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Neuromodulation for functional upper gastrointestinal diseases
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Abstract

Neuromodulation has recently received a great deal of attention among academic institutions,
government funding agents and industries. This mini-review focuses on methods and applications
as well as mechanisms of various neuromodulation methods in treating functional diseases of

the upper gastrointestinal tract. First, the methods of various neuromodulation are introduced,
including direct electrical stimulation at various peripheral nerves, such as the vagus nerve, sacral
nerve and spinal cord, direct gastrointestinal electrical stimulation and noninvasive/transcutaneous
electrical stimulation. Then, literature search was performed on the clinical applications of these
neuromodulation methods for treating gastroesophageal reflux disease, functional dyspepsia and
gastroparesis. Due to nature of the mini-review, the search results are selectively presented based
on the expert opinions. Finally, a perspective is provided based on the author’s own experience in
this field of research.
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INTRODUCTION

While the first modern neuromodulation procedure (deep brain stimulation for chronic pain)
was reported more than half a century ago in 1954, the recent development in the field
of neuromodulation is dramatic and escalated to a much higher level attributed to the
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involvement of industries (not only the traditional device companies but also pharmaceutical
giants), government agents and academic institutions and universities.

In 2013, Nature published an article entitled “a jump to electroceuticals”,[?] and the authors
stated that “imagine a day when electrical impulses are a mainstay of medical treatment.
Your clinician will administer electroceuticals that target individual nerve fibers or specific
brain circuits to treat an array of condition”. A pharmaceutical giant, GSK sponsored 50
laboratories around the world to work on various novel neuromodulation therapies and
announced an award of 1 million USD to someone who was able to build an implantable
pulse generator that could be used in a lab research setting and perform closed-loop
neuromodulation at a world summit on neuromodulation in New York in 2014. Shortly after
that, the Defense Advanced Research Projects Agency (DARPA) announced an Electrical
Prescriptions Program and funded seven teams to modulate nerves to treat diseases such

as inflammatory bowel diseases.[3] In 2015, National Institutes of Health established

a common funds of 240 million USD for a special neuromodulation program called
“Stimulating Peripheral Activity to Relieve Conditions”.[4] The program was designed to
investigate neuroanatomy of the peripheral organ systems, such as the gut and to develop
novel neuromodulation therapies for various diseases associated with the peripheral organs.
The program has recruited more than 100 leading scientists, engineers and physicians to
collaborate on neuromodulation research.

Most recently, the US congress authorized a program in NIH called “Helping to End
Addition Long-term (HEAL)”.I5] The program was designed to combat the opioid epidemic
in USA and to substantially reduce the use of opioids for treating pain. Neuromodulation
medical device is a large part of the program as neuromodulation, such as spinal cord
stimulation, has been successfully used for treating various pain. The US congress has
provided 1 billion USD to the HEAL program in 2019.

“In 1997, the field of neuromodulation was small and well defined. Indications for NIH
neuromodulation procedures were largely limited to the treatment of chronic pain, spasticity
and tremor,” written by Robert Levy, MD, the Editor-in-Chief of an official journal of
International Neuromodulation Society “Neuromodulation 6] The most traditional fields
of neuromodulation include neuromodulation of the central nerve systems, such as deep
brain stimulation and spinal cord stimulation. The new definition of neuromodulation

has expanded to a much broader areas, including vagal nerve stimulation (VNS), sacral
nerve stimulation (SNS), peripheral organ stimulation and even noninvasive transcutaneous
autonomic nerve stimulation. In addition to the traditionally targeted diseases of Parkinson,
epilepsy and chronic neuropathic pain, new treatments include inflammation (rheumatoid
arthritis and inflammatory bowel diseases), metabolic diseases (obesity and diabetes),
cardiovascular diseases (heart failure and hypertension) and gastrointestinal disorders.[€]

This mini-review focuses on the applications of neuromodulation for treating several
functional upper gastrointestinal diseases (FGIDs), including gastroesophageal reflux
disease (GERD), functional dyspepsia (FD) and gastroparesis.
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METHODS OF NEUROMODULATION

Three different methods of neuromodulation have been applied for treating gastrointestinal
diseases: (1) direct nerve stimulation; (2) direct gastrointestinal electrical stimulation and (3)
transcutaneous electrical stimulation. The concept and pros/cons of each of these methods
are introduced in this section.

