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Introduction: Neuromodulation, including cavernous nerve stimulation, gastric electrical stimulation, deep brain stimulation, and

vagus nerve stimulation, has been used with success in treating several functional disease conditions. The FDA has approved the

use of neuromodulation for a few indications. We discuss in our review article the evidence of using neuromodulation for treating

some important disorders involving the autonomic nervous system that are not currently FDA approved.

Methods: This was a review article that included a systematic online web search for human clinical studies testing the efficacy of

neuromodulation in treating erectile dysfunction, gastroparesis, gastroesophageal reflux disease, obesity, asthma, and heart fail-

ure. Our review includes all feasibility studies, nonrandomized clinical trials, and randomized controlled trials.

Results: Our systematic literature search found 3, 4, 5, 4, 1, and 4 clinical studies relating to erectile dysfunction, gastroparesis,

gastroesophageal reflux disease, obesity, asthma, and heart failure, respectively.

Conclusion: This review article shows preliminary support based on clinical studies that neuromodulation can be of benefit for

patients with important autonomic nervous system disease conditions that are not currently approved by the FDA. All of these

investigational uses are encouraging; further studies are necessary and warranted for all indications discussed in this review before

achieving FDA approval.
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GERD, heart failure, neuromodulation, obesity

Conflict of Interest: Dr. Abd-Elsayed is a medical advisor for Ultimaxx Health and Innocol. Dr. Lee has no conflicts of interest to dis-

close.

INTRODUCTION

Since 1967, neuromodulation has been used to successfully treat
many chronic pain conditions and has thus far received FDA
approval for use in the treatment of chronic pain of the trunk and
limbs, complex regional pain syndrome, and intractable low back
pain, leg pain, and pain from failed back surgery syndrome (1). Neu-
romodulation has also been increasingly used in the treatment of
painful conditions such as angina pectoris, peripheral vascular dis-
ease, migraine headaches and neuropathic pain (2). In this review
article, we discuss emerging therapeutic uses of neuromodulation
for disorders involving the autonomic nervous system that are not
currently FDA approved. These conditions include erectile dysfunc-
tion, gastroparesis, gastroesophageal reflux disease, obesity, asthma,
and heart failure.

METHODS

In this review article, we performed a systematic web search for
human clinical studies testing the efficacy of neuromodulation in
treating erectile dysfunction, gastroparesis, gastroesophageal reflux
disease, obesity, asthma, and heart failure. Our review includes all

feasibility studies, nonrandomized clinical trials, and randomized
controlled trials.

Erectile Dysfunction After Pelvic Surgery
A systematic literature search was performed in the PubMed and

Cochrane Library databases with the search terms “spinal cord stim-
ulation” and “erectile dysfunction,” “neuroprotection,” “nerve regen-
eration,” or “cavernous nerves.” The same individual completed the
two searches, using the exact same search terms in both databases.
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Gastroparesis
A systematic literature search was performed in the PubMed

and Cochrane Library databases with the search terms “Spinal
Cord Stimulation” and “gastroparesis,” “gastric electrostimulation,”
“neuromodulation,” “GES,” “vomiting,” and “Enterra.” Reference
lists of studies retrieved via this method were also used to locate
other relevant studies. The same individual completed the two
searches, using the exact same search terms in both databases.

Gastroesophageal Reflux Disease
A systematic literature search was performed in the PubMed and

Cochrane Library databases with the search terms “Spinal Cord Stim-
ulation” and “gastroesophageal reflux disease,” “GERD,” “electrical
stimulation,” and “neuromodulation.” The same individual com-
pleted the two searches, using the exact same search terms in both
databases.

Obesity
A systematic literature search was performed in the PubMed and

Cochrane Library databases with the search terms “neuromodulation”
and “obesity,” “stimulation,” “DBS,” “deep brain stimulation,” and
“FDA approval.” Reference lists of studies retrieved via these searches
were also used to locate other relevant studies. The same individual
completed the two searches, using the exact same search terms in
both databases.

