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Abstract

Low-intensity transcranial focused ultrasound (tFUS) has emerged as a non-invasive brain
neuromodulation tool with high spatial specificity. Previous studies inferred that the tFUS-
enhanced sensory performances were attributed to the ultrasound-induced inhibitory neural effects.
However, to date there is no direct evidence validating the neural mechanism behind the
ultrasound-mediated somatosensory enhancement. In this study, healthy human subjects (N = 9)
were asked to perform tactile vibration frequency discrimination tasks while tFUS was directed
onto the primary somatosensory cortex. During this task, we simultaneously recorded 64-channel
electroencephalogram (EEG) and investigated the brain responses at both EEG sensors and source
domains by means of electrophysiological source imaging (ESI). The behavioral results showed
that the subjects’ vibration frequency discrimination ability was improved by tFUS with an
increased percentage of response correct. EEG and ESI results revealed that tFUS
neuromodulation was able to improve the sensory discrimination capability through excitatory
effects at the targeted sensory cortex.
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Introduction

Transcranial focused ultrasound (tFUS) has been developed as a novel non-invasive
neuromodulation tool by delivering controlled mechanical energy to the target brain area,
modulating region-specific brain circuits and networks with high spatial specificity (Tufail et
al. 2010, Legon et al. 2014, Lee et al. 2016, Dallapiazza et al. 2018, Niu et al. 2018, Folloni
et al. 2019, Kubanek et al. 2020). Pilot studies have investigated the neural effects of tFUS at
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cortical regions of healthy humans, including primary somatosensory (Legon et al. 2014,
Lee et al. 2015, Lee et al. 2016), motor (Gibson et al. 2018, Legon et al. 2018) and visual
cortices (Lee et al. 2016, Schimek et al. 2020), demonstrating its capability of focally
modulating the cortical functions. Recently, tFUS was directed to modulate the right
prefrontal cortex of healthy human participants, decrease the resting state functional
connectivity at the emotional regulation cortical networks and increase self-reported global
affect (Sanguinetti et al. 2020). The transcranial ultrasound (TUS) was also administered to
treat human neural disorders reported by Hameroff et al., in which the posterior frontal
cortex was modulated in order to improve mood and reduce chronic pain on patients
(Hameroff et al. 2013). A recent study on using ultrasonic thalamic stimulation suggested
that this non-invasive brain stimulation tool may assist a patient to recover consciousness
after severe brain injury (Monti et al. 2016). Very recently, low-intensity TUS was
demonstrated to mitigate worry and increase happiness on a group of college students who
suffered from mild to moderate depression through a randomized, double-blind and placebo-
controlled study (Reznik et al. 2020).

Among these studies, Legon et al. first demonstrated tFUS to modulate human
somatosensory-evoked potential (SEP) elicited by median nerve stimulation through a local
inhibitory effect manifested by the decrease of SEP amplitudes. In this pioneering work,
they also reported that tFUS improved the human subjects’ performances in a tactile
frequency discrimination task (Legon et al. 2014). And such a behavioral enhancement was
believed to be attributed to the “increased local inhibition” (Legon et al. 2014) or “effective
neuronal inhibition” (Legon et al. 2018) conferred by the low-intensity tFUS. However, no
concurrent brain recording evidence was presented so far to confirm the hypothetical
inhibitory process or directly address a more fundamental question on how the low-intensity
tFUS interacting with the targeted somatosensory circuits specifically in processing the
sensory discrimination task, thus provide an evidence-based reason of why tFUS leading to
the sensory performance advantage.

In this study, we improve upon the experimental design of vibration frequency
discrimination task by introducing balanced frequency changes, i.e. increased/decreased/
maintained tactile frequencies, when target the tFUS stimulation at the primary
somatosensory cortex (S1). 64-channel EEG is recorded simultaneously during the behavior
task and brain electrophysiological responses are investigated at both sensor and source
domains using the electrophysiological source imaging (ESI) (Yu et al. 2016, Niu et al.
2018, Yu et al. 2020) to investigate the effect of tFUS stimulation on the brain activities
during the sensory discrimination task. The results show that tFUS stimulation can enhance
the sensory discrimination capability with a higher percentage of response correct (PRC)
through excitatory neuromodulation at the sensory cortical areas.

