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Featured Application: The current review summarizes our recent knowledge of ultrasonic
neuromodulation of peripheral nerve endings, axons, and somata in the dorsal root ganglion.
This review indicates that focused ultrasound application at intermediate intensity can be a
non-thermal and reversible neuromodulatory means for targeting the peripheral nervous system
to manage neurological disorders.

Abstract: Ultrasonic (US) neuromodulation has emerged as a promising therapeutic means by
delivering focused energy deep into the nervous tissue. Low-intensity ultrasound (US) directly
activates and/or inhibits neurons in the central nervous system (CNS). US neuromodulation of the
peripheral nervous system (PNS) is less developed and rarely used clinically. The literature on
the neuromodulatory effects of US on the PNS is controversial, with some studies documenting
enhanced neural activities, some showing suppressed activities, and others reporting mixed effects.
US, with different ranges of intensity and strength, is likely to generate distinct physical effects in the
stimulated neuronal tissues, which underlies different experimental outcomes in the literature. In this
review, we summarize all the major reports that document the effects of US on peripheral nerve
endings, axons, and/or somata in the dorsal root ganglion. In particular, we thoroughly discuss the
potential impacts of the following key parameters on the study outcomes of PNS neuromodulation by
US: frequency, pulse repetition frequency, duty cycle, intensity, metrics for peripheral neural activities,
and type of biological preparations used in the studies. Potential mechanisms of peripheral US
neuromodulation are summarized to provide a plausible interpretation of the seemly contradictory
effects of enhanced and suppressed neural activities of US neuromodulation.

Keywords: ultrasound; neuromodulation; single-unit recording; pain; sciatic nerve; compound
action potential

1. Introduction

Our nervous system consists of the central and peripheral nervous systems (CNS, PNS), which
have similar ion channel/modulator compositions [1,2]. In the CNS, functional neural circuits implicated
in different neurological diseases overlap significantly with one another (e.g., overlapping circuits
for dementia, aphasia, and Alzheimer’s disease [3]), and certain neural circuits are not restricted to
one region but spread throughout the brain (e.g., the pain matrix [4]). Collectively, this has led to the
challenge of developing selective and effective drugs that target certain neurological diseases with
limited off-target side effects. The recent advancement of optogenetic neuromodulation offers the
much-needed selectivity at the expense of invasive and permanent gene modification of neural tissues.
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On the other hand, neuromodulation with focal delivery of physical energy to an affected area in
patients has drawn growing attention as a non-drug alternative for managing neurological diseases
and symptoms.

The most widely used stimulus modality in neuromodulation is electrical stimulation, including
electrical stimulation of the brain for treating movement disorders, stroke, tinnitus, depression,
and addiction [5], as well as stimulation of the spinal cord and peripheral nerves for managing various
types of chronic injuries and pain [6–8]. Besides electrical stimulation, other modalities of stimuli have
been implemented that allow no-contact delivery of physical energy deep into the neuronal tissue,
including focused ultrasound [9], transcranial electromagnetic stimulation (TMS) [10,11], and infrared
light pulses [12]. TMS uses a strong magnetic field of 2 to 3 T to evoke current pulses in the tissue, but
it faces the challenge of precisely localizing the activated areas in the brain because of the electrical
and magnetic anisotropy of the brain and skull tissues. Infrared light pulses affect neural activity by
delivering a spatially precise thermal stimulus, but the local heating of the targeted region remains
a concern of the method. On the other hand, ultrasound (US), as a mechanical wave operating at
250 KHz to 50 MHz, allows spatially and temporally precise delivery of energy deep into the tissue
with controllable heating. Hence, US can be considered as an ideal means for non- or minimally
invasive neuromodulation.

The effects of US on the CNS have been shown to disrupt the blood brain barrier and evoke
excitatory and/or inhibitory responses in both motor and sensory neurons [13–23]. In addition,
transcranial ultrasonic stimulation (TUS) as a non-invasive brain stimulation technique has been
investigated in primates. TUS of the frontal eye field evokes a transient increase of neural activities in the
supplementary eye field in awake macaques as measured by multi-channel single-unit recordings [24].
In addition, a 40 s-long TUS of certain brain regions can lead to long-lasting neuromodulatory effects
up to two hours post-stimulation, according to a functional MRI study in macaques [25]. Especially,
TUS of the supplementary motor area and frontal polar cortex causes those brain regions to interact
more selectively with the rest of the brain. Outcomes of those researches have led to the successful
translation of US stimulation, after approval by the U.S. Food and Drug Administration (FDA), to treat
medical-refractory patients with essential tremor [26]. Electrophysiological recording from the rat
hippocampal dentate gyrus has been reported to simultaneously enhance (at the fiber volley) and
suppress (in dendritic layers) the compound action potentials (CAP) in response to US stimulation [27].
In line with this, another ex vivo study based on calcium imaging, shows low-intensity focused
pulsed US can evoke electrical activities in the mouse hippocampal slices [28]. However, two most
recent studies suggest that US neuromodulation of the CNS does not directly activate brain regions in
mice, but through an indirect auditory cochlear pathway [29,30]. Nonetheless, these recent results
from whole-organ and whole-animal studies do not invalidate the prior studies in reduced systems,
which show apparent neuromodulation by focused US in the absence of a functioning auditory system,
like in Caenorhabditis elegans, tissue culture, retina [31], and brain slices (reviewed in reference [9]).

Peripheral neuromodulation targets the PNS to preclude off-target CNS effects and thus is even
more selective than the CNS neuromodulation. PNS neuromodulation is particularly appealing to
treat chronic pain, as the pain circuitry in the CNS is complex and widespread. State-of-the-art
peripheral neuromodulatory strategies to treat chronic pain include spinal cord stimulation that targets
peripheral nerve entry to the spinal cord [8,32], peripheral nerve field stimulation that targets a region
of tissue [33,34], direct peripheral nerve stimulation [35], and the recent dorsal root ganglion (DRG)
stimulation of sensory neural somata [36,37]. US neuromodulation of the PNS is far less advanced
compared to CNS neuromodulation (see reference [38] for a review), and its mechanisms of action
remain unclear. In this paper, we comprehensively review the methods and outcomes of studies on
US effects in altering neural activities in the peripheral nerve axons, endings, and DRG. The seemly
contradictory effects of US on peripheral nerves are discussed in the context of the different study
designs and methods. In addition, we summarize the existing theories that account for the effects of
US neuromodulation on peripheral nerves and DRG.
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2. Peripheral Ultrasonic Neuromodulation—Technical Specifications

US waves are acoustic waves caused by mechanical vibrations at frequencies above 20 kHz
(the upper hearing range of the human ear). The frequency ( f0) of the mechanical vibration source
determines the frequency of the propagating US wave. US waves propagate through both the liquid
and solid media, in the form of vibrating media particles, according to the following governing
equation:

∇
2p− (ρκ)

∂2p
dt2 = 0 (1)

in which p is the media pressure, ρ is the media density, and κ is the media compressibility. The US
wave speed c is equal to 1

√
ρκ . For a simple monochromatic vibration source, the pressure of the US

wave derived from Equation (1) takes the form of a harmonic plane wave:

p(r, t) = A cos(2π f0 − kr) (2)

in which r is the distance vector from the source, A is the amplitude of the wave, and k is the wave
number equal to 2π/λ.

Our current understanding of PNS neuromodulation is limited by the controversial outcomes of
different experimental studies, which are most likely affected by several critical parameters relevant to
the US itself, as well as by the metrics used to evaluate US neuromodulation. Accordingly, the following
parameters will be discussed in detail in this review: US frequency, pulse repetition frequency, duty cycle,
intensity, metrics for peripheral neural activities, and type of biological preparations.

2.1. US Frequency

The frequency of the US wave is determined by the central frequency of the acoustic vibration
source, generally, a US transducer. The US frequency used in the biomedical field ranges from 0.25 to
50 MHz. The intensity of a US beam attenuates exponentially with the propagation distance because of
both absorption and scattering processes. Bones, especially cancellous bones, cause more severe US
scattering than soft tissues due to their material heterogeneity. Also, the US absorption coefficient is
much higher in bones than in the soft tissues. In addition, higher-frequency components are prone
to relatively rapid attenuation. Hence, to penetrate the bony skull and the skin, non-invasive US
neuromodulation generally operates at a lower frequency range from 0.5 to 3 MHz [38]. In contrast,
high-frequency US (>3 MHz) is used in invasive surgeries to ablate tissues by implementing its high
absorption coefficients to heat the local tissues [39]. In addition, high-frequency US at low intensity is
widely used in US imaging to enhance resolution via reduced wavelength in the sub-millimeter range.
One exception for the use of high-frequency US in neuromodulation (up to 43 MHz) is the activation of
the retina with high spatial resolution for vision restoration [40], in which the penetration of the skull
is not required.

2.2. Pulse Repetition Frequency

US neuromodulation usually does not use continuous waves but burst of waves with certain
pulse-width, as shown in Figure 1. The pulse repetition frequency reflects the frequency of the burst,
which can be orders of magnitude lower than the US frequency. The pulse width can be as short
as a few US cycles and as long as the pulse repetition period. The pulse repetition frequency adds
an additional frequency component to the spectrum of the US wave and can be critical in activating
auditory nerve endings and other low-threshold mechanoreceptors.
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Figure 1. Schematics of spatial and temporal ultrasound (US) intensity. (A) The spatial intensity distribution 
peaks at the focal location and attenuates quickly outside the focus. (B) Three different temporal averages of 
US intensity. p: pressure; I: intensity; SP: spatial peak; SA: spatial average; TP: temporal peak; PA: pulse 
average; TA: temporal average. 
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The duty cycle is defined as the ratio between the pulse width and the pulse repetition period, which 
is generally less than 2% for diagnostic US imaging devices [41] but can be as high as 100% in US 
neuromodulation.  