Asthma
A systematic literature search was performed in the PubMed and

Cochrane Library databases with the search terms “neuromodulation”
and “asthma,” “vagal nerve stimulation,” “VNS,” “stimulation,” and
“FDA approval.” The same individual completed the two searches,
using the exact same search terms in both databases.

Heart Failure
A systematic literature search was performed in the PubMed

and Cochrane Library databases with the search terms
“neuromodulation” and “heart failure,” “vagal nerve stimulation,”
“VNS,” and “stimulation.” Reference lists of studies retrieved via
these searches were also used to locate other relevant studies.
The same individual completed the two searches, using the exact
same search terms in both databases.

RESULTS

Our search for studies relating to neuromodulation and erectile
dysfunction returned two feasibility studies and one clinically con-
trolled trial, further detailed in Table 1. Of these studies in conglom-
erate, 18/49 (37%) of patients regained at least a measureable
increase in erections after prostatectomy. These preliminary studies
suggested that it is efficacious to treat erectile dysfunction with
neuromodulation.

Twenty-one studies concerning neuromodulation and gastropare-
sis were identified, with 19 excluded because they were case studies
or reviews. Our search returned two clinically controlled trials, fur-
ther detailed in Table 2. These studies showed that gastric electrical
stimulation could significantly improve diabetic gastroparesis, as
measured by total symptom scores and gastric retention. Results of
idiopathic gastroparesis and postsurgical gastroparesis treated with
gastric electrical stimulation did not reach significance.

As outlined in Table 3, our search for studies relating to electrical
stimulation and GERD returned two feasibility studies and three clin-

ical trials, outlined in Table 3. These studies showed the potential of

using neuromodulation in the treatment of GERD; a significant

increase in lower esophageal sphincter pressure and a significant

decrease in acid reflux were noted after treatment with an implant-

able electrical stimulation device.
Our search for studies relating to electrostimulation and obesity

returned four ongoing clinical trials, outlined in Table 4. The clinical

studies that have thus far been completed showed that this indica-

tion for neuromodulation is feasible. We also explained the scientific

foundation and justification for further studies to evaluate the effi-

cacy of neuromodulation to treat obesity.
Another investigational use of neuromodulation includes its role

in the treatment of asthma. Our search for studies relating to vagal

nerve stimulation and asthma returned one feasibility study, as

described in Table 5. This study shows that it is feasible to use vagal

nerve stimulation as a treatment option for asthma. Our review also

includes a brief explanation of the basis for such studies and the

ongoing need for further evaluation of this potential indication for

neuromodulation.
Our search for studies relating to neuromodulation and heart fail-

ure returned four clinical trials that fit our parameters, further

detailed in Table 6. These studies showed that vagal nerve stimula-

tion is feasible and may potentially provide significant improvement

in the treatment of heart failure.

DISCUSSION
Erectile Dysfunction

Erectile dysfunction is a common complication of radical prosta-

tectomy and various other pelvic surgeries. Despite being a well-

recognized adverse consequence of pelvic surgery, erectile

dysfunction is ineffectively avoided. It is generally understood to

be caused by penile vascular impairment secondary to neuro-

pathic effects of cavernous nerve injury (7). Several clinical treat-

ments, including electrical stimulation, have been proposed as

providing neuromodulatory therapeutic effects; electrical stimula-

tion of the cavernous nerves has been shown to elicit penile erec-

tion. Lue et al. (8) found that intraoperative electrical stimulation

of the cavernous nerves is a feasible method of inducing penile

erection; intraoperative electrical stimulation produced erectile

responses in 8 out of 16 (50%) men undergoing retropubic radical

prostatectomy and in 5 out of 6 (83%) patients undergoing penile

surgery for venous leakage. A small clinical trial (9) then reported

that such treatment could promote spontaneous erectile function

recovery after surgery; this study reported that electrostimulation

of the corpus cavernosum led to improved spontaneous erectile

function in 4 (19%) and responsiveness to vasoactive drugs in 3

out of 21 (14%) patients with chronic erectile dysfunction nonres-

ponsive to vasoactive therapy. Burnett et al. (10) further studied

this technique to determine the feasibility of cavernous nerve

electrical stimulation via a chronic implantation device. The

authors note that this method leveraged cavernous nerve electri-

cal stimulation beyond its intraoperative purpose to assist in cav-

ernous nerve localization when performing “nerve-sparing”

