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Neuromodulation Management of Chronic Neuropathic
Pain in the Central Nervous System

Kai Yu, Xiaodan Niu, and Bin He*

Neuromodulation is a clinical tool used for treating chronic neuropathic
pain by transmitting controlled physical energy to the pre-identified neural
targets in the central nervous system. Its drug-free, nonaddictive, and
improved targeting characteristics have attracted increasing attention
among neuroscience research and clinical practices. This article provides

a brief overview of the neuropathic pain and pharmacological routines for
treatment, summarizes both the invasive and noninvasive neuromodulation
modalities for pain management, and highlights an emerging brain
stimulation technology, transcranial focused ultrasound (tFUS), with a focus
on ultrasound transducer devices and the achieved neuromodulation effects
and applications on pain management. Practical considerations of spatial
guidance for tFUS are discussed for clinical applications. The safety of
transcranial ultrasound neuromodulation and its future prospectives on pain

management are also discussed.

1. Introduction

Chronic neuropathic pain is a widespread condition that
affects 7-8% of the total population. Current treatment
options default to pharmacological methods due to cost and
ease of use. However, pharmacological agents do not have
sustained pain reduction effects and can lead to serious side
effects such as addiction, over-dose, and even death. While
patients fail to respond to pharmacological treatments, inva-
sive neuromodulation techniques are employed such as spinal
cord stimulation (SCS), deep brain stimulation (DBS), and
motor cortex stimulation (MCS). However, invasive stimula-
tions depend on identifying the correct location of interven-
tion targets and are at risk of infections and complications, not
to mention, significantly high costs. Recent advancements in
noninvasive neuromodulation have led to emerging tools for
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treatment of chronic neuropathic pain.
Current noninvasive stimulation tech-
niques, such as transcranial magnetic
stimulation (TMS) and transcranial cur-
rent stimulation (TCS), have shown prom-
ising pain reduction effects, despite their
limited spatial focality and depth penetra-
tion. While high-intensity focused ultra-
sound mainly achieves its effectiveness
through thermal induction or non-thermal
ablation, and accomplishes a wide range
of clinical applications,l low intensity
transcranial focused ultrasound (tFUS)
has recently emerged as a safe, noninva-
sive neuromodulation technique with high
spatial resolution and focality with capa-
bility of accessing the deep brain. Recent
efforts on ultrasound neuromodulatory
and neurosurgical development have been
reviewed with respect to pain diagnosis and treatment mainly
at the peripheral nervous system.?l Here we review the tFUS
neuromodulation techniques by focusing on brain stimula-
tion devices, capabilities, and targeting measures, especially its
emerging roles in chronic neuropathic pain treatment.

2. A Brief Overview of Pain

Pain is a warning signal from the body for immediate or emi-
nent damage to the tissue. As defined by the International
Association for the Study of Pain (IASP), pain is an unpleasant
sensory and emotional experience associated with actual or
potential tissue damage. The type of pain can be classified into
different categories based on the origin of the pain. Neuropathic
pain, affecting 7-8% world-wide adult population chronically
according to IASP, is defined as pain that originates as a direct
consequence of lesion or diseases affecting the somatosensory
system. Depending on the location of the injury, neuropathic
pain can be further classified into central and peripheral neuro-
pathic pain. As opposed to neuropathic pain, nociceptive pain is
the one that arises from damage to non-neural tissue.’! Regard-
less of cause, pain that lasts or recurs for more than 3 months
is defined as chronic pain. In May 2019, the World Health
Organization casted a new categorization of chronic pain into
chronic primary and secondary pain syndromes.! Chronic pri-
mary pain syndrome is categorized as chronic pain associated
with significant emotional distress or functional disability that
cannot be better accounted for by another chronic pain condi-
tion and is subdivided into categories of chronic widespread
pain (e.g., fibromyalgia), complex regional pain syndromes,
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chronic primary headache, and orofacial pain (e.g., chronic
migraine or temporomandibular disorder), chronic primary
visceral pain (e.g., irritable bowel syndrome), and chronic pri-
mary musculoskeletal pain (e.g., nonspecific low-back pain).!
Chronic secondary pain syndromes are linked to other dis-
eases as the underlying cause, for which pain may initially
be regarded as a symptom, and subdivided into categories of
chronic cancer related pain (including cancer treatment and
therapies), chronic postsurgical or post-traumatic pain, chronic
neuropathic pain, chronic secondary headache or orofacial
pain, chronic secondary visceral pain, chronic secondary mus-
culoskeletal pain.l’!

Clinically, chronic pathological pain has become one of the
most frequent causes of hospltal visitsl® and the leading cause
of suffering and disability.”! Therefore, the effective quantifica-
tion and treatment of chronic pain is a public health priority.
Although subjective, self-reports and questionnaires remain the
gold standard of chronic pain diagnosis.l®! The quantification of
chronic pain is divided in a few domains, sensory and affective
qualities, temporal characteristics, pain location, and behav-
ioral measurements of pain.’] Sensory and affective qualities
of current pain are mainly assessed through numerical rating
scales,!'®" visual analog scales (VAS),' and verbal descriptor
scales.l”?] For children and populations with limited verbal capa-
bilities, graphical representation based assessments such as the
faces pain scalel®®l and the pain thermometer™ may be used.
In order to incorporate the patient history, the brief pain inven-
tory!® and graded chronic pain scalel'® take the patient’s worst
ever pain into account. Temporal qualities of pain are mainly
based on retrospective subject report or subject diaries, both on
paper or electronically, taking into account the duration, tem-
poral patterns, chronicity, and variability of pain.l”] Pain loca-
tions are evaluated by the subject reported pain drawing,!
which shows the physical location and distribution of perceived
pain areas. The location information is especially important in
pain categorization. Clinical use of behavioral evaluations of
pain is case specific based on limitations in movement, perfor-
mance on behavior task (e.g., straight leg raise tasks in back
pain), or sensitivity to palpation and pressure.[181]

Other methods for quantifying and identifying pain mecha-
nism have been emerging from many research efforts. Quan-
titative sensory testing uses a series of controlled somatosen-
sory heat and mechanical stimuli to systematically assess the
function or dysfunction of somatosensory perception.202
However quantitative sensory testing lacks consistency in reli-
ability and reproducibility of measurements and feasibility
to be applied as a routine clinical test. Other methods such
as brain structural imaging,??! genotyping,?*l and pharmaco-
logical phenotyping!?/ have been applied with limited clinical
utility. A promising new method to identify pain mechanism
is using magnetic resonance imaging for functional neuro-
imaging to identifying abnormal neural activity, functional
connectivity, or neural chemical signaling.?22>~?) However,
clinical expense and lack of specificity remain the challenge
to integrate neuroimaging to clinical utility. In order to trans-
late functional neuroimaging to be easily accessed in clinical
settings, ongoing research are using electroencephalography
(EEG) based imaging and biomarkers to find quantitative
measures of pain.?829
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3. Current Treatment Options

As illustrated in Figure 1, there are four categorical action
sites in order to achieve analgesic effects for different types of
pain. The neural circuits involved in the pain perception and
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Figure 1. The treatment targets to achieve various analgesics. Reproduced with permission.*% Copyright 2014, BM) Publishing Group Ltd. The phar-
macological treatment, for example, opiods, NMDA blockers, antidepressants, and the physical neuromodulation approaches, for example, motor
cortex stimulation, spinal cord stimulation, deep brain stimulation are included as candidate methods for pain treatment at corresponding action sites.
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Figure 2. Biomedical approaches for treating chronic pain. Adapted with permission.’!! Copyright 2016, Springer Nature. The gray frame includes the
pharmacological options, the blue frame lists the treatments with surgical procedures, and the brown frame contains the stimulation methods with

electrical, magnetic, and acoustic energy.

amplification in the brain, the synaptic transmission and cen-
tral sensitization in the ascending and descending pathways,
and the peripheral stimulation, transduction, transmission,
and amplification can be treated to modulate and suppress the
pain.B% In this illustration, both pharmacological and physical
neuromodulation solutions are listed for various action sites.l3%
More generally, the chronic pain treatment options include
biomedical and biopsychosocial approaches; we will focus on
the first category in this review. Figure 2 depicts the available
procedures and tools from pharmacology, surgery, electrical,
magnetic, and acoustic stimulation approaches presented with
invasiveness scale for each.