Materials and Methods

Participants

Nine healthy participants were recruited in this experiment (4 females and 5 males, mean
age of all participants: 35.77+14.06 years). The study was reviewed and approved by the
Institutional Review Board at Carnegie Mellon University. Informed consent was obtained
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from all human subjects in accordance with the WORLD Medical Association Declaration
of Helsinki.

Experimental Setup

Before the EEG-tFUS experiment, each participant participated a 3-T magnetic resonance
imaging (MAGNETOM Verio, Siemens, Malvern, PA, USA) scanning to obtain
magnetization-prepared rapid gradient-echo (MP-RAGE) T1-weighted brain structural
images. The structural MRI was collected in order to establish individualized brain
anatomical model, thus helping identify the brain target through FreeSurfer software
(FreeSurfer 6.0, Athinoula A. Martinos Center for Biomedical Imaging, Charlestown, MA,
USA) for topological and geometrical segmented brain surfaces (Dale et al. 1999, Desikan et
al. 2006), thus guiding the low-intensity focused ultrasound energy onto the subject-specific
primary finger sensory cortical region based on a finger sensation map (Penfield and
Boldrey 1937).

Each participant attended a sensory task in which computer-programmed mechanical
vibrations were delivered to a flat metal plate held between the thumb and index fingers of
the right hand when seated in a sound and electromagnetic shielding booth (Customized
model, IAC Acoustics, North Aurora, IL, USA). 64-channel electroencephalography (EEG)
data were simultaneously acquired by BrainAmp (Brain Products GmbH, Gilching,
Germany), with FCz and AFz set as reference and ground electrodes, respectively. The
impedances of all electrodes were reduced to be below 10 kQ by applying a high-chloride,
abrasive electrolyte gel (ABRALYT HiCl, EASYCAP GmbH, Herrsching, Germany) before
recording. The EEG signals were sampled at 5 kHz. Positions of electrodes were digitized
over each subjects’ scalp using EEG PinPoint system (Localite GmbH, Bonn, Germany).
The ultrasound transducer was mounted over the EEG cap by a 3D-printed helmet. An
optical-based brain navigation system (TMS Navigator, Localite GmbH, Bonn, Germany)
was employed with the input of the structural MRI data and optical markers attached on the
forehead to track the position and orientation of the ultrasound transducer in real time.

Experiment Procedures

The overall experiment setup and procedure is shown in Figure 1. The sensory task was
repeated in two different sessions, i.e. Sham US and UPRF 300Hz. In each session, subjects
were presented with a pair of vibration stimuli with different frequencies (i.e. f1 and 2) and
respective visual cues in each of total 56 trials. In each trial, they were instructed to select
the one with a higher vibrating frequency by pressing a corresponding button. The pair of
vibration stimuli consisted of one vibration frequency (i.e. 1) fixed at 130 Hz and another
frequency centered at 130 Hz with a randomized frequency shift among 7 different levels: 0,
4, 8,12, 16, 20, 24 Hz, with equal probability to increase or decrease. Each vibration lasted
for 1.9 seconds. For each shifted frequency level, 4 trials with increasing shifted frequency
and 4 trials with decreasing shifted frequency were presented in one session. The order of
these trials was randomized. The mechanical vibrations were delivered to the subject
through a flat plate (PHUA8060-35A-33-000, TDK Corp., Tokyo, Japan) held between the
thumb and index finger of the right hand. The amplitude at each vibration frequency among
the overall range of 106 to 154 Hz was normalized using a force sensor (TN1012/ST
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Transducer, ADInstruments Inc., Dunedin, New Zealand). The vibrational frequencies were
generated and played from a computer program and were further converted to the
mechanical vibration on the plate through a driving board (DRV2667EVM-CT, Texas
Instruments, Inc., Dallas, TX, USA). The possible audible sounds produced by the gentle
vibration of the plate is further minimized by applying ear plugs (Figure 1).