2.4. Intensity 

The strength of an ultrasonic wave is characterized by its intensity, usually in the unit of watts per 
centimeter square (W/cm2), i.e., the average power per unit cross-sectional area evaluated over a surface 
perpendicular to the propagation direction. For acoustic plane waves, the intensity is related to the pressure 
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widely used than spatial average (SA) intensity. In the time domain, the instantaneous intensity can be 
calculated from the pressure plot, as shown in Figure 1B. The temporal peak (TP) intensity is the maximum 
US intensity, the pulse average (PA) intensity is the average intensity within the pulse width, and the 
temporal average (TA) is the average intensity for several pulse repetition cycles. In experimental and 
clinical studies, US intensity is generally quantified as spatial peak-temporal peak (SPTP), spatial peak-
pulse average (SPPA), and spatial peak-temporal average (SPTA) intensities. In order to compare studies, 
it is worth emphasizing that, for the same US wave, the magnitude of SPTPI , SPPAI , and SPTAI  is in 
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Figure 1. Schematics of spatial and temporal ultrasound (US) intensity. (A) The spatial intensity
distribution peaks at the focal location and attenuates quickly outside the focus. (B) Three different
temporal averages of US intensity. p: pressure; I: intensity; SP: spatial peak; SA: spatial average;
TP: temporal peak; PA: pulse average; TA: temporal average.

2.3. Duty Cycle

The duty cycle is defined as the ratio between the pulse width and the pulse repetition period,
which is generally less than 2% for diagnostic US imaging devices [41] but can be as high as 100% in
US neuromodulation.

2.4. Intensity

The strength of an ultrasonic wave is characterized by its intensity, usually in the unit of watts
per centimeter square (W/cm2), i.e., the average power per unit cross-sectional area evaluated over a
surface perpendicular to the propagation direction. For acoustic plane waves, the intensity is related to
the pressure amplitude by:

I
(
W/cm2

)
=

p2

2

√
κ
ρ
=

p2

2ρc

As shown in Figure 1A, the spatial distribution of US intensity peaks at the focal location and
attenuates quickly outside the focus. To evaluate US intensity in neuromodulation, spatial peak (SP)
intensity is more widely used than spatial average (SA) intensity. In the time domain, the instantaneous
intensity can be calculated from the pressure plot, as shown in Figure 1B. The temporal peak (TP)
intensity is the maximum US intensity, the pulse average (PA) intensity is the average intensity
within the pulse width, and the temporal average (TA) is the average intensity for several pulse
repetition cycles. In experimental and clinical studies, US intensity is generally quantified as spatial
peak-temporal peak (SPTP), spatial peak-pulse average (SPPA), and spatial peak-temporal average
(SPTA) intensities. In order to compare studies, it is worth emphasizing that, for the same US wave,
the magnitude of ISPTP, ISPPA, and ISPTA is in descending order, and ISPTP can be orders of magnitude
higher than ISPTA for US pulses with low duty cycle. Physically, ISPTP reflects the highest spatial
intensity in the US beam and is closely related to potential mechanical effects and cavitation in the
tissue. ISPTA measures the highest spatial intensity averaged over the pulse repetition period and is
related to the magnitude of the thermal effect. US neuromodulation generally operates at low-intensity
levels to avoid cavitation and is more concerned with the local thermal effect. Thus, ISPTA appears to
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be a more suitable intensity indicator for peripheral neuromodulation studies to avoid any prominent
thermal effectors.

US stimulation of ISPTA below 1 W/cm2 is generally considered as low-intensity, and the FDA
has approved the application of US in patients with a maximum ISPTA of 0.72 W/cm2 for diagnostic
purposes, which is, presumably, safe enough also for therapeutics [42]. Several studies have reported
neuromodulatory effects on the CNS, with US intensity <1 W/cm2 [15,20–22,28]. So far, there seem to be
no studies reporting appreciable neuromodulatory effects on the PNS with US intensity <1 W/cm2 [43].
On the other hand, ISPTA over 200 W/cm2 is generally considered as high-intensity US and has been
tested in a number of clinical trials [44,45], after being approved by the FDA, for the ablation of cancer
cells in patients via local elevation of temperature up to 85 ◦C [44,46]. High-intensity focused US is
also an approved tool by the FDA for coagulative necrosis in the brain to create stereotactic lesions,
also an irreversible ablation process [26].

We, along with some other research groups, have demonstrated that US stimulation on the PNS,
with ISPTA between 1 and 200 W/cm2, is unlikely to induce a sufficient temperature change in the
target region to elicit temperature-driven neuromodulation [43,47]. This intermediate intensity range
has been explored on the PNS by several neuromodulation studies, which have been systematically
reviewed in the subsequent sections.

2.5. Metrics for Peripheral Neural Activities

The assessment of the neuromodulatory effects of US requires a reliable metric of peripheral neural
activities, which includes direct and indirect measurements of neural action potentials from peripheral
nerves or neurons. In addition, secondary effects of neural activities were also used to indirectly
infer the neuromodulatory effects on PNS, including altered organ functions (i.e., bladder contraction,
urethral sphincter relaxation), electroencephalogram recordings in the brain, and behavioral signs (e.g.,
whisker movement, freeze in motion, toe-pinch response). The detection of secondary effects tends to
lag US stimulation by hundreds of milliseconds to seconds, a time frame much longer than the direct
neuronal effects of milliseconds [38]. This review mostly focuses on the direct assessment of neural
action potentials and omits metrics using secondary effects.

Nerve axons in the PNS are generally protected by soft connective tissue stacked in multiple layers,
in contrast to the neurons and processes in the CNS, protected by bony structures like the skull or the
vertebrae. These tightly wrapped tissue layers in the PNS, functioning as electrical insulators, pose a
great challenge in recording electrophysiological activities from individual nerve axons, i.e., single-unit
recordings [48]; recordings from individual neurons or axons in the CNS are straightforward when
the electrodes are placed inside the skull or vertebrae. Consequently, the major metrics to assess the
neuromodulatory effects on the PNS are either CAP, as a summation of action potentials from a bulk
nerve bundle [47,49–52], or evoked muscle forces, as an indicator of motor nerve functions [42,53,54].
However, the characteristics of a CAP (peak amplitude, temporal location, and spread) depend on the
temporal summation of a population of action potentials from axons with various spatial locations,
morphologies, and insulation environment. The CAP characteristics can also be affected by changes in
recording conditions, e.g., relative position of the electrode sites and axons, change of access impedance
of recording electrodes due to altered moisture conditions, and multiple/chronic use of electrodes [48].
Thus, neither the changes in CAP amplitude nor the assumed changes in conduction delay (Figure 2A)
can appropriately be representative of the effects of US neuromodulation. In addition, the signal
strength in a CAP record can be misleading, as shown in Figure 2A: the large peak contributed to by
fast-conducting A-fibers usually overshadows the small volleys by slow-conducting C-fibers, despite
the presence of significantly higher proportions of C-fibers than A-fibers in the PNS [55,56]. Collectively,
CAP appear to be an inappropriate metric for PNS neuromodulation. Further, muscle forces, evoked
by US neuromodulation of a nerve, are indirect metrics of neve activities and limited to the study of
motor axons innervating specific muscles.
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individual axons. However, single-unit recordings are technically challenging and involve microdissection 
of nerve fiber bundles until action potentials from a single nerve axon are isolated [43,48]. 

In general, the CAP recordings and evoked muscle activities are “macroscopic” detections of a large 
population of peripheral neural activities and thus may not serve as reliable and sensitive metrics for 
assessing the subtle changes of individual neural activities. The single-unit recordings possess a much 
higher sensitivity and are able to detect neuromodulatory effects within individual nerve axons, i.e., at a 
“microscopic level”. However, single-unit recordings are technically challenging and have only been 
implemented by a handful of studies [43,60–68], whereas CAP recordings have been widely used. Among 

Figure 2. Metrics of peripheral neural activity via electrophysiological recordings of the compound
action potentials (CAP) in (A) and single units in (B). CAP represent the temporal summation of
multiple action potentials in the nerve trunk. Action potentials from individual nerve axons are
recorded as distinct peaks in single-unit recordings (arrows), allowing a precise determination of the
conduction velocities of individual axons for both myelinated A-fibers and unmyelinated C-fibers.
CD: conduction delay.

On the other hand, single-unit recording can record action potentials from individual nerve axons
(Figure 2B), capable of capturing relatively fine variations of neural responses to mechanical, chemical,
and/or thermal stimuli [57–59]. Single-unit recording relies solely on the temporal information of
the spike, which is mainly determined by the action potential transmission and is not affected by
experimental artifacts like changes in electrode impedance. Thus, compared with CAP, single-unit
recordings are more robust and provide much higher sensitivity to allow the detection of subtle changes
of conduction delay in individual axons. However, single-unit recordings are technically challenging
and involve microdissection of nerve fiber bundles until action potentials from a single nerve axon are
isolated [43,48].

