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Abstract
Background and objectives: In this systematic review, we evaluated the efficacy, mechanisms and safety of three neuromodu-
lation therapies in patients with gastroesophageal reflux disease (GERD), including the effect of neuromodulation therapies on 
symptoms and key GERD pathophysiologies, lower esophageal sphincter (LES) pressure, esophageal motility, gastric motility, 
and parasympathetic activity. The first therapy is LES electrical stimulation using an implantable electrical stimulator, the sec-
ond is transcutaneous electrical acustimulation, and the third is manual acupuncture.

Methods: A systematic review of literature according to the PRISMA guidelines was performed. Online databases searched 
include Medline (Ovid), Embase, and PubMed. Studies were assessed for inclusion and exclusion criteria with Covidence, a 
systematic review software.

Results: The analysis included thirteen clinical studies. Four papers included were registered under two open-label trials on 
ClinicalTrials.gov for LES electrical stimulation; Five randomized trials with sham-treated controls were analyzed for transcu-
taneous electrical acustimulation; Four studies, including three involving standard therapy controls and one involving sham-
treated controls were included for manual acupuncture. All evaluated studies demonstrated significant beneficial effects on 
GERD symptoms, using patient-completed questionnaires, objective 24-h measurement of esophageal pH, and patient-report-
ed use of proton pump inhibitors. In evaluating the effect on key GERD pathophysiologies, electrical stimulation significantly 
increased LES pressure, and transcutaneous electrical acustimulation significantly improved esophageal motility, gastric motil-
ity, and parasympathetic activity. None of the evaluated neuromodulation methods produced severe adverse effects.

Conclusions: Cumulative evidence from the evaluated stud-
ies indicates that neuromodulation therapies were effective 
in treating the GERD symptoms and key underlying GERD 
pathophysiologies. They are thus valuable options for indi-
vidualized GERD treatment.
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Introduction
Gastroesophageal reflux (GER) is defined as back flow (i.e. reflux) 
of stomach contents into the esophagus. This is a normal physi-
ological process that may have a protective role during meals and 
in the immediate postprandial period.1 Repeated and persistent re-
flux over time however, can cause troublesome symptoms and/or 
complications, leading to a chronic condition known as GER dis-
ease (GERD).2 GERD can be classified as nonerosive reflux disease 
(NERD), erosive esophagitis, or Barrett’s esophagus.3,4 NERD is the 
most common phenotype and accounts for up to 70% of GERD pa-
tients, whereas erosive esophagitis represents approximately 30%, 
and Barrett’s esophagus accounts for 6–8% of the GERD patient 
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population.5 The prevalence of weekly GERD symptoms in the USA 
is 20%,6 accounting for 110,000 annual hospital admissions.7 GERD 
leads to a diminished quality of life8,9 and a high cost of disease 
management, exceeding $12 billion annually in the USA alone.10

After excluding functional esophageal disorders (e.g. reflux 
hypersensitivity and functional heartburn) and non-esophageal 
disorders,11 key GERD pathophysiologies can be subdivided into 
three groups: (1) impaired esophageal clearance due to impaired 
esophageal motility (e.g., weak esophageal peristalsis); (2) esoph-
agogastric junction or anti-reflux barrier dysfunction due to either 
a hypotensive lower esophageal sphincter (LES), transient LES 
relaxations, and/or dyssynergia between the LES and the crural 
diaphragm (e.g., due to the presence of a hiatal hernia); and (3) 
downstream gastric factors, including delayed gastric emptying 
and the presence of a gastric acid pocket.12,13 Patients with more 
severe GERD symptoms exhibit increased sympathetic dominance 
compared to those with NERD.14,15

Treatment of GERD includes: (1) lifestyle modification, such 
as weight loss, smoking cessation and deep breathing; (2) medi-
cations, such as proton pump inhibitors (PPIs), prokinetics, his-
tamine-2 receptor antagonists, and antacids; (3) endoscopic/lap-
aroscopic surgical procedures, such as fundoplication16; and (4) 
neuromodulation therapies, the subject of this review. PPIs are 
commonly used for GERD, and whilst they are effective for symp-
tomatic treatment by suppressing gastric acid production, they do 
not target any of the underlying pathophysiologies.17 Prokinetics, 
such as dopamine-2 antagonists and 5-HT4 receptor agonists, can 
accelerate delayed gastric emptying but have little effect on es-
ophageal motility and LES pressure. Furthermore, patients may 
also suffer from multiple side effects.18 Endoscopic/laparoscopic 
surgical procedures can enhance LES pressure and thus lead to 
improved esophageal barrier function. However, they are associ-
ated with many short-term and long-term post-procedure compli-
cations, including gas bloating, dysphagia, and diarrhea.19

In summary, although various treatment options are available, 
none of the current therapies target the multiple pathophysiological 
mechanisms implicated in GERD. Several neuromodulation therapies 
have been trialed in the treatment of GERD. These include implant-
able LES electrical stimulation (LES-ES), transcutaneous electrical 
acustimulation (TEA), manual acupuncture (MA), and electroacu-
puncture (EA). In this systematic review, we evaluated the effective-
ness of these neuromodulation therapies against GERD symptoms 
and on key GERD pathophysiologies, including LES pressure, es-
ophageal motility, gastric motility, and parasympathetic activity.

Materials and methods
The systematic review was performed in accordance with the 2020 
version of the Preferred Reporting Items for Systematic Review 
and Meta-Analysis (PRISMA) statement.20

Data sources and searches
On March 18, 2023, Medline (Ovid), Embase, and PubMed were 
searched for scientific papers published between 2003 and 2023. 
The search keywords are provided in Table 1.

Data collection and evaluation
All identified article titles were imported into the Covidence 
Systematic Review Software for review. Abstracts were initially 
screened, followed by full text reviewed by one author (JYW), in 
accordance with the inclusion and exclusion criteria. Papers were 
intermittently reviewed independently by a second author (JC).

Study selection
For TEA and MA, only sham-controlled randomized controlled tri-
als (RCTs) were included, whilst for LES-ES, we included the open-
label studies registered on ClinicalTrials.gov. The invasive nature of 
the LES-ES therapy suggests that inclusion of a sham group would 
be unethical. The criteria for inclusion were: (1) Randomised control 
trials (RCTs) for TEA and MA or trials registered on ClinicalTrials.
gov (for LES-ES); (2) Study population with individuals 19 years 
of age and older; (3) Papers published in the English language; and 
(4) Papers with full text available. Studies published more than 20 
years ago, studies with a population 18 years of age or younger, non-
human studies and non-English papers were excluded.