During the session, the visual cues were displayed on a 24-inch LCD monitor with a viewing
distance of 50 cm. Two blocks on the screen with the digit “1” and “2” inside indicated the
first and the second vibration in one trial. When the vibration was presented, the
corresponding block was highlighted and turned red as a visual cue. After two vibrations
presented, each subject had 2 seconds to decide and select the one with a higher vibrating
frequency. The entire keyboard was divided and labeled as two parts, i.e. 1 or 2, and the
subject was able to press any key in the corresponding side using the left hand to report the
selection, which minimized the motion of selection. As visual feedback and confirmation,
the background of the corresponding block on the screen turned to gray after the selection
was reported. The subject was allowed to skip without pressing any button if they considered
the two vibrating frequencies were equal. The subject can change their selection during the
decision period. After the decision period, the subject had 1 second of rest interval before
the start of the next trial. Their selections during all trials were recorded and saved after the
completion of the entire session.

As illustrated in the experimental event sequence (the bottom panel of Figure 1), pulsed
ultrasound stimulations were delivered to the finger representation area of S1 at 100 ms
before the onset of each vibration stimulus to the fingers. Each sonication lasted for 500 ms
with an ultrasound pulse repetition frequency (UPRF) of 300 Hz practiced in the session
(denoted as “UPRF 300Hz” condition). In addition, a sham ultrasound session was also
conducted with active acoustic transmission, but the ultrasound is physically decoupled to
the scalp by 4-6 centimeters (denoted as “Sham US” condition). The sham condition with
active acoustic transmission controls for confounding factors such as audible sound
generated from the UPRF and electromagnetic interference. The order of the sessions/
conditions was also randomized when presented to the human subject. The control of event
sequences, such as the timing of vibration stimuli, ultrasound triggering, and the visual
interface were programmed in Python (Version 3.7.1, Python Software Foundation,
Wilmington, DE, USA) with Psychopy (Version 3.0.4, University of Nottingham,
Nottingham, UK)

Ultrasound Setup

A single element focused transducer (AT31529, Blatek Industries, Inc., State College, PA,
USA) with an element diameter of 25.4 mm and a focal length of 38.1 mm was used in this
study. A 3D-printed collimator (an outlet diameter of 18 mm and a height of 20 mm) filled
with ultrasound transmission gel (Aquasonic 100, Parker Laboratories, Inc., Fairfield, NJ,
USA) was attached to the transducer for an improved coupling of ultrasound to the scalp.
The focused ultrasound wave was generated by the ultrasound transducer, which was driven
by two function generators (33220A, Keysight Technologies, Inc., Santa Rosa, CA, USA)
and subsequently a radiofrequency (RF) power amplifier (2100L, Electronics & Innovation,
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Ltd., Rochester, NY, USA). The first function generator, synchronized by a TTL (transistor-
transistor logic) signal from the computer to trigger ultrasound pulses, thus generating the
specified number of pulses at the UPRF of 300 Hz. The second function generator, triggered
by the output of the first one in a burst mode, was employed to engender ultrasound
fundamental frequency (UFF) and determine the cycles per pulse (CPP) number. The
ultrasound temporal profile is depicted in Figure 2A.

In this study, the ultrasound setup used a UFF of 0.5 MHz, CPP number of 100. Each
sonication lasted for 500 ms with a UPRF of 300 Hz. The spatial peak ultrasound pressure
applied to the scalp was measured as 780.4 kPa (Figure 2B-C, spatial-peak pulse-average
intensity lsppa: 5.64 W/cm?2, spatial-peak temporal-average intensity Ispta: 338.28 mwW/
cm?), with an estimated ultrasound pressure of 286.0 kPa (Isppa: 1.10 W/cm?, Igpa: 67.13
mW/cm?) arriving at the targeted cortical brain. The axial view of the transcranial ultrasound
pressure field is presented in Figure 2E, which is also co-registered with an intersectional
view as indicated in Figure 2D of a human skull model (Spitzer and Whitlock 1998). This
pressure estimation was based on a 3-dimensional transcranial ultrasound scanning using a
needle hydrophone (HNR-0500, Onda Corp., Sunnyvale, CA, USA) in the presence of a real
human hydrated skull sample (OK-14472, Skulls Unlimited International, Inc., Oklahoma
City, OK, USA).