Direct nerve stimulation

Direct nerve stimulation that has been used for treating gastrointestinal diseases includes
VNS, SNS and spinal cord stimulation (SCS). The advantage of direct nerve stimulation
is that the therapy is delivered automatically and chronically and is well suited for treating
chronic illness. The major disadvantage of direct nerve stimulation is the requirement of
surgical placement of stimulation electrodes and an implantable pulse generator.

Vagal nerve stimulation—VNS is accomplished by chronically implanted stimulation
electrodes around the cervical (Figure 1) or abdominal (sub-diaphragmatic) vagus nerve

and an implantable pulse generator chronically placed under the skin in the chest area.
Typically, VNS is performed viathe left vagus nerve using intermittent electrical stimulation
and has been approved for treating epilepsy, treatment-resistant depression disorder and
obesity.l7-9 Cervical VNS has advantage of being simple in surgical placement of electrodes
and disadvantage of possible side effects on respiratory and cardiovascular systems.[10]
Conversely, abdominal VNS is surgically more challenging but there are potentially less side
effects on respiratory or cardiovascular system. Although no device has been approved for
treating any gastrointestinal diseases, VNS has been under investigation for treating Crohn’s
disease with promising preliminary results.[11]

Sacral nerve stimulation—Similar to the vagus nerve, the sacral nerve belongs to
parasympathetic nerve that innervates pelvic organs. While the vagus nerve plays an
important role in controlling the functions (secretion, sensation and motility) of the
esophagus, stomach, small intestine and proximal/middle portion of the colon, the sacral
nerve controls the sensory and motility functions of the distal colon, rectum and anal
sphincter. SNS has been clinically approved to treat overactive bladder, urinary retention
and fecal incontinence.[12-14] SNS is also delivered viaan implantable pulse generator
subcutaneously placed beneath the skin of the buttocks (Figure 1). Its potential applications
for treating gastrointestinal diseases are reported in a recent review.[5] Compared with
VNS, SNS has advantages of being far away from the heart (and thus no concerns on
potential cardiovascular side effects) and ease in electrode placement (the electrode lead can
be inserted via the sacral foreman under guidance of x-ray.[16]

Spinal cord stimulation—SCS is the most commonly used neuromodulation method in
clinical practice, accounting for about 70% of all neuromodulation treatments. It is approved
for treating chronic pain from nerve damage in the trunk, arms or legs.[*7] About 34,000
patients each year around the world undergo SCS implants and 50%—70% of patients

report a 50% reduction in pain.[X8] Unlike SNS or VNS, SCS uses multiple electrodes

for stimulation in order to target the right nerves that innervate the area of pain. Recent

Gut Microbiota Integr Wellness. Author manuscript; available in PMC 2024 February 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chen Page 4

innovations in SCS include various stimulation paradigms such as kilohertz stimulation,
burst stimulation and closed-loop stimulation.[19-21]1 SCS has also been reported to suppress
abdominal pain in patients with gastric disorders and chronic pancreatitis[2223]

Direct gastrointestinal electrical stimulation

Direct electrical stimulation of the gastrointestinal tract is accomplished by chronically
implanting stimulation electrodes at the serosal surface of the esophagus, stomach, small
intestine and colon.[24] Major variations in gastrointestinal electrical stimulation are in
configuration of stimulation parameters, including long pulse stimulation, short pulse
stimulation and pulse train stimulation.[2°] Based on their effects on gastrointestinal motility,
they can be classified as excitatory stimulation and inhibitory stimulation.

Long pulse stimulation (gastrointestinal pacing)—In all methods of direct nerve
stimulation, including VNS, SNS and SCS, the stimulation pulse is below 600 microseconds
(us)or 0.6 ms, typically between 100-500 ps. In long pulse gastrointestinal (GI) stimulation
that is designed to pace the gut, i.e., altering the intrinsic pace-making activity of the gut,
the stimulation pulse width is much wider, ranging from 10,000 ps to 600,000 ps or 10

ms to 600 ms (see Figure 2A). The rationale for the use of such a wide stimulation pulse

is due to the characteristic of the smooth muscle of the gut that has a long time constant

of about 100ms. Only with such a wide pulse, is the GI stimulation capable of altering

the intrinsic pace-making activity of the gut.[28] Another major difference in comparison
with direct nerve stimulation is that GI long pulse electrical stimulation uses a stimulation
frequency in the vicinity of intrinsic pace-making activity.[27] In the human stomach, the
pace-making activity is of a frequency of 0.05 Hz or 3 cycles/min. This is much lower

than the stimulation frequency used in nerve stimulation that is typically in the frequency
range of 5-100 Hz. If a long pulse Gl stimulation is delivered at a frequency slightly

higher than the intrinsic pace-making activity, it may be able to successfully pace the gut
and improve motility.[281 On the other hand, if the stimulation is performed at a frequency
50% higher than the intrinsic pace-making activity, it may induce dysrhythmia and inhibit
gastrointestinal motility.[2%1 This method of inhibitory stimulation in the stomach has been
proposed for treating obesity as it delays gastric emptying and suppresses food intake.[30-32]