Results

Search outcomes
A total of 349 records were imported into Covidence, 348 from 
three databases (227 from Embase, 64 from Medline, 57 from 
PubMed), and one record from an external source.21 Of those, 134 
duplicate records were removed and 215 were screened. Upon 
reviewing the titles and abstracts, 160 records were identified as 
irrelevant and thus excluded. The remaining 55 records were as-
sessed by the inclusion criteria and 42 were excluded with reasons. 
Ten studies utilized interventions other than LES-ES, TEA, and 
MA, or included more than one intervention. Eight were not RCTs. 
Of those, six were either systematic or clinical reviews, one was a 
study protocol, and one was an MA study of a case series. Three 
included a pediatric population. Three were animal studies. Four 
examined a non-GERD population. Two studies measured non-
functional outcomes, one of which observed patient-practitioner 
interactions and the other investigated the optimization of acupoint 
selection. Five papers were not available as full text. Seven papers 
reported intermediate study results and only the final results were 
included in this review. Ultimately, 13 articles were included in the 
analysis: LES-ES (n = 4), TEA (n = 5), MA (n = 4), EA (n = 0). The 
PRISMA flow diagram of study selection is shown in Figure 1.

LES-ES studies
In all evaluated LES-ES studies, bipolar electrical stimulation was 
delivered via two leads implanted approximately 1 cm apart in the 
LES submucosa and connected to an implantable pulse genera-
tor (IPG; Endostim LES Stimulation System; Endostim Inc., St. 
Louis, MO, USA). The IPG was placed in the subcutaneous pock-
et in the anterior abdominal wall. The LES-ES parameters were 
a frequency of 20 Hz, current amplitude of 3–8 mA (typically 5 
mA), pulse width of 215 µs, train duration of 3 ms, and session 
duration of 30 m, with up to 12 sessions per day. Two pilot clini-
cal studies were performed: NCT01578642 in Chile with n = 21 
for 2 years22,23; and NCT02441400 at 16 sites across Europe and 
Latin America with n = 94 for 1 year and n = 37 for 2 years.24,25 
These studies were followed by a pivotal multicenter clinical study 
(NCT02749071), which took place in 2016–2019 (n = 161) across 
18 sites in the USA and three sites in Europe. However, this study 
was either terminated or paused. As no results of the pivotal study 
have been published, only the results of two initial pilot studies are 
summarized in Table 2.22–25

Both clinical studies evaluated the effect of LES-ES on GERD 
symptoms during long-term follow-up of up to 4 years. In one clini-
cal study (NCT02441400), GERD symptom score, assessed using 
the gastroesophageal reflux disease health-related quality of life 
(GERD-HRQL, a self-completed subject questionnaire for heart-
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burn, regurgitation, dysphagia and their influence on quality of 
life),26 significantly decreased from 41 at baseline to 8.5 after LES-
ES, a 79.27% decrease. Another clinical study (NCT01578642) also 
demonstrated significant improvements in GERD symptoms when 
comparing GERD-HRQL in the LES-ES arm vs. the PPI arm vs. in-
dividuals off-PPI vs. baseline. In the clinical study (NCT01578642), 
quality of life was measured using the 12-item short form survey 
(commonly known as the SF12) score, a health-related quality of 
life questionnaire consisting of 12 questions across eight domains,27 
with significant improvement in mental health at 6 months post 
LES-ES therapy observed vs. baseline: a 17.78% improvement for 
subjects on PPIs, and a 10.2% improvement for subjects off PPIs. 
Improvement in physical health at 6 months post LES-ES therapy 
vs. baseline was significant only for the off-PPI arm (at 18.68%). 
Patient satisfaction improved, with no subjects reportedly being 
dissatisfied with the management of their condition at 24 months. 
At 12 months, no subjects reported regular use of PPIs; while at 
24 months, 76% reported no use, 14% reported occasional use, and 
10% reported regular use. Outcomes suggest a sustained marked re-
duction in medication requirement post LES-ES therapy.

Several objective 24 h measurements of esophageal pH (distal 
pH, proximal pH, and DeMeester score) were reported. In measur-
ing the percentage over 24-h, where esophageal pH was < 4 (24-h 

esophageal acid exposure), the NCT01578642 study22 reported a 
decrease of 52.5% at the distal esophagus and 100% at the proximal 
esophagus. Seventy-one of the total number of subjects had either a 
normalized distal esophageal pH or a 50% or more decrease in distal 
acid exposure. The DeMeester score was reduced by 56.01% at 24 
months. In the NCT02441400 study,25 the distal 24-h acid exposure 
was reduced by 49.5% at 6 months and 67.3% at 12 months relative 
to baseline. Seventy-seven percent of patients had either normal or 
an over fifty percent reduction in proximal acid exposure.

In the NCT01578642 study, LES pressure, a key component of 
GERD pathophysiology, increased significantly by 52.43% (p < 
0.001) post intervention at 3 months.23 It is important to note that 
the results at the 2-year follow-up (Table 2) are shown as repre-
sentative for the whole follow-up period, due to identical p-values 
being reported at other follow-up time points (1, 3, and 4 years), 
despite a gradually diminishing number of subjects at each follow-
up time point due to attrition.

The main drawback of LES-ES therapy was the risk of sur-
gery-related complications. Among 25 implanted subjects in the 
NCT01578642 study, three experienced transient postoperative nau-
sea or vomiting that resolved within 1 day. Two experienced transient 
postoperative pain or discomfort in the shoulder that resolved within 
1 day, and one developed a superficial skin infection at the IPG subcu-

Table 1.  Search keywords for Medline (Ovid), Embase, and PubMed

LES-ES

Medline and 
Embase

“electrical stimulation” [MESH] AND (“GERD*” OR “GORD*”)

PubMed (("electrostimulated"[All Fields] OR "electrostimulating"[All Fields] OR "electrostimulation"[All Fields] OR 
"electrostimulations"[All Fields] OR "electrostimulator"[All Fields] OR "electrostimulators"[All Fields] OR ("electric 
stimulation therapy"[MeSH Terms] OR ("electric"[All Fields] AND "stimulation"[All Fields] AND "therapy"[All Fields]) 
OR "electric stimulation therapy"[All Fields] OR ("electrical"[All Fields] AND "stimulation"[All Fields] AND "therapy"[All 
Fields]) OR "electrical stimulation therapy"[All Fields])) AND ("esophageal sphincter, lower"[MeSH Terms] OR 
("esophageal"[All Fields] AND "sphincter"[All Fields] AND "lower"[All Fields]) OR "lower esophageal sphincter"[All 
Fields] OR ("lower"[All Fields] AND "esophageal"[All Fields] AND "sphincter"[All Fields])) AND ("gerd*"[All Fields] OR  
"gord*"[All Fields] OR "gastroesophageal reflux"[All Fields] OR "gastro-oesophageal reflux"[All Fields]))