Behavior Data Analysis

For each session, the order of the actual vibration frequencies was saved and converted to a
list of indexes of the higher frequency in each trial. The subject’s selections during the
experiment were also saved and compared with the ground truth to calculate the percentage
of responses correct (PRC) for each shifted frequency level (7 PRC measurements for each
session). A two-way analysis of variance (ANOVA) test is conducted on PRC data of all
subjects to examine the effect of shifted frequency levels and ultrasound conditions. PRCs
were then averaged across shifted frequency levels, sessions and subjects. Error bars in
standard deviations were plotted for the behavioral data visualization. The statistics of the
PRC averaged across all shifted frequency levels in UPRF 300Hz sessions in comparison
with those in Sham US were assessed by a one-tail paired Wilcoxon signed rank test with a
null hypothesis that the PRC in the UPRF 300Hz session was no greater than that in the
Sham US session. This analysis was performed in Matlab (R2019a, Mathworks, Natick,
MA, USA) and Python (Version 3.7.1, Python Software Foundation, Wilmington, DE,
USA).

Electrophysiological Signal Processing and Analyses

EEG data were band-pass-filtered from 1 to 45 Hz with an infinite impulse response (IIR)
filter. Independent component analysis (ICA) was performed to remove components related
to eye movements. Data trials were extracted from 0 to 600 ms, while data from —400 to 0
ms were used as baseline and removed after normalization (time 0 was the ultrasound onset).
Data in each session were averaged over trials to obtain the ultrasound-evoked brain
activities. The EEG temporal profiles and the topographic voltage maps of the ultrasound-
modulated brain activities were plotted. A non-parametric permutation-based t-test was
performed to assess the statistics of the averaged EEG signal from four electrodes closest to
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the target brain region in the two experiment conditions. Data were processed and visualized
in MATLAB (R2019a, Mathworks, Natick, MA, USA) using Brainstorm toolbox (Tadel et
al. 2011).

Individual MRI data, preprocessed by FreeSurfer for structural brain segmentation, was co-
registered with the digitization of the EEG electrodes. The individualized head boundary
element method (BEM) model (He et al. 1987, Hamaélainen and Sarvas 1989) was further
created in Brainstorm for each participant. The averaged ultrasound-modulated
somatosensory brain activities in each condition for all participants were processed
following the electrophysiological source imaging pipeline (Michel and He 2017, He et al.
2018). The minimum norm imaging (MNI) algorithm was applied to solve the inverse
problem and further reconstruct the current source density (CSD) (Dale and Sereno 1993) at
the cortical regions of interest (ROI). A finger representation area of 3.8 — 4.2 cm? on the
primary somatosensory cortex in the left hemisphere was selected as the brain ROI, and the
averaged source amplitude, denoted as the sensory source profile amplitude (SSPA), within
this ROl was extracted for further statistical analyses (Babiloni et al. 2005, Edelman et al.
2016). A one-tail paired Wilcoxon signed rank test was performed to investigate the
statistics of the SSPAs in the two experiment conditions with a null hypothesis that the SSPA
in the UPRF 300Hz session was no greater than that in the Sham US session. The SSPA is
defined as the difference between the maximum and the minimum of averaged CSD in time.
This analysis was also performed in MATLAB (R2019a, Mathworks, Natick, MA, USA)
and Python (Version 3.7.1, Python Software Foundation, Wilmington, DE, USA).