prostatectomy. In this study, the cavernous nerve was stimulated

intraoperatively to assess proper placement of the leads, which

were then connected temporarily to an external stimulator device.

Among the 12 men enrolled in this study, 6 (50%) demonstrated

measurable increases in penile circumference in response to

implantable device-induced cavernous nerve stimulation (20 Hz

frequency, 260 lsec pulse width, 5 mA–60 mA amplitude),
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showing that it is feasible to treat erectile dysfunction secondary

to radical prostatectomy with a chronic implantable cavernous

nerve stimulation system. A pilot clinical trial is currently under-

way (to be completed in 2016) to evaluate the safety and tolerabil-

ity of chronic cavernous nerve stimulation post-radical

prostatectomy and to explore the potential efficacy of the stimula-

tion on the return of post-operative erectile function. Research in

the field of penile neurogenesis continues to advance, particularly

in the context of improved erectile function outcomes post-radical

prostatectomy. Great interest exists in furthering the investigation

of electrostimulation as a therapeutic option; the continuation of

investigation at the preclinical and clinical levels offer promise of

this therapy becoming clinically useful for pelvic surgery and

potentially other erectile dysfunction disease states as well.

Gastrointestinal Dysmotility
Gastrointestinal motility is regulated by rhythmic myoelectrical

activity. Various disorders, including gastroparesis and gastroesopha-

geal reflux disease, can occur when there is impairment in this

myoelectrical activity. These disorders are not currently FDA-

approved indications for using neuromodulation.

Gastroparesis
Myoelectrical activity is composed of slow waves and spikes. The

gastric slow wave, a rhythmic myoelectrical event that controls the

frequency and propagation of peristalsis, originates in the proximal

one-third of the stomach and propagates toward the pylorus with

increasing amplitude and frequency. A lumen-occluded (as in the

postprandial state) contraction occurs when the slow wave is super-

imposed with spikes. Every slow wave is superimposed with spikes in

the postprandial state; without a spike, the slow wave does not pro-

duce a gastric contraction (11). Gastroparesis is defined as delayed

gastric emptying of solids in the absence of mechanical obstruction

(12). Different methods of gastric electrical stimulation, typically com-

prised of a pair of leads implanted in the muscularis propria along

the greater curvature of the stomach connected to a subcutaneously

implanted or externally placed generator, have been studied for the

treatment of gastric motility disorders. The Enterra Therapy method

uses a high-frequency-short pulse (EnterraVR Therapy, Medtronic, Min-

neapolis, MN, USA) (13,14). This device has been approved by the

FDA for treatment of nausea and vomiting in patients with gastropa-

resis. Although it was approved based on studies showing that

improvement in nausea and vomiting with use of Enterra Therapy

was due to central and vagal mechanisms (15), other studies have

suggested that this therapeutic effect may involve gastric motility

and gastric emptying. Our analysis of these studies demonstrates

that high-frequency gastric electrical stimulation may provide signifi-

cant benefits in the treatment of refractory gastroparesis. High

frequency-short pulse stimulation consists of a narrow pulse width

on the order of a few hundred microseconds (�300 lsec), with a

stimulation frequency (�14 Hz) a few times higher than the 3 cycles

per minute physiological frequency of the gastric slow wave. Our

review finds that while high-frequency gastric electrical stimulation

has consistently shown significant benefits, there is no consensus

regarding the mechanism of action by which it treats gastroparesis.