Short pulse stimulation—In contrast to long-pulse stimulation, the pulse width in this
method is substantially shorter and is in the order of a few hundred ps (Figure 2B). This is
commonly used in nerve stimulation. Typically, electrical stimulation of the gut using short
pulses does not directly alter GI smooth muscle functions, but it may alter functions of the
autonomic nervous system, central nervous system and enteric nervous system. However,

it may not be as effective as direct nerve stimulation because the stimulation electrodes

are placed in the gastrointestinal tissues instead of the nerve. The most popularly applied
method of gastric electrical stimulation (GES) using short pulses is called the Enterra
Therapy[33-35] that has been clinically used for treating nausea and vomiting in patients with
gastroparesis. Detailed discussion is provided later in this review.

Pulse train stimulation—In most methods of electrical stimulation, pulses are delivered
repetitively and continuously. However, in some cases, pulses are delivered intermittently,
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1.e., electrical stimulation is delivered for a certain time period, called on-time and paused
for a period of time, called off-time (Figure 2C). In this review, we call this method pulse
train stimulation; whereas, in some applications, it is termed burst stimulation.[2%] This
method of stimulation has been used in a number of different areas, including GES, SCS
and VNS.[11.2031.32] | the method of GES for obesity, the train on-time was set at 2 s and

off-time at 3 5.[31:32] |n the Enterra therapy, the train on-time was set at 0.1 s and off-time at
55.033]

Transcutaneous electrical stimulation

This is a noninvasive but indirect electrical stimulation method. It is appliable to nerves

that are superficial and can be stimulated without direct electrode-nerve contact. This review
focuses on three noninvasive methods that have been applied for treating gastrointestinal
disease: transcutaneous auricular vagal nerve stimulation (taVNS), transcutaneous cervical
vagal nerve stimulation (tcVNS) and transcutaneous electrical acustimulation (TEA). These
three methods share a common feature and advantage: the therapy can be self-administrated
by patients. Due to noninvasiveness and self-administrable features, these methods may have
great potentials for treating various gastrointestinal diseases with mild-moderate symptoms.

taVNS—The auricular concha is innervated by the auricular vagus afferent nerve and the
innervation of the cymba concha is 100% of vagus origin.[36:371 The auricular branch of the
vagus nerve projects to the nucleus tractus solitarius that is further connected to other brain
regions.[38:3% Due to superficial innervation of the auricular vagus nerve, taVNS is almost
identical to direct auricular vagal nerve stimulation and has been applied for treating various
disorders associated with central nervous system, such as epilepsy, migraine, and depression
and anxiety.[38:40.42] Recently, taVNS has also been reported to improve gastrointestinal
functions. The major technical challenge for taVNS is the development of an easy to use,
reliable (good contact between stimulation electrodes and auricular concha) and wearable
device.[43]

tcVNS—The tcVNS is accomplished by noninvasively stimulating the cervical vagus nerve
using an external device. A small hand-held device called Gammacore has received the US
Food and Drug Administration (FDA) clearance for treating and preventing migraine and
cluster headache pain.[44] Typically, tcVNS is delivered a few times a day, each lasing a few
minutes. While the majority of its applications is associated with central nervous system, it
has also been applied for treating gastroparesis.[45:46]

TEA—In this method, electrical stimulation is delivered via surface electrodes to certain
acupuncture points that are in vicinity of or coincide with peripheral nerves.[4748] One
typical example is the transcutaneous electrical stimulation at ST36 (an acupuncture point
below the kneecap) that is in the vicinity of peroneal, sciatic and tibial nerves. The other
example is the transcutaneous electrical stimulation at acupuncture point PC6 that coincides
with the medial nerve. Since the stimulation is delivered v7a skin surface electrodes,

TEA can be self-administered at home. Compared with electroacupuncture that can only

be administered by medical professionals or acupuncturists, TEA has several distinct
advantages: (1) it is completely noninvasive and does not use medical resources; (2) it
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can be delivered daily or even a few times daily and could thus be more effective than
electroacupuncture that is typically applied only a few times a week; (3) TEA stimulation
parameters are carefully chosen to improve physiological functions of a remotely targeted
organ viathe autonomic pathway. TEA at ST36 and PC6 has been reported to treating
various FGIDs.[47:48]

