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Effective Ultrasonic Stimulation in Human Peripheral Nervous System
Thomas Riis, and Jan Kubanek, Member, IEEE

Abstract— Objective: Low-intensity ultrasound can stimulate ex-
citable cells in a noninvasive and targeted manner, but which
parameters are effective has remained elusive. This question has
been difficult to answer because differences in transducers and
parameters—frequency in particular—lead to profound differences
in the stimulated tissue volumes. The objective of this study is to
control for these differences and evaluate which ultrasound param-
eters are effective in stimulating excitable cells. Methods: Here, we
stimulated the human peripheral nervous system using a single
transducer operating in a range of frequencies, and matched the
stimulated volumes with an acoustic aperture. Results: We found
that low frequencies (300 kHz) are substantially more effective in
generating tactile and nociceptive responses in humans compared
to high frequencies (900 kHz). The strong effect of ultrasound
frequency was observed for all pressures tested, for continuous
and pulsed stimuli, and for tactile and nociceptive responses. Con-
clusion: This prominent effect may be explained by a mechanical
force associated with ultrasound. The effect is not due to heating,
which would be weaker at the low frequency. Significance: This
controlled study reveals that ultrasonic stimulation of excitable
cells is stronger at lower frequencies, which guides the choice
of transducer hardware for effective ultrasonic stimulation of the
peripheral nervous system in humans.

Index Terms— humans, nervous system, parameters,
stimulation, ultrasound

I. INTRODUCTION

Low-intensity focused ultrasound has the potential to transform
diagnoses and treatments of nervous system disorders. Ultrasound
can be remotely and flexibly focused into a specific target, where it
modulates the activity of excitable cells and nerve fibers transiently
for brief stimuli [1], [2], and induces plastic reorganization for longer
stimuli [3]–[9]. In the common range of neuromodulatory frequen-
cies, 0.25–1.0 MHz, ultrasound combines sharp focus with exquisite
depth penetration, including through the intact human skull [10]–[14].
Ultrasound has thus become the only neuromodulation modality that
offers the full triad of desirable properties—noninvasiveness, focus,
and depth penetration.

Despite several decades of research efforts [3], [15]–[22], it is not
known which ultrasound parameters should researchers and clinicians
use to stimulate excitable cells and nerves effectively. The ultrasound
frequency is a key parameter: it governs the choice of the transducer
to be used, the size of the focal region, and depth penetration. Yet,
whether lower [20]–[23] or higher [24], [25] frequencies stimulate
the nervous system more effectively is unknown. This question could
not be addressed in previous studies because changes in frequency
lead to large changes in the stimulated volumes, and therefore to large
changes in the probability of registering a response [24]. For example,
the focal volume of a 300 kHz focused ultrasonic wave, compared
to 900 kHz of otherwise equal parameters, is 27 times larger. The
stimulation volume has therefore presented a major confound in
previous studies and, consequently, the effect of stimulation frequency
remains unknown.
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Here, we used a single ultrasonic transducer and matched stim-
ulation volumes for different frequencies using a metallic aperture.
We applied the stimuli to the peripheral nervous system in humans,
receptors and nerve endings of the index finger in particular. The
stimulation of the peripheral nervous system has two main advantages
for the investigation of the effect of frequency. First, the approach
provides an acoustically transparent access to excitable cells and
nerve fibers [17], [23], [26]. This is in contrast to a transcranial
application, which would lead to substantial relative attenuation of the
high frequency. Second, the approach does not suffer from auditory
and vestibular artifacts that confound applications of ultrasound
through the skull [27]–[29].