3.1. Pharmacological Treatment of Pain

Conventional analgesic medications are cheap and fast acting
and routinely prescribed for acute pain.?l Since the 1980’s,
growing concern have been raised about the use of opioids in
the treatment of pain in an effort to combat opioid addition
as a public health concern.?334 The U.S. has declared the
overuse of opioids and opioid related deaths an epidemic.*”
Opioids provide relief to nociceptive pain when compared
to placebo. Strong opioids, for example, morphine and
oxycodone were significantly more effected compared to non-
opioid drugs while weak opioids, for example, propoxyphene,
tramadol, and codeine, showed no significant difference in
pain reduction compared to non-steroid anti-inflammatory
drugs (NSAIDs).1*®l However, in cases of chronic neuropathic
pain, side effects and adverse events are prone to occur
due to the difficulty to control the dosing and use. Respon-
siveness to opioid was also found to be individual specific
and non-consistent.’”] Furthermore, studies have shown
particular mechanisms of chronic pain such as glial cell acti-
vation, spinal NMDA receptor activation can contribute to
increased opioid tolerance and paradoxically hence sensitivity
to pain.383
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In order to avoid opioid side effects, a type of commonly
used non-opioid analgesic are NSAIDs, which reduces inflam-
mation or the production of inflammatory factor to provide pain
relief.B NSAIDs function through the inhibition of the cycloox-
ygenase enzymes COX-1 and COX-2, enzymes play major roles
in vasodilatation, vascular permeability, sensitization of nocic-
eptors, gastric acid secretion, and platelet aggregation.*! Due
to the complex involvement of COX-1 and COX-2, clinical trial
show risk of serious thrombotic cardiovascular events.*42
Hence, NSAIDs are not recommended in at-risk populations
with history of cardiovascular diseases and stroke, and high
dose of NSAIDs are not recommended for chronic use due to
increased risks of renal and gastric side effects.

Additional lipophilic analgesic can be applied topically for
local release of analgesic effects while minimizing systemic
side effects. The transdermal application of these analgesic
such as fentanyl and buprenorphine have shown effectiveness
for treating superficial localized pain regions such as peripheral
neuropathic pain.'** Other adjuvants such as tricyclic antide-
pressants and serotonin and noradrenaline reuptake inhibitors
have been shown to exhibit analgesic effects in neuropathic
pain patient populations that show no response to opioids.
These antidepressants are understood to modulate pain from
the central nervous system (CNS) modulating the endogenous
serotonergic antinociceptive pathways and descending noradr-
energic inhibition pathways.[*>4]

3.2. Neuromodulation

Neuromodulation is a fast-growing field of neurotechnology
that offers modulative effects on central or peripheral nervous
systems by delivering physical energy into the body. It has a
wide range of applications for understanding the brain and
managing brain disorders.”*¥l The brain neuromodulation
technologies, via invasive or noninvasive approaches, provide
a means to alter irregular activity by stimulating the brain
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Figure 3. Physical neuromodulation technologies. a) A diagram illustration for spinal cord stimulation (SCS). b) lllustration of invasive techniques
including deep brain stimulation (DBS) and motor cortical stimulation (MCS). Figure is adapted and revised from ref. [51]. ¢) lllustration of noninvasive
modalities including transcranial current stimulation (TCS), transcranial magnetic stimulation (TMS), and transcranial focused ultrasound stimula-
tion (tFUS). Figure 3b,c are adapted under the terms and conditions of a CC BY 4.0 license.’"l Copyright 2015, The Authors. Published by Engineering

Sciences Press.

injecting electrical, magnetic, optical, or acoustic energy to
intervene with neural activation, which effectively realizing sup-
pression of a certain diseased state and stabilizing the system
back to a healthy state.*” The technologies can be used to excite,
inhibit, or disrupt brain network dynamics in a controlled way,
depending on the stimulation parameters and applications./>%
When used as a treatment, neuromodulation offers higher
specificity than medication, and noninvasive neuromodula-
tion further provides more reversibility than surgical alterna-
tives listed in Figure 2. Neuromodulation offers a spatially
specific, direct way to interact with the nervous system that
fills in unaddressed needs left by pharmacological treatment
plans. As described in Figure 1, neuromodulation for pain can
be separated into a few different categories, peripheral versus
CNS modulation, and invasive versus noninvasive modes of
interface. Given the level of risk and high initial cost, invasive
neuromodulation is typically considered after pharmacological
treatments have been deemed unviable. However, with the
development of reliable noninvasive neuromodulation tech-
niques, neuromodulation can become a promising nonaddic-
tive alternative to opioids. Currently, such treatment options
are limited for patients who do not respond to pharmacolog-
ical treatments or have pre-existing complications that renders
pharmacological treatment risks. Figure 3 provides a summary
of invasive and noninvasive neuromodulation modalities for
CNS.

3.2.1. Invasive Neuromodulation: Spinal Cord Stimulation

A myriad of mechanisms of pharmacological treatment
involve the inhibition of spinal cord signaling with the CNS.
SCS is proposed to perform the same inhibition in the spinal
cord through a gating mechanism modulating the cortical
and subcortical brain.?” SCS uses subdermal implanted elec-
trodes to deliver an electric field to the dorsal horn and dorsal
column axons (Figure 3a), which inhibits pain signaling in
the spinothalamic tract.’*>*¥ Although mechanisms remain
unclear, SCS is hypothesized to inhibit Af fibers in the super-
ficial layers of the dorsal horn, disrupting the afferent sensory
input from the dorsal root ganglia and releasing inhibitory
neurotransmitters at the spinal cord and CNS.*l Main stimula-
tion targets include dorsal root ganglion for peripheral pain,>®
vagus nerve for headaches and inflammation mediated pain,
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and trigeminal nerves.’’) Traditionally stimulation frequency
at a tonic 40-100 Hz stimulation frequency show a significant
decrease in pain score in neuropathic pain patients.”®>° Pain
reduction can be further improved in select patient groups by
applying high frequency stimulation,®®® or burst stimula-
tion.[2] However, long term efficacy in pain reduction is not
consistent due to potential foreign body response encapsulation
of electrodes or therapy tolerance. Nearly half of the patients
experience greater than 50% decrease in pain reduction,863l
but the therapeutic effect decays over time in more than 13%
patients.[®4

3.2.2. Invasive Neuromodulation: Motor Cortex Stimulation

In cases of neuropathic pain resulting in loss of pain-related
afferent information, known as deafferentation, MCS, as the
conceptual diagram illustrated in Figure 3b, has been shown
to reduce pain in patients who show no response to pharma-
cological treatments. These pain types include post-stroke
pain,®! multiple sclerosis,® phantom limb pain,l®” spinal
cord injury.®® Epidural stimulation electrodes are placed on the
motor cortex through localized craniotomies, stimulation fre-
quencies are typically around 50 Hz.[% Mechanism on the MCS
are unknown. Deafferentation pain are theorized to be due to
reorganization of somatosensory and motor cortex at the level
of deafferentation or higher levels. Therefore, stimulation at
the motor cortex disrupts the abnormal organization and pro-
vides pain relief.°*] The disadvantage of MCS is the difficulty
to identify patient population that will respond to treatment,
especially considering the risks and irreversibility of invasive
treatment. Later sections in this review will discuss noninvasive
techniques to help identify patients responsive to MCS.