Behavior Outcomes

A two-way ANOVA test is conducted on PRC data of all subjects to examine the effect of
shifted frequency levels (7 levels) and ultrasound conditions (Sham US and UPRF 300Hz).
The result shows that both shifted frequency levels (Fg 112 = 2.87, p=0.012, effect size npz
= 0.13) and ultrasound conditions (F1 112 = 8.37, p=0.005, effect size 7 2=0.07) have
statistically significant effects on the PRC, which indicates that tFUS is able to increase the
subjects’ discrimination ability in sensing the frequencies of mechanical vibrations. No
significant interaction between the effect of shifted frequency levels and ultrasound
conditions was observed (Fg 112 = 0.39, p= 0.88, effect size 7,° = 0.02).

The behavior results are also depicted in Figure 3. Each line in Figure 3A represents the
averaged PRC over subjects (N = 9) with respect to different shifted vibration frequency
level in each condition. In both conditions, the PRC increases as the shifted frequency
increases. As the subjects were asked to skip pushing buttons if the two frequencies were
considered equal, three options were provided for each decision and the chance level was
33%. In Sham US, the average PRC across all shifted frequencies was 34.92% and the mean
PRCs were above the chance level when the shifted vibration frequencies were greater than
8 Hz. In UPRF 300Hz, PRCs were greater than the chance level at all shifted frequency
levels, while the overall PRC reached 45.24%. A testing threshold, which was defined as the
minimum shifted frequency while the PRC reached 50%, became lower in UPRF 300Hz
condition than that in Sham US. A one-tail paired Wilcoxon test was also implemented to
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examine the null hypothesis that the PRC in UPRF 300Hz condition would be no greater
than that in Sham US condition. As a result, it showed significant improvements (p = 0.048,
effect size r=0.39) of subjects” median PRC during UPRF 300Hz in comparison with those
in the Sham US condition, shown in Figure 3B. These data demonstrate that ultrasound
increases the overall PRC compared with the sham condition, which support the previous
experimental finding (Legon et al. 2014).

EEG Responses at the Sensor Domain

The averaged 64-channel EEG sensor-level result across multiple subjects (N = 7) is shown
as butterfly plots in Figure 4A and B. Due to relatively severe body movements during the
task, two subjects with poor EEG signal quality were excluded for further data analyses. The
vibrational sensory-evoked brain activities in Sham US and UPRF 300Hz conditions are
depicted.

The averaged EEG signal of C3, C5, CP3, CP5 (N =7) in solid lines, which are the four
electrodes closest to the brain region of the ultrasound neuromodulation, is shown in Figure
4C. The shaded areas under the solid lines represent the standard error of the mean (S.E.M.),
and gray vertical bars indicate those temporal segments in the UPRF 300Hz condition which
are significantly different from the signal in Sham US condition (p < 0.05, non-parametric
permutation-based t-test). Compared with the Sham US condition, N30, P100-N170
components are significantly enhanced with the neuromodulation in UPRF 300Hz. The
existent N300 component in Sham US condition is also modulated in the UPRF 300Hz
condition which shows statistically significant differences when comparing to the tFUS
condition.

Topographic maps of the averaged EEG signal, under each condition at 30 ms, 100 ms and
330 ms when the statistical significance is shown, are presented in Figure 4D-I. The topo
maps are displayed in the grand average reference montage. At 30 ms and 100 ms, the topo
maps of UPRF 300Hz condition show different spatial patterns (Figure 4G and H) with
stronger activations in frontal and temporal lobes than those of Sham US. At 330 ms, the
topo map in UPRF 300Hz condition presents a similar spatial pattern as in the Sham US but
with a stronger magnitude.

EEG Responses at the Source Domain

Figure 5A-D show the electrophysiological source imaging result at 100 and 330 ms under
Sham US and UPRF 300Hz conditions. At 100 ms, there is no significant brain activation
(maximum CSD of 15.5 pA-m, Figure 5A) on the S1 in the Sham US condition, whereas the
activation appears at the S1 in UPRF 300Hz condition with the maximum CSD of 565.1
pA-m (Figure 5B). At 300-400 ms, the S1 activation with maximum CSD of 92.9 pA-m
exists in Sham US condition (Figure 5C), and more sensory cortical activations are localized
in the UPRF 300Hz condition with a higher CSD maximum value of 576.7 pA-m (Figure
5D).