In general, the CAP recordings and evoked muscle activities are “macroscopic” detections of a
large population of peripheral neural activities and thus may not serve as reliable and sensitive metrics
for assessing the subtle changes of individual neural activities. The single-unit recordings possess a
much higher sensitivity and are able to detect neuromodulatory effects within individual nerve axons,
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i.e., at a “microscopic level”. However, single-unit recordings are technically challenging and have
only been implemented by a handful of studies [43,60–68], whereas CAP recordings have been widely
used. Among the above single-unit studies, neuromodulation by ultrasound was assessed only by a
recent study from us [43].

2.6. Biological Preparations to Assess Peripheral US Neuromodulation

Peripheral US neuromodulation has been studied both in humans and in preclinical animal
models. Human studies benefit from the direct verbal feedback from the subjects, while preclinical
animal studies allow mechanistic investigations in vivo, as well as in vitro or ex vivo with reduced
and isolated systems. Studies that implement whole-animal in vivo preparations require to maintain
anesthesia, the level of which can directly affect the detection of US neuromodulation [20]. In addition,
the interpretation of the results from in vivo studies can be confounded by indirect effects of US
on surrounding muscles, blood vessels, and immune cells. In vitro cultures of dissociated sensory
neurons from the DRG have also been used as a model to study the effects of US neuromodulation [69].
Although the sensory cell somata in the DRG differ significantly from the nerve axons and endings
in fundamental electrophysiological properties [59], neurites grown in cultured DRG have similar
dimensions as axons and nerve endings and thus could potentially be an adequate model for studying
peripheral neuromodulation. Nonetheless, cultured neurites in the absence of Schwann cells lack
clustering of sodium channels [70] and thus differ significantly from the bundled axons in peripheral
nerves in the physiological situation. In contrast, ex vivo studies on isolated peripheral nerves offer a
physiologically relevant model for the direct assessment of US neuromodulatory effects, while avoiding
the potential confounding factors of in vivo or in vitro studies. It is worth mentioning that many
studies described isolated peripheral nerves as in vitro preparations, but they are considered as ex
vivo preparations in this review to distinguish them from in vitro cultured DRG preparations.

3. Ultrasonic Neuromodulation of the Peripheral Nervous System

The effect of US stimulation to alter tissue activities was reported as early as in 1929 by a study
on frogs and turtles [71]. The ability of low-frequency low-intensity US to modulate the CNS neural
activities is elegantly demonstrated both in vivo in whole animals and in vitro in reduced systems of
brain tissue slices (see reference [9] for a review). Recent studies indicate that US neuromodulation
of the CNS might take an indirect route through the auditory cochlear pathway [29,30]. In stark
contrast, the mechanisms of US neuromodulation of the PNS are still under debate, partly because of
the contradictory experimental outcomes, which are systematically summarized and discussed below.

As summarized in Table 1, US appears to directly activate peripheral sensory nerve endings, as
evidenced by studies of US stimulation of human hand, skin, soft tissues, bones, joints, ears, acupuncture
points [53,72–75], as well as of cat ear [76] and frog Pacinian corpuscles [77]. CAP activities are evoked
by US stimulation in animal preparations. More convincing evidence has been found by clinical
studies in which direct verbal reports show that US stimulation is able to evoke virtually all the
somatosensory modalities: tactile, warm, cold, itch, deqi, hearing, and pain. Unlike in the CNS,
low-intensity US (<1 W/cm2) is unable to activate mammalian nerve endings. In non-mammals,
dissociated frog Pacinian corpuscles can be activated by US with intensity as low as 0.4 W/cm2. US with
intermediate intensity (1–200 W/cm2) activates only low-threshold mechanoreceptors, e.g., tactile
receptors and auditory nerve endings. Activation of other sensory modalities like temperature and
pain generally requires high-intensity US stimulation (>1000 W/cm2). However, it remains unclear
whether US inhibits sensory nerve endings, which unlike neurons in the CNS, generally do not fire
spontaneously. Further experimental studies are required to investigate whether US application to
sensory nerve endings could lead to the loss of sensation.



Appl. Sci. 2019, 9, 1637 8 of 17

Table 1. US neuromodulation of peripheral nerve endings. PNS: peripheral nervous system; PRF: pulse repetition frequency; DC: direct current.

PNS Endings (Research) Effect Freq
(MHz)

PRF
(Hz) DC (%) Intensity

(W/cm2)
Duration

(mSec)
Metric for

Modulation
Preparation

Type

Human hand nerve
endings [72]
(Gavrilov et al., 1977)

Tactile, warm,
cold, itch, and
pain sensation

0.48
0.887
2.67

100% 160–30,000 1, 10, 100 Verbal report Clinical study

Human skin, soft tissue, bone,
joint [73]
(ab Ithel Davies et al., 1996)

Pain sensation 0.48–2.67 12–15,000 1–100 Verbal report Clinical study

Human fingers and upper
forearm [74]
(Dalecki et al., 1995)

Tactile sensation 2.2 50–1000 50% 150 0.1 to 100 Verbal report Clinical study

Human ear [75]
(Tsirulnikov et al., 1988)

Activation of
acoustic nerve

fibers
2.5 125–8000 50% 1–5 0.05–0.1 Verbal report Clinical study

Human acupuncture point [53]
(Yoo et al., 2014) Deqi sensation 0.65 50 10% 1–3 (SPPA) 1000 Verbal report Clinical study

Cat ear [76]
(Foster and Wiederhold, 1978)

Activation of
auditory nerve 5 100% 30 0.068 CAP In vivo

Frog Pacinian corpuscle [77]
(Gavrilov et al., 1977) Activation 0.48 100% 0.4–2.5 0.1 to 100 CAP Ex vivo
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US neuromodulation of peripheral nerve trunks and axons has been investigated by a handful of
studies summarized in Table 2, which give seemly contradictory results, with reports of enhanced nerve
activities, suppressed activities, and mixed effects. Nonetheless, there are two consistent observations.
First, all studies document no direct activation of peripheral nerves by US stimulation alone, except
for a recent abstract report lacking technical details [78]. Second, high-intensity US stimulation
(>200 W/cm2) causes a nerve conduction block likely from a local thermal effect, and the nerve blocking
effect can last for days to weeks and even be completely irreversible [50,54,79]. Lee et al. did report a
reversible conduction block with a proper selection of the stimulus parameters [80]. The contradictory
results occur with US intensity in the intermediate range, with enhanced nerve conduction velocity by
some reports [43,51,81] and suppressed conduction velocity by others [47,52]; Mihran also reported
that US enhanced CAP amplitude, thus providing mixed outcomes [52]. The difference in US
neuromodulation effects could be attributed to the difference in the types of nerves studied (e.g.,
sciatic vs. vagus), preparations (e.g., ex vivo vs. in vivo), and animal species (e.g., mammals vs.
non-mammals). CAP recordings are used to evaluate US effects except for one study in which
single-unit recordings from individual axons are implemented [43]. As discussed earlier, single-unit
recordings are more sensitive in detecting neuromodulatory effects than CAP recordings. Collectively,
the study by Ilham et al. conducted on harvested nerve ex vivo with single-unit recordings has the least
confounding factors and thus provides the most convincing results: US stimulation of intermediate
intensity enhances peripheral nerve activity by increasing the conduction velocity in both A- and
C-type axons [43]. This is further supported by a clinical study showing increased conduction velocity
in human median nerves following US stimulation [81].

The DRG that contains sensory afferent somata has emerged as a promising target for
neuromodulation [82–84]. To the best of our knowledge, all existing DRG neuromodulations implement
electrical stimulation, and the modality of US has yet to be investigated on DRG. A recent pilot report
with patch-clamp and calcium imaging recordings on dissociated DRG neurons shows that US evokes
action potentials in 33–40% of DRG neurons, which may involve the activation of sodium, calcium,
and non-selective ion channels [69].
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Table 2. US neuromodulation of peripheral nerve axons.