3.2.3. Invasive Neuromodulation: Deep Brain Stimulation

In the CNS, DBS, first introduced by Hassler et al., in the
middle of last century,”” offers high specificity and treatment
efficiency by implanting electrodes into deep brain (Figure 3b).
Chronic DBS has been reported in several studies to elicit
analgesia in animal and human studies at targets of sensory
thalamus lateral and medial nuclei,”’74 internal capsule,/”!
periaqueductal /periventricular gray matter (PAG/PVG)I-7576]
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for the sensory component of pain, and anterior cingulate
cortex (ACC) for the perception of pain.”’78] More specifi-
cally, two clinical trial studies in the 1990’s using Medtronic
Model 3380 and 3387 (Medtronic Inc., Minneapolis, MN) were
conducted examining the effect of DBS on chronic pain meas-
ured by percent pain relief (PPR) and VAS scales. The pain
categories for the Model 3387 trial explored were >70% pre-
dominantly neuropathic pain, 20% nociceptive pain, and 8%
unidentified. Model 3380 trial was unreported. For these clin-
ical trials, patients who did not report analgesic results during
testing period did not internalize DBS treatment, and were
excluded from continuation in the study. Furthermore, many
patients opted to withdrawal or discontinue follow up from
the study, this withdrawal population accounted for 70-73%
of the total population. This large withdrawal rate largely
confounded study results. When withdrawal population are
excluded from efficacy calculations, Model 3380 trial reported
66% of population with >50% PPR 3 months after internaliza-
tion and 60% at the 24th month, and Model 3387 reported 38%
population with >50% PPR 3 months after internalization and
50% at the 24th month. However, when withdrawals are taken
into account, Model 3380 trial success rate dropped to 53% at
3rd month and 17% at the 24th month, similarly Model 3387
trial success rate dropped to 22% at 3rd month and 14 % at the
24th month.”>8% The studies did not have systematic criteria
for DBS target selection and stimulation parameter, whereas
the patient stimulation setup was based on surgeon’s prefer-
ence, the results of pharmacologic tests, or the patient’s symp-
toms and responses. The drop-off in success rate over time
is clearly observed, treatment tolerance mechanisms remain
unexplained.

The main components of the latest DBS system include a
thin DBS lead implanted to the targeted brain region unilater-
ally or bilaterally, an implantable pulse generator (IPG), con-
nector wires from the DBS leads to the IPG, and a patient
programmer. The patient programmer allows physicians to
interface with the IPG wirelessly, through radio frequency or
bluetooth, to adjust DBS stimulation parameters. Latest gen-
erations of FDA approved DBS leads in the U.S. market all
consist of platinum/iridium electrode sites and polyurethane
sheath.[81-83]

Adverse events related to implanted DBS can arise from
implantation, hardware failure, and stimulation induced
damage. Implantation adverse factors involve infection risks
at all levels of the implanted device, and the adverse events
occur in about 2.6-5% of patients, depending on study loca-
tion, within the first year of implantation®#! despite pairing
with antibiotic treatments orally and locally at implantation site.
Hardware failures and IPG material erosion of the IPG over
time occurs in 5.5% of the treated patients.[® Better biocompat-
ibility and reduction of inflammatory response in both material
sciences and engineering, and implantation techniques would
be greatly beneficial to the patient population.

When selecting DBS lead designs and materials, a few
areas need to be considered. The primary factor is the safety
of material and stimulation parameters. In the early 1990’s
Shannon characterized the safety threshold of stimulation
parameter space with respect to charge density and charge per
phasel® based on studies from McCreery et al.l¥”l These studies
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demonstrated the difference of charge injection mechanisms
and safety based on stimulating material types. Considerations
for safety arise based on the chemical reactions that occur at the
electrode tissue interface. These chemical reactions can be due
to faradaic oxidation and reduction at the electrode surface layer
or through electrolytic and electrostatic capacitive charging.®®!
Capacitive charge injection mechanisms are preferred over far-
adaic reactions due to the lack of need to generate or consume
new chemical ionic species. Capacitive electrode materials
include titanium nitride and tantalum oxide, where the capabil-
ities of capacitive charge injection depend on material surface
area. Faradaic electrode materials include platinum, iridium
oxide, silver based, and tungsten-based electrodes. Macroelec-
trodes used in commercial DBS systems are almost exclusively
platinum based, chosen for the ability to induce faradaic reac-
tions and double layer capacitive charging and stability during
chronic implantation. Novel materials have recently emerged as
alternative materials for neural stimulation to enhance biocom-
patibility over time. Electronically conductive polymer PEDOT
(poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate))
shows promising ability to reduce electrode impedance and
improve charge injection capability.#*% Another aspect to
improve biocompatibility of stimulating electrodes is to use soft
electrodes for reducing damage due to the presence of chroni-
cally implanted stiff electrodes. Soft implantable electrodes
have been achieved with carbon nanotubes,”"°? polymer-based
electrodes, %3 and graphene.*%]

Side effect concurrence of infections, broken leads, sur-
gery related neuropathic pain, and rare seizures have been
observed.B The described clinical trials were closed without
application for market approval. In 1996, FDA approved the
use of DBS in movement disorders, and the introduction of
DBS to market allowed physicians to use DBS to treat chronic
pain on an off-label treatment basis. Current studies show the
importance of stimulation target on long term pain treatment
outcome. A metanalysis study showed PAG/PVG stimulation
produced good to excellent results in 79% of patients and the
addition of sensory thalamic or internal capsule stimulation
increased the success rate to 87%.°-%°] Moreover, DBS also car-
ries risk of inflammation, gliosis, cell death,'%%l and requires
irreversible surgical implantation procedures. Based on these
results, there exists a need for better, safer stimulation target
selection for the treatment of pain.

Noninvasive neuromodulation approaches have been
developed to enable the modulation of neural tissue without
necessitating invasive surgical procedures as demonstrated
in Figure 3c, including TMS, TCS, and tFUS. Despite the
relatively limited spatial resolution compared with invasive
approaches, noninvasive neuromodulation techniques carry
much lower overall risks due to their noninvasive nature and
have the potential to be used in many applications.

3.2.4. Noninvasive Neuromodulation: Transcranial Magnetic
Stimulation
TMS employs a coil of wire to generate rapidly changing mag-

netic fields, leading to electromagnetic induction and thus
eddy currents within the brain, which thus elicit synchronous
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brain activities* 11719 at the cortical brain regions with a few

centimeters scale resolution according to Faraday’s law.% As
shown in Figure 3c, the figure-eight coil is a typical configura-
tion for delivering the focal and pulsed magnetic stimulation.
While TMS has been found effective in treating disorders
such as pain,™" depression, stroke, and Parkinson’s
disease,M®l the focality and penetrating depth of TMS remains
to be improved in order to have more targeted effects in man-
aging brain conditions. Due to the inability of TMS to focally
stimulate deep brain regions, MCS is mainly targeted for
pain relief, where the reduction of pain sustains for days to
weeks after daily stimulation due to presence of plasticity.!¥
As described before, invasive MCS helped pave way for the
target selection at the motor cortex. One pilot study of using
20 Hz repetitive TMS (rTMS) targeting at motor cortex for
20 min is reported to induce analgesic effects on half of the 12
therapy-resistant chronic pain subjects, but lacks significant
difference between active and sham rTMS.'"V] The positive
outcome of 20 Hz rTMS was also validated by another double-
blind study,M! in which the placebo effects were concluded
as non-trivial and discussed to be controlled for rigorous
implication.