RATIONALE OF NEUROMODULATION FOR FUNCTIONAL GI DISEASES

Autonomic dysfunction, sympathetic overactivity and/or parasympathetic hypoactivity, is
common in various diseases, such as obesity, diabetes, inflammation, postoperative ileus
and FGIDs. Three non-pharmacological methods may be used to improve autonomic
dysfunctions: (1) enhancement of parasympathetic activity by directly or indirectly
stimulating parasympathetic nerve; (2) inhibition of sympathetic activity by stimulating/
blocking sympathetic nerve; and (3) suppression of sympathetic activity by surgically
denervating corresponding sympathetic nerves. Due to non-reversal nature and potential
side effects, surgical denervation is rarely applied for treating disorders associated with
autonomic dysfunctions; whereas, neuromodulation that is reversable and adjustable has a
greater potential in treating various disorders attributed to autonomic dysfunction.

Autonomic dysfunction assessed by the time-domain and frequency-domain analyses of
heart rate variability has been reported in patients with FGIDs, including GERD,[49.50]
functional dyspepsia, 1521 irritable bowel syndrome (IBS)[53:54] and constipation.[55] Most
commonly reported abnormalities include a reduced parasympathetic activity or vagal tone
and increased sympathovagal ratio. Reduced parasympathetic activity is known to result

in gastrointestinal hypomoatility that is one of major pathophysiological factors in FGIDs.
Whereas increased sympathovagal balance or sympathetic overactivity has been reported

to play an important role in visceral pain or hypersensitivity!>¢! that is another major
pathophysiological factor of FGIDs. Indirectly, sympathetic overactivity was reported to
result in inflammation and lead to visceral hypersensitivity.[>7]

Most common pathophysiologies of FGIDs include GI dysmotility, visceral hypersensitivity
and dysfunction of central processing of sensory information received from the Gl tract.
From the above discussion, we know that autonomic dysfunction is associated with

most of these pathophysiological factors. Accordingly, direct and indirect autonomic
neuromodulation has potentials for treating FGIDs.

NEUROMODULATION FOR GASTROESOPHAGEAL REFLUX DISEASE

GERD is a chronic disorder that the reflux of stomach contents into the esophagus

causes troublesome symptoms or complications. It can be classified into non-erosive reflux
disease (NERD), erosive esophagitis and Barrett’s esophagus.[58] The prevalence of at

least weekly GERD symptoms in the US is 20% with 110,000 annual hospital admissions.
[591 Major GERD pathophysiologies include: (a) impaired esophageal clearance due to
impaired esophageal motility (e.g. weak esophageal peristalsis); (b) the esophagogastric
junction (EGJ) anti-reflux barrier dysfunction due to hypotensive lower esophageal sphincter
(LES), transient LES relaxations (tLESRSs), and/or dyssynergia between LES and the

Gut Microbiota Integr Wellness. Author manuscript; available in PMC 2024 February 23.
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crural diaphragm (e.g. the presence of hiatal hernia); and c) downstream gastric factors:
delayed gastric emptying and gastric acid pocket.[69:61] Treatment of GERD includes
lifestyle modifications, medications (e.g. proton pump inhibitors and histamine-2 receptor
antagonists), and surgical procedures (e.g. fundoplication).[52] Neuromodulation methods
that have been applied for treating GERD include direct electrical stimulation at the LES and
transcutaneous electrical stimulation at acupuncture points and abdominal muscles.

LES electrical stimulation

In this method, electrical stimulation is directly applied to the LES via implantable
electrodes and pulse generator. In open-label clinical trial, LES electrical stimulation was
performed using parameters of 20 Hz, 215 ps, 3-8 mA, 30 min each time and 6-12
times/day in 23 patients with GERD. It resulted in a reduction of acid reflux from

10% to 4% and normalization of acid reflux in 71% of the patients after 24-month
treatment.[53] However, another open-label study in 17 patients with GERD and ineffective
esophageal motility, the same method of electrical stimulation at LES failed to demonstrate
normalization or significant improvement of acid exposure in the distal esophagus although
patients satisfaction was improved.[®4] It remains to be determined whether this novel

LES electrical stimulation method will gain regulatory approval for treating GERD.
Mechanistically, it is unclear whether such a stimulation alters the function of the vagus
nerve or the function of the LES. Based on the parameters (pulse width of 215 ps) used

in clinical studies, this method of stimulation may not have a direct effect on the smooth
muscle of the LES. Further mechanistic studies may be needed to improve the therapy
efficacy.