TEA

Medline and 
Embase

(‘transcutaneous electrical acustimulation’ [MESH] OR ‘transcutaneous electrical acupoint stimulation’ [MESH] or ‘TEA’  
[MESH]) AND (‘GERD’ [MESH] OR ‘GORD’ [MESH])

PubMed (("transcutaneous electrical acustimulation"[All Fields] OR "transcutaneous electrical acupoint stimulation"[All Fields]) 
AND ("gerd*"[All Fields] OR "gord*"[All Fields] OR "gastroesophageal reflux"[All Fields] OR "gastro-oesophageal reflux" 
[All Fields])

MA

Medline and 
Embase

‘acupuncture’ [MESH] AND (‘GERD’ [MESH] OR ‘GORD’ [MESH] or ‘gastroesophageal reflux’ [MESH])

PubMed (("acupunctural"[All Fields] OR "acupuncture"[MeSH Terms] OR "acupuncture"[All Fields] OR "acupuncture 
therapy"[MeSH Terms] OR ("acupuncture"[All Fields] AND "therapy"[All Fields]) OR "acupuncture therapy"[All Fields] 
OR "acupuncture's"[All Fields] OR "acupunctured"[All Fields] OR "acupunctures"[All Fields] OR "acupuncturing"[All 
Fields]) AND ("gerd*"[All Fields] OR "gord*"[All Fields] OR "gastroesophageal reflux"[All Fields] OR "gastro-oesophageal  
reflux"[All Fields]))

EA

Medline and 
Embase

(‘electroacupuncture’ [MESH] OR ‘electrical acupuncture’ [MESH]) AND (‘GERD’ [MESH] OR ‘GORD’ [MESH] OR  
‘gastroesophageal reflux’ [MESH])

PubMed (("electroacupuncture"[MeSH Terms] OR “electrical acupuncture"[MeSH Terms]) AND ("gerd*"[All Fields] OR 
"gord*"[All Fields] OR "gastroesophageal reflux"[All Fields] OR "gastro-oesophageal reflux"[All Fields]))

EA, electroacupuncture; GERD, gastroesophageal reflux disease; GORD, gastroesophageal reflux disease; LES-ES, lower esophageal sphincter electrical stimulation; MA, mechani-
cal acupuncture; MeSH, medical subject headings; TEA, transcutaneous electrical acustimulation.
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taneous pocket.22 Among 37 implanted subjects in the NCT02441400 
study, one had transient postoperative subcutaneous emphysema that 
resolved without intervention, none had esophageal obstruction, per-
foration, inability to belch or vomit, and the median hospital stay was 
2 days.24 Overall incidence of surgery-related adverse effects was 
comparable to that of other surgeries for implantable neuromodula-
tion devices, such as those for sacral nerve stimulation.28

TEA studies
In all TEA studies, bipolar electrical stimulation was delivered 
transcutaneously through two skin surface electrodes at the ST36 
acupoint on the leg, either alone or together with the PC6 acupoint 
on the wrist. Sham electrodes were placed 2–20 cm away from the 
acupoints. The skin electrodes were connected to the TEA device 

(MedKinetic, Ningbo, China). The TEA parameters include a fre-
quency of 25 Hz, current amplitude 2–10 mA (at maximal level 
tolerated by the subject), pulse width of 500 µs, train on duration 
of 2 seconds and off duration of 3 seconds, session duration of 30 
or 60 m, and 1 or 2 sessions per day. Acute TEA was performed 
by study investigators at the clinic, and chronic TEA was self-ad-
ministered.29–33 Results of six identified clinical studies are sum-
marized in Table 3.29–33

TEA had significant beneficial effects on GERD symptoms, 
demonstrated through the gastroesophageal reflux disease question-
naire (GERDQ, a self-completed subject questionnaire for heartburn, 
regurgitation, sleep disturbance, use of over-the-counter medication 
for heartburn/regurgitation, upper stomach pain, and nausea)26 and 
GERD-HRQL in three evaluated 4-week studies.31–33 Zhang et al.31 

Fig. 1. PRISMA flow diagram of study selection. EA, electrical acupuncture; LES-ES, lower esophageal sphincter electrical stimulation; MA, manual acupunc-
ture; PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses; TEA, transcutaneous electrical acustimulation.
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and Ma et al.33 reported a significant reduction of post-TEA GER-
DQ symptom scores of 33.6% and 37.3% respectively. The GERD-
HRQL symptom score was reduced by 53.7% after 4 weeks of TEA 
treatment. Subjects in the sham TEA arm had no significant benefi-
cial effects on GERD symptoms in any of the studies.

TEA also resulted in significant improvement of key GERD 
pathophysiologies. Distal esophageal motility (EM) was assessed 
with the distal contractile integral (EM-DCI), a parameter quanti-
fying distal esophageal contraction. In Zhang et al.,31 EM-DCI was 
increased by 58.98% at 4 weeks post TEA. Ma et al.33 observed 
the effects of acute TEA, whereby EM-DCI was increased by 
117%. The LES pressure was increased during TEA by 41.94%,31 
45.66%30 and 49.28%33 post acute TEA, and 52.2% post chron-
ic TEA.32 Gastric motility was assessed by gastric slow waves 
(GSW), measured using surface electrogastrography. An increase 
in the percentage of normal slow waves suggests improved gastric 
motility. Zhang et al.31 reported a 21.19% increase in the percent-
age of GSW post chronic TEA. The increase in the percentage of 
GSW was significant in the TEA groups,29,31 but not the sham TEA 
groups. Dyspepsia was measured with a drink-induced dyspeptic 
total symptom score (DTSS). A significant reduction in DTSS was 
seen with TEA but not with sham TEA.29,31 These improvements 
were hypothesized to be mediated by enhanced parasympathetic 
or vagal activity assessed by the high frequency component in the 
power spectrum of the heart rate variability signal derived from 
the electrocardiogram. Three studies observed enhanced parasym-
pathetic activity in TEA relative to sham TEA and/or baseline.29,31 
Zhang et al.31 demonstrated a 56.25% increase in the high frequen-
cy component during TEA, while Liu et al.30 showed a 33.33% 
increase post-acute TEA, relative to values measured at baseline.