Later, multi-day rTMS applied at 5 Hz or higher frequen-
cies using figure-eight coils, has been reported to induce
long-lasting brain plasticity and explored in its efficiency to
treat chronic neuropathic pain. In a 60-patient study, Lefau-
cheur et al., showed rTMS at M1 in right-handed subjects,
efficacy in pain reduction varied significantly based on type
of pain, with greatest reduction in VAS score in trigeminal
nerve lesion subjects. Overall, in all pain types, rTMS signifi-
cantly reduced pain score in 65% of the patients compared
to sham stimulation.® Long term reduction of VAS pain
score from r'TMS has been demonstrated to last 2 weeks after
daily rTMS for 5 consecutive days in both peripheral and
central neuropathic pain compared to sham controls."”l In
more recent studies, by applying rTMS at contralateral motor
cortex to pain, 58% of subjects were found to be responders
to treatment, and showed significant decrease in VAS pain
score after 9 stimulations, and this reduction in pain score
is not only maintained but further reduced at 6 weeks after
stimulation, at a mean reduction of 4.59 points out of 10.
Non-responders showed no significant changes to baseline
pain score at all time points.®) TMS is hypothesized to lead
to depolarizations in the neural tissue, at low intensities TMS
seems to mostly stimulate low-threshold inhibitory interneu-
rons, whereas higher intensities excite projection neurons.
When pulsed at physiologically relevant frequencies during
rTMS, local neural plasticity is hypothesized to account for
sustained long term changes in pain perception.% The
above results show promising, safe use of noninvasive neu-
romodulation technique in the treatment of specific types of
pain.[120]

The material and design of the TMS coil play important
roles in the efficacy of treatment. The capabilities of the TMS
coil depends directly on the charge delivered to the tissue,
focality of induced electric fields and depth of electric field
penetration. The amount of charge delivered to the tissue is
mainly determined by the capacitance of the stimulation coil.
Therefore, the design of the TMS coil, the coil core material
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and stimulation pulse have a large influence on TMS perfor-
mance. TMS coil core materials have employed air-cores,!1?’]
or ferromagnetic materials such as iron-cores, 21123 and steel-
cores!' to achieve high magnetization and more practically
coil geometries. Recently modeling!'?! of electromagnetic
properties has enabled the field to examine characteristics of
the emitted electric field, highlighting the tradeoff between
spatial focality and depth of stimulation penetration.[%7:126]
Further notable new TMS coil designs include fMRI inte-
grated TMSI?712%] to ensure accuracy of stimulation target in
patients.

Disadvantages of rTMS include limited spatial resolution
and depth of penetration as restrained by the conductivity and
permeability of the magnetic field. The potential discomfort at
the stimulation site and possible headache are among the dis-
advantages of such a transcranial intervention tool.3% Another
safety concern of TMS for vulnerable populations, for example,
children, senior subjects, or tinnitus patients is the loud,
repetitive clicking sound accompanying the magnetic stimula-
tion pulses.*Y) One recent effort of reducing such undesirable
sound and remitting the safety concern is the development of
a quiet TMS (qTMS) which is featured with ultra-brief pulse
for shifting the transmitted energy towards inaudible, high fre-
quency range.3! The improved coil design of qTMS consists
of stiff winding block, high-stiffness epoxy-based polymer bed-
ding, a bitumen-based polymer-modified-asphalt compound
for a viscoelastic layer, elastic silicone for a decoupling layer,
and polyurethane for casing. As an outcome, the qTMS was
demonstrated to reach 9 times quieter than conventional TMS
device.l31

3.2.5. Noninvasive Neuromodulation: Transcranial Current
Stimulation

TCS is a noninvasive neuromodulation techniquel®? that
applies low levels of current to the scalp through rectangular
or ring electrodes to modulate cortical excitability (Figure 3c).
Transcranial direct current stimulation (tDCS)M6133-139 ygeg
weak, direct currents to elicit changes in cortical excitability and
spontaneous neural activity, while transcranial alternating cur-
rent stimulation (tACS) uses currents with alternating polarities
to similarly alter spontaneous activity and potentially entrain
neural oscillations. Applying anodal tDCS to motor cortex was
shown to reduce pain in patients with neuropathic pain due to
traumatic spinal cord injury;™" and alpha-tACS was shown to
relieve chronic low back pain by enhancing the alpha oscilla-
tions in the somatosensory brain region.! Similar to TMS,
TCS’s focality and depth penetration remain to be improved
due to the volume conduction effect, despite of the recent
development of high-definition tDCS for improved focality and
intensity.3%1# Additionally, like TMS, applying direct electrical
stimulation through the scalp can lead to unpleasant scalp sen-
sations and potential safety hazards, which limits the amount
of current that can be delivered via TCS and thus, the potential
desired effects as well. Therefore, there is still an unmet need
to further develop the noninvasive neuromodulation technolo-
gies by improving the spatial specificity, neuromodulatory effec-
tiveness, and safety.
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4. Transcranial Focused Ultrasound
and Its Application for Pain Management

4.1. An Overview of Ultrasound Neuromodulation

Despite the proven efficacy of TMS and TCS for inducing
transient changes noninvasively in the human cortex, thus for
treating pain, these technologies are facing challenges from
a depth and focality tradeoff, poor spatial resolution even at
the cortical surface, and significant attenuation at depth, thus
lack of spatio-temporal precision. Unlike using high inten-
sity focused ultrasound to ablate the diseased brain target,[*]
low-intensity tFUS is a promising non-surgical, low-energy, and
portable technique for inducing changes in spontaneous neural
activity with high spatial precision, adjustable focus, and rela-
tively low tissue attenuation. Despite that investigations for elu-
cidating mechanisms of ultrasound neuromodulation are still
ongoing, mounting evidence in multiple preparations has
demonstrated that ultrasound has a robust effect upon neural
tissue in central and/or peripheral nervous system.!*~10I tFUS
can be applied in numerous neuromodulation applications due
to its high spatial focality and noninvasive nature as illustrated
in Figures 3c and 4a—d. Among a myriad of experimental demon-
strations, one pilot study using low-frequency and low-intensity
tFUS was able to achieve robust neuromodulation effects at
the primary somatosensory cortex!'" with the spatial speci-
ficity demonstrated in Figure 4c; the single-element transducer
can also achieve high lateral specificity when the ultrasound
source is targeted at primary motor cortex (M1) (Figure 4a).
The acoustic-evoked potential at the M1 can be localized and
imaged using EEG-based source imaging for guidance and
objective feedback (see details in Sections 4.4 and 4.5). The
forward-looking concepts of tFUS for multi-site brain stimu-
lation!™®! (Figure 4d) is proposed along with the technolog-
ical development in the transducer device (Figure 4d,e) and
advanced focusing technology (Figure 4f). The multi-element
ultrasound array is able to greatly improve the axial speci-
ficity (Figure 4f in the comparison of Figure 4b), steerability
of the ultrasound focus, and even multifocal stimulation!"]
(Figure 4e). To improve the focal specificity, the side-lobe pat-
tern can also be further suppressed once using a random array
design (Figure 4f).

