This
phenomenon is especially apparent at lower positions, where these low pressure pushes are
below the noise floor. However, the £5 mm range is more than adequate for targeting the
median nerve in the human arm and accounting for small movements, limiting off-target
effects. In the distal half of the forearm, the variation in depth of the median nerve is well
within the range of 5 mm. Furthermore, since active compounded B-mode imaging is
continuously used between displacement mapping sonications, we can actively account for
any movement during the entire procedure.

Benchmarking clearly shows the advantages of parallel GPU computing for conventional
DAS compared to CPU calculations. However, the advantage of CUDA beamforming over
using GPU matrices in the MATLAB toolbox are not as easily distinguishable.
Computational speedup only occurs at high data volumes and for displacement mapping,
higher resolution interpolation grids increase SNR of displacements and may benefit from
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CUDA operation. This deviation may be due to how CUDA-written programs efficiently use
shared memory whereas the MATLAB parallel computing toolbox does not. Other
techniques, such as Doppler functional UltraSound (fUS) would also benefit from utilizing
CUDA kernels as compounding more than 200 frames can become computationally
intensive. Not included in the above benchmarking analysis is the acceleration of the
initialization of the imaging sequence. Because the MATLAB toolbox technique involves
pre-indexing and delay calculation, initialization of scripts using large data volumes may
take minutes to initialize. However, CUDA calculation is performed in real-time, leading to
less wait time and faster in-procedure operation. On the other hand, as of now, the proposed
technique achieves real-time specifications and CUDA beamforming may benefit from
calculating delays before initialization instead of during acquisition so that during imaging
operation, other computationally intensive operations may take priority, speeding up the
technique. This technique is feasible to implement in other more conventional ultrasound
systems if an external FUS transducer is used or a custom device to allocate channels to a
FUS transducer and imaging transducer, given the sufficient frame rates (above 10 kHz) and
output power (0.5 to 1 MPa) can be achieved. Lower number of imaging channels will not
impede displacement mapping, as probes such as the P4-2 (64 channels) can be used to
track tissue motion [48]. Lastly, the imaging frequency must be selected so as to minimize
the overlap of the FUS transducer center and harmonic frequencies.

We demonstrate our technique’s capability to facilitate targeting (n = 5) of the median nerve
in and neuromodulation (n = 1) in healthy human subjects. Displacement maps show that the
intensity of the displacement increases as the pressure is increased. Due to the heterogeneity
of the forearm and boundary effects between muscle, connective tissue, and nerve fibers, the
displacement map does not necessarily follow the expected ellipsoidal focus geometry.
Additionally, the variance within a single subject was consistent between FUS pulses (max
standard deviation of 10.7 microns). However, our technique reveals that same output
pressures do not necessarily translate to the same FUS modulation efficiency (nerve
displacement) between subjects. We measured 50 4m nerve displacement from a 5.6 MPa, 5
ms pulse in 1 subject but 18 4m in another from the same pulse parameters. This can be due
to a number of factors: location of the transducer on the forearm, the incident angle to the
skin, tissue properties, and how well coupled the transducer system is to the skin. Finally, we
present a preliminary findings showing FUS effects on thermal pain perception. Results
show that thermal pulses with coincident FUS sonication had lower thermal ratings than
sham pulses. Moreover, pulses that were off-target to the nerve had a higher rating than
when the focus was positioned at the center of the nerve. Displacement maps show that
displacement characteristics are vastly different between on- and off-target pulses. The peak
of interframe displacement was near the beginning of the pulse for on-target versus the end
of the pulse for off-target (Fig. 10). FUS was capable of suppressing pain signals only when
directly targeted to the nerve trunk. This effect could be explained by either the generation of
afferent signals at the nerve trunk, generating a masking effect of pain, changing how the
subject perceives pain or, most likely, by the direct suppression or interruption of signals by
FUS at a more proximal portion of the nerve trunk. The masking effect is unlikely to occur
because the sonication using the parameters used in this study without any other stimuli did
not generate any sensory response itself. Future studies will explore this hypothesis, for
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example, targeting receptive fields at the skin in order to generate tactile sensations during a
concurrent pain task.

Limitations of operating at 1.1 MHz as opposed to higher frequencies, includes lower tissue
displacements as the tissue absorption and acoustic radiation force decrease with frequency.
Interleaving transmits would lower the amplitude of displacements further, thus
simultaneous imaging within the pulse is essential. The trade-off of this technique is the
interference from the FUS transducer. Ideally, the transducer bandwidths should be
separated as far as possible to reduce the interference, but the depth penetration limits the
range of frequencies. Additional filtering can minimize interference, but an inherent
smoothing of the RF data is inevitable. Nonetheless, we can adapt this single DAQ method
to other elastography techniques such as harmonic motion imaging (HMI) by amplitude
modulating the HIFU [42]. As noted before, hydrophone measurements show that we
emitted a pseudo-CW push due to electronic actuation of elements. The effect of this timing
on displacement has yet to be determined. However, more complex coded excitations can be
developed to achieve true CW such as the ones presented by Tiran et al. 2015 [53].