PNS Axons (Research) Effect Freq
(MHz) PRF (Hz) DC (%) Intensity

(W/cm2)
Duration

(mSec)
Metric for

Modulation
Preparation

Type

Enhanced Activities

Human median nerve [81]
(Moore et al., 2000) Increase conduction velocity 1–3 50–100% 1 480,000 Sensory and

motor latency Clinical study

Mouse sciatic nerve [43]
(Ilham et al., 2018) Increase conduction velocity 1.1 200,000 20–40% 0.91–28.2 40,000 Single-unit Ex vivo

Rat posterior tibia nerve [42]
(Casella et al., 2017)

Inhibition of rhythmic bladder
contraction 0.25 2000 0.9 (MPa) 300 Bladder

contraction In vivo

Bullfrog sciatic nerve [51]
(Tsui et al., 2005)

Enhanced conduction,
increased conduction velocity. 3.5 2 <1% 1–3 W CAP Ex vivo

Crab leg nerve [78]
(Saffari et al., 2017) Direct activation Ex vivo

Suppressed Activities

Rabbit sciatic nerve [54]
(Foley et al., 2007) Nerve conduction block 3.2 58% 1930 (SATA) 10,000 Flexion

muscle force In vivo

Rat sciatic nerve [79]
(Foley et al., 2008) Nerve conduction block 5.7 390–7890 (SPTP) 5000 Muscle

activities In vivo

Rat sciatic nerve [80]
(Lee et al., 2015) Nerve conduction block 2.68 2290–2810 (SATA) 3000–7000 CAP Ex vivo

Rat vagus nerve [47]
(Juan et al., 2014)

Inhibition of conduction,
reduced conduction velocity 1.1 20–1000 18.7–93.4 15,000 CAP In vivo

Earth worm giant axon [85]
(Wahab et al., 2012)

Inhibition of conduction,
reduced conduction velocity 0.825 100 10% 0.1–0.7 (MPa) 15,000–75,000 CAP In vivo

Frog sciatic nerve [86,87]
(Young and Henneman, 1961) Nerve conduction block 2.7 0.33–0.5 11–30% 1150 (SATA) 9800 CAP Ex vivo

Bullfrog sciatic [50]
(Colucci et al., 2009) Nerve conduction block 0.66–1.98 10, 20 1–20% 370 30,000 CAP Ex vivo

Mixed Effects

Frog sciatic nerve [52]
(Mihran et al., 1990)

Enhanced and suppressed
excitability 2–7 3–20 kHz 100–800 (SPTP) 0.5 CAP Ex vivo
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4. Mechanisms of Peripheral US Neuromodulation

The mechanisms of action of US in the modulation of neural activities in the CNS have been
systematically reviewed [9,38]. Here, we focus on US neuromodulation of peripheral nerve endings,
axons, and somata in DRG, which, unlike the bone-protected CNS, are tightly wrapped by multiple
layers of connective tissues, e.g., the epineurium, perineurium, endoneurium, and nerve extracellular
matrix. This might explain why low-intensity US (<1 W/cm2) directly activates brain neurons [9]
but cannot activate peripheral nerve endings or axons. Another difference between the CNS and the
PNS is the lack of inhibitory neurons in peripheral sensory afferents. In the CNS, both activation
and suppression effects are reported by US stimulation [38], which can be attributed to the selective
activation of excitatory (e.g., glutamatergic) and inhibitory (e.g., GABAergic and glycinergic) neurons,
respectively. In the periphery, the suppression effect is generally reflected as inhibition of action
potential generation or transmission [50].

Sensory nerve endings can be directly activated by US stimulation, as evidenced by a series of
classical clinical studies by Gavrilov et al., which reveal that virtually all the sensory modalities can
be activated by US at intermediate and high-intensity [72,73]. The activation of the low-threshold
mechanoreceptors in the skin and cochlear hair cell appears to require the least US intensity and
energy [72,75,76], indicating that US likely evokes action potentials via mechanotransduction intrinsic
to those nerve endings, i.e., opening of mechanosensitive ion channels by the local mechanical force
leading to action potential generation in the spike initiation zone [59]. Evoking other sensory modalities
requires high-intensity focused US, which can lead to significant local heating (>5 ◦C) and inertial
cavitation with sudden collapse of the bubble [88]. How high-intensity US activates sensory nerve
endings remains undetermined. Putative mechanisms include temperature gating of voltage-sensitive
sodium and potassium ion channels, mechanical gating of other transducer molecules like the transient
receptor potential (TRP) channels, and indirect effects on surrounding non-neuronal tissues.

US neuromodulation to block action potential transmission in peripheral nerve axons has
been extensively studied and appears to require the local thermal effect of high-intensity US
stimulation [49,50]. The rise of local temperature reportedly induces a conduction block in peripheral
axons by changing the kinetics of voltage-sensitive sodium channels, leading to their inactivation;
temperature has a much greater impact on the inactivation kinetic than on the activation kinetic [89].
Non-thermal mechanisms could also contribute to the peripheral nerve block by high-intensity US, e.g.,
inertia cavitation with strong acoustic forces that directly “bombs” the fibers leading to irreversible
disruption [49]. Despite the invasiveness, clinical applications of high-intensity US neuromodulation on
peripheral nerves show beneficial effects on pain management in painful amputation stump neuromas,
phantom limbs [90], and spasticity [91].

Reversible peripheral neuromodulation of peripheral nerve axons implements low- and
intermediate-intensity US which does not directly evoke action potentials [43,47]. Intermediate-intensity
US generally causes a negligible thermal effect (<1 ◦C) and produces harmless stable cavitation [43,47],
and thus, its neuromodulatory effects on peripheral nerve axons occur likely through local acoustic
radiation forces. From analyzing the existing experimental reports in Table 2, intermediate-intensity
US likely enhances the neural activity in mammalian peripheral nerves by increasing the nerve
conduction velocity. Unlike the nerve endings, the axon may lack the mechanosensitive ion channels
tuned to transduce micromechanical forces. Thus, it is likely that other mechanically gated ion
channels may participate to collectively enhance the neural activity, which include, but are not limited
to, voltage-sensitive sodium [92–94], two-pore-domain potassium (K2P) [95], ASIC [95], TRP [96],
and Piezo channels [97,98].

Virtually no study has been conducted to assess US neuromodulation on intact DRG, the clustering
of sensory afferent somata. A recent study indicates that action potentials can be evoked by focused
US in dissociated DRG neurons [69], opening new avenues of research on US DRG neuromodulation
in future preclinical and clinical studies. The underlying mechanisms of US activation of DRG neurons
are unclear and likely involve sodium, potassium, and non-selective cation channels [69].
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The non-thermal and non-cavitation bio-effect of the focused US at low and intermediate intensity
is of central interests for reversible US neuromodulation; it likely induces local acoustic forces below
the harmful range. Potential mechanisms of neuromodulation include the mechanical gating of
transmembrane ion channels, as discussed earlier. In addition, several theories have attributed the
US neuromodulatory effect to altered properties of the lipid-bilayer membrane at the nerve endings,
axons, and somata, including the soliton model [99], the flexoelectricity hypothesis [100], the neuronal
intramembrane cavitation excitation (NICE) model [101], and, more recently, the theory of direct
transmembrane pore formation [102]. The main assumption of the soliton model is that the transmission
of signal through a nerve occurs as an electromechanical soliton wave packet rather than a complete
electrical phenomenon. However, this model could not mathematically explain the role of voltage-gated
ion channels in action potential generation. The flexoelectric effect hypothesizes that the mechanical
energy of the curved lipid-bilayer membrane leads to electrical membrane polarization to depolarize
the neural membrane, but the relevant mathematical formulation to account for action potential
generation has yet to be established. In the NICE model, it is hypothesized that US stimulation with
sufficient intensity (>0.10 W/cm2 ISPTA) causes nanobubble formation in the intramembrane space,
which subsequently changes the transmembrane capacitance. Hence, the NICE model suggests the
membrane capacitive current caused by the change of transmembrane capacitance as the source of US
neuromodulation and appears to explain the increased conduction velocities by US modulation from
our recent study with single-unit recordings [43]. The recent experimental finding on an expression
system indicates that US as low as 0.4 W/cm2 can form pores in the lipid-bilayer membrane large
enough to allow the passage of the large dye molecule calcein [102], indicating that the pores are
sufficiently large for the passage of sodium and potassium ions to excite neurons. Both the NICE model
and the transmembrane pore formation theory can explain the enhanced excitability of peripheral
nerve axons by US, consistent with a recent ex vivo study with single-unit recordings from individual
axons [43]. Further experimental and theoretical studies are required to advance our mechanistic
understanding of peripheral US neuromodulation.

5. Conclusions

Peripheral US neuromodulation is capable of both enhancing and suppressing neural activities
which are likely dependent upon the range of US intensity and strength. Unlike the neurons in the
brain, low-intensity US (<1 W/cm2) is unable to evoke action potentials in the peripheral nerve endings
or axons. US of intermediate intensity (1 to 200 W/cm2) exerts mainly acoustic radiation force on
tissues, with no apparent thermal or inertia cavitation effects. US of intermediate intensity activates
low-threshold mechanosensitive nerve endings likely through the regular mechanotransduction process,
by opening mechanosensitive ion channels to evoke action potentials. US of intermediate intensity
also enhances the neural activity of peripheral nerve axons, leading to increased nerve conduction
velocities in both A- and C-type fibers, which is likely caused by mechanical gating of other ion channels
like the NaV, K2P, ASIC, TRP, and Piezo channels. In addition, enhanced neural activity could be
attributed to a direct effect of acoustic radiation force on the lipid-bilayer neural membrane. Plausible
mechanisms include a transient capacitive current from rapid changes of local membrane capacitance
(the NICE model) and transmembrane pore formation to allow sodium and potassium ions to pass
through. High-intensity US (>1000 W/cm2) consistently inhibits the action potential transmission in
peripheral nerves (i.e., nerve block) likely through a thermal effect. In addition, inertia cavitation
from high-intensity US could lead to irreversible damage of peripheral nerve axons. In conclusion,
US neuromodulation of the PNS has profound therapeutic potential especially through the non-thermal
non-cavitation bio-effect in the intermediate intensity range, which is able to non-invasively and
reversibly enhance peripheral neural activities.

Author Contributions: Conceptualization, B.F., L.C., and S.J.I.; investigation, B.F., L.C., and S.J.I.; writing—original
draft preparation, B.F.; writing—review and editing, B.F., L.C., and S.J.I.; visualization, B.F. and S.J.I.; supervision,
B.F.; funding acquisition, B.F.