During tFUS neuromodulation, a highly controllable, pulsed
mechanical energy is transmitted though the skull with high
spatial selectivity, which can be steered and utilized to elicit
activation or inhibition through parameter tuning. tFUS has
been used safely and effectively for intact neural stimulation in
mice, 150153 rats 154155 rabbits,156) sheep, 17158 pigs,159160] and
monkeys.[''19] Recent studies have highlighted its promise
for noninvasive neuromodulation with high spatial resolution
and targeting capability comparing to other noninvasive tech-
niques, given the controlled focal energy delivering.['#:166.167]
The work by Legon et al.,[16816% demonstrated the feasibility
of transmitting 500-kHz ultrasound (US) through human cra-
nium with minimal insertion loss and beam deformation and
with high spatial resolution, validating US as an efficacious
form of highly focal transient stimulation for use in humans. A
recent study on using ultrasonic thalamic stimulation through
a single-element transducer working at 650 kHz demonstrated
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that this low-intensity, noninvasive tool may assist a patient to
recover consciousness with reliable communication after trau-
matic brain injury.l7%

4.2. Ultrasound Transducers for Brain Neuromodulation

The core of tFUS technology is the transducer device, which
is built upon a type of piezoelectric material, transforming
applied electric input to mechanical vibrations, that is, the
inverse piezoelectric effect, which was first verified by the
Curie brothers.”"l The applied electric field is driven by a con-
trolled electrical input through a matching circuit. As one of
conventional piezoelectric materials, lead zirconate titanate,
also known as PZT is a type of inorganic piezoceramics com-
pound. The PZT ceramics, PZT-4 (density: 7600 kg m~) and
PZT-5H (density: 7500 kg m~3) outperform barium titanate and
lead metaniobate in terms of piezoelectric coupling factor, a
quantitative indicator for the efficiency of the electro-mechan-
ical energy transformation, which enable the PZT family as
outstanding candidates for manufacturing ultrasound trans-
ducers. However, the PZT ceramics usually have limited
mechanical flexibility. Polyvinylidene fluoride (PVAF, density:
1780 kg m™), a type of piezoelectric polymer was discovered
in 1969, demonstrates much improved mechanical flexibility,
strong piezoelectric response, and thus allows the appearance
of light-weight, flexible and miniature ultrasound sensors,
like the needle hydrophones!’? for ultrasound field mapping.
Capacitive micromachined ultrasonic transducer (CMUT)!"3 is
a relatively new type of ultrasound transducers which is built
upon a silicon substrate cavity micromachined with a sus-
pending thin membrane layer (e.g., SizN,, doped poly-silicon"74
or polymer!")) on the top for transmitting or receiving ultra-
sonic waves.[V This novel transducer technology enables easy
constructions of ultrasound array and integrations with driving
or sensing circuits.”?! It also allows wide bandwidth and high
frequency ultrasound.l?!

The fundamental mechanical structure of an ultrasound
transducer is depicted in Figure 5a, which includes the
piezoelectric vibrator, backing material, acoustic impedance
matching layer, and housing material for both electrical and
acoustic insulations. Miniaturized ultrasound transducer would
facilitate brain stimulation research, especially on small animal
models. Recently, a miniature, wearable tFUS transducer built
on a disk-shape PZT (PbZr,Ti;_,Os) ceramic was developed to
stimulate motor cortex at a 600-kHz fundamental frequency
and thus lead to awake behavioral change.”7! In such a wear-
able transducer design, a pedestal mounted at the anterior
skull holds the 6 g focused transducer, and the feature of ball-
and-socket joint endows much degree of freedom for steering
the tFUS directionality. As the most exciting capability of the
miniaturized transducer, it is demonstrated to apply sonica-
tion to the freely moving rat. Another small-size and wearable
PZT-8 piezoceramic-based ultrasound transducer working at a
higher fundamental frequency of 3.8 MHz was fabricated to
stimulate deep brain structures and thus to treat Parkinson’s
disease mouse model."”® Besides the aforementioned efforts
in transducer development using the piezoceramics, ferro-
electric PMN-PT (Pb(Mg;;3Nb,/5)O05-PbTiOs) single crystal was
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Figure 4. The current capability of tFUS, the developing focused ultrasound technique and a prospective view of multi-site ultrasound neuromodula-
tion. a) lllustration of the outstanding lateral specificity of tFUS among the noninvasive neuromodulation approaches when the 500 kHz ultrasound is
targeted at primary motor cortex (M1) to evoke an acoustic-related potential. b) The axial profile of the 500 kHz single-element ultrasound beam is in
a “cigar” shape within the skull cavity, which may limit the neuromodulation specificity in the axial direction. c) Illustration of the spatial specificity of
500 kHz tFUS when the ultrasound is targeted at primary somatosensory cortex (S1) to modulate the sensory-evoked potential and sensing capabili-
ties.”] The transmitted ultrasound field is coregistered with the human brain model. Adapted with permission."”! Copyright 2014, Springer Nature.
d) Multiple brain regions at cortex or at depth can be targeted by the tFUS using ultrasound refocusing, with the clinical implications highlighted in
ref. [148]. e) The focal spot can be spatially steered using multi-element ultrasound array, through which the possible error from mechanical targeting
can be avoided. f) The much improved focus of 2 mm lateral and 4 mm axial specificity can be achieved using 256-element random ultrasound array dis-
tributed over a hemispherical aperture. Such an improved spatial focus is produced by 0.7 MHz ultrasound for a low acoustic attenuation from the skull.

employed as the piezo vibrator in another work to fabricate a ~ home-made transducers were able to elicit motor reactions
miniaturized transducer actuated at 3 MHz, which became a  in the in vivo experiment.”! Later, a lightweight, miniature
critical component of a portable ultrasound stimulation system ~ CMUT ring array equipped with 32 elements was also shown
tested on mice’s brain.”?! Thanks to its better piezoelectric  to induce motor responses of awake mice. Thanks to the multi-
properties than those of piezoceramics, as demonstrated, the element circular layout, the CMUT array can still achieve about
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Figure 5. Ultrasound transducer devices. a) Basic mechanical structures of an ultrasound transducer device. b) A hand-held ultrasound imaging probe,
iQ is placed over the scalp above the right temporal lobe. This location provides an acoustic window with a minimum skull thickness. c) B-mode
ultrasound image produced by the iQ on an axial plane presents the scalp, skull, and brain parenchyma.

2.75 mm lateral resolution even though the array is working at
a relatively low fundamental frequency of 183 kHz.8% Other
than observing the motor responses, a very recent effort was
to explore the ultrasound effects at primary somatosensory
(S1) and visual cortices using an optical imaging platform
for mice, while 10 MHz ultrasound was transmitted by soft
housing needle transducer in order to achieve a small beam
size of 0.68 mm.["®Y Such a miniaturized ultrasound transducer
for brain stimulation was built upon a thin layer of PZT-5H,
which was backed with layers of conductive epoxy materials
(E-Solder 3022 and Emcast 501). Its small footprint of the
needle transducer (0.25 mm? aperture size) enabled a seam-
less integration of ultrasound brain stimulation and optical
brain imaging.® The home-made transducer is applied not
only to animal experiments but also to human study. Recently,
a pilot tFUS study for human neuromodulation in fMRI
settings adopted a rapid-prototyping fabricated transducer,’®2
through which the source of tFUS becomes compatible with a
7T MR environment. A statistically increased BOLD volume at
human primary motor cortex was observed when low-intensity
500 kHz tFUS was directed to the motor cortex through a
30 mm aperture with a focal length of the same size.['83]
Researchers also employed commercially available or cus-
tomized ultrasound transducers by industry manufacturers for
studying the transcranial effects by administering a broader
range of focused ultrasound. The strategy of harnessing the
broader range of ultrasound transducers is to accommodate
various application scenarios, that is, for human, large or small
animal models, not only because of the different brain sizes, but
also due to the differences in the skull properties. Large ultra-
sound transmission aperture is usually preferred using either
single-element transducer or ultrasound array. A tFUS study
on human S1 was practiced using a customized Blatek single-
element transducer working at 500 kHz with a 30 mm diameter
and a 30 mm focal length. In this study, Legon and colleagues
discovered the sensory modulation effects of tFUS in the con-
current median nerve stimulation evidenced in sensor-level
electrophysiological recordings.™! Moreover, the sensory detec-
tion thresholds in both two-point and frequency discrimination
tasks were lowered and thus was able to provide direct evidence
of tFUS neuromodulation effects through behavioral output.'*]
A further investigation on human S1 was pursued with a pie-
zoceramic transducer having double-sized aperture of 60 mm
and a segmented-sphere radius of 70 mm. The transducer was
working at a fundamental frequency of 250 kHz. Transient
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tactile sensations were reported by healthy human subjects
when they were administered with tFUS only, and such sub-
jective feedback was validated through the sonication-specific
evoked potentials, which provided the first evidence of tFUS
per se inducing sensation and electrophysiological readout.*’)
Such a direct neural effect was also observed through functional
imaging-guided tFUS study on human primary visual cortex. In
this study, a slightly higher fundamental frequency of 270 kHz
with a focal length of 30 mm tFUS transducer was integrated to
the magnetic resonance imaging setup.!'®¥ Later, when the ultra-
sound target was moved from cortical areas to deep structures of
human brain, a larger aperture of 63 mm fabricated by Ultran
Group with a longer focal length of 70.92 mm was employed;
such features allow tFUS to target at unilateral sensory thal-
amus in depth. An EEG biomarker, P14 sensory evoked potential
was found to be inhibited by the administered dose of tFUS.[1]