Transcutaneous electrical acustimulation

Several clinical studies have reported the ameliorating effects and autonomic mechanisms of
TEA at acupuncture points ST36 alone or ST36 plus PC6 using a special set of parameters

(2s-on, 3s-off, 25 Hz, 0.5 ms) known to improve gastrointestinal motility and vagal activity.
[47,48]

In an earlier comparative study, TEA at both ST36 and PC6 (30 min twice daily for 2
weeks) plus proton pump inhibitor (PP1) was reported to increase LES pressure and reduce
the number of weak acid reflux episode, which was not seen in patients treated with PPI +
sham stimulation or PPI + domperidone.[5%] The increase in LES pressure was also reported
in an acute study in 40 patients with GERD in which TEA was performed via bilateral
ST36 points and the patients were asked to breath in synchronization with the stimulation
(12 breaths per minute), a method called synchronized TEA or STEA;[%%! in addition,
STEA but not sham-TEA reduced the pooled number of ineffective esophageal motility
among the treated patients (P = 0.021). A typical example showing the effects of TEA on
LES pressure and distal esophageal motility is presented in Figure 3. The increase in LES
pressure (pressure zone in between 30-35 cm) is shown by the change in the color from
green (low pressure) to red (high pressure). Similarly, the enhancement of distal esophageal
peristalsis is also shown by the change in the color from green to red. Concurrently, the
acute STEA increased vagal activity and reduced the sympathovagal ratio assessed by the
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spectral analysis of heart rate variability (HRV), suggesting a vagally mediated mechanism.
[66]

In addition to hypotensive LES pressure and ineffective esophageal motility, impaired
gastric accommodation and delayed gastric emptying also play important role in the
pathophysiology of GERD. Acute TEA at bilateral ST36 and bilateral PC6 was reported to
improve gastric accommaodation and gastric pace-making activity and reduced postprandial
dyspepsia symptoms in patients with GERD.[87] A 4-week TEA at bilateral ST36 and
bilateral PC6 in patients with GERD improved reflux-related symptoms, increases distal
esophageal motility, reduced the incidence of ineffective esophageal contractions during
wet swallows, and improved gastric accommodation and pace-making activity.[%8] It was
concluded that the improvement in GERD symptoms was attributed to the integrative effects
of TEA on these gastroesophageal functions mediated via the vagal mechanism.

In another study, TEA at ST36 and PC6 was performed in combination with deep breathing
training in patients with GERD.[691 A 4-week treatment using this combined method was
reported to reduce acid reflux and GERD symptoms with concurrent increase in LES
pressure and vagal activity, and decrease in serum nitric oxide.

Transcutaneous abdominal electrical stimulation

Recently, a transcutaneous electrical stimulation device was developed to stimulate
abdominal muscle in synchronization with the subject’s breathing phase (active during
inhalation). Although its mechanism is unclear, it seems that the stimulation aims to induce
abdominal muscle contractions and thereby enhancing the LES pressure. It is known that
the LES pressure measured by esophageal manometry results from the combined pressure
of the LES and crural diaphragm. Such a stimulation might increase the pressure of crural
diaphragm. However, no data is available to support the hypothesis. In a pilot open-label
study, the transcutaneous abdominal electrical stimulation reduced acid exposure time and
the DeMeester score by more than 50% in GERD patients who were refractory to standard
proton pump inhibitor therapy A.[7°]

NEUROMODULATION FOR GASTROPARESIS

Gastroparesis is the second most common functional disorders of the upper gastrointestinal
tract. Gastroparesis is defined by characteristic symptoms of nausea, vomiting, early satiety,
abdominal pain and weight loss in the absence of mechanical gastric outlet obstruction

and with evidence of an objective delay in gastric emptying.[’2] A 4-hour solid gastric
scintigraphy is generally considered the most valid means of defining delayed gastric
emptying.[”2l Currently prokinetic therapies are limited and elicit serious side effects.[73-
73] pathophysiology of gastroparesis includes delayed gastric emptying, impaired gastric
accommodation, visceral hypersensitivity and gastric dysrhythmia.[”®] There are several
cellular pathological alterations in gastroparesis, including loss of interstitial cells of Cajal,
fibrosis of muscular layers, inflammatory cell infiltration around myenteric neurons and
neuronal abnormalities.[7®]

Gut Microbiota Integr Wellness. Author manuscript; available in PMC 2024 February 23.
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Neuromodulation methods that have been applied for treating gastroparesis include GES
with short pulses, GES with long pulses, TEA, and tcVNS.