A decrease in nausea and vomiting, an improvement in gastric emp-

tying, and a decrease in the requirement for nutritional support are

the most frequent benefits to appear in our review. Of the many

studies we reviewed, four were clinically controlled trials. These stud-

ies have shown promising results with the use of high-frequency gas-

tric electrical stimulation in the treatment of refractory gastroparesis,
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but additional high quality studies are needed for further evaluation

of this treatment option.
Other methods of gastric stimulation show potential for treating

gastroparesis as well. Low frequency-long pulse gastric electrical

stimulation is commonly called “gastric pacing,” which is designed

to increase gastric motility by affecting gastric contractions, slow

waves and gastric emptying (16–18). Gastric pacing typically

includes a wide pulse width on the order of milliseconds (10–

600 msec) with a stimulation frequency similar to the physiological

frequency of the gastric slow wave. This approach to gastric electri-

cal stimulation has been shown to improve gastric emptying in dia-

betic mice (17) and to improve gastric dysrhythmias in dogs (19,20),

but clinical findings have thus far been limited because of a lack of

commercially available devices using low frequency-long pulse stim-

ulation. Our review of high-frequency gastric electrical stimulation

shows that increased gastric motility is associated with improved

gastroparesis; gastric pacing methods have a strong prokinetic effect

on gastric motility and there are thusly strong grounds for further

development and evaluation of low frequency-long pulse gastric

electrical stimulation in the treatment of gastroparesis.

Gastroesophageal Reflux Disease
The esophagus serves as a passage for ingesting food and water. It

consists of a hollow muscular tube that is closed proximally and dis-

tally by muscular sphincters (21). The outer muscular coat of the

esophagus, called the muscularis propria, consists of an inner layer of

circularly oriented muscle fibers and an outer layer of longitudinally

oriented fibers. The inner mucosal layer consists of squamous epithe-

lium and an underlying connective tissue that contains a longitudi-

nally oriented muscle layer called the muscularis mucosa. In between

these two muscle layers is the myenteric plexus, which controls the

motor function of both of these muscles. The primary function of the

esophagus is to propel, via peristaltic contraction of circular muscle

in the esophageal body, swallowed food or water into the stomach;

these peristaltic contractions work in conjunction with relaxation of

the upper and lower esophageal sphincters to allow proper passage

of the swallowed contents (22–25). The lower esophageal sphincter

functions as a barrier that prevents gastric contents from re-entering

the esophagus; GERD may occur when the lower esophageal sphinc-

ter is loose, leading to the typical “heartburn” symptoms.
The most effective and commonly used treatment of GERD is with

proton pump inhibitors to inhibit gastric acid secretion. This method

of therapy does not prevent reflux, however. Therapeutic options

such as surgically, mechanically or magnetically thickening or tighten-

ing the lower esophageal sphincter are also effective in treating GERD,

although these methods are complicated by side effects such as dys-

phagia, gas-bloating, and inability to belch due to impaired relaxation

of the lower esophageal sphincter during swallowing (26–28). The first

studies analyzing the potential of electrical stimulation in the treat-

ment of GERD were performed in canine models; these studies

showed that electrical stimulation of the lower esophageal sphincter

led to prolonged contraction of the sphincter complex to prevent

GERD (29–31) In the first study of electrical stimulation for treatment

of GERD in humans, Rodriguez et al. (32) found that electrical stimula-

tion with both high and low frequency caused an increase in lower

esophageal sphincter pressure without affecting sphincter relaxation

or residual pressure during swallowing. It was determined that high

frequency stimulation was the better option because it requires less

energy and thus increases battery life. Banerjee et al. (33) were able to

replicate these results with electrical stimulation via temporary stimu-

lation leads implanted during endoscopy. To deliver this stimulation, a
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conventional laparoscopic approach is used to implant electrodes in

the muscular layer at the anterior aspect of the lower esophageal

sphincter. The lead is then advanced through the abdominal wall and

secured to a generator that is secured subcutaneously (34).
Thus far, two open-label clinical studies have investigated the effi-