Another 64mm single element transducer, H115 made by
Sonic Concepts with a geometrical focal length of 63 mm was
employed to target at the left frontal eye field in the premotor
cortex of awake monkeys using a fundamental frequency of
320 kHz. The applied low tFUS temporal-average intensity
was still demonstrated as effective evidenced through a signifi-
cantly slowed ipsilateral mean anti-saccade latencies.'®Y Such
a commercially available transducer was also used to further
investigate single neuronal unit activity in response to the
low-intensity tFUS administered at frontal eye field.'®%! In this
study, it was found that not all neurons in supplementary eye
field, which is connected with the acoustic-targeted frontal eye
field, are activated instantaneously by the ultrasound energy
observed through intracranial electrophysiological record-
ings using tungsten microelectrodes. This study emphasizes
the usage of tFUS in changing brain network activities.!'®%
Recently, an MR-compatible version of H115 single-element
transducer was further developed in order to monitor the whole
brain responses to the input tFUS. Such a transducer was used
to target a specific primary somatosensory cortical region,
3a/3b area in monkey brains with 250 kHz, 300 msec pulses.
It was found that the transcranial ultrasound can elicit similar
hemodynamic signal changes at the target as those evoked by
natural tactile stimulation, but the ultrasound-induced activities
are featured with distinct spatial and temporal profiles.*l This
MR-compatible device was also used to manipulate subcortical
and deep primate brain activities, that is, amygdala and ACC,
respectively, on a monkey model. By mapping the whole-brain
activities using BOLD responses in fMRI, it was found that
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Figure 6. The brain network change observed in sickle cell disease (SCD) patients. EEG-fMRI spontaneous power comparison regarding alpha power
band (i.e., 8-12 Hz) in a) and betal power band (i.e., 13-21 Hz) in b). Significant different brain connectivity at specific locations, for example, insula,
can be observed from the SCD patient against healthy controls. Figure 6a,b are adapted under the terms and conditions of a CC-BY license.[*”] Copyright
2016, The Authors. Published by Elsevier Inc. c) A comparison between levels of SCD severity in regard of the functional connectivity strength with sig-
nificant differences illustrated in colored edges.Figure 6¢ is adapted under the terms and conditions of a CC-BY license.™ Copyright 2018, The Authors.
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250 kHz, 30 msec bursting tFUS is able to reduce the coupling
among brain networks, specifically at the sonication targets.['8]
Beyond the elucidation of how tFUS would modulate the neural
activity from a neuroscience perspective, this work may also
shed substantial light on how researchers can further develop
this noninvasive technology for translational significance in
clinical settings by manipulating connections among brain
circuits. Such efforts include the development of an MR-com-
patible 128-channel random phased ultrasound array working
at 0.65 MHz (geometrical radius of 72 mm, opening diameter
of 103 mm) in order to achieve better focal and electronically
steering performances in the transcranial applications.'®] The
design was fabricated by Imasonic into a spherical geometry
based on piezocomposite material, and was expected to enable
aberration correction, electronically focal repositioning and
simultaneous multi-target stimulations.!'¥”]

The rapid growth of tFUS neuromodulation is also attributed
to the widely available ultrasound facilities. For an instance, an
80 element, broadband plane sector ultrasound imaging probe
and its connected system by Phillips with a large acoustics
aperture size of 203 mm working at a fundamental frequency
of 2.32 MHz was translated to modulate the TMS-induced
motor evoked potentials on 66 healthy human subjects.['®® The
B-mode ultrasound-induced plasticity change at motor cortex
is able to reach more than 30% amplitude increase by at least
6 min after the sonication.88 Another very recent example is
applying repeated diagnostic ultrasound (DU, with fundamental
frequency close to 6 MHz) to human visual cortex.'® The tran-
scranial DU transmitted from a linear ultrasound array L25x by
FUJI Sonosite was able to elicit visual perception at 7 out of 10
participating subjects.'8% Most recently, a hand-held ultrasound
imaging device, the Butterfly iQ, has been introduced to the
market. The iQ device is working with mobile phone platform
and is using a single silicon chip that replaces the traditional
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multiple piezoelectric element array for imaging. By placing
the iQ ultrasound probe at the scalp over right temporal lobe
(Figure 5b), one transcranial image is presented in Figure 5c with
some details about parenchyma of the imaged temporal lobe.
Although the iQ device is only supporting the imaging modes
at its current stage, it may provide a low-cost, portable platform
and thus offer great opportunities for popularizing ultrasound
neuromodulation in clinical and home healthcare settings in
spite of potential technical challenges to the silicon chip once it
is powered with increased current for neuromodulation.

4.3. Ultrasound Neuromodulation for Pain Management

In concert with the neuroscience investigations, the focused
ultrasound has also emerged to become the next generation
tool for noninvasive pain management, including several pilot
explorations on diagnostic and therapeutic significances. For
examples, one fifth second intense focused ultrasound (iFU)
pulses at a 1.15 MHz fundamental frequency shows its diag-
nostic value in differentiating neuropathic tissues with partial
sciatic nerve ligation from normal ones in a Sprague-Dawley
model.'l The iFU probe delivered the ultrasound energy to
rat’s plantar surface at the paw. The ultrasound transmission
gel was used to fill the space within the cage mesh grid, and
to couple the ultrasound wave onto the targeted periphery.
The iFU with 2 MHz frequency is further demonstrated its
diagnostic value in patients whose shoulders have rotator cuff
tears or tendinopathy;! moreover, the image-guided iFU
technology show its potential to help physicians identify deep,
tender tissue in patients who report experiencing pain.[®?

On human patients, transcranial ultrasound energy, applied
over the posterior frontal cortex contralateral to the maximal
pain in a non-focused, standard B mode for 15 s, demonstrated
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its long-lasting effect for at least 40 min.'* The possible acoustic
windows for ultrasound neuromodulation were summarized
with a transcranial ultrasound image presented the scalp, skull,
and brain parenchyma structures, which is shown to confirm
the transcranial ultrasound reaching at the brain. This first
transcranial US-mediated cognitive test demonstrated a large
potential of transcranial ultrasound in suppressing chronic
pain and improving subjects’ mood and global affect.®* These
promising results from chronic back pain patients have laid
important research and clinical foundations for tFUS to become
an efficient noninvasive modality for pain management.