The green patches in the Figure 5A-D are used to identify the ROI in this study, i.e. the
finger representation area on the S1 in the left hemisphere. The averaged CSD (N = 7) of
this ROI in each condition is extracted from the identified area of 4 cm? and presented in
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Figure 5E. The grand averaged CSD is depicted with solid line profiles, and the shaded areas
indicate the S.E.M. In the early SEP source complex during 90-110 ms, the grand averaged
SSPA is 51.7 pA-m in UPRF 300Hz condition comparing to the much less mean amplitude
of 5.0 pA.m in Sham US. In the late SEP source complex during 300-400 ms, the absolute
value of SSPA is increased from 13.4 in Sham US condition to 31.0 pA-m in UPRF 300Hz.
Furthermore, as illustrated in Figure 5F, the SSPA is significantly increased in the UPRF
300Hz condition compared with that in the Sham US, examined by a one-tail paired
Wilcoxon signed rank test (o= 0.026, effect size r=0.51).

Discussion

In this study, we performed a mechanical vibration frequency discrimination task in a group
of healthy human subjects and evaluated the performance of participants under the low-
intensity tFUS neuromodulation condition with a UPRF of 300 Hz and the sham condition.
In both conditions, the behavior results show a tendency that the percentage of responses
correct (PRC) increased as the shifted frequency increased, which aligns the intuition that it
is easier for subjects to differentiate two frequencies once the frequency difference becomes
larger. The behavior results also illustrated that subjects exhibited a higher overall PRC
when their central sensory brain circuits were modulated with tFUS in comparison with the
sham condition. These results revealed that low-intensity tFUS stimulation at the S1 may
improve the vibration frequency discrimination capability, which was consistent with the
behavioral results in the previous work (Legon et al. 2014).

Given the behavior outcome, a fundamental question remains that whether the frequency
discrimination enhancement is due to the inhibitory or excitatory neuromodulation effects of
tFUS. To directly address this question, we simultaneously recorded multi-channel EEG to
objectively assess the brain responses to the sensory input and performed analyses on
concurrent EEG data at the sensor and source domains to uncover electrophysiological
evidence. In the sham condition, a negative peak occurred 200 ms after the onset of the
vibration stimuli which corresponded to the N300 component in the temporal signal
(vibration stimuli were presented 100 ms after ultrasound onsets). The cortical source
amplitude of this component indicated that the finger representation areas at the primary
somatosensory cortex was activated during the task. When tFUS was delivered to S1, a
significant difference from the sham condition showed that the magnitude of the N300
component became enhanced at the sensor level (Figure 3C). The reconstructed source
results also showed that the activation on S1 demonstrated a higher source profile amplitude.
The early phase (e.g. < 150 ms) of the SEP enhancement is deemed to be associated with
excitatory effects on the afferent vibrotactile signal transmission and brain processing at the
specific primary somatosensory cortex (S1) (Schubert et al. 2006). The increased excitability
(Gibson et al. 2018, Yu et al. 2020) of the S1 due to the ultrasound modulation may be
responsible to such excitatory effects, which does not exclude the possible ultrasound-
evoked potential (Lee et al. 2015, Yu et al. 2016) in addition to the SEP at S1. The late phase
(e.g. > 200 ms) of the enhanced SEP may be related to the increased associative cortical
reactions for the secondary somatosensory information processing occurring at the adjacent
brain circuits. The increased S1 activities may provide enhanced communications to the
associative brain network. These results revealed that tFUS stimulation targeting the
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activated brain area in the sensory task may increase the local brain excitability, thus leading
to the enhancement of sensory discrimination capability.