MA studies
In all MA studies, mechanical stimulation was delivered percu-
taneously via a sterile acupuncture needle (0.3 mm diameter and 
40 mm length) inserted at selected acupoints to a depth of 15–30 
mm while the subject was supine on a massage type table.34 The 
studies included in this review used the PC6 and ST36 acupoints, 
as described in the TEA section (Table 4).34–37 The first study used 
the L3 acupoint on the foot and CV12 and CV17 acupoints on the 
chest. The second study also used the CV12 acupoint on the chest 
and SP6 acupoint on lower leg.

MA had significant beneficial effects on GERD symptoms. The 
gastroesophageal reflux disease self-completed subject question-
naire for duration, frequency, and severity or heartburn, regur-
gitation, chest pain, and dysphagia (GERDSC)38 improved by 
74.72% immediately post acupuncture (from 18.83 ± 6.57 to 4.76 
± 7.58).34 Improvement in individual parameters were reported 
by Dickman et al.34 at 4 weeks post acupuncture compared to 
baseline. Improvements were 82.2% in daytime heartburn, 80.1% 
in night-time heartburn, 74.9% in acid regurgitation, 55.6% in 
dysphagia, and 82.4% in chest pain. At 4 weeks post MA, dif-
ferences in the heartburn (p < 0.001) and chest pain (p < 0.05) 
scores in acupuncture subjects and those who were treated with 
double-dose PPIs were significant. Trinh et al.36 observed the ef-
fects of thread-embedding acupuncture in symptom resolution 
in patients with GERD. The GERDSC score was significantly 
lower at week 2 (p < 0.01) and week 4 (p < 0.0001). Dickman 
et al.34 measured quality of life with the SF36, a self-completed 
subject questionnaire.39 The study revealed significant improve-
ments in all parameters, 20.2% in physical function, 15.2% in 
bodily pain, 20.4% in general health, 12.7% in social function, 
10.4% in role-emotion, and 2.8% in mental health. Zhang et al.35 
observed objective 24-h change in esophageal pH. The percent-
age of total time of reflux with pH < 4 was reduced significantly 
immediately after acupuncture from 16.27 ± 9.47 to 7.29 ± 8.20, 
a 55.2% reduction in esophageal pH exposure. Key GERD patho-
physiologies were assessed in only one of these studies,37 with 
significant increases in LES pressure (p < 0.05) and esophageal 
contraction (DCI, p < 0.01). However, this study demonstrated 
improvements in GERD symptoms only in the first week after 
intervention (p < 0.001). After the second week post follow-up, 
scores in GERDQ returned to baseline. This reveals an avenue 
for further research, in particular focusing on the lasting effects 
of MA in GERD symptom alleviation, as well as more studies of 
key pathophysiologies involved in GERD.

Discussion
This systematic review evaluated the efficacy, mechanisms and 
safety of three neuromodulation methods (LES-ES, TEA, MA) 
in patients with GERD symptoms. All studies demonstrated sig-
nificant beneficial effects on GERD symptoms, including the self-

Table 4.  Summary of two clinical studies evaluating the effects of MA on GERD symptoms and pathophysiology

Subjects in the MA 
and PPI arms

Daily MA duration, MA ses-
sions per week, study duration

GERD symptoms GERD pathophysiology
Reference

GERDSC SF36 pH < 4 LESP DCI

15 ST36+PC6+L3+CV12+CV17
15 PPI only

25 min, 2.5/week, 4 weeks p < 0.001 p < 0.05 N/T N/T N/T 34

30 ST36+PC6+CV12+SP6
30 PPI+mosapride

25 min, 2.5/week, 4 weeks p < 0.01 N/T p < 0.01 N/T N/T 35

32 ST36+ PC6+ CV10+ CV12+ 
CV13+ BL17+ BL18+ BL20
30 PPI only

Unknown number of sessions
Unknown time of each session
Study duration- 4 weeks total

p < 0.0001 N/T N/T N/T N/T 36

33 ST36 + PC6 + SP4
35 Sham ST6 + PC6 + SP4

Unknown number of sessions
Unknown time of each session
Study duration- 4 weeks total

(GERDQ) 
p < 0.01 in the 
first week, then 
score returned 
to baseline

N/T p > 0.05c 22.02 ± 10.03a 
25.06 ± 11.48b

p > 0.05c

1001.00a

1223.70b

p ≤ 0.01

37

abefore MA, bafter MA, clack of significance. DCI, distal contractile integral; GERDQ and GERD-HRQL, GERD questionnaires including heartburn, regurgitation, and quality of life; 
MA, mechanical acupuncture; N/T, not tested; PPI, proton pump inhibitor; SF36, short form 36-item survey for quality of life.
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completed subject questionnaire (e.g., GERDQ, GERD-HRQL, 
and GERDSC), objective 24-h measurement of esophageal pH 
(distal and proximal pH, and DeMeester score), and patient-re-
ported PPI use. In TEA studies,29–33 ST36 was the most commonly 
used acupoint. In MA studies,34,35 ST36+PC6+CV12 was the most 
common acupoint combination.

Of the GERD pathophysiologies, LES pressure was evaluated 
in a subset of LES-ES and TEA studies, but not in MA studies. 
In the LES-ES clinical trial NCT01578642,22,23 LES pressure in-
creased significantly after 3 months of therapy, but in the TEA 
studies,30,32,33 the LES pressure increase was significant predomi-
nantly in the acute setting but not in one study31 after 4 weeks of 
therapy. This suggests that direct stimulation of LES in LES-ES 
was more beneficial in improving LES pressure relative to TEA. 
TEA studies evaluated other key GERD pathophysiologies, in-
cluding EM, gastric motility, and parasympathetic activity. Most 
of these studies observed significant improvement after TEA, both 
in the short and long-term (defined as the 4-week follow-up). This 
suggests that TEA targets these underlying GERD pathophysiolo-
gies. None of the evaluated neuromodulation methods were associ-
ated with severe adverse effects. Thus, they can be considered safe 
for long-term use.

Comparing and contrasting three evaluated neuromodulation 
methods for GERD treatment, there are several advantages and 
advantages associated with each method, which are outlined in 
Table 5.