cacy and safety of electrical stimulation therapy of the lower esopha-

geal sphincter using EndoStim LES stimulation. In the first open-

label, single center trial, Rodriguez et al. (34) showed significant

improvement of symptom scores (GERD-HRQL (35)) soon after acti-

vation of the device as well as at six-month follow-up. This study, ini-

tially designed with a six-month follow-up period, was extended to

allow for two-year and three-year long-term data. Twenty-three of

the initial 25 patients completed the two-year extension trial. The

median GERD-HRQL symptom score remained significantly lower

compared to baseline. Additionally, median acid exposure time

decreased even further to 3.3% from baseline (P< 0.001) and 64%

(14/22) of patients showed normal distal esophageal acid exposure

time (pH< 4.0 during <4% of time). Currently, 21 patients have

completed 24 month follow-up and these promising results of

esophageal stimulation therapy have persisted; 71% of the patients

have shown either a normalized or >50% reduction in acid exposure

time (36,37). The three-year results were recently published electron-

ically ahead of print in October 2015 (38). In this further extension

trial, 15 patients completed the study and significant improvement

in their median GERD-HRQL scores prevailed. Median 24-hour distal

esophageal acid exposure was significantly reduced (10.3% at base-

line vs. 3%, P< 0.001) and 73% (11/15) of patients had normalized

their distal esophageal acid exposure at this point. The remaining

four patients had improved acid exposure by 39–48% from baseline.

This extension trial has shown promising results of electrical stimula-

tion for the treatment of GERD; this therapy has been safe and effec-

tive over long-term, three-year duration.
Two open-label multicenter studies evaluating the use of electri-

cal stimulation for the treat of GERD are ongoing. Siersema et al. (39)

have published interim results showing a positive effect on symp-

toms: GERD-HRQL median score has improved from a baseline of 31

to 4 at three-months and 5 at six-months, respectively with

P< 0.001 and P< 0.01. Acid exposure time has decreased from

11.3% at baseline to 3.3% at three months and 2.6% at six months.

Meanwhile, Kappelle et al. (40) have reported interim results show-

ing improved GERD-HRQL scores from 31 at baseline to 16.5 at three

month and 5 at six-month follow-up, and improved esophageal acid

exposure from 10.0% at baseline to 3.8% at three months. Both of

the interim results from these ongoing studies are thus far showing

good short-term efficacy of treating GERD with acceptable safety

records; long-term data of these studies is awaited.
Our review found that the current data analyzing the potential of

esophageal stimulation therapy in the treatment of GERD is promis-

ing. The three open-label studies have shown that this therapeutic

option is a safe technique and offers significant improvement in

both subjective and objective outcomes. However, further studies

are needed as no randomized controlled trials have been completed

to fully assess this therapy. Additionally, all patients in these studies

have used the same settings on their stimulation devices. Future tri-

als are needed to assess whether customized settings will further

improve the efficacy of esophageal stimulation therapy for the treat-

ment of GERD.

Obesity
Obesity is now the third leading cause of preventable death in

the United States. More than two-thirds of adults in the United

States are overweight and over one-third are obese, accounting

for over 200,000 deaths annually and nearly 100 billion dollars in

health care costs (41–44). Conservative measures to treat obesity

are associated with high rates of relapse, so surgical treatment

options have been increasingly used, particularly as improve-

ments in bariatric surgery have led to significant weight loss in

>90% of patients (45–47). As knowledge of the neuroanatomic

and neuropsychiatric factors in the pathophysiology of obesity

continue to increase, neuromodulation as a therapeutic option

continues to increase as well. It is well established that the hypo-

thalamus is involved in the neurophysiology of obesity (48,49),

and more recently, the brain’s reward circuitry has been found to

be involved in the pathologic food-seeking behavior typically

seen in obese individuals (50,51). The nucleus accumbens is

therefore a promising target for neuromodulation (52). Neuro-

modulation of the brain can be accomplished with deep brain

stimulation (DBS), a neurosurgical procedure that involves

implantation of a neurostimulator to send electrical impulses via

implanted electrodes to specific areas of the brain. DBS is a safe,

well-established and effective therapy for several disorders; cur-

rently, the FDA has approved the use of DBS in the treatment of

essential tremor, Parkinson’s disease, dystonia, and treatment-

resistant obsessive-compulsive disorder (53,54).
In the first study (55) to investigate the safety and efficacy of DBS