GES with short pulses (Enterra Therapy) for nausea and vomiting

This is most published method of neuromodulation used in patients with gastroparesis
because the therapy received FDA approval for humanitarian use and there are very

limited treatment options for gastroparesis. The therapy is accomplished by chronically and
surgically implanting stimulation electrodes in the gastric serosa and an implantable pulse
generator underneath the skin in the abdomen. The typical stimulation parameter setting

is as follows: two pulses with a width of a few hundred ps and frequency of 14 Hz or

an interval of 71.4 ms between the two pulses repeated every 5 sec. The stimulation is
continuous.

The Enterra therapy is mostly used for treating nausea and vomiting (two major symptoms
of gastroparesis) in patients with gastroparesis with a general efficacy of 60%-70%.
[33,35.77.79] However, possible placebo effects could not be ruled out. A recent systematic
review and meta-analysis revealed following results: five controlled studies from 1990-2014
showed no difference in total symptom severity score of gastroparesis between periods of
stimulation-on vs. stimulation-off; whereas, 16 open-label GES studies showed a significant
decrease in total symptom severity score. It was concluded that independent of the treatment
modality, baseline symptom severity impacted treatment results in gastroparesis.[8%] The
GES effects on symptoms of gastroparesis might be comprised by its controversial findings
on gastric emptying: few studies indicated improvement in gastric emptying but most of
other studies showed no acceleration in gastric emptying.[35]

Based on the setting of stimulation parameters (short pulses), the Enterra therapy is unlikely
to alter smooth muscle functions directly. However, enhancement of vagal activity has been
reported with this method of GES in several previous studies.[81:82] Furthermore, increased
vagal responses to stimulation were reported to be correlated with significant decrease in
total symptom score in patients with idiopathic and type 1 diabetic gastroparesis.[83] In an
animal model of vomiting, vagotomy was noted to block its anti-emetic effect of the GES

in dogs!8] and denervation of the vagal afferent nerve abolished its enhancive effect on
vagal efferent.[84] These findings suggest a vagal-vagal pathway of GES with the Enterra
parameters.

GES with long pulses (gastric pacing) for gastroparesis

As stated earlier, gastric pacing can be accomplished with the use of long pulses delivered
at a frequency in the vicinity of the intrinsic frequency of the gastric slow wave. Similar to
cardiac pacing, such a GES method (gastric pacing) is capable of altering intrinsic gastric
pace-making activity.[26:85] Normalization of gastric dysrhythmia with gastric pacing was
reported in patients with gastroparesis and animals with glucagon- and vasopressin-induced
gastric dysrhythmia with concurrent acceleration in gastric emptying.[28.81.86]

To the best of my knowledge, none of current commercially available implantable pulse
generators is capable of delivering long pulses and therefore gastric pacing has been applied
in only few clinical studies with the use of custom-made device. In one study, gastric pacing
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was performed daily for 4 weeks using repetitive long pulses (about 300 ms, 1000 times
higher than that used in most neuromodulation devices) v7a an external device in 9 patients
with gastroparesis.[28] Gastric slow waves were entrained in all patients and tachygastria
observed at baseline in 2 patients was normalized with gastric pacing. Both symptoms of
gastroparesis and delayed gastric emptying were improved at the end of the treatment. In
another clinical study, sequential gastric pacing was delivered at two longitudinal locations
in the stomach via an external multi-channel stimulator for a period of 2 weeks in 19 patients
with gastroparesis.[87] Similar improvement was reported on gastroparetic symptoms and
gastric emptying. In addition, two-channel sequential pacing was found to outperform single
channel gastric pacing.

Compared with short pulse GES, GES with long pulses exerts direct effects on gastric pace-
making activity and gastric emptying. It is therefore capable of improving both symptoms
of gastroparesis and gastric motility. However, due to the lack of any regulatorily approved
device, its clinical applications have been limited.

Transcutaneous electrical acustimulation for gastroparesis

To investigate potential effects of TEA on nausea in gastroparesis, Sarosiek et al. performed
acute TEA at both ST36 and PC6 in 11 nauseated patients with diabetic gastroparesis.