More clinical studies need to be conducted to further evaluate 
the efficacy of the above three evaluated neuromodulation meth-
ods. The current outlook based on available studies appears posi-
tive, as all three methods result in improved GERD symptoms. In 
addition, LES-ES and TEA result in improved GERD pathophysi-
ologies, while the effect of MA on GERD pathophysiologies is yet 
to be ascertained. The mechanisms targeted are in contrast with 
existing medications such as PPIs, which aim for symptom allevia-
tion without any beneficial effects on key GERD pathophysiolo-
gies.31,40

LES-ES, TEA and/or MA may be prescribed as comple-
mentary therapies to lifestyle modifications. This may lead to 
longer-lasting and more sustainable results with fewer side ef-
fects, compared with medications alone, such as prokinetics.18 
For example, deep breathing, in combination with TEA, allevi-
ates GERD symptoms21 through targeting a number of GERD 
pathophysiologies: (1) increase parasympathetic activity,41,42 
thus mediating anti-hyperalgesia effects through cholinergic an-

ti-inflammatory pathways, providing pain relief43; (2) increases 
crural diaphragm tone, thus increasing esophagogastric junction 
pressure, along with a decrease in the number and cumulative 
duration of transient LES relaxations,44,45 thus improving the 
anti-reflux barrier; (3) increases LES pressure,46 thus reducing 
gastroesophageal reflux. The use of TEA or MA can also replace 
surgical procedures for enhancing LES pressure and avoid post-
surgical complications.

The availability of neuromodulation therapies provides clini-
cians with valuable options for optimizing the treatment for each 
GERD patient. For example, if PPI efficacy is suboptimal, clini-
cians may consider TEA or MA as an adjunct treatment. If the 
disease progresses to an extent where a largely invasive surgical 
procedure, such as Fundoplication, becomes a consideration for 
enhancing the LES pressure, they may instead opt for a reversible 
and less invasive LES-ES procedure.

It is of note that this review included only papers in English. 
Thus, a study limitation is the exclusion of results available from 
papers published in languages other than English. Nonetheless, re-
sults of the most updated and current English studies have been 
included, representing one of the key strengths of this review.

Conclusions
In conclusion, whilst none of the examined neuromodulation ther-
apies targets all of the key pathophysiological mechanisms impli-
cated in GERD, there is strong evidence that LES-ES, TEA, and 
potentially MA are effective therapies for treating many of the un-
derlying GERD pathophysiologies, and are valuable options for in-
dividualized GERD treatment. As the sample sizes of the included 
studies were small, the results of this review support the conduct 
of additional, large studies to allow for a definitive conclusion on 
the efficacy of neuromodulation for GERD.

Acknowledgments
None.

Funding
Jiande Chen’s effort in the preparation of the manuscript was par-
tially supported by a grant from the National Institutes of Health 
(UG3NS115108).

Table 5.  Summary of advantages and advantages of three evaluated neuromodulation methods for GERD treatment

Neuromodula-
tion method Advantages Disadvantages

LES-ES Targets LESP, an underlying GERD pathophysiology; 
“Implant it and forget it” approach of achieving 
high patient adherence in regular therapy use.

High cost and extensive clinical resources involved 
in implantation procedure; Risks associated with 
implantation surgery; Not FDA approved.

TEA Targets three underlying GERD pathophysiologies: 
esophageal motility, gastric motility, parasympathetic 
activity; Non-invasive; Inexpensive; Can be used at home.

Requires patient to learn the locations of 
GERD-related acupoint(s), at least ST36.

MA Employs traditional Chinese medicine techniques, 
which may be favored by a subset of patients; 
Minimally-invasive; Inexpensive.

No information is available about the long-term 
effects on underlying GERD pathophysiologies; May 
not be available in some Western communities; 
Requires a visit to an acupuncturist.

EA, electroacupuncture; GERD, gastroesophageal reflux disease; FDA, USA Food and Drug Administration; LES-ES, lower esophageal sphincter electrical stimulation; MA, mechani-
cal acupuncture; TEA, transcutaneous electrical acustimulation.

https://doi.org/10.14218/JTG.2023.00042


DOI: 10.14218/JTG.2023.00042  |  Volume 1 Issue 1, September 2023 55

Woo J.Y. et al: Neuromodulation for GERD J Transl Gastroenterol

Conflict of interest
Jiande Chen has been an Executive Editor-in-Chief of the Jour-
nal of Translational Gastroenterology since January 2023. Victor 
Pikov is the Founder and CEO of Medipace Inc. The other authors 
declare no other conflict of interests.

Author contributions
Conceptualization (JYW, JC), methodology (JYW, JC), writing 
and original draft preparation (JYW), draft review and editing 
(JYW, VP, JC), data analysis (JYW), resources (JYW, VP, JC), 
supervision and funding acquisition (JC). All authors have con-
tributed significantly to the intellectual content of this review and 
agreed to the published version of the manuscript.

References
[1]	 Vandenplas Y, Hassall E. Mechanisms of gastroesophageal reflux 

and gastroesophageal reflux disease. J Pediatr Gastroenterol Nutr 
2002;35(2):119–136. doi:10.1097/00005176-200208000-00005, 
PMID:12187285.

[2]	 Vakil N, van Zanten SV, Kahrilas P, Dent J, Jones R, Global Consensus 
Group. The Montreal definition and classification of gastroesopha-
geal reflux disease: a global evidence-based consensus. Am J Gas-
troenterol 2006;101(8):1900–1920. doi:10.1111/j.1572-0241.2006. 
00630.x, PMID:16928254.

[3]	 Katzka DA, Pandolfino JE, Kahrilas PJ. Phenotypes of Gastroesophageal 
Reflux Disease: Where Rome, Lyon, and Montreal Meet. Clin Gastro-
enterol Hepatol 2020;18(4):767–776. doi:10.1016/j.cgh.2019.07.015, 
PMID:31319183.

[4]	 Fass R, Tougas G. Functional heartburn: the stimulus, the pain, 
and the brain. Gut 2002;51(6):885–892. doi:10.1136/gut.51.6.885, 
PMID:12427796.

[5]	 Shah A, Shibli F, Kitayama Y, Fass R. The Natural Course of Gastroe-
sophageal Reflux Disease: A Critical Appraisal of the Literature. 
J Clin Gastroenterol 2021;55(1):12–20. doi:10.1097/MCG.00000 
00000001419, PMID:32909972.

[6]	 El-Serag HB, Sweet S, Winchester CC, Dent J. Update on the epi-
demiology of gastro-oesophageal reflux disease: a systematic re-
view. Gut 2014;63(6):871–880. doi:10.1136/gutjnl-2012-304269, 
PMID:23853213.

[7]	 Thukkani N, Sonnenberg A. The influence of environmental risk factors 
in hospitalization for gastro-oesophageal reflux disease-related diag-
noses in the United States. Aliment Pharmacol Ther 2010;31(8):852–
861. doi:10.1111/j.1365-2036.2010.04245.x, PMID:20102354.

[8]	 Becher A, El-Serag H. Systematic review: the association between 
symptomatic response to proton pump inhibitors and health-related 
quality of life in patients with gastro-oesophageal reflux disease. 
Aliment Pharmacol Ther 2011;34(6):618–627. doi:10.1111/j.1365-
2036.2011.04774.x, PMID:21770991.