In peripheral nerves, ultrasound of frequencies between 0.25 MHz
and 7 MHz can decrease [30]–[36] or increase [37]–[40] specific
features of action potential conduction. When of sufficient pressure,
ultrasound can also directly trigger action potentials [41]–[46]. How
the outcome depends on frequency has been difficult to determine
because effects of frequency have not been compared within each
study and within particular experimental condition. In peripheral
nerve structures and endings, relatively low ultrasound pressures in a
frequency range between 0.48 MHz and 2.67 MHz can elicit tactile
[26], [47]–[50], nociceptive [26], [48], [51]–[53], and auditory [49],
[54], [55] responses, depending on the stimulated structure. Tactile
and nociceptive responses appear to be more effectively triggered at
lower frequencies [23], but the effects have been confounded by the
unmatched stimulated volumes.

We tested the effects of ultrasound at 300 kHz and 900 kHz
using the same transducer and matched the stimulated volumes. We
varied frequency along with 6 other parameters. Across ultrasound
parameters and subjects’ responses, we arrived at a common and
salient finding: lower frequencies are more effective in stimulating
mechanoreceptors and nerve endings. This finding guides the choice
of ultrasound frequency for modulations of the peripheral nervous
system, and provides new information for theories of ultrasound
interactions with biological tissues.

II. METHODS

A. Subjects and apparatus

Twenty-six subjects (19 males, 7 females, aged between 20-37
years) participated in this study. Data of all subjects were included
in the analyses; no subject was excluded. The study was approved
by the Institutional Review Board of the University of Utah. Subjects
were asked to gently rest the finger on a metallic aperture under a 45-
degree angle. The aperture and the participants’ finger were immersed
in water (Fig. 1a). The aperture (2 mm-thick aluminum) had a 4 mm
in diameter opening for the ultrasound beam. The height of the case
that held the aperture was 52 mm and its total diameter 70 mm.

The temperature of the water was maintained at around 30◦C using
a heater with temperature controller (HG-802, Hygger, Shenzhen,
China). The controller continually monitored the bath temperature
and turned on when temperature dropped below the target value.
Eighteen subjects performed the experiment in one-time degassed
water (“still water”). Eight subjects performed the experiment within
a continuously degassed water tank system (AIMS III system with
AQUAS-10 Water Conditioner, Onda, Sunnyvale, USA). The water
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conditioner (AQUAS-10) treats water for ultrasound measurements
in compliance with IEC 62781. The conditioner degasses water to
remove undesired bubbles, removes suspended particles and bio-
logical contaminants, and deionizes water. The dissolved oxygen
is between 2.0-2.5 PPM during continuous operation, according to
measurements provided by the manufacturer (Onda). In comparison,
tap water contains about 10.5 PPM of dissolved oxygen.

A focused ultrasonic transducer (H-115, Sonic Concepts, 64 mm
diameter, 52 mm focal depth) was positioned 52 mm below the
aperture (Fig. 1a). The transducer was operated at 300 kHz and the
third harmonic, 900 kHz. Stimuli were generated by a custom Matlab
program that produced the stimulation waveforms in a programmable
function generator (33520b, Keysight, Santa Rosa, USA). The signals
were amplified using a 55-dB, 300 kHz–30 MHz power amplifier
(A150, Electronics & Innovation, Rochester, USA).

Subjects had their eyes closed and wore noise-cancelling earmuffs
(X4A, 3M, Saint Paul, USA; noise reduction rating of 27 dB) so that
they could fully focus on the ultrasonic stimuli. Subjects could not
hear or see the stimuli or their generation.