Pain is one type of personal experience that involves dif-
ferent functional brain circuits for processing. To reduce such
personal feeling of pain, one can inhibit the relevant brain
areas or excite circuits that suppress downstream brain func-
tions.Z As overviewed in Sections 4.1 and 4.2, tFUS modulation
has been shown to induce excitatory and inhibitory effects in
the brain depending on the stimulation parameters and para-
digm. It is important to distinguish tFUS parameters neces-
sary to generate excitation versus inhibition. A recent computer
simulation work has related the ultrasound parametric sub-
spaces to those functional outcomes.” Further experimental
validations regarding such a relationship between ultrasonic
parameter sets and excitatory or inhibitory effects on animal
models would become highly useful. Such validations would
translate the tFUS neuromodulation technology to be applied
on chronic pain management in clinical or home healthcare
settings in the near future. The sickle cell disease (SCD) pain
is an important model of chronic neuropathic pain syndrome
in the CNS due to the widespread and nonspecific location of
pain caused by inflammation and sensitization, and the avail-
ability of animal models to study this disease model. The SCD
patients associated with high pain intensity were found to have
greater connectivity to pronociceptive areas such as ACC, S1,
and insula,® while the most consistent regions associated
with nociception across studies include the ACC, S1, insula,
and thalamus.2 More specifically, the S1 is involved in
processing the sensory aspect of the pain; ACC and insula pro-
cess the emotional or attention aspect. As shown in Figure 7,
the tFUS can be delivered to S1, ACC and thalamus with cus-
tomized ultrasound parameters, for example, intensity, pulse
repetition frequency, and duty cycle, and with designed tem-
poral sequences across these brain regions to suppress the
sensory input of SCD pain at S1 with inhibitory parameter set,
while facilitate the emotional output at the ACC using an excit-
atory ultrasound paradigm. Such a whole-head ultrasound array
may be constructed using flexible electronics, for example, a
recent stretchable ultrasound array based on CMUTs.[2%2 Wavy
serpentine shaped metal traces provide stretchable intercon-
nects between the transducer elements. A 3D optical-based
transducer mapping system can be employed to accurately
digitize the position of each transducer element. By further
converting the element spatial positions distributed over a sub-
ject’s head to a subject-specific time-delay profile of the flexible
phased array, one can precisely refocus and electronically steer
the ultrasound beam after being transmitted through the skull.

Alternative solution is to combine the tFUS with thera-
peutic agents for pain such that the neuromodulation effects
can be directly enhanced by pharmacological molecules while
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Figure 7. tFUS is directed to the pain processing circuits in the brain and
modulating the functional activity in those brain targets. As illustrated,
the primary somatosensory cortex (S1), anterior cingulate cortex (ACC),
and thalamus are targeted by a whole-head ultrasound array. The dif-
ferent colors are representing customized ultrasonic parameters for the
different brain targets.

maintain the spatial specificity of tFUS. One example is the
ultrasound-enhanced therapeutic delivery based upon the
blood-brain barrier (BBB) opening by the expansion of micro-
bubbles?? or very recently endothelial selective transfection by
oscillating the microbubbles without disrupting the BBB 1204
driven by controlled ultrasound energy. This would enable the
spatially targeted drug or gene delivery.?®’! Another successful
demonstration is that the low-intensity tFUS is able to uncage
and activate potential anesthetic agents, like propofol, keta-
mine, etc.,?%% which is expected to enhance our capability for
managing the pain by integrating the pharmacological effects
into the ultrasound neuromodulation framework. In fact,
cumulating experimental evidence on animal models has shed
light upon the tFUS opening the BBB for modulating brain
functional dynamics and even changing behavioral outcome
once integrating with microbubbles and drug delivery.?”)

4.4. Guided Transcranial Focused Ultrasound

Both diagnostic and therapeutic applications would need a
guidance for precise targeting and evaluation feedback. While
the B-mode ultrasound image exemplified in Figure 5c provides
some initial and rough evidence of the ultrasound targeting,
an optical-based image-guided brain navigator is much com-
monly used to guide the transcranial energy onto wanted brain
regions for TMS and tFUS. The spatial navigating performance
is majorly determined by the optical tracking camera in terms
of 3D root mean square volumetric accuracy, and repeatability.
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The quality of surface registration and the stability of the ref-
erence trackers during the navigation would both affect the
overall accuracy. With an individual MRI brain model, a mil-
limeter spatial accuracy can be achieved. Among such prac-
tices, an early effort to quantify the spatial accuracy in guiding
the single-element based tFUS with mechanical or MRI-based
calibration was reported in 2012.2%l The spatial error using
mechanical calibration was further reduced by 57% to 1.9 mm
through the MRI-based calibration approach, in which a tem-
perature-sensitive spin-echo MRI sequence was employed./28!
Nowadays, neuro-navigation system has been widely used to
guide the ultrasound transducer placement over the head based
on brain’s structural information.1992% To enhance the preci-
sion of navigation, functional brain maps can also be harnessed
in addition to the structural brain landmarks. Strongest BOLD
signals in motor representations are able to assist the identifica-
tion of tFUS target, although to get such functional target infor-
mation would require an additional pre-session of functional
task in fMRLI® For large animal models, like on monkeys,
such brain navigator was also applied to guide the positioning
of tFUS transducer, thus targeting the ultrasound energy to
ACC or amygdala.'®l A recent effort to getting rid of the reg-
istration process and the expensive optical tracking camera was
made by introducing 3D-printed subject-specific helmet based
on individual MRI data. 4-75 mm spatial accuracies in terms of
positioning and direction were achieved using this MR-compat-
ible ultrasound holding/targeting device.?!"]
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Figure 8. Imaging guided transcranial focused ultrasound. a-b

The optical-based image-guided brain navigation is mainly
for planning the direction of ultrasound focus at the needed
brain target. However, the ultrasound aberrations both in
amplitude and phase due to the skull are non-trivial. The image-
guided approach is not limited to the use of MRI, CT images
can provide crucial acoustic properties of the skull, thus serving
the accurate refocusing through a time reversal process for a
multi-element ultrasound array. Considering the ultrasound
beam degradation after penetrating the skull, the focus posi-
tioning error using such an electronically targeting manner was
able to achieve sub-millimeter level.?!! Furthermore, in order
to acquire in vivo knowledge in regard of the transcranial focal
location, MR-guided focused ultrasound (MRgFUS) has been
developed especially for the application of brain surgery without
opening the skull. Two approaches have been usually employed
to measure the transcranial focus of ultrasound energy, either
by measuring temperature rise using MR thermography!>*212
or through quantifying the tissue displacement using MR-based
acoustic radiation force imaging (MR-ARFI).23I Typically, these
two technologies would effectively inform the focal spot when
relatively high intensity ultrasound is applied using MR-com-
patible ultrasound transducers. As early as 2009, the MRgFUS-
induced thalamotomy was inducted to treat chronic therapy-
resistant neuropathic pain.?*! Figure 8a demonstrates the soni-
cation setup using a 1024-element phased array transducer in
a 30 cm diameter hemispherical geometry working at 650 kHz
by InSightec within a 3-T MR system by GE. Among 11 patients

[
—bi

All &
B =
| Y
™
Y ¢
U i =
= 7 Time (ms)
—-US Incidence
g 17 ms h 68 ms
(nd/mm)
4
0
-4
Single Cycle Mode: targeting at S1 (Sonication duration 67 ms)
. .
PRF-' " 5 1 *! @ -
I b - ‘. 4 £ Fa . V.
\ “ e}
++ Pulse duration: 70 ps
Time 21ms 27 ms 33ms
CDR
. (nAImm?2) Ult(asound -
& & Incidence Site
Ll v Ly