Appl. Sci. 2019, 9, 1637 13 of 17

Funding: This research was funded by the U.S. National Institutes of Health, grant number K01 DK100460 and
R03 DK114546; U.S. National Science Foundation, grant number 1727185.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dubner, R.; Gold, M. The neurobiology of pain. Proc. Nat. Acad. Sci. USA 1999, 96, 7627–7630. [CrossRef]
[PubMed]

2. Woolf, C.J. Overcoming obstacles to developing new analgesics. Nat. Med. 2010, 16, 1241–1247. [CrossRef]
[PubMed]

3. Seeley, W.W.; Crawford, R.K.; Zhou, J.; Miller, B.L.; Greicius, M.D. Neurodegenerative diseases target
large-scale human brain networks. Neuron 2009, 62, 42–52. [CrossRef] [PubMed]

4. Tracey, I.; Dickenson, A. SnapShot: Pain perception. Cell 2012, 148, 1308. [CrossRef]
5. De Ridder, D.; Perera, S.; Vanneste, S. State of the art: Novel applications for cortical stimulation. Neuromodul. J.

Int. Neuromod. Soci. 2017, 20, 206–214. [CrossRef]
6. Hunter, C.; Dave, N.; Diwan, S.; Deer, T. Neuromodulation of pelvic visceral pain: Review of the literature

and case series of potential novel targets for treatment. Pain Pract. 2013, 13, 3–17. [CrossRef]
7. Goroszeniuk, T.; Pang, D. Peripheral neuromodulation: A review. Curr. Pain Headache Rep. 2014, 18, 412.

[CrossRef]
8. Zhang, T.C.; Janik, J.J.; Grill, W.M. Mechanisms and models of spinal cord stimulation for the treatment of

neuropathic pain. Brain Res. 2014, 1569, 19–31. [CrossRef]
9. Tyler, W.J.; Lani, S.W.; Hwang, G.M. Ultrasonic modulation of neural circuit activity. Curr. Opin. Neurobiol.

2018, 50, 222–231. [CrossRef] [PubMed]
10. Chervyakov, A.V.; Chernyavsky, A.Y.; Sinitsyn, D.O.; Piradov, M.A. Possible mechanisms underlying the

therapeutic effects of transcranial magnetic stimulation. Front. Hum. Neurosci. 2015, 9, 303. [CrossRef]
11. Klein, M.M.; Treister, R.; Raij, T.; Pascual-Leone, A.; Park, L.; Nurmikko, T.; Lenz, F.; Lefaucheur, J.P.; Lang, M.;

Hallett, M.; et al. Transcranial magnetic stimulation of the brain: Guidelines for pain treatment research.
Pain 2015, 156, 1601–1614. [CrossRef] [PubMed]

12. Chernov, M.; Roe, A.W. Infrared neural stimulation: A new stimulation tool for central nervous system
applications. Neurophotonics 2014, 1, 011011. [CrossRef]

13. Kobus, T.; Vykhodtseva, N.; Pilatou, M.; Zhang, Y.; McDannold, N. Safety validation of repeated blood-brain
barrier disruption using focused ultrasound. Ultrasound Med. Biol. 2016, 42, 481–492. [CrossRef]

14. Kamimura, H.A.; Wang, S.; Chen, H.; Wang, Q.; Aurup, C.; Acosta, C.; Carneiro, A.A.; Konofagou, E.E.
Focused ultrasound neuromodulation of cortical and subcortical brain structures using 1.9 MHz. Med. Phys.
2016, 43, 5730. [CrossRef] [PubMed]

15. Kim, H.; Park, M.Y.; Lee, S.D.; Lee, W.; Chiu, A.; Yoo, S.S. Suppression of EEG visual-evoked potentials in
rats through neuromodulatory focused ultrasound. Neuroreport 2015, 26, 211–215. [CrossRef] [PubMed]

16. Chu, P.C.; Liu, H.L.; Lai, H.Y.; Lin, C.Y.; Tsai, H.C.; Pei, Y.C. Neuromodulation accompanying focused
ultrasound-induced blood-brain barrier opening. Sci. Rep. 2015, 5, 15477. [CrossRef] [PubMed]

17. Mehic, E.; Xu, J.M.; Caler, C.J.; Coulson, N.K.; Moritz, C.T.; Mourad, P.D. Increased anatomical specificity of
neuromodulation via modulated focused ultrasound. PLoS ONE 2014, 9, e86939. [CrossRef]

18. Kim, H.; Chiu, A.; Lee, S.D.; Fischer, K.; Yoo, S.S. Focused ultrasound-mediated non-invasive brain stimulation:
Examination of sonication parameters. Brain Stimul. 2014, 7, 748–756. [CrossRef]

19. Kim, H.; Lee, S.D.; Chiu, A.; Yoo, S.S.; Park, S. Estimation of the spatial profile of neuromodulation and the
temporal latency in motor responses induced by focused ultrasound brain stimulation. Neuroreport 2014, 25,
475–479. [CrossRef]

20. King, R.L.; Brown, J.R.; Newsome, W.T.; Pauly, K.B. Effective parameters for ultrasound-induced in vivo
neurostimulation. Ultrasound Med. Biol. 2013, 39, 312–331. [CrossRef]

21. Yoo, S.S.; Kim, H.; Min, B.K.; Franck, E.; Park, S. Transcranial focused ultrasound to the thalamus alters
anesthesia time in rats. Neuroreport 2011, 22, 783–787. [CrossRef] [PubMed]

22. Tufail, Y.; Matyushov, A.; Baldwin, N.; Tauchmann, M.L.; Georges, J.; Yoshihiro, A.; Tillery, S.I.; Tyler, W.J.
Transcranial pulsed ultrasound stimulates intact brain circuits. Neuron 2010, 66, 681–694. [CrossRef]
[PubMed]

http://dx.doi.org/10.1073/pnas.96.14.7627
http://www.ncbi.nlm.nih.gov/pubmed/10393870
http://dx.doi.org/10.1038/nm.2230
http://www.ncbi.nlm.nih.gov/pubmed/20948534
http://dx.doi.org/10.1016/j.neuron.2009.03.024
http://www.ncbi.nlm.nih.gov/pubmed/19376066
http://dx.doi.org/10.1016/j.cell.2012.03.004
http://dx.doi.org/10.1111/ner.12593
http://dx.doi.org/10.1111/j.1533-2500.2012.00558.x
http://dx.doi.org/10.1007/s11916-014-0412-9
http://dx.doi.org/10.1016/j.brainres.2014.04.039
http://dx.doi.org/10.1016/j.conb.2018.04.011
http://www.ncbi.nlm.nih.gov/pubmed/29674264
http://dx.doi.org/10.3389/fnhum.2015.00303
http://dx.doi.org/10.1097/j.pain.0000000000000210
http://www.ncbi.nlm.nih.gov/pubmed/25919472
http://dx.doi.org/10.1117/1.NPh.1.1.011011
http://dx.doi.org/10.1016/j.ultrasmedbio.2015.10.009
http://dx.doi.org/10.1118/1.4963208
http://www.ncbi.nlm.nih.gov/pubmed/27782686
http://dx.doi.org/10.1097/WNR.0000000000000330
http://www.ncbi.nlm.nih.gov/pubmed/25646585
http://dx.doi.org/10.1038/srep15477
http://www.ncbi.nlm.nih.gov/pubmed/26490653
http://dx.doi.org/10.1371/journal.pone.0086939
http://dx.doi.org/10.1016/j.brs.2014.06.011
http://dx.doi.org/10.1097/WNR.0000000000000118
http://dx.doi.org/10.1016/j.ultrasmedbio.2012.09.009
http://dx.doi.org/10.1097/WNR.0b013e32834b2957
http://www.ncbi.nlm.nih.gov/pubmed/21876461
http://dx.doi.org/10.1016/j.neuron.2010.05.008
http://www.ncbi.nlm.nih.gov/pubmed/20547127


Appl. Sci. 2019, 9, 1637 14 of 17

23. Hynynen, K.; McDannold, N.; Sheikov, N.A.; Jolesz, F.A.; Vykhodtseva, N. Local and reversible blood-brain
barrier disruption by noninvasive focused ultrasound at frequencies suitable for trans-skull sonications.
Neuroimage 2005, 24, 12–20. [CrossRef]

24. Wattiez, N.; Constans, C.; Deffieux, T.; Daye, P.M.; Tanter, M.; Aubry, J.F.; Pouget, P. Transcranial ultrasonic
stimulation modulates single-neuron discharge in macaques performing an antisaccade task. Brain Stimul.
2017, 10, 1024–1031. [CrossRef]

25. Verhagen, L.; Gallea, C.; Folloni, D.; Constans, C.; Jensen, D.E.; Ahnine, H.; Roumazeilles, L.; Santin, M.;
Ahmed, B.; Lehericy, S.; et al. Offline impact of transcranial focused ultrasound on cortical activation in
primates. eLife 2019, 12, 8. [CrossRef] [PubMed]

26. Fishman, P.S.; Frenkel, V. Focused ultrasound: An emerging therapeutic modality for neurologic disease.
Neurotherapeutics 2017, 14, 393–404. [CrossRef]

27. Bachtold, M.R.; Rinaldi, P.C.; Jones, J.P.; Reines, F.; Price, L.R. Focused ultrasound modifications of neural
circuit activity in a mammalian brain. Ultrasound Med. Biol. 1998, 24, 557–565. [CrossRef]