B. Stimuli

We used 12 distinct stimuli, of all combinations of 2 frequencies, 3
pressure levels, and 2 stimulus kinds. The parameters were chosen to
provide safe and effective stimulation. The two carrier frequencies
(300 kHz and 900 kHz) were chosen such that the ultrasound
could penetrate into depth with minimal attenuation, yet could be
focused into focal regions of dimensions on the order of millimeters.
The duration of each stimulus (200 ms) was chosen to be long
enough to provide effective stimulation yet short enough to enable
repeated stimulation in compliance with the FDA guidelines (see
Stimulus safety). In particular, previous studies in the peripheral
and central nervous system demonstrated that the stimulatory effects
of ultrasound increase with stimulus duration, and the effects satu-
rate at around 100-200 ms [25], [47], [51], [56]. The majority of
previous studies used pulses that were shorter than 100 ms [17],
[26], [34], [36], [41], [43], [45], [46], [52], [53], and so effective
stimulation could likely also be achieved with stimuli on the order of
milliseconds. The peak pressure amplitudes measured at the center
of the aperture were 0.66 MPa, 1.0 MPa, and 1.33 MPa for 300
kHz, and 0.75 MPa, 1.13 MPa, and 1.5 MPa for 900 kHz. The
peak pressures were chosen such as to comply with the ISPPA

Track 3 510(k) [57] recommendation for each pulse and within
the ISPTA recommendation over the course of the experiment (see
Stimulus safety). These pressure levels provided robust response
rates. The stimuli were either continuous (200 ms of tone burst) or
pulsed at 100 Hz at 20% duty (i.e., 2 ms on, 8 ms off, 2 ms on,
etc., for 200 ms). The continuous and pulsed stimuli had the same
pressure amplitude. The pulse repetition frequency was chosen to
match the frequency responsiveness of mechanoreceptors [25], [58].
The duty cycle was set low enough to provide sufficient contrast for
distinguishing mechanical from thermal effects.

The pressure fields were measured using a capsule hydrophone
(HGL-0200, Onda) calibrated between 250 kHz and 40 MHz and
secured to 3-degree-of-freedom programmable translation system
(Aims III, Onda). There were 10 repetitions of the 12 stimuli,
producing a total of 120 stimulation trials per subject. The stimuli
were delivered every 8-12 s. The stimuli were drawn from the 120-
stimulus set randomly without replacement. This way, stimulus order
could not affect the results.

The stimuli used in the study had most of their energy concentrated
at the carrier frequency or in its near proximity. The 300 and 900
kHz continuous stimuli had a -20-dB pressure amplitude bandwidth

of 31Hz and 27 Hz, respectively. The 300 and 900 kHz pulsed stimuli
both had a -20-dB pressure amplitude bandwidth of 2.6 kHz

C. Responses and their assessment
Subjects were instructed to report a percept with a verbal command

of either {Pain, Warm, Cold, Vibration, Tap}. The respective capital
letters were noted by the experimenter onto a sheet, into the appro-
priate stimulus bracket made explicit by the running Matlab program.
Following the experiment, for each stimulus type, response frequency
was computed as the proportion of trials in which a response was
registered, relative to the 10 repetitions. In a small proportion (<1%)
of cases, subjects reported two percepts; the first one was registered.

D. Aperture choice
The aperture was made inside a 2-mm layer of aluminum. The

acoustic impedance of this metal is 17.1 MRayl [59]. Given the
double reflection from the two interfaces (water-metal, metal-water),
only 8.6% of the energy could reach the opposite side of the metallic
layer. The aperture therefore served as an effective spatial filter for
the ultrasound beam. The aperture diameter was chosen to be large
enough so that a 300 kHz beam could effectively penetrate the soft
tissues, but small enough so that the 300 kHz beam was comparable to
the 900 kHz beam. Due to diffraction effects at the edges of the metal,
the 300 kHz and 900 kHz beams could be matched satisfactorily but
not exactly (Fig. 1). To compensate for the differences, the pressure
amplitudes of the 900 kHz beam were scaled up by 1 dB compared
to 300 kHz. This adjustment brought the focal volumes of the two
beams close to each other (within 10%; see Results). The gradients
of the 300 kHz and 900 kHz fields were comparable and relatively
omni-directional (Fig. 6).

E. Acoustic continuum
The acoustic impedance of water and skin, including soft tissues,

are closely matched (1.48 MRayl compared to 1.68 MRayl [60]).