[9]	 Tandarto K, Tenggara R, Chriestya F, Steffanus M. Correlation be-
tween Quality of Life and Gastroesophageal Reflux Disease. Ma-
jalah Kedokteran Bandung 2020;52(2):81–86. doi:10.15395/mkb.
v52n2.2003.

[10]	 Everhart JE, Ruhl CE. Burden of digestive diseases in the United 
States part I: overall and upper gastrointestinal diseases. Gastroen-
terology 2009;136(2):376–386. doi:10.1053/j.gastro.2008.12.015, 
PMID:19124023.

[11]	 Mahoney LB, Rosen R. The Spectrum of Reflux Phenotypes. Gastro-
enterol Hepatol (N Y) 2019;15(12):646–654. PMID:31892911.

[12]	 Gyawali CP, Roman S, Bredenoord AJ, Fox M, Keller J, Pandolfino JE, 
et al. Classification of esophageal motor findings in gastro-esopha-
geal reflux disease: Conclusions from an international consensus 
group. Neurogastroenterol Motil 2017;29(12):e13104. doi:10.1111/
nmo.13104, PMID:28544357.

[13]	 Tack J, Pandolfino JE. Pathophysiology of Gastroesophageal Reflux 
Disease. Gastroenterology 2018;154(2):277–288. doi:10.1053/j.gas-
tro.2017.09.047, PMID:29037470.

[14]	 Lee YC, Wang HP, Lin LY, Lee BC, Chiu HM, Wu MS, et al. Heart rate var-
iability in patients with different manifestations of gastroesophageal 
reflux disease. Auton Neurosci 2004;116(1-2):39–45. doi:10.1016/j.
autneu.2004.08.007, PMID:15556836.

[15]	 Milovanovic B, Filipovic B, Mutavdzin S, Zdravkovic M, Gligorijevic 
T, Paunovic J, Arsic M. Cardiac autonomic dysfunction in patients 
with gastroesophageal reflux disease. World J Gastroenterol 2015; 
21(22):6982–6989. doi:10.3748/wjg.v21.i22.6982, PMID:26078576.

[16]	 Naik RD, Meyers MH, Vaezi MF. Treatment of Refractory Gastroesoph-
ageal Reflux Disease. Gastroenterol Hepatol (N Y) 2020;16(4):196–
205. PMID:34035721.

[17]	 Fass R, Sifrim D. Management of heartburn not responding to 
proton pump inhibitors. Gut 2009;58(2):295–309. doi:10.1136/
gut.2007.145581, PMID:19136523.

[18]	 Armstrong D, Sifrim D. New pharmacologic approaches in gastroe-
sophageal reflux disease. Thorac Surg Clin 2011;21(4):557–574. 
doi:10.1016/j.thorsurg.2011.09.005, PMID:22040637.

[19]	 Richter JE. Gastroesophageal reflux disease treatment: side effects 
and complications of fundoplication. Clin Gastroenterol Hepatol 
2013;11(5):465–471. doi:10.1016/j.cgh.2012.12.006, PMID:23267868.

[20]	 Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow 
CD, et al. The PRISMA 2020 statement: An updated guideline for re-
porting systematic reviews. Int J Surg 2021;88:105906. doi:10.1016/j.
ijsu.2021.105906, PMID:33789826.

[21]	 Yu Y, Wei R, Liu Z, Xu J, Xu C, Chen JDZ. Ameliorating Effects of Trans-
cutaneous Electrical Acustimulation Combined with Deep Breathing 
Training on Refractory Gastroesophageal Reflux Disease Mediated 
via the Autonomic Pathway. Neuromodulation 2019;22(6):751–757. 
doi:10.1111/ner.13021, PMID:31347247.

[22]	 Rodríguez L, Rodriguez P, Gómez B, Ayala JC, Oxenberg D, Perez-
Castilla A, et al. Two-year results of intermittent electrical stimula-
tion of the lower esophageal sphincter treatment of gastroesopha-
geal reflux disease. Surgery 2015;157(3):556–567. doi:10.1016/j.
surg.2014.10.012, PMID:25726315.

[23]	 Rodríguez L, Rodriguez P, Gómez B, Ayala JC, Saba J, Perez-Castilla A, 
et al. Electrical stimulation therapy of the lower esophageal sphinc-
ter is successful in treating GERD: final results of open-label prospec-
tive trial. Surg Endosc 2013;27(4):1083–1092. doi:10.1007/s00464-
012-2561-4, PMID:23073680.

[24]	 Paireder M, Kristo I, Nikolic M, Jomrich G, Steindl J, Rieder E, et 
al. Electrical stimulation therapy of the lower esophageal sphinc-
ter in GERD patients-a prospective single-center study. Eur Surg 
2021;53:29–34. doi:10.1007/s10353-020-00678-5.

[25]	 Soffer E. Endostim Implantation. In: Horgan S, Fuchs KH (eds). Man-
agement of Gastroesophageal Reflux Disease: Surgical and Therapeu-
tic Innovations. Cham: Springer; 2020:183–192. doi:10.1007/978-3-
030-48009-7_16.

[26]	 Bolier EA, Kessing BF, Smout AJ, Bredenoord AJ. Systematic review: 
questionnaires for assessment of gastroesophageal reflux disease. 
Dis Esophagus 2015;28(2):105–120. doi:10.1111/dote.12163, PMID: 
24344627.

[27]	 Huo T, Guo Y, Shenkman E, Muller K. Assessing the reliability of the 
short form 12 (SF-12) health survey in adults with mental health 
conditions: a report from the wellness incentive and navigation 
(WIN) study. Health Qual Life Outcomes 2018;16(1):34. doi:10.1186/
s12955-018-0858-2, PMID:29439718.

[28]	 Blok B, Van Kerrebroeck P, de Wachter S, Ruffion A, Van der Aa F, Per-
rouin-Verbe MA, et al. Two-year safety and efficacy outcomes for the 
treatment of overactive bladder using a long-lived rechargeable sa-
cral neuromodulation system. Neurourol Urodyn 2020;39(4):1108–
1114. doi:10.1002/nau.24317, PMID:32243625.

[29]	 Hu Y, Zhang B, Shi X, Ning B, Shi J, Zeng X, et al. Ameliorating Ef-
fects and Autonomic Mechanisms of Transcutaneous Electrical 
Acustimulation in Patients With Gastroesophageal Reflux Disease. 
Neuromodulation 2020;23(8):1207–1214. doi:10.1111/ner.13082, 
PMID:31859433.