28. Tyler, W.J.; Tufail, Y.; Finsterwald, M.; Tauchmann, M.L.; Olson, E.J.; Majestic, C. Remote excitation of
neuronal circuits using low-intensity, low-frequency ultrasound. PLoS ONE 2008, 3, e3511. [CrossRef]

29. Sato, T.; Shapiro, M.G.; Tsao, D.Y. Ultrasonic neuromodulation causes widespread cortical activation via an
indirect auditory mechanism. Neuron 2018, 98, 1031–1041.e5. [CrossRef] [PubMed]

30. Guo, H.; Hamilton, I.I.M.; Offutt, S.J.; Gloeckner, C.D.; Li, T.; Kim, Y.; Legon, W.; Alford, J.K.; Lim, H.H.
Ultrasound produces extensive brain activation via a cochlear pathway. Neuron 2018, 98, 1020–1030.e4.
[CrossRef]

31. Menz, M.D.; Oralkan, Ö.; Khuri-Yakub, P.T.; Baccus, S.A. Precise neural stimulation in the retina using
focused ultrasound. J. Neurosci. 2013, 33, 4550–4560. [CrossRef] [PubMed]

32. Foreman, R.D.; Linderoth, B. Neural mechanisms of spinal cord stimulation. Int. Rev. Neurobiol. 2012, 107,
87–119. [PubMed]

33. Frahm, K.S.; Hennings, K.; Vera-Portocarrero, L.; Wacnik, P.W.; Morch, C.D. Nerve fiber activation during
peripheral nerve field stimulation: Importance of electrode orientation and estimation of area of paresthesia.
Neuromodul. J. Int. Neuromodul. Soc. 2016, 19, 311–318. [CrossRef] [PubMed]

34. Morch, C.D.; Nguyen, G.P.; Wacnik, P.W.; Andersen, O.K. Mathematical model of nerve fiber activation
during low back peripheral nerve field stimulation: Analysis of electrode implant depth. Neuromodul. J. Int.
Neuromodul. Soc. 2014, 17, 218–225. [CrossRef] [PubMed]

35. Chakravarthy, K.; Nava, A.; Christo, P.J.; Williams, K. Review of recent advances in peripheral nerve
stimulation (PNS). Curr. Pain Headache Rep. 2016, 20, 60. [CrossRef] [PubMed]

36. Krames, E.S. The dorsal root ganglion in chronic pain and as a target for neuromodulation: A review.
Neuromodul. J. Int. Neuromodul. Soc. 2015, 18, 24–32. [CrossRef] [PubMed]

37. Liem, L.; van Dongen, E.; Huygen, F.J.; Staats, P.; Kramer, J. The dorsal root ganglion as a therapeutic target
for chronic pain. Reg. Anesth. Pain Med. 2016, 41, 511–519. [CrossRef]

38. Omer, N.; Steve, K.; Shy, S. Ultrasonic neuromodulation. J. Neural Eng. 2016, 13, 031003.
39. Patel, P.R.; Luk, A.; Durrani, A.; Dromi, S.; Cuesta, J.; Angstadt, M.; Dreher, M.R.; Wood, B.J.; Frenkel, V.

In vitro and in vivo evaluations of increased effective beam width for heat deposition using a split focus
high intensity ultrasound (HIFU) transducer. Int. J. Hyperth. 2008, 24, 537–549. [CrossRef]

40. Naor, O.; Hertzberg, Y.; Zemel, E.; Kimmel, E.; Shoham, S. Towards multifocal ultrasonic neural stimulation
II: Design considerations for an acoustic retinal prosthesis. J. Neural Eng. 2012, 9, 026006. [CrossRef]

41. Baker, M.L.; Dalrymple, G.V. Biological effects of diagnostic ultrasound: A review. Radiology 1978, 126,
479–483. [CrossRef]

42. Casella, D.P.; Dudley, A.G.; Clayton, D.B.; Pope, J.C., IV; Tanaka, S.T.; Thomas, J.; Adams, M.C.; Brock, J.W., III;
Caskey, C.F. Modulation of the rat micturition reflex with transcutaneous ultrasound. Neurourol. Urodyn.
2017, 36, 1996–2002. [CrossRef]

43. Ilham, S.J.; Chen, L.; Guo, T.; Emadi, S.; Hoshino, K.; Feng, B. In vitro single-unit recordings reveal increased
peripheral nerve conduction velocity by focused pulsed ultrasound. Biomed. Phys. Eng. Express. 2018, 4,
045004. [CrossRef] [PubMed]

44. Zhou, Y.F. High intensity focused ultrasound in clinical tumor ablation. World J. Clin. Oncol. 2011, 2, 8–27.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.neuroimage.2004.06.046
http://dx.doi.org/10.1016/j.brs.2017.07.007
http://dx.doi.org/10.7554/eLife.40541
http://www.ncbi.nlm.nih.gov/pubmed/30747105
http://dx.doi.org/10.1007/s13311-017-0515-1
http://dx.doi.org/10.1016/S0301-5629(98)00014-3
http://dx.doi.org/10.1371/journal.pone.0003511
http://dx.doi.org/10.1016/j.neuron.2018.05.009
http://www.ncbi.nlm.nih.gov/pubmed/29804920
http://dx.doi.org/10.1016/j.neuron.2018.04.036
http://dx.doi.org/10.1523/JNEUROSCI.3521-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23467371
http://www.ncbi.nlm.nih.gov/pubmed/23206679
http://dx.doi.org/10.1111/ner.12371
http://www.ncbi.nlm.nih.gov/pubmed/26586248
http://dx.doi.org/10.1111/ner.12163
http://www.ncbi.nlm.nih.gov/pubmed/24612321
http://dx.doi.org/10.1007/s11916-016-0590-8
http://www.ncbi.nlm.nih.gov/pubmed/27671799
http://dx.doi.org/10.1111/ner.12247
http://www.ncbi.nlm.nih.gov/pubmed/25354206
http://dx.doi.org/10.1097/AAP.0000000000000408
http://dx.doi.org/10.1080/02656730802064621
http://dx.doi.org/10.1088/1741-2560/9/2/026006
http://dx.doi.org/10.1148/126.2.479
http://dx.doi.org/10.1002/nau.23241
http://dx.doi.org/10.1088/2057-1976/aabef1
http://www.ncbi.nlm.nih.gov/pubmed/30410792
http://dx.doi.org/10.5306/wjco.v2.i1.8
http://www.ncbi.nlm.nih.gov/pubmed/21603311


Appl. Sci. 2019, 9, 1637 15 of 17

45. Guan, L.; Xu, G. Damage effect of high-intensity focused ultrasound on breast cancer tissues and their
vascularities. World J. Surg. Oncol. 2016, 14, 153. [CrossRef] [PubMed]

46. Copelan, A.; Hartman, J.; Chehab, M.; Venkatesan, A.M. High-intensity focused ultrasound: Current status
for image-guided therapy. Semin. Interv. Radiol. 2015, 32, 398–415. [CrossRef] [PubMed]

47. Juan, E.J.; Gonzalez, R.; Albors, G.; Ward, M.P.; Irazoqui, P. Vagus nerve modulation using focused pulsed
ultrasound: Potential applications and preliminary observations. Int. J. Imaging Syst. Technol. 2014, 24, 67–71.
[CrossRef] [PubMed]

48. Chen, L.; Ilham, S.J.; Guo, T.; Emadi, S.; Feng, B. In vitro multichannel single-unit recordings of action
potentials from mouse sciatic nerve. Biomed. Phys. Eng. Express. 2017, 3, 045020. [CrossRef]

49. Lee, Y.F.; Lin, C.C.; Cheng, J.S.; Chen, G.S. High-intensity focused ultrasound attenuates neural responses of
sciatic nerves isolated from normal or neuropathic rats. Ultrasound Med. Biol. 2015, 41, 132–142. [CrossRef]
[PubMed]

50. Colucci, V.; Strichartz, G.; Jolesz, F.; Vykhodtseva, N.; Hynynen, K. Focused ultrasound effects on nerve
action potential in vitro. Ultrasound Med. Biol. 2009, 35, 1737–1747. [CrossRef]

51. Tsui, P.H.; Wang, S.H.; Huang, C.C. In vitro effects of ultrasound with different energies on the conduction
properties of neural tissue. Ultrasonics 2005, 43, 560–565. [CrossRef] [PubMed]

52. Mihran, R.T.; Barnes, F.S.; Wachtel, H. Temporally-specific modification of myelinated axon excitability
in vitro following a single ultrasound pulse. Ultrasound Med. Biol. 1990, 16, 297–309. [CrossRef]

53. Yoo, S.S.; Lee, W.; Kim, H. Pulsed application of focused ultrasound to the LI4 elicits deqi sensations:
Pilot study. Complement. Ther. Med. 2014, 22, 592–600. [CrossRef] [PubMed]

54. Foley, J.L.; Little, J.W.; Vaezy, S. Image-guided high-intensity focused ultrasound for conduction block of
peripheral nerves. Ann. Biomed. Eng. 2007, 35, 109–119. [CrossRef] [PubMed]

55. Li, B.Y.; Qiao, G.F.; Feng, B.; Zhao, R.B.; Lu, Y.J.; Schild, J.H. Electrophysiological and neuroanatomical
evidence of sexual dimorphism in aortic baroreceptor and vagal afferents in rat. Am. J. Physiol. Regul. Integr.
Comp. Phys. 2008, 295, R1301–R1310. [CrossRef] [PubMed]