This way, about 99.6% of the energy, 1−R2 = 1−
(
1.68−1.48
1.68+1.48

)2
,

was delivered into the finger. The water-finger interface is therefore
essentially acoustically transparent and can be considered as a con-
tinuum from the perspective of neuromodulatory ultrasound.

F. Stimulus safety
The ultrasonic stimuli used in this study were below the FDA

510(k) Track 3 recommendations [57]. In particular, the highest peak
pressure used in the study, 1.5 MPa, corresponds to peak intensity
of 67.0 W/cm2, which is well below the FDA recommendation
of ISPPA = 190 W/cm2. In addition, the time-average spatial
peak intensity was ISPTA = 430 mW/cm2, also below the FDA
recommendation of ISPTA = 720 mW/cm2. The ISPPA and ISPTA

values for the individual stimuli are provided in Table II.

III. RESULTS

We applied 12 distinct ultrasound stimuli, 10 repetitions each, to
the index finger of 26 humans (Fig. 1). The ultrasound was delivered
into the tissues in water (Fig. 1a).

We used a focused ultrasonic transducer (Methods) that operated
at 300 kHz or 900 kHz. Without any control, the focal volume of the
300 kHz beam would be 27 times larger than that of 900 kHz, since
both the width and the focal length of the beam are proportional to
wavelength [61]. To match the stimulated volumes, we constrained
the beam using a metallic aperture with an opening set such that
both frequencies produced comparable stimulation volumes (Fig.
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1b; see Methods). Indeed, the full-width-at-half-maximum (FWHM)
volumes were 4.4 and 4.8 mm3 for the 300 kHz and 900 kHz beams,
respectively. The FWHM diameter was 2.0 mm and 1.6 mm, and
FWHM focal length 1.4 mm and 2.4 mm for the 300 kHz and
900 kHz beams, respectively. The individual stimuli (Fig. 1c) were
delivered randomly every 8-12 seconds.

We found that the low frequency was more than twice as effective
in eliciting subjects’ responses compared to the high frequency (Fig.
2). Specifically, subjects responded to the 300 kHz stimuli on average
in 41% of cases compared to just 20% of cases for the 900 kHz
stimuli. This difference was highly significant (p = 6.5 × 10−8,
paired t-test, t25 = 7.6). This finding may appear surprising given
that the 900 kHz stimulus, if anything, impacted a slightly larger
focal volume and produced slightly higher peak pressures (Fig. 1b).

We next asked whether this prominent effect of ultrasound fre-
quency depends on the ultrasound pressure magnitude, type of stim-
ulus, or the subjects’ responses. Across these conditions, the lower
frequency was consistently found to be more effective (Fig. 3). We
assessed the significance of these effects using a 3-way ANOVA, with
factors frequency (F ), pressure (P ), stimulus kind (S; continuous or
pulsed), and all possible interactions between these factors (Table I).
This linear model confirms that frequency F is a highly significant
main factor, even when including all possible interactions. Notably,
Fig. 3-top reveals that the modulation of the response frequency
by pressure is stronger for the low frequency. This is statistically
confirmed in Table I, which detected a highly significant F × P
interaction. This is an important finding because within a given
frequency, the ultrasound beam geometry is fixed. Therefore, the
lower frequency produces stronger effects even when the beam
geometry is fixed. In addition, the contrast between the pulsed and the
continuous stimuli is more pronounced at the lower frequency (Fig.
3-middle). This is confirmed by a significant F ×S interaction. The
higher effectiveness of the lower frequency is observed also when
we separately focus on tactile and nociceptive responses (Fig. 3-
bottom), and when we build separate ANOVAs for these two response
kinds (Table I, middle and right columns). Of the less frequent
response kinds, only tap showed a significant effect of frequency
(F1,300 = 6.17, p = 0.014); perceptions of warmth or cold were
rare and were not significantly modulated by frequency, pressure, or
pulsing mode.