It was suggested that such enhancement of sensory discrimination capability was attributed
to effective neuronal inhibition by the administered tFUS (Legon et al. 2014, Legon et al.
2018). However, such neuronal inhibitory effect was observed from tFUS-mediated median
nerve stimulation paradigm, and no concurrent EEG was recorded to directly support the
same neural mechanism. To explain such a difference between our observations in the
present work and the previous experiment outcomes, the UPRF may play a significant role
(King et al. 2013, Plaksin et al. 2016, Kubanek et al. 2018, Yu et al. 2019) in changing the
results. We applied relatively low UPRF (i.e. 300 Hz) to the human primary somatosensory
cortex comparing to the 1 kHz UPRF employed by Legon et al. (Legon et al. 2014, Legon et
al. 2018). Moreover, the UPRF employed in our work is even lower than that was applied by
Lee et al. (Lee et al. 2015), in which the excitatory neural effects of tFUS (UPRF = 500 Hz)
were reported at the human S1 cortical region. By further tuning the tFUS parameters, such
as the UPRF, may shed light on the parameter-dependent neuromodulation effects of tFUS
in humans. Besides the ultrasound parameters, the neuromodulation effect of tFUS may also
depend on the state of brain circuits, such that the closed-loop transcranial ultrasound has
been shown to deliver timely and effective neuromodulation according to the state of brain
activities in /n vivo rodent models (Yang et al. 2020). In other words, the brain states might
be different in median nerve stimulation paradigm versus frequency discrimination task, thus
the tFUS neuromodulation leading to inhibitory versus excitatory effects in S1.
Nevertheless, elucidating the potential roles of these factors for tFUS in generating
excitatory/inhibitory neuromodulatory effects at the somatosensory circuits is of great
importance for effective translational applications of ultrasound neuromodulation on human,
such as managing chronic neuropathic pain (Yu et al. 2020) in which the somatosensory
cortices will be considered as essential brain targets for neuromodulation, as they are
deemed as important circuits associated with nociception and processing the sensory aspect
of the pain (Case et al. 2017).

The tFUS employed in our study is generally safe and no adverse effect was reported by the
human subjects through brief surveys of possible symptoms, such as headache, nausea, and
dizziness, etc. To ensure the safety, we limited the tFUS intensities lower than the FDA
safety guidelines for diagnostic ultrasound (FDA 2019), as well as the ultrasound intensities
administered by Legon et al. (Legon et al. 2014, Legon et al. 2020).

For a rigorous investigation, our experiments introduced the sham ultrasound session with
active ultrasound transmission while detached the acoustic aperture from the scalp. As the
transducer did not directly touch the scalp in both ultrasound sessions and the ultrasound
transmission gel still covered the subject’s scalp at the target area in the Sham US setup, it
would be a very similar sensory perception by the subjects. During the experiment, the
transducer was held by a clamp which was mounted on the plastic helmet; thus, the same
weight/pressure was applied to the subject’s scalp in both actual and sham ultrasound
conditions. Therefore, the subjects felt the ultrasound transmission gel all the time
throughout the testing sessions and would feel no difference in terms of the scalp sensations.
Furthermore, although the order of the two sessions with different ultrasound settings was
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randomized to our capacity, some confounding factors in the experiment design may still
bias the behavioral outcome. As the sessions were scheduled in one day with short breaks in
between, the subject may have better performance in the latter session because of a potential
learning effect that the subject became more familiar with the task. On the other hand, the
subject may experience fatigue in the latter session, thus the performance may become
worse due to the fatigue.

It was also observed that the targeted brain region was active at early times (30-40 ms, 90—
100 ms) after the tFUS onset (Figure 4A and B). During these two time periods, no vibration
stimuli were actually presented yet to the human subjects, which implied that these
activations may be directly elicited by tFUS stimulation. Lee et al. also reported similar
temporal patterns in 2015 that tFUS elicited evoked potential which was similar to SEP
elicited by median nerve stimulation in the hand S1 at electrode sites of C3 and P3 (Lee et
al. 2015). However, in our study, the subjects did not report any special awareness/sensation
at their fingers during tFUS, while tactile sensations were reported in the previous study.
Such differences may result from the difference in ultrasound parameters, including
fundamental frequency, pulse repetition frequency, sonication duration and pressure.
Furthermore, the external vibration in the concurrent discrimination task may also inevitably
distract the subject from the awareness of sensations elicited by tFUS. Nevertheless, the
neural effect of tFUS with various parameter sets on directly elicit somatosensory activities
at the human brain still merits further investigations so as to better understand the inhibitory/
excitatory effects of tFUS stimulation without the presence of any external sensory stimuli.
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Figure 1.