[88] TEA was reported to significantly reduce visual stimulation-induced nausea score and
improve gastric slow waves. The electroencephalography revealed a change of dominance
from right to left inferior lobe activity, suggesting a central mechanism involved in the anti-
nauseated effect of TEA. Similar effects on nausea and gastric slow waves were reported in
patients with idiopathic gastroparesis with TEA in synchronization with breathing.[8%]

In a placebo-controlled crossover clinical study in 18 patients with diabetic gastroparesis,
daily treatment of TEA at ST36 and PC6 for a period of 4 weeks improved major symptoms
of gastroparesis, including nausea, vomiting, abdominal pain, bloating and retching. None
of the symptom improvement was noted during the period of sham-TEA treatment.[9]
Physiologically, the TEA treatment resulted in a significant improvement in gastric pace-
making activity in both fasting and postprandial states, suggesting an enhancement of gastric
motility.

Transcutaneous cervical vagal nerve stimulation for gastroparesis

tcVNS was applied in treating gastroparesis. In a pilot open-label clinical study in 17
patients with idiopathic gastroparesis, tcVNS was performed twice daily for a period of

4 weeks. Each stimulation was delivered for 2 min over the left and right cervical vagus
nerve using a hand-held stimulator.[43! Mild-moderate but significant improvement was
noted at the end of the treatment in nausea/vomiting, fluuness/satiety and bloating/pain; the
effects were sustained during the follow-up period without treatment. Currently the gastric
emptying half-time was marginally (P = 0.053) reduced after the treatment.

The tcVNS is attractive since it is easy to implement. However, placebo-controlled clinical
studies are needed to confirm the above-mentioned improvement in gastroparesis. It is also
important to prove whether such a stimulation method indeed activates vagal nerve. The
other issue is compliance with the delivery of the therapy. As reported in an initial study
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with tcVNS in patients with drug-refractory gastroparesis, only 23 of 35 patients were
compliant with the study and only 7 patients continued the treatment beyond 3 weeks.[46]

NEUROMODULATION FOR FUNCTIONAL DYSPEPSIA

FD is the most prevalent functional disorders of the upper gastrointestinal tract. It affects up
to 16% of general population.[%1-93] FD is one of the most common reasons for primary care
visits, negatively impacts productivity at the workplace, and has annual costs in the United
States exceeding 18 billion USD.[94:921 Symptoms of FD are similar to those of gastroparesis
but to a lesser degree, especially nausea and vomiting. However, a recent multi-center

study suggested that FD and gastroparesis in tertiary care are interchangeable syndromes
with common clinical and pathologic features.[%5] Pathophysiology of FD is multi-factorial,
including impaired gastric accommodation, gastroduodenal dysmotility, gastroduodenal
hypersensitivity, gastroduodenal inflammation, intestinal dysbiosis, dysfunction of the brain-
gut axis, and psychological factors and central mechanisms.[9€] Conventional treatment
options include H. pylori eradication, dietary modifications, medications and other therapies,
such as psychotherapy and complementary and integrative therapies.[%6]

Neuromodulation therapies applied to FD are exclusively noninvasive, including TEA,[97-

99] ta\VNSI100] and transcutaneous electrical stimulation using vacuum interferential current.
[101]

Transcutaneous electrical acustimulation for FD

Several clinical studies have demonstrated the feasibility and efficacy of TEA at ST36

and PC6 for treating FD. Most importantly, findings of these studies suggested that TEA
ameliorates dyspeptic symptoms by improving several major pathophysiological factors of
FD mediated v/athe vagal mechanism.

In one study, 27 patients with FD were treated with TEA at acupuncture points ST36 and
PC6 or sham-TEA (stimulation delivered at non-acupoints) twice daily for 2 weeks using
a TENS unit.%”] The TEA treatment resulted in a 55% reduction in the total symptom
score of FD compared with the baseline score and the improvement was significantly higher
than the sham treatment. Mechanistically, both acute and chronic TEA was reported to
enhance vagal efferent activity assessed by the spectral analysis of HRV derived from the
electrocardiograph (ECG) signal. Meanwhile, the chronic TEA treatment also increased
the plasma level of neuropeptide Y.[9] In another study, TEA at ST36 and PC6 and TEA
at sham points were performed in a crossover design twice daily in 28 patients with FD
using a wearable watch-sized stimulator.[%8] The TEA at the acupoints not the sham points
reduced the total dyspeptic symptom by 35%. Physiologically, chronic TEA improved
several pathophysiological factors of FD, including gastric accommodation, gastric slow
waves and gastric emptying.[98] Similar improvement in gastric accommodation, gastric
slow waves and vagal activity was also reported with acute TEA in patients with FD.[%9]