Any response Tactile Nociceptive

F 7.4× 10−15 1.2× 10−8 4.0× 10−6

P 3.2× 10−18 2.6× 10−11 1.5× 10−8

S 4.3× 10−8 4.3× 10−15 0.0019
F × P 0.00058 0.097 0.00048
F × S 0.022 0.0001 0.079
P × S 0.0078 7.2× 10−5 0.046
F × P × S 0.71 0.27 0.21

TABLE I
EFFECTS OF STIMULUS PARAMETERS. THE EFFECTS OF ULTRASOUND

FREQUENCY (F ), PRESSURE (P ), AND STIMULUS KIND (S;
CONTINUOUS OR PULSED) ON THE RESPONSE FREQUENCY (ANY

RESPONSE; LEFT COLUMN) AND SPECIFICALLY ON TACTILE (MIDDLE

COLUMN) AND NOCICEPTIVE RESPONSES (RIGHT COLUMN). THESE

EFFECTS WERE ASSESSED USING A THREE-WAY ANOVA MODEL THAT

FEATURES THESE THREE MAIN EFFECTS AND ALL POSSIBLE

INTERACTIONS. BOLD ENTRIES ARE SIGNIFICANT (p < 0.05).

The data for all stimulus conditions are presented separately for
the individual responses in Fig. 4. The figure supports the findings
of Fig. 3 and Table I that the lower frequency is more effective,
regardless of response kind. With respect to nociceptive responses,
these data replicate previously reported response rates [26], [51] and
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Fig. 1. Ultrasound stimulation apparatus and stimuli.
(a) Setup. A focused ultrasound transducer delivered a 300 kHz or 900
kHz stimulus into a subject’s index finger through water. The ultrasound
beam profile (dashed lines) was controlled through an aperture 4 mm
in diameter. The water was either one-time degassed (18 subjects) or
continuously degassed (8 subjects), and was kept at about 30◦C.
(b) Peak-normalized ultrasound pressure field for the two frequencies.
The aperture size and pressure levels were set such that both frequen-
cies produced a comparable focal volume (see Methods). The pressure
profile was averaged over the x and y dimensions. The dotted lines show
the 0.707 (0.5) pressure (intensity) levels to characterize the fields using
full-width-at-half-maximum values.
(c) Stimuli. Each subject experienced 10 repetitions of 12 distinct stimuli.
The stimuli, 200 ms in duration, were selected randomly and delivered
each 8-12 seconds. We tested 2 frequencies, 3 pressure levels, and
continuous and pulsed (100 Hz, 20% duty) stimuli.
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Fig. 2. Low frequencies stimulate excitable cells more effectively
than high frequencies. Mean±s.e.m. response frequency for all 300
kHz stimuli (blue) and all 900 kHz stimuli (green). The data contain
responses from all 26 subjects. Significance was assessed using paired
t-test.

show that lower frequencies increase the likelihood of registering a
nociceptive response.

These data reveal an additional salient finding. Tactile (vibration
in particular; green) responses are more frequently observed for the
pulsed stimuli (top row), whereas nociceptive stimuli (red) are more
frequently observed for the continuous stimuli (bottom row). This
phenomenon is analyzed in a dedicated Fig. 5. Pulsed (continuous)
stimuli elicited a mean tactile response frequency of 44% (14%),
and this difference is significant (p = 1.8 × 10−6, paired t-test,
t25 = −6.2). Reversely, pulsed (continuous) stimuli elicit a mean
nociceptive response frequency of 5% (12%), and this difference is
significant (p = 0.0025, paired t-test, t25 = 3.4). Thus, there is a
double dissociation of the response kind through the stimulus kind.
This finding, combined with the qualitatively distinct natures of the
tactile and painful responses reported by the subjects, suggests that
the distinct kinds of stimuli activated distinct receptors in the finger.
This notion is elaborated on in the Discussion.