56. Li, B.Y.; Feng, B.; Tsu, H.Y.; Schild, J.H. Unmyelinated visceral afferents exhibit frequency dependent action
potential broadening while myelinated visceral afferents do not. Neurosci. Lett. 2007, 421, 62–66. [CrossRef]
[PubMed]

57. Feng, B.; Gebhart, G.F. In vitro functional characterization of mouse colorectal afferent endings. J. Vis. Exp.
JoVE 2015, 95, 52310. [CrossRef] [PubMed]

58. Feng, B.; Gebhart, G.F. Characterization of silent afferents in the pelvic and splanchnic innervations of the
mouse colorectum. Am. J. Physiol. Gastrointest. Liver Physiol. 2011, 300, G170–G180. [CrossRef]

59. Feng, B.; Zhu, Y.; La, J.H.; Wills, Z.P.; Gebhart, G.F. Experimental and computational evidence for an essential
role of NaV1.6 in spike initiation at stretch-sensitive colorectal afferent endings. J. Neurophysiol. 2015, 113,
2618–2634. [CrossRef] [PubMed]

60. Hoffer, J.A.; Loeb, G.E.; Pratt, C.A. Single unit conduction velocities from averaged nerve cuff electrode
records in freely moving cats. J. Neurosci. Methods 1981, 4, 211–225. [CrossRef]

61. Sharkey, K.A.; Cervero, F. An in vitro method for recording single unit afferent activity from mesenteric
nerves innervating isolated segments of rat ileum. J. Neurosci. Methods 1986, 16, 149–156. [CrossRef]

62. Schalow, G.; Lang, G. Recording of single unit potentials in human spinal nerve roots: A new diagnostic tool.
Acta Neurochir. 1987, 86, 25–29. [CrossRef]

63. Guiloff, R.J.; Modarres-Sadeghi, H. Preferential generation of recurrent responses by groups of motor neurons
in man. Conventional and single unit F wave studies. Brain 1991, 114, 1771–1801. [CrossRef] [PubMed]

64. Wu, G.; Ekedahl, R.; Hallin, R.G. Consistency of unitary shapes in dual lead recordings from myelinated
fibres in human peripheral nerves: Evidence for extracellular single-unit recordings in microneurography.
Exp. Brain Res. 1998, 120, 470–478. [CrossRef]

65. Kagitani, F.; Uchida, S.; Hotta, H.; Aikawa, Y. Manual acupuncture needle stimulation of the rat hindlimb
activates groups I, II, III and IV single afferent nerve fibers in the dorsal spinal roots. Jpn. J. Physiol. 2005, 55,
149–155. [CrossRef] [PubMed]

66. Schmelz, M.; Schmidt, R. Microneurographic single-unit recordings to assess receptive properties of afferent
human C-fibers. Neurosci. Lett. 2010, 470, 158–161. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/s12957-016-0908-3
http://www.ncbi.nlm.nih.gov/pubmed/27230124
http://dx.doi.org/10.1055/s-0035-1564793
http://www.ncbi.nlm.nih.gov/pubmed/26622104
http://dx.doi.org/10.1002/ima.22080
http://www.ncbi.nlm.nih.gov/pubmed/25165410
http://dx.doi.org/10.1088/2057-1976/aa7efa
http://dx.doi.org/10.1016/j.ultrasmedbio.2014.08.014
http://www.ncbi.nlm.nih.gov/pubmed/25438842
http://dx.doi.org/10.1016/j.ultrasmedbio.2009.05.002
http://dx.doi.org/10.1016/j.ultras.2004.12.003
http://www.ncbi.nlm.nih.gov/pubmed/15950031
http://dx.doi.org/10.1016/0301-5629(90)90008-Z
http://dx.doi.org/10.1016/j.ctim.2014.05.010
http://www.ncbi.nlm.nih.gov/pubmed/25146060
http://dx.doi.org/10.1007/s10439-006-9162-0
http://www.ncbi.nlm.nih.gov/pubmed/17072498
http://dx.doi.org/10.1152/ajpregu.90401.2008
http://www.ncbi.nlm.nih.gov/pubmed/18685060
http://dx.doi.org/10.1016/j.neulet.2007.05.036
http://www.ncbi.nlm.nih.gov/pubmed/17555875
http://dx.doi.org/10.3791/52310
http://www.ncbi.nlm.nih.gov/pubmed/25651300
http://dx.doi.org/10.1152/ajpgi.00406.2010
http://dx.doi.org/10.1152/jn.00717.2014
http://www.ncbi.nlm.nih.gov/pubmed/25652923
http://dx.doi.org/10.1016/0165-0270(81)90033-9
http://dx.doi.org/10.1016/0165-0270(86)90047-6
http://dx.doi.org/10.1007/BF01419500
http://dx.doi.org/10.1093/brain/114.4.1771
http://www.ncbi.nlm.nih.gov/pubmed/1884178
http://dx.doi.org/10.1007/s002210050420
http://dx.doi.org/10.2170/jjphysiol.R2120
http://www.ncbi.nlm.nih.gov/pubmed/15992454
http://dx.doi.org/10.1016/j.neulet.2009.05.064
http://www.ncbi.nlm.nih.gov/pubmed/19481585


Appl. Sci. 2019, 9, 1637 16 of 17

67. Gaunt, R.A.; Bruns, T.M.; Crammond, D.J.; Tomycz, N.D.; Moossy, J.J.; Weber, D.J. Single- and multi-unit
activity recorded from the surface of the dorsal root ganglia with non-penetrating electrode arrays. Conf. Proc.
IEEE Eng. Med. Biol. Soc. 2011, 2011, 6713–6716. [PubMed]

68. Srinivasan, A.; Tipton, J.; Tahilramani, M.; Kharbouch, A.; Gaupp, E.; Song, C.; Venkataraman, P.; Falcone, J.;
Lacour, S.P.; Stanley, G.B.; et al. A regenerative microchannel device for recording multiple single-unit action
potentials in awake, ambulatory animals. Eur. J. Neurosci. 2016, 43, 474–485. [CrossRef] [PubMed]

69. Florez-Paz, D.M.; Tong, C.-K.; Hoffman, B.U.; Lee, S.A.; Konofagou, E.E.; Lumpkin, E.A. Focused ultrasound
evoked responses in dorsal root ganglion neurons (DRG) and HEK293 cells. Biophys. J. 2018, 114, 673a.
[CrossRef]

70. Joe, E.-H.; Angelides, K. Clustering of voltage-dependent sodium channels on axons depends on Schwann
cell contact. Nature 1992, 356, 333–335. [CrossRef]

71. Harvey, E.N. The effect of high frequency sound waves on heart muscle and other irritable tissues. Am. J.
Physiol. 1929, 91, 284–290. [CrossRef]

72. Gavrilov, L.R.; Gersuni, G.V.; Ilyinski, O.B.; Tsirulnikov, E.M.; Shchekanov, E.E. A study of reception with the
use of focused ultrasound. I. Effects on the skin and deep receptor structures in man. Brain Res. 1977, 135,
265–277. [CrossRef]

73. Ab Ithel Davies, I.; Gavrilov, L.R.; Tsirulnikov, E.M. Application of focused ultrasound for research on pain.
Pain 1996, 67, 17–27. [CrossRef]

74. Dalecki, D.; Child, S.Z.; Raeman, C.H.; Carstensen, E.L. Tactile perception of ultrasound. J. Acoust. Soc. Am.
1995, 97, 3165–3170. [CrossRef]

75. Tsirulnikov, E.M.; Vartanyan, I.A.; Gersuni, G.V.; Rosenblyum, A.S.; Pudov, V.I.; Gavrilov, L.R. Use of
amplitude-modulated focused ultrasound for diagnosis of hearing disorders. Ultrasound Med. Biol. 1988, 14,
277–285. [CrossRef]

76. Foster, K.R.; Wiederhold, M.L. Auditory responses in cats produced by pulsed ultrasound. J. Acoust. Soc.
Am. 1978, 63, 1199–1205. [CrossRef]

77. Gavrilov, L.R.; Gersuni, G.V.; Ilyinsky, O.B.; Tsirulnikov, E.M.; Shchekanov, E.E. A study of reception with
the use of focused ultrasound. II. Effects on the animal receptor structures. Brain Res. 1977, 135, 279–285.
[CrossRef]

78. Saffari, N.; Wright, C.J.; Rothwell, J. Ultrasound neuro-stimulation effects of peripheral axons in-vitro.
J. Acoust. Soc. Am. 2017, 142, 2668. [CrossRef]

79. Foley, J.L.; Little, J.W.; Vaezy, S. Effects of high-intensity focused ultrasound on nerve conduction. Muscle
Nerve 2008, 37, 241–250. [CrossRef]

80. Lee, Y.F.; Lin, C.C.; Cheng, J.S.; Chen, G.S. Nerve conduction block in diabetic rats using high-intensity
focused ultrasound for analgesic applications. BJA Br. J. Anaesth. 2015, 114, 840–846. [CrossRef]

81. Moore, J.H.; Gieck, J.H.; Saliba, E.N.; Perrin, D.H.; Ball, D.W.; McCue, F.C. The biophysical effects of
ultrasound on median nerve distal latencies. Electromyogr. Clin. Neurophysiol. 2000, 40, 169–180.