[30]	 Liu Z, Lu D, Guo J, Liu Y, Shi Z, Xu F, et al. Elevation of Lower Es-
ophageal Sphincter Pressure With Acute Transcutaneous Electrical 
Acustimulation Synchronized With Inspiration. Neuromodulation 
2019;22(5):586–592. doi:10.1111/ner.12967, PMID:31136053.

[31]	 Zhang B, Hu Y, Shi X, Li W, Zeng X, Liu F, et al. Integrative Effects and 

https://doi.org/10.14218/JTG.2023.00042
https://doi.org/10.1097/00005176-200208000-00005
http://www.ncbi.nlm.nih.gov/pubmed/12187285
https://doi.org/10.1111/j.1572-0241.2006.00630.x
https://doi.org/10.1111/j.1572-0241.2006.00630.x
http://www.ncbi.nlm.nih.gov/pubmed/16928254
https://doi.org/10.1016/j.cgh.2019.07.015
http://www.ncbi.nlm.nih.gov/pubmed/31319183
https://doi.org/10.1136/gut.51.6.885
http://www.ncbi.nlm.nih.gov/pubmed/12427796
https://doi.org/10.1097/MCG.0000000000001419
https://doi.org/10.1097/MCG.0000000000001419
http://www.ncbi.nlm.nih.gov/pubmed/32909972
https://doi.org/10.1136/gutjnl-2012-304269
http://www.ncbi.nlm.nih.gov/pubmed/23853213
https://doi.org/10.1111/j.1365-2036.2010.04245.x
http://www.ncbi.nlm.nih.gov/pubmed/20102354
https://doi.org/10.1111/j.1365-2036.2011.04774.x
https://doi.org/10.1111/j.1365-2036.2011.04774.x
http://www.ncbi.nlm.nih.gov/pubmed/21770991
https://doi.org/10.15395/mkb.v52n2.2003
https://doi.org/10.15395/mkb.v52n2.2003
https://doi.org/10.1053/j.gastro.2008.12.015
http://www.ncbi.nlm.nih.gov/pubmed/19124023
http://www.ncbi.nlm.nih.gov/pubmed/31892911
https://doi.org/10.1111/nmo.13104
https://doi.org/10.1111/nmo.13104
http://www.ncbi.nlm.nih.gov/pubmed/28544357
https://doi.org/10.1053/j.gastro.2017.09.047
https://doi.org/10.1053/j.gastro.2017.09.047
http://www.ncbi.nlm.nih.gov/pubmed/29037470
https://doi.org/10.1016/j.autneu.2004.08.007
https://doi.org/10.1016/j.autneu.2004.08.007
http://www.ncbi.nlm.nih.gov/pubmed/15556836
https://doi.org/10.3748/wjg.v21.i22.6982
http://www.ncbi.nlm.nih.gov/pubmed/26078576
http://www.ncbi.nlm.nih.gov/pubmed/34035721
https://doi.org/10.1136/gut.2007.145581
https://doi.org/10.1136/gut.2007.145581
http://www.ncbi.nlm.nih.gov/pubmed/19136523
https://doi.org/10.1016/j.thorsurg.2011.09.005
http://www.ncbi.nlm.nih.gov/pubmed/22040637
https://doi.org/10.1016/j.cgh.2012.12.006
http://www.ncbi.nlm.nih.gov/pubmed/23267868
https://doi.org/10.1016/j.ijsu.2021.105906
https://doi.org/10.1016/j.ijsu.2021.105906
http://www.ncbi.nlm.nih.gov/pubmed/33789826
https://doi.org/10.1111/ner.13021
http://www.ncbi.nlm.nih.gov/pubmed/31347247
https://doi.org/10.1016/j.surg.2014.10.012
https://doi.org/10.1016/j.surg.2014.10.012
http://www.ncbi.nlm.nih.gov/pubmed/25726315
https://doi.org/10.1007/s00464-012-2561-4
https://doi.org/10.1007/s00464-012-2561-4
http://www.ncbi.nlm.nih.gov/pubmed/23073680
https://doi.org/10.1007/s10353-020-00678-5
https://doi.org/10.1007/978-3-030-48009-7_16
https://doi.org/10.1007/978-3-030-48009-7_16
https://doi.org/10.1111/dote.12163
http://www.ncbi.nlm.nih.gov/pubmed/24344627
https://doi.org/10.1186/s12955-018-0858-2
https://doi.org/10.1186/s12955-018-0858-2
http://www.ncbi.nlm.nih.gov/pubmed/29439718
https://doi.org/10.1002/nau.24317
http://www.ncbi.nlm.nih.gov/pubmed/32243625
https://doi.org/10.1111/ner.13082
http://www.ncbi.nlm.nih.gov/pubmed/31859433
https://doi.org/10.1111/ner.12967
http://www.ncbi.nlm.nih.gov/pubmed/31136053


DOI: 10.14218/JTG.2023.00042  |  Volume 1 Issue 1, September 202356

Woo J.Y. et al: Neuromodulation for GERDJ Transl Gastroenterol

Vagal Mechanisms of Transcutaneous Electrical Acustimulation on 
Gastroesophageal Motility in Patients with Gastroesophageal Reflux 
Disease. Am J Gastroenterol 2021;116(7):1495–1505. doi:10.14309/
ajg.0000000000001203, PMID:34183577.

[32]	 Meng LN, Chen S, Chen JD, Jin HF, Lu B. Effects of Transcutaneous 
Electrical Acustimulation on Refractory Gastroesophageal Reflux 
Disease. Evid Based Complement Alternat Med 2016;2016:8246171. 
doi:10.1155/2016/8246171, PMID:27648103.

[33]	 Ma Y, Cai R, Liu Z, Zou X, Qiao Z. Clinical efficacy and mechanism 
of transcutaneous neuromodulation on ineffective esophageal 
motility in patients with gastroesophageal reflux disease. Neuro-
gastroenterol Motil 2023;35(3):e14464. doi:10.1111/nmo.14464, 
PMID:36256502.

[34]	 Dickman R, Schiff E, Holland A, Wright C, Sarela SR, Han B, et al. Clini-
cal trial: acupuncture vs. doubling the proton pump inhibitor dose 
in refractory heartburn. Aliment Pharmacol Ther 2007;26(10):1333–
1344. doi:10.1111/j.1365-2036.2007.03520.x, PMID:17875198.

[35]	 Zhang CX, Qin YM, Guo BR. Clinical study on the treatment of gastroe-
sophageal reflux by acupuncture. Chin J Integr Med 2010;16(4):298–
303. doi:10.1007/s11655-010-0516-y, PMID:20697939.