The finding that nociceptive responses are more likely to be elicited
by continuous than pulsed stimuli suggests an involvement of a
mechanism that delivers a greater amount of total energy into the
target, such as heating. However, if the effect was due to heating,
the effect should increase with frequency (see Discussion). Yet,
effects were stronger for the lower frequency compared to the higher
frequency also for these continuous stimuli (Fig. 4; 12% vs 3%;
p = 0.0027, paired t-test, t25 = 3.3).

We tested whether lower frequencies are more effective also when
there is no direct contact of the finger with the volume-controlling
aperture. In this regard, we recorded additional responses in one
subject who used the thumb and placed this finger approximately 1
mm above the aperture, in degassed water. The response frequencies
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Fig. 3. Low frequencies stimulate excitable cells more effectively
than high frequencies, in all tested conditions. Mean±s.e.m. re-
sponse frequency for the specific stimuli at the 300 kHz carrier frequency
(blue) and 900 kHz (green). Response frequency is presented as a
function of the ultrasound pressure amplitude (top row), stimulus kind
(continuous or pulsed; middle row), and the type of subjects’ response
(tactile (tap or vibration) or nociceptive; bottom row). The significance of
these effects is assessed using an omnibus linear model (Table I).

in this subject were 65% and 33% for the 300 kHz and 900 kHz
stimuli, respectively. This replicated the subject’s index finger effects
of 55% and 13%, respectively. Thus, no contact with the aperture
was necessary to elicit these effects [23].

The stimuli used in this study complied with the FDA 510(k)
Track 3 recommendations [57] (see Methods and Table II). The
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Fig. 4. Individual responses to the individual stimuli. Mean±s.e.m.
response frequency separately for each of the 12 stimuli, and separately
for the individual response kinds (see legend). The abscissa provides
peak pressure (ISPTA) values. The lines represent second-order polyno-
mial fits.

stimulation effects were transient. No signs of harm were detected
by the experimenter or reported by the subjects. Finger sensation
was normal following the data collection. In one subject, the skin at
the stimulated zone appeared redder. The color was back to normal
within several hours. The subject noted to have irritable skin and so
the effect could have been due to the prolonged contact of the finger
with the metallic aperture.

IV. DISCUSSION

In this study, we addressed the question whether low or high
frequencies are more effective in stimulating excitable cells in the
peripheral nervous system. We clamped the stimulated volumes and
therefore prevented their large confounding effects. We harnessed
the intact human peripheral nervous system that is acoustically
transparent, is not influenced by auditory or vestibular artifacts, and
preserves all mechanical ties between cells and tissues [62]. Operating
in the common range of ultrasound stimulation frequencies, we found
that a low, 300 kHz frequency is more effective than a high, 900 kHz
frequency (Fig. 2, Fig. 3, and Table I).

Previous studies in the peripheral nervous system suggested that
lower frequencies may be more effective [23], [48], [49], [51]. Our
volume-clamped experiment supports those conclusions.
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Fig. 5. Pulsed (continuous) stimuli more effectively elicit tactile
(nociceptive) responses. Mean±s.e.m. response frequency for vibro-
tactile (left) and nociceptive (right) responses, separately for pulsed and
continuous stimuli. Significance is assessed using paired t-tests.

P (MPa) ISPPA (W/cm2 ) ISPTA (W/cm2 ) ∆T (◦C)