Diagram of the overall experiment setup and procedure. In each trial, a pair of vibration
stimuli are delivered to a flat haptic vibrator held between the subject’s thumb and index
fingers of the right hand. The subject is instructed to select the one with a higher frequency
by pressing corresponding buttons. The status of the stimulus and the decision is shown on
the screen in real-time. Transcranial focused ultrasound (tFUS) is delivered to the primary
finger somatosensory cortical area at 100 ms before the onset of each vibration stimulus.
The 64-channel electroencephalography (EEG) data are simultaneously recorded to perform
electrophysiological source imaging (ESI). The reconstructed source activities at the finger
somatosensory cortical area are extracted as somatosensory source profiles and are validated
with behavior outcomes to further access the tFUS neuromodulation effects.

Ultrasound Med Biol. Author manuscript; available in PMC 2022 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Liuetal.

Page 14

A 2s 29s 500 ms
AL
' N
500 kHz UFF 1/UPRF 200 ps
Sine Wave —_— H
‘‘‘‘‘‘‘‘‘‘‘‘‘ Pulsed
e —_ —_—— — —
Time
UPRF: 300 Hz 100 CPP
B Lateral View in Free Water C Axial View in Free Water

£ £ g
£ E o
=
> N é
o
0 10 20 30
X (mm) X (mm)
D E Axial View within Full Skull Cavity
g
e
[+ 1

Figure 2.
Ultrasound spatiotemporal profiles. (A) The ultrasound waveform and time sequence. (B-C)

Ultrasound pressure field measurements along the lateral direction in free water (B) and
along the axial direction in free water (C). (D-E) The illustration of transducer placement
over a human head/brain model (D) with the intersectional view of the transcranial
ultrasound pressure distribution within a full human skull; the image is co-registered with a
human skull model (E).
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Figure 3.

Behavior outcomes from the frequency discrimination task. (A) The averaged percentage of
responses correct (PRC) over subjects (N = 9) with respect to 7 shifted frequency level in
each condition. The standard deviations at those 7 frequency levels are indicated with error
bars. Ultrasound conditions have a statistically significant effect on the PRC examined by a
two-way ANOVA test. (B) The boxplot of the averaged PRC across all shifted frequencies in
each ultrasound condition. Statistics by one-tail paired Wilcoxon signed rank test for
examining the effect of tFUS increasing the subjects’ frequency discrimination accuracy. *p
<0.05.
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Figure 4.
EEG spatiotemporal responses at the sensor domain. (A-B) The averaged EEG signal over

subjects (N = 7) shown in butterfly plots in Sham US (A), and UPRF 300Hz (B) conditions.
(C) Averaged EEG signals of electrode C3, C5, CP3, CP5 (N = 7). The solid lines represent
the grand averaged EEG signals, and the shaded areas under the solid lines indicate the
standard error of the mean (S.E.M.). The vertical gray bars represent the time segments of
significant differences between sham and ultrasound conditions. (D-1) Topographic voltage
maps of the averaged EEG signal (N = 7) at 30, 100, 330 ms under Sham US (D-F) and
UPRF 300Hz (G-I1) conditions.
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Figure 5.
EEG spatiotemporal responses at the source domain. (A-D) The ESI results (absolute

values) at 100 and 330 ms in Sham US (A, C) and UPRF 300Hz (B, D) conditions. (E) The
averaged source amplitude (N = 7, solid lines) in the brain region of interest at the left
primary somatosensory cortex. The colored and shaded areas behind the solid lines represent
the S.E.M. (F) The somatosensory source profile amplitude (SSPA) is significantly increased
in the UPRF 300Hz condition compared with that in the Sham US condition, examined by
one-tail paired Wilcoxon signed rank test. *p < 0.05.
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