for treatment-refractory obesity in a human clinical trial, patients

who were at least 24 months post Roux-en-Y gastric bypass surgery

without evidence of sustained improvement in BMI after the surgery

for at least six months were enrolled to undergo DBS, implanted

with stimulation to an unspecified target. The study, which started

in 2012, is currently ongoing. In another clinical trial, Whiting et al.

(56) have reported preliminary data about DBS of the lateral hypo-

thalamic area for intractable obesity. In this small study, the authors

have so far reported that “no serious adverse effects were noted in

addition to promising weight loss trends.” This study is scheduled to

be completed in December 2015. Three other clinical trials (57–59)

are ongoing, as summarized in Table 4, and have yet to report data.

Data from animal research (60–63), functional imaging studies in

humans (64–66), and early results from human pilot studies have

demonstrated the potential of DBS in the treatment of obesity. As

these clinical trials continue, randomized controlled trials will be

necessary to further evaluate the efficacy and safety of DBS in the

treatment of obesity in humans.

Vagus Nerve Stimulation
Vagus nerve stimulation (VNS) is currently FDA approved for the

treatment of refractory epilepsy and depression. The vagus nerve

contains myelinated A and B fibers in addition to unmyelinated C

fibers. VNS primarily engages afferent A fibers, and while the exact

anticonvulsant and antidepressant mechanisms of VNS are

unknown, potential mechanisms include changes in neurotrans-

mitters and neuronal metabolism, an increase in Fos expression, and

a desynchronizing effect. Additionally, VNS may provide its thera-

peutic effects both via its localized electrochemical action and by

inducing long-term neuromodulatory effects (67,68). VNS is currently

being investigated for its use in functional disease conditions such

as asthma and heart failure.

Asthma
Maintenance of airway caliber and control of airway smooth mus-

cle tone is done via two primary mechanisms: neural networks and

mediators of inflammation. The parasympathetic nervous system
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mediates muscle contraction through the action of Ach on postgan-

glionic cholinergic nerves, while non-adrenergic non-cholinergic

nerves mediate muscle relaxation through NO or VIP (69). Muscarinic

(M3) receptors on smooth muscle are pro-inflammatory and play an

important role in airway constriction and glandular secretion. Epithe-

lial cells, mast cells, invading leukocytes, and airway smooth muscle

cells release inflammatory mediators that also activate the parasym-

pathetic drive (70). Asthma is a “common chronic disorder of the air-

ways that is complex and characterized by variable and recurring

symptoms, airflow obstruction, bronchial hyperresponsiveness, and

an underlying inflammation (71).” Currently, the mainstay of asthma

treatment is inhaled corticosteroid with short-acting b2 agonist (e.g.,

albuterol) and anticholinergic medications for acute exacerbation

(72). VNS has been found to have a bronchodilatory effect. Hoff-

mann et al. (73) in a mechanistic study on animal subjects, reported

that high voltage stimulation induces bronchoconstriction, hypoten-

sion, and bradycardia, whereas low voltage stimulation attenuates

Ach- or histamine-induced bronchoconstriction. The authors explain

that this is likely to occur through an underlying adrenergic

mechanism.
These results have led to the investigation of VNS for acute man-

agement of clinical asthma exacerbation. In a case series, Steyn et al.