all stimuli 67.0 0.43 0.00

300 kHz pulsed 0.66 13.0 2.6 0.01

1 29.8 6.0 0.02

1.33 52.6 10.5 0.04

continuous 0.66 13.0 13.0 0.04

1 29.8 29.8 0.10

1.33 52.6 52.6 0.18

900 kHz pulsed 0.75 16.7 3.3 0.03

1.13 38.0 7.6 0.08

1.5 67.0 13.4 0.13

continuous 0.75 16.7 16.7 0.17

1.13 38.0 38.0 0.38

1.5 67.0 67.0 0.67

TABLE II
STIMULUS LEVELS. THE PEAK INTENSITY OF EACH STIMULUS ISPPA

WAS COMPUTED AS ISPPA = P2

2Z
, WHERE THE ACOUSTIC IMPEDANCE

OF THE SKIN Z = 1.68 MRAYL [60]. THE TIME AVERAGE INTENSITIES

ISPTA WERE ISPTA = ISPPA FOR CONTINUOUS STIMULI AND

ISPTA = 0.2ISPPA FOR THE PULSED STIMULI (20% DUTY CYCLE). THE

FIRST ROW PROVIDES ISPTA OVER THE COURSE OF THE EXPERIMENT.
THIS VALUE TAKES INTO ACCOUNT THE 10 S INTER-STIMULUS PERIOD,

I.E., MEAN(ISPTA )×0.2/10. THE MAXIMAL TEMPERATURE RISE

VALUES FOR THE INDIVIDUAL 0.2 S STIMULI WERE COMPUTED AS IN

[51] USING THE SAME ATTENUATION COEFFICIENT (0.1 NP/CM/MHZ).

From the translational standpoint, this result has one benefit and
one drawback. Stimulation at lower frequencies minimizes ultrasound
attenuation and thus facilitates the delivery of ultrasound into the
desired excitable target. On the other hand, at 300 kHz the ultrasound
wavelength is about 5 mm, which limits the spatial resolution of the
approach to about that order.

Unexpectedly, we found a double dissociation of the response
kind through the stimulus kind (Fig. 5). In particular, pulsed stimuli
were more effective in eliciting vibrotactile responses than contin-
uous stimuli. This effect was reversed for nociceptive responses—
continuous stimuli were more effective than pulsed stimuli in eliciting
nociceptive responses (Fig. 5). The qualitatively distinct kinds of
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Fig. 6. Detailed characteristics of the ultrasonic fields. The pres-
sure fields measured with hydrophone for the two distinct ultrasound
frequencies. The fields were centered on the aperture. The values were
normalized by their maximum (see color scale). The arrows represent
gradients.

subjects’ responses suggest that these distinct kinds of ultrasonic
stimuli modulated distinct sets of excitable cells. The pulsed 100Hz
stimuli may elicit forces that are modulated at 100 Hz, such as
radiation force, which may activate Pacinian corpuscles and other
mechanoreceptors with sensitivity in that range [47], [49]. The
low-frequency- or steady-displacement-sensing Meissner corpuscles,
Merkel cells, and Ruffini endings may also be partially implicated,
especially in the less frequent tap sensations [58]. In comparison,
nociception in the skin is mediated by free nerve endings. These neu-
ral pathways most commonly involve unmyelinated, small-diameter
C-fiber axons, but can also constitute myelinated A-fiber axons
[63]. The finding that continuous/pulsed waveforms preferentially
engage nociception/mechanosensation suggests that the correspond-
ing receptors in the skin (free nerve endings/tactile receptors) are
activated by distinct mechanical aspects of the ultrasound. At which
duty cycle and pulse repetition frequency this distinction occurs
should be investigated in future studies. Future studies should also
test stimuli pulsed at brief epochs (low duty cycle and high pulse
repetition frequency)—such stimuli may inhibit neural excitability or
conduction [64].

The free nerve endings that mediate nociception in the skin express
several classes of ion channels that have been shown to be activated
by ultrasound. These include voltage-gated sodium channels [18],
[65], K2P channels [65], TRPA1 channels [66], TRPC1 channels
[67], ASIC channels [68], and Piezo channels [69]. Given our finding
that low frequencies are more effective, even for the continuous

stimuli, we can conclude that some of these channels respond to
the mechanical, as opposed to thermal, aspects of the ultrasound.
A mechanical activation of ion channels is becoming a predominant
hypothesis of the biophysical action of ultrasound on excitable cells
[1], [2], [10], [11], [66], [70], [71].