[36]	 Trinh DT, Tran AH, Bui MP, Vuong NL. Thread-embedding acupuncture 
may improve symptom resolution in patients with gastroesopha-
geal reflux disease: A randomized controlled trial. Integr Med Res 
2023;12(3):100971. doi:10.1016/j.imr.2023.100971, PMID:37637187.

[37]	 Yuming T, Yuping Z, Yihan L, Ying Z, Jia H, Hanbing S, et al. Acupuncture 
Improved the Function of the Lower Esophageal Sphincter and Esoph-
ageal Motility in Chinese Patients with Refractory Gastroesophageal 
Reflux Disease Symptoms: A Randomized Trial. Gastroenterol Res Pract 
2023;2023:4645715. doi:10.1155/2023/4645715, PMID:37274947.

[38]	 Fass R, Fennerty MB, Ofman JJ, Gralnek IM, Johnson C, Camargo E, et al. 
The clinical and economic value of a short course of omeprazole in pa-
tients with noncardiac chest pain. Gastroenterology 1998;115(1):42–
49. doi:10.1016/s0016-5085(98)70363-4, PMID:9649457.

[39]	 Cossutta R, Zeni S, Soldi A, Colombelli P, Belotti Masserini A, Fantini F. 
Evaluation of quality of life in patients with systemic sclerosis by ad-
ministering the SF-36 questionnaire. Reumatismo 2002;54(2):122–
127. doi:10.4081/reumatismo.2002.122, PMID:12105680.

[40]	 Sharma P, Yadlapati R. Pathophysiology and treatment options for 
gastroesophageal reflux disease: looking beyond acid. Ann N Y Acad 
Sci 2021;1486(1):3–14. doi:10.1111/nyas.14501, PMID:33015827.

[41]	 Vosseler A, Zhao D, Hummel J, Gholamrezaei A, Hudak S, Kan-
tartzis K, et al. Slow deep breathing modulates cardiac vagal activ-
ity but does not affect peripheral glucose metabolism in healthy 
men. Sci Rep 2021;11(1):20306. doi:10.1038/s41598-021-99183-2, 
PMID:34645853.

[42]	 Magnon V, Dutheil F, Vallet GT. Benefits from one session of deep 
and slow breathing on vagal tone and anxiety in young and older 
adults. Sci Rep 2021;11(1):19267. doi:10.1038/s41598-021-98736-9, 
PMID:34588511.

[43]	 Botha C, Farmer AD, Nilsson M, Brock C, Gavrila AD, Drewes AM, et 
al. Preliminary report: modulation of parasympathetic nervous system 
tone influences oesophageal pain hypersensitivity. Gut 2015;64(4):611–
617. doi:10.1136/gutjnl-2013-306698, PMID:24870622.

[44]	 Sun X, Shang W, Wang Z, Liu X, Fang X, Ke M. Short-term and long-
term effect of diaphragm biofeedback training in gastroesophageal 
reflux disease: an open-label, pilot, randomized trial. Dis Esophagus 
2016;29(7):829–836. doi:10.1111/dote.12390, PMID:26227494.

[45]	 Nobre e Souza MÂ, Lima MJ, Martins GB, Nobre RA, Souza MH, 
de Oliveira RB, et al. Inspiratory muscle training improves antire-
flux barrier in GERD patients. Am J Physiol Gastrointest Liver 
Physiol 2013;305(11):G862–G867. doi:10.1152/ajpgi.00054.2013, 
PMID:24113771.

[46]	 Carvalho de Miranda Chaves R, Suesada M, Polisel F, de Sá CC, Navarro-
Rodriguez T. Respiratory physiotherapy can increase lower esophageal 
sphincter pressure in GERD patients. Respir Med 2012;106(12):1794–
1799. doi:10.1016/j.rmed.2012.08.023, PMID:23026445.

https://doi.org/10.14218/JTG.2023.00042
https://doi.org/10.14309/ajg.0000000000001203
https://doi.org/10.14309/ajg.0000000000001203
http://www.ncbi.nlm.nih.gov/pubmed/34183577
https://doi.org/10.1155/2016/8246171
http://www.ncbi.nlm.nih.gov/pubmed/27648103
https://doi.org/10.1111/nmo.14464
http://www.ncbi.nlm.nih.gov/pubmed/36256502
https://doi.org/10.1111/j.1365-2036.2007.03520.x
http://www.ncbi.nlm.nih.gov/pubmed/17875198
https://doi.org/10.1007/s11655-010-0516-y
http://www.ncbi.nlm.nih.gov/pubmed/20697939
https://doi.org/10.1016/j.imr.2023.100971
http://www.ncbi.nlm.nih.gov/pubmed/37637187
https://doi.org/10.1155/2023/4645715
http://www.ncbi.nlm.nih.gov/pubmed/37274947
https://doi.org/10.1016/s0016-5085(98)70363-4
http://www.ncbi.nlm.nih.gov/pubmed/9649457
https://doi.org/10.4081/reumatismo.2002.122
http://www.ncbi.nlm.nih.gov/pubmed/12105680
https://doi.org/10.1111/nyas.14501
http://www.ncbi.nlm.nih.gov/pubmed/33015827
https://doi.org/10.1038/s41598-021-99183-2
http://www.ncbi.nlm.nih.gov/pubmed/34645853
https://doi.org/10.1038/s41598-021-98736-9
http://www.ncbi.nlm.nih.gov/pubmed/34588511
https://doi.org/10.1136/gutjnl-2013-306698
http://www.ncbi.nlm.nih.gov/pubmed/24870622
https://doi.org/10.1111/dote.12390
http://www.ncbi.nlm.nih.gov/pubmed/26227494
https://doi.org/10.1152/ajpgi.00054.2013
http://www.ncbi.nlm.nih.gov/pubmed/24113771
https://doi.org/10.1016/j.rmed.2012.08.023
http://www.ncbi.nlm.nih.gov/pubmed/23026445

	﻿﻿Abstract﻿

	﻿﻿﻿﻿Introduction﻿

	﻿﻿﻿Materials and methods﻿

	﻿﻿Data sources and searches﻿

	﻿﻿﻿﻿Data collection and evaluation﻿

	﻿﻿﻿Study selection﻿


	﻿﻿﻿﻿Results﻿

	﻿﻿Search outcomes﻿

	﻿﻿﻿﻿LES-ES studies﻿

	﻿﻿﻿TEA studies﻿

	﻿﻿﻿MA studies﻿


	﻿﻿﻿﻿Discussion﻿

	﻿﻿﻿Conclusions﻿

	﻿﻿﻿﻿﻿Acknowledgments﻿

	﻿﻿﻿Funding﻿

	﻿﻿﻿Conflict of interest﻿

	﻿﻿﻿Author contributions﻿

	﻿﻿﻿References﻿