Transcutaneous auricular vagal nerve stimulation for FD

taVNS is typically used for treating disorders of the central nervous system due to its
central effect viathe vagal afferent pathway. Recently, taVNS has also been applied for
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treating gastrointestinal disorders, such as FD,[100] jrritable bowel syndromel02:103] gnd
constipation.[103]

In a recent clinical study, 36 patients with FD were randomized to receive 2-week bilateral
taVNS or sham-ES (stimulation via points at elbow), 30min twice daily with parameters
(2s-on, 3s-off, 25 Hz and 0.5 ms) known to enhance vagal activity when applied at ST36.
[47.48] Significant improvement in total dyspeptic symptoms was reported with the chronic
TEA treatment but not sham-EA. TEA but not sham-ES also reduced the symptom scores of
bloating, abdominal pain, depression and anxiety (Figure 4). Physiologically, TEA improved
gastric accommodation, gastric slow waves and vagal activity.

CONCLUSIONS

Both invasive and noninvasive neuromodulation methods have been clinically applied for
treating GERD, FD and gastroparesis. While this review is limited to their applications for
upper Gl disorders, some of these neuromodulation methods have also been applied for
treating functional disorders of the lower Gl tract, such as irritable bowel syndrome and
constipation.[24:104]

Invasive neuromodulation methods are attractive for treating refractory chronic diseases.
GES with the Enterra parameters is most widely used method in treating nausea and
vomiting in patients with gastroparesis with several hundred publications. Although the
therapy is effective in more than 50% of patients, possible placebo effects cannot be

ruled out. Apparently, methodological improvement, such as optimization of stimulation
parameters and treatment regimens is needed before the therapy is fully approved by
regulatory authority. In addition, a better understanding on the mechanisms involved in

the anti-emetic effect of the GES-Enterra method is needed in order to refine the method
and improve the efficacy of the therapy. Gastric pacing using long pulses is attractive for
treating gastroparesis since it improves both symptoms and gastric emptying. Unfortunately,
no implantable device is commercially available at present and therefore the progress in
clinical research and applications has been slow. Electrical stimulation at LES for GERD is
an innovative method. However, more clinical studies are needed to demonstrate its efficacy
in reducing acid reflux and symptoms of GERD. Moreover, it remains unclear whether and
how LES stimulation may enhance LES pressure.

The noninvasive methods of TEA, tcVNS and taVNS have been used for treating GERD,
FD and gastroparesis with promising results. Most of studies presented in this review were
randomized and controlled. These methods have great therapeutic potentials for treating
patients with mild-moderate symptoms. Major challenges with the widespread applications
of these transcutaneous methods include patient compliance and mechanisms of action.
Unlike the use of an implantable device with which the patient does not have to do anything
or the use of medications with which the patient only needs to take the pill once or twice
daily, the noninvasive neuromodulation therapy is dependent on full commitment of the
patient. Each day, the patient has to wear the device and deliver the therapy that could be
tedious and bothersome. Accordingly, advanced technologies should be used to make the
transcutaneous devices easy and reliable to use. Moreover, it is necessary to make the devise
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resemble to an entertainment apparatus so that the patient can deliver the therapy in public or
working environment.
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Figurel.
Electrical stimulation of parasympathetic nerves using an implantable pulse generator. A:

Vagal nerve stimulation; B: Sacral nerve stimulation.
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Figure2.
Different stimulation patterns used in gastrointestinal electrical stimulation. A: Long-pulse

stimulation with a pulse width in the range of 10-600 ms; B: Short-pulse stimulation with
a pulse width in the order of a few hundred microsecond (us); C: Intermittent stimulation
using trains of short-pulses.
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Figure 3.
STEA at bilateral ST36 in patients with GERD. A: Placement of stimulation electrodes at

bilateral ST36 points. Right: high resolution esophageal motility before (B) and after 30-min
STEA (C) in a GERD patient. An increase in LES pressure and distal esophageal motility
can be clearly appreciated. STEA: synchronized transcutaneous electrical acustimulation;
GERD: gastroesophageal reflux disease; LES: lower esophageal sphincter.
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Figure 4.
The taVNS in patients with functional dyspepsia. A: Placement of stimulation electrodes. B:

Effects of chronic taVNS on abdominal bloating, abdominal pain, depression and anxiety.
*P<0.05 vs. before, sham-ES and taVNS (n7=18). taVNS: transcutaneous auricular vagal
nerve stimulation.
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