The two different frequencies used in this study provide insights
into the mechanism involved in the stimulation. Two classes of
mechanisms could be involved—thermal and mechanical. Heating
is due to the absorption of ultrasound by tissues, and absorption
increases with frequency. Therefore, if heating was the principal
mechanism behind the stimulation, we would observe stronger effects
at the higher frequency. This is not the case (Fig. 2).

The mechanical effects can displace membranes and molecules
either through the steady radiation forces on the target tissue or due
to the cycle-by-cycle variation of ultrasound pressure at the target
[51].

Radiation force exerts pressure on a target throughout the applica-
tion of ultrasound. The pressure is due to intensity gradients caused
by ultrasound attenuation and reflection. Attenuation, composed
of scattering and absorption, increases with frequency. Reflection,
which also leads to intensity gradients, is independent of frequency.
Radiation force can also be produced within standing waves. Whether
radiation force could be involved in the effects reported in this study is
unclear. The finding that tactile responses are produced more readily
for pulsed as opposed to a continuous waveform (Fig. 5) could be
suggestive of an involvement of radiation force. Yet, the finding
that lower frequencies are more effective, even for pulsed stimuli,
makes parsimonious explanations through a first-order approximation
of radiation forces [71] difficult. Future work should measure the
distribution of radiation forces in the target tissues for conclusive
evidence. The responses may also result from displacements and
strains of the tissue induced by radiation forces. Tissue displacement
is a function of the incident force and elastic properties of the
soft tissue [22], [72]. Future studies should image or calculate
the displacements using careful measurements of radiation forces
throughout the stimulated tissue.

We observe actions of a mechanism that is magnified at lower
frequencies. On this front, the time-varying pressure wave associated
with ultrasound periodically displaces particles and molecules. This
cycle-by-cycle phenomenon is commonly referred to as “particle
displacement”, and the displacement increases with decreasing fre-
quency [51]. The maximal displacement of a particle or molecule
occurs over half of the period: ξm = P

Z

∫ T/2
0 sin(2πft)dt = P

Zπf .
It is apparent that the displacement is inversely proportional to
frequency f . For our 1.3 MPa, 300 kHz stimulus, the maximum
displacement, using the above equation, reaches 0.92 micrometers
in water. Displacements of such amplitude may be sufficient to
periodically activate mechanoreceptors and ion channels [58], [73].
The effects reported in this study are unlikely due to cavitation
because the lowest and medium pressures are below the mechanical
index of 1.9 by the FDA [57], yet produced substantial responses
(Fig. 3-top).

Our result applies to the common range of neuromodulatory
frequencies, 0.25–1 MHz. At higher frequencies, especially above
10 MHz, the absorption of ultrasound by biological tissues becomes
substantial [61]. This can produce appreciable intensity gradients
and, consequently, radiation forces that are sufficient to activate ion
channels in the peripheral nervous system [24], [25]. In addition, the
high absorption can also lead to appreciable rise in temperature that
can also activate ion channels even at relatively low pressures [65].
Therefore, ultrasound neuromodulation frequency likely comprises a
U-shaped stimulation efficacy function. It should be noted that this
proposition pertains to the peripheral nervous system. In the future,
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the aperture-controlled approach, such as that used in this study,
should also be applied to cells in the central nervous system.

V. CONCLUSION

In summary, this study controlled for stimulation volume and found
that brief pulses of ultrasound at lower, 300 kHz frequencies are more
effective in stimulating excitable cells and nerve fibers in human
peripheral nervous system compared to higher, 900 kHz frequencies.
This finding guides future choices of ultrasonic transducers for
effective ultrasonic stimulation. In addition, the result suggests that
stimulation of excitable cells and nerve fibers by ultrasound involves
a mechanism related to cycle-by-cycle displacements of molecules or
membranes by the mechanical pressure wave.
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