) Patient setup with MR guided focused ultrasound, and the thermal spatial map-

ping for monitoring the focused ultrasound targeting. Adapted W|th permission.2¥ Copyright 2016, Journal of Neurosurgery Publishing Group. c—d)
Dual-mode ultrasound array for ultrasound imaging guided focused ultrasound for targeted neuromodulation through thermal effects. Adapted with
permission.2”] Copyright 2019, Elsevier. e-h) EEG-based source imaging reconstructing the brain activations in response to low-intensity, non-thermal
tFUS with the initial activity at the acoustic administration spot and the observed ancillary activities at other cortical brain areas at a later time. Adapted
under the terms and conditions of a CC-BY 3.0 License.['™ Copyright 2016, The Authors. Published by IEEE. i) The single cycle mode with an ultrasound
pulse duration of 70 us elicited the brain activations at the targeted cortical regions. EEG-source images show cortical activities at 21, 27, and 33 ms
after onset of tFUS,1224l which is demonstrated to capture the brain dynamics induced by the low-intensity sonication. Adapted with permission.224l
Copyright 2018, Elsevier.
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with an overall thermal deposition at 57.5 °C, 6 of them received
both instantaneous and long-term somatosensory improve-
ments.?"%] The thermal spot identified within the blue rectangle
in Figure 8b reconstructed from MR imaging and thermometry
effectively informs the calculated target of tFUS. Unfortunately,
one of the patients suffered bleeding and ischemic symptoms
at the targeted thalamic nucleus and related regions due to the
high ultrasound input power at a maximum of 1200 W.214215]
Very recently, a novel MRI pulse sequence was applied to
monitor both temperature rise of 1-2 °C at the vicinity of skull
and local tissue displacement of 1-2 um at the ultrasound
focus by means of 3T clinical imaging system.?! In concert
with the development of MRgFUS, ultrasound imaging guided
focused ultrasound neuromodulation was also explored. In one
of such studies, synthetic aperture (SA) imaging was used to
guide and localize the tFUS beam;??"] further, real-time ultra-
sound temperature imaging/*® with 64-element dual mode
ultrasound array (DMUA) working at 3.2 MHz with 50 kHz
amplitude modulation was employed to evaluate the thermal-
mediated suppression effects to the somatosensory evoked
potential induced by short tFUS administration as shown in
Figure 8c.?') To get a measurable temperature rise, a rela-
tively high spatial-peak temporal-average intensity greater
than 2.5 W cm™ is dosed. One such example is the “tadpole”
shaped heated region as illustrated in Figure 8d, with a white
dot indicating the target focus.*"”! In order to spatially map the
focus of low-intensity tFUS in a natural setting, EEG-based
electrophysiological source imaging (ESI)?*!! was proposed
and validated its feasibility in functionally mapping the ultra-
sound focus. Furthermore, a recent functional ultrasound (fUS)
imaging technology?”! has also attracted tremendous atten-
tions from the community. By taking advantages of improved
ultrasound spatial resolution and superior ultrasound frame
rate, the fUS has exhibited its scientific power for imaging
microvascular dynamics?2% by virtue of high temporal resolu-
tion[?21222 for monitoring responses from small brain models.
However, fUS would heavily rely on high frequency energy, for
example, 18.5 MHz employed in Verasonics L22-14v imaging
probe, which has factually posed a challenge for a translational
application onto large brain models. Nevertheless, the parallel
fUS imaging and EEG recordings,??3 thus fUS-ESI may enable
a multi-scale and multi-modal imaging platform to rigorously
evaluate and monitor the tFUS in pain treatment.

4.5. Electrophysiological Source Imaging Guided Ultrasound

Dynamic and precise functional imaging using scalp EEG has
been demonstrated to allow for better understanding the brain
network and its connectivity of chronic pain in SCD,#"4 fur-
ther differentiating SCD severity levels based on graph theory
analyses!®™ and assisting an objective assessment of tonic
thermal pain.*”! More specifically, the EEG-fMRI spontaneous
power analyses have depicted the significant differences of
neural activities at color-indicated brain regions in both alpha
and low beta bands between the SCD patients and healthy con-
trols, as seen in Figure 6a,b.””l A follow-up study investigating
the SCD severity further identified significant varied func-
tional connectivity strength between the more and less severe
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diseased states in Figure 6¢.®7 Such knowledges of the brain’s

functional changes are gradually facilitating the development
of closed-loop personalized neuromodulation for treating pain,
thus potentially changing the future clinical practices for pain
management. At the same time, recent advancement in the
ESI from dense array EEG has shown great promises to cor-
rect the smearing effect caused by the head volume conductor
thus greatly enhance the spatial resolution of imaging brain
activation from EEG.[?2-23! The EEG-ESI techniques have been
widely used for quantifying and imaging dynamic brain activa-
tion in healthy subjects, and patients with various neurological
and mental disorders,?322%2] and are well suited to tracking
the dynamic brain response to tFUS. The scalp EEG-based ESI
has been employed to guide ultrasound targeting by localizing
the initial brain activations using low-intensity focused ultra-
sound™* as presented in Figure 8e-h, and evaluate the global
sonication-induced brain activation map by comparing the
ultrasound parametric dosagel??l with the brain’s response to a
single-cycle pulsed mode ultrasound at primary somatosensory
cortex (Figure 8i). Whether the auditory responses to the tFUS
would exist or not has been reviewed by our previous work.[??4
Furthermore, a precise ESI may still require subject-specific
MRI-based brain model, and similar to the fMRI-guided tFUS
paradigm,!®3] the functional activation map reconstructed from
ESI can be further integrated with the commercially available
brain navigation system, thus guiding the tFUS target with
increased precision. Combining all the available knowledge, the
ESI-guided low-intensity tFUS modulating the pre-identified
pain processing circuits in the CNS may lead to an effective tool
for clinical practices and home healthcare.

4.6. The Safety of Ultrasound Neuromodulation

Although it has been very rare to elicit adverse neural effects
by administering tFUS through a survey of 33 studies in
human and animal models?*! and through a recent review of
54 studies by Blackmore et al.,* the in vivo guidance and feed-
back would still be highly needed to ensure the safety of tFUS
for translational application. Despite the fact that researchers
have been exploring ultrasound parametric space aggressively
and propose for a new set of ultrasound safety guideline for
neuromodulation purpose, the prevailing standard is still the
FDA’s ultrasound energy thresholds for diagnostic ultrasound
equipment, that is, the derated acoustic output at the global
maximum is required not to exceed “Pre-amendments acoustic
output exposure levels”.?*! To prevent from a significant tem-
perature rise, the derated spatial-peak temporal-average inten-
sity (Igpra) should not be greater than 720 mW c¢cm2; in the
meanwhile, to avoid potential cavitation due to the sonication,
the derated spatial-peak pulse-average intensity (Isppa) is not
allowed to exceed 190 W cm™ or the mechanical index (MI) is
limited by 1.9.242%] For safety validations, on animal models,
histological studies have been wusually practiced to exam
potential microhemorrhages or other micro-scale changes,
like the presence of edema, cell necrosis, or local inflamma-
tory responses due to the sonication. In addition, post-sonica-
tion behavioral monitoring is commonly practiced as a safety
measure applied on, for example, sheep model.’>”] The direct
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feedback, including tingling sensation, itching, heating,®® or
even phosphenel®® human subjects through verbal communi-
cations or survey, would also an indispensable safety compo-
nent in the tFUS human study.

5. Conclusions and Perspectives

As a common healthcare practice nowadays, managing the neu-
ropathic pain is heavily relying on pharmacological approaches,
such as opioid medications. Patients often require recurrent
hospitalization, long-term use of opioids and live a poor quality
of life. Given the side-effects of drug addiction and overdose,
there is an urgent but unmet need to develop safe, effective,
and nonaddictive device-based technologies to treat the chronic
neuropathic pain. The neuromodulation, using implantable
or, especially, wearable devices to deliver certain controlled
physical energy, holds a great promise of changing the current
practice for pain treatment. Along with the neuroscientific dis-
coveries on the mechanisms of neuropathic pain, the guided
tFUS stands out as an effective and targeted neuromodulation
tool for the CNS, rivaling therapeutic advantages of all other
current neuromodulation techniques. Clinical trials of treating
specific type of pain using the tFUS in optimized dosage con-
trol or integrating the tFUS with current clinical approaches
would be highly needed as one of the future efforts.
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