82. Deer, T.R.; Grigsby, E.; Weiner, R.L.; Wilcosky, B.; Kramer, J.M. A prospective study of dorsal root ganglion
stimulation for the relief of chronic pain. Neuromodul. J. Int. Neuromodul. Soc. 2013, 16, 67–71. [CrossRef]
[PubMed]

83. Liem, L.; Russo, M.; Huygen, F.J.; Van Buyten, J.P.; Smet, I.; Verrills, P.; Cousins, M.; Brooker, C.; Levy, R.;
Deer, T.; et al. A multicenter, prospective trial to assess the safety and performance of the spinal modulation
dorsal root ganglion neurostimulator system in the treatment of chronic pain. Neuromodul. J. Int. Neuromodul.
Soc. 2013, 16, 471–482. [CrossRef] [PubMed]

84. Van Buyten, J.P.; Smet, I.; Liem, L.; Russo, M.; Huygen, F. Stimulation of dorsal root Ganglia for the
management of complex regional pain syndrome: A prospective case series. Pain Pract. 2015, 15, 208–216.
[CrossRef] [PubMed]

85. Wahab, R.A.; Choi, M.; Liu, Y.; Krauthamer, V.; Zderic, V.; Myers, M.R. Mechanical bioeffects of pulsed high
intensity focused ultrasound on a simple neural model. Med. Phys. 2012, 39, 4274–4283. [CrossRef]

86. Young, R.R.; Henneman, E. Functional effects of focused ultrasound on mammalian nerves. Science 1961, 134,
1521–1522. [CrossRef]

87. Young, R.R.; Henneman, E. Reversible block of nerve conduction by ultrasound: Ultrasonic blocking of
nerve fibers. Arch. Neurol. 1961, 4, 83–89. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/22255879
http://dx.doi.org/10.1111/ejn.13080
http://www.ncbi.nlm.nih.gov/pubmed/26370722
http://dx.doi.org/10.1016/j.bpj.2017.11.3627
http://dx.doi.org/10.1038/356333a0
http://dx.doi.org/10.1152/ajplegacy.1929.91.1.284
http://dx.doi.org/10.1016/0006-8993(77)91030-7
http://dx.doi.org/10.1016/0304-3959(96)03042-4
http://dx.doi.org/10.1121/1.411877
http://dx.doi.org/10.1016/0301-5629(88)90093-2
http://dx.doi.org/10.1121/1.381829
http://dx.doi.org/10.1016/0006-8993(77)91031-9
http://dx.doi.org/10.1121/1.5014722
http://dx.doi.org/10.1002/mus.20932
http://dx.doi.org/10.1093/bja/aeu443
http://dx.doi.org/10.1111/ner.12013
http://www.ncbi.nlm.nih.gov/pubmed/23240657
http://dx.doi.org/10.1111/ner.12072
http://www.ncbi.nlm.nih.gov/pubmed/23668228
http://dx.doi.org/10.1111/papr.12170
http://www.ncbi.nlm.nih.gov/pubmed/24451048
http://dx.doi.org/10.1118/1.4729712
http://dx.doi.org/10.1126/science.134.3489.1521
http://dx.doi.org/10.1001/archneur.1961.00450070085009
http://www.ncbi.nlm.nih.gov/pubmed/13787490


Appl. Sci. 2019, 9, 1637 17 of 17

88. Johnston, K.; Tapia-Siles, C.; Gerold, B.; Postema, M.; Cochran, S.; Cuschieri, A.; Prentice, P. Periodic
shock-emission from acoustically driven cavitation clouds: A source of the subharmonic signal. Ultrasonics
2014, 54, 2151–2158. [CrossRef]

89. Xu, D.; Pollock, M. Experimental nerve thermal injury. Brain J. Neurol. 1994, 117, 375–384. [CrossRef]
90. Ernberg, L.A.; Adler, R.S.; Lane, J. Ultrasound in the detection and treatment of a painful stump neuroma.

Skelet. Radiol. 2003, 32, 306–309. [CrossRef] [PubMed]
91. Foley, J.L.; Little, J.W.; Starr, F.L.; 3rd Frantz, C.; Vaezy, S. Image-guided HIFU neurolysis of peripheral nerves

to treat spasticity and pain. Ultrasound Med. Biol. 2004, 30, 1199–1207. [CrossRef] [PubMed]
92. Beyder, A.; Rae, J.L.; Bernard, C.; Strege, P.R.; Sachs, F.; Farrugia, G. Mechanosensitivity of Nav1.5,

a voltage-sensitive sodium channel. J. Physiol. 2010, 588, 4969–4985. [CrossRef] [PubMed]
93. Wang, J.A.; Lin, W.; Morris, T.; Banderali, U.; Juranka, P.F.; Morris, C.E. Membrane trauma and Na+ leak

from Nav1.6 channels. Am. J. Physiol. Cell Physiol. 2009, 297, C823–C834. [CrossRef]
94. Shcherbatko, A.; Ono, F.; Mandel, G.; Brehm, P. Voltage-dependent sodium channel function is regulated

through membrane mechanics. Biophys. J. 1999, 77, 1945–1959. [CrossRef]
95. Honoré, E.; Patel, A.J.; Chemin, J.; Suchyna, T.; Sachs, F. Desensitization of mechano-gated K2P channels.

Proc. Natl. Acad. Sci. USA 2006, 103, 6859–6864. [CrossRef] [PubMed]
96. Tsunozaki, M.; Bautista, D.M. Mammalian somatosensory mechanotransduction. Curr. Opin. Neurobiol.

2009, 19, 362–369. [CrossRef] [PubMed]
97. Woo, S.H.; Ranade, S.; Weyer, A.D.; Dubin, A.E.; Baba, Y.; Qiu, Z.; Petrus, M.; Miyamoto, T.; Reddy, K.;

Lumpkin, E.A.; et al. Piezo2 is required for Merkel-cell mechanotransduction. Nature 2014, 509, 622–626.
[CrossRef] [PubMed]

98. Ranade, S.S.; Woo, S.H.; Dubin, A.E.; Moshourab, R.A.; Wetzel, C.; Petrus, M.; Mathur, J.; Bégay, V.; Coste, B.;
Mainquist, J.; et al. Piezo2 is the major transducer of mechanical forces for touch sensation in mice. Nature
2014, 516, 121–125. [CrossRef] [PubMed]

99. Heimburg, T.; Jackson, A.D. On soliton propagation in biomembranes and nerves. Proc. Natl. Acad. Sci. USA
2005, 102, 9790–9795. [CrossRef] [PubMed]

100. Petrov, A.G.; Miller, B.A.; Hristova, K.; Usherwood, P.N. Flexoelectric effects in model and native membranes
containing ion channels. Eur. Biophys. J. EBJ 1993, 22, 289–300. [CrossRef]

101. Plaksin, M.; Kimmel, E.; Shoham, S. Cell-type-selective effects of intramembrane cavitation as a unifying
theoretical framework for ultrasonic neuromodulation. eNeuro 2016, 3, 3. [CrossRef] [PubMed]

102. Babakhanian, M.; Yang, L.; Nowroozi, B.; Saddik, G.; Boodaghians, L.; Blount, P.; Grundfest, W. Effects of low
intensity focused ultrasound on liposomes containing channel proteins. Sci. Rep. 2018, 8, 17250. [CrossRef]
[PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.ultras.2014.06.011
http://dx.doi.org/10.1093/brain/117.2.375
http://dx.doi.org/10.1007/s00256-002-0606-9
http://www.ncbi.nlm.nih.gov/pubmed/12719933
http://dx.doi.org/10.1016/j.ultrasmedbio.2004.07.004
http://www.ncbi.nlm.nih.gov/pubmed/15550323
http://dx.doi.org/10.1113/jphysiol.2010.199034
http://www.ncbi.nlm.nih.gov/pubmed/21041530
http://dx.doi.org/10.1152/ajpcell.00505.2008
http://dx.doi.org/10.1016/S0006-3495(99)77036-0
http://dx.doi.org/10.1073/pnas.0600463103
http://www.ncbi.nlm.nih.gov/pubmed/16636285
http://dx.doi.org/10.1016/j.conb.2009.07.008
http://www.ncbi.nlm.nih.gov/pubmed/19683913
http://dx.doi.org/10.1038/nature13251
http://www.ncbi.nlm.nih.gov/pubmed/24717433
http://dx.doi.org/10.1038/nature13980
http://www.ncbi.nlm.nih.gov/pubmed/25471886
http://dx.doi.org/10.1073/pnas.0503823102
http://www.ncbi.nlm.nih.gov/pubmed/15994235
http://dx.doi.org/10.1007/BF00180263
http://dx.doi.org/10.1523/ENEURO.0136-15.2016
http://www.ncbi.nlm.nih.gov/pubmed/27390775
http://dx.doi.org/10.1038/s41598-018-35486-1
http://www.ncbi.nlm.nih.gov/pubmed/30467339
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Peripheral Ultrasonic Neuromodulation—Technical Specifications 
	US Frequency 
	Pulse Repetition Frequency 
	Duty Cycle 
	Intensity 
	Metrics for Peripheral Neural Activities 
	Biological Preparations to Assess Peripheral US Neuromodulation 

	Ultrasonic Neuromodulation of the Peripheral Nervous System 
	Mechanisms of Peripheral US Neuromodulation 
	Conclusions 
	References