In ultrasound neuromodulation literature thus far, proper targeting is an often overlooked
aspect of experimental design, but having real-time feedback and confirmation of targeting
can lead to more conclusive results. Crucially, we found that transducer driving pressure
does not necessarily lead to reproducible therapeutic levels subject to subject, providing an
explanation for the wide variety of US pressures reported in neuromodulation, i.e., 1.8 MPa,
3.2 MPa, or even 50 MPa to achieve an action potential [54]. Displacement imaging reveals
real-time feedback on how much FUS is engaging the nerve, which may vary subject to
subject or in the same subject depending on the coupling condition (i.e. coupling gel,
incidence angle). We show that transducer focal pressure may not be a valid indication of
FUS nerve modulation efficacy; using displacement imaging may facilitate comparison to
other reports of FUS neuromodulation. Furthermore, the ability to focus-shift adds to the
ability to modify targeting during the procedure in remedy of poor coupling, movement
artifacts, and off-target effects. Lastly, we have shown that variation can be detected and
imaged with this technique which may play an important role in further characterizing the
mechanism of FUS neuromodulation.

V. Conclusion

By deriving a new pulse sequence and hardware combination to simultaneously drive a FUS
and imaging transducer with a single ultrasound DAQ system, we have shown in this article
that tracking displacements within the FUS pulse for targeting and monitoring can be
accomplished. The pulse sequence and frame-rate were experimentally optimized using a
homogeneous tissue-mimicking phantom and applied to /n vivo human median nerve
stimulation. Furthermore, the technique is able to operate in real-time and account for shifts
in targeting using axial beam steering. We found that the micron displacements in the nerve
were able to confirm FUS delivery. Lastly, the imaging technique presented herein was
successfully validated in an experiment demonstrating FUS effects on thermal perception
where the subject experienced a 0.9643 pain rating unit decrease in the needle-like pain
sensation. Moreover, our technique can validate on- and off-targeting of the nerve indicating
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5-micron differences at the transducer driving pressures explored in this study. The imaging
technique developed here is not restricted to the tissues validated in this article, but can be
applied to any ultrasound-accessible soft tissue found elsewhere in the body, such as the
brain. Furthermore, current studies would benefit from a method that allows for real-time
targeting, allowing for greater confidence in the results of FUS mechanistic studies.
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Fig. 1.

FLGJ’S-imaging Verasonics setup. (top) 256 HIFU vantage with RF matching box and power
supply for the 4-element transducer is run using a computer with GPU acceleration. The
focal volume and the imaging plane were co-aligned using a 3D printed adapter so that the
FUS focal depth (51.74 mm from the rim of the transducer) is centered at 30 mm in the
imaging window. (bottom) Compounded plane-wave B-mode images were used to first
identify the nerve. Then displacement tracking during FUS propagation was used to confirm
FUS delivery in real-time.
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Fig. 2.
Within-FUS pulse sequence as recorded using a hydrophone in free-field. The FUS pulse is

displayed in blue (acquired with a HFO-660 hydrophone), and the imaging pulse is
displayed in black (acquired with a HGL-200 hydrophone). Flow diagram of whole DAQ
sequence is shown on the right.
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Fig. 3.

Di%placement tracking for decimation by 0, 3, 5, 7, and 9 frames in a tissue mimicking
phantom. Top shows interframe displacement maps for 0, 5, and 9 frame decimation. Bottom
shows representative interframe displacement traces from the same RF data after decimation
and corresponding SNR calculations over pressures between 0.7 to 11 MPa peak negative.
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operations for increasing interpolated grid sizes for DAS beamforming. Computational time

is expressed in log scale.
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Fig. 6.
Displacement maps produced using a gelatin tissue-mimicking phantom at -5, 0, 5, and 10
mm focal depths. Frames shown are at the peak interframe displacement for a 5 ms FUS

push.
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Fig. 7.

Rgpresentative tracked displacements before, during, and after FUS push in the human
subject forearms. The Median nerve is outlined and centered at 30 mm. The median nerve
was outlined based on B-mode images where the center of the nerve was identified and an
area of 19.6 mm? was selected encompassing a radius of 2.5 mm that corresponds to the
cross-sectional diameter of the median nerve.
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Fig. 8.
Illustration of targeting and monitoring FUS neuromodulation using simultaneous

displacement imaging. Left shows a displacement map at 0.86 ms after triggering the FUS
pulse. The median nerve is located at a depth of approximately 31 mm and was outlined
based on B-mode images using an area of 19.6 mm2. Right shows average and standard
deviation interframe and cumulative displacement traces over 7 FUS on-target stimulations
from the ROI shown in black.
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Fig. 9.
Thermal ratings for heat pulses with FUS and sham treatment to the median nerve (p =
0.0547, two-tailed unpaired Mann-Whitney test)

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2022 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Leeetal.

Page 26

N
o
Pain Rating
N

| |

]

]

]
.I
‘.I I

[}

]

]

N
[ ]

0 | | |
On Target Off Target

Fig. 10.
Representative off-target stimulation. Left shows the displacement map for a FUS pulse

where the nerve was located 5 mm laterally from the FUS focus (off target). Right shows the
interframe displacement at the ROI on the nerve for on- vs off-target stimulations and
corresponding thermal ratings for each trace.
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TABLE |

Summary of measured displacements across subjects.

Subject | Pressure[MPa] | Interframedisplacement [um] | Cumulative displacement [um]
1 5.6 2.1+0.3 18.3+2.4

2 5.6 5.5+0.3 50.1+3.4

3 7.9 4.2+0.3 31.3+2.3

4 7.9 5.2+0.5 423455

5 7.9 5.1£1.6 40.7£10.7
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