(74) reported that three out of four patients who received noninva-

sive VNS for acute asthma exacerbation were considered treatment

successes, as determined by improvement in FEV1, VAS dyspnea

scoring, and the absence of device-related adverse events. In a pro-

spective, nonrandomized feasibility study of 25 patients with acute

asthma exacerbation that was nonresponsive to at least one hour of

initial standard care therapy, Miner et al. (75) reported that percuta-

neous VNS led to rapid recovery of FEV1 within 15 minutes, with pro-

gressive improvement during and 60 minutes beyond the

stimulation. In this study, physicians experienced with the place-

ment of central venous access lines placed the investigational

device. An electrode was placed percutaneously near the right

carotid sheath and then removed after stimulation. Further results

are outlined in Table 5. Our review finds that current studies have

demonstrated the acute bronchodilatory effects of CNS in the treat-

ment of asthma. Continued studies need to be completed to better

pinpoint the mechanism of action and to further evaluate the short-

term and long-term efficacies of this use of neuromodulation.

Heart Failure
Another investigative use of VNS is for the treatment of heart fail-

ure. Right cervical VNS has received clearance in Europe but is not

yet FDA approved in the United States. VNS for the treatment of

heart failure was first experimented in human patients in a small

single-center feasibility study (76). DeFerrari et al. (77) then followed

this first stage with a multicenter international extension, increasing

the number of patients studied to a total of 32. In this study,

patients (mean age 56 1/2 11 years, LVEF 23 1/2 8%) were

implanted with a nerve stimulation electrode on the right cervical

vagus nerve connected to a Cardiofit stimulator. The authors report

that 26 serious adverse events occurred in 13 patients, including

three deaths. Of these adverse events, two were clearly device-

related while the others were considered expected based on the

severity of the underlying disease. Additionally, they reported signifi-

cant improvements (P< 0.001) in NYHA quality of life, six-minute

walk test (from 411 6 76 to 471 6 111 m), LV ejection fraction (from

22 6 7% to 29 6 8) and LV systolic volumes (P 5 0.02).
Following this pilot study, further clinical investigations have since

proceeded, with three randomized controlled clinical trials evaluat-

ing VNS in patients with heart failure. The INOVATE-HF study (78)

began enrollment in April 2011 and will evaluate the use of vagal

nerve stimulation in 650 patients with NYHA class III HF. The primary

endpoints will be all-cause mortality or unplanned heart failure hos-

pitalization. This study is scheduled for completion by 2017.
In the NECTAR-HF study (79), published in 2015, the authors

reported that vagal nerve stimulation failed to demonstrate a signifi-

cant effect on primary and secondary endpoint measures of cardiac

remodeling and functional capacity in 96 NYHA class II–III patients.

They note, however, that quality of life measures showed significant

improvement (Minnesota Living with Heart Failure Questionnaire,

P 5 0.049; NYHA class, P 5 0.032; SF-36 Physical Component,

P 5 0.016).
In another recently completed study, the INOVATE-HF study (80)

enrolled and randomized 60 NYHA class II–III patients to either left

or right cervical vagal stimulation. The authors of this randomized

controlled phase I–II clinical trial report, “Chronic open-loop ART via

left- or right-side VNS is feasible and well tolerated in HFrEF

patients.”
Our review finds that while some studies have shown that VNS

for the treatment of heart failure appears to provide both subjective

and objective improvement, other studies have not shown a signifi-

cant benefit. Overall, the investigation of this new use of neuromo-

dulation is encouraging and further studies are warranted.

CONCLUSION

This review article shows preliminary support based on clinical

studies that neuromodulation can benefit patients with important

disorders of the autonomic nervous system—especially erectile dys-

function, gastroesophageal reflux disease, and obesity—that are not

currently approved by the FDA. We have also reviewed the literature

for clinical studies evaluating neuromodulation for other potential

indications, such as gastroparesis, asthma, and heart failure. For all

indications discussed in this article, further randomized controlled

clinical trials will be necessary to achieve sufficient evidence for FDA

approval before these uses of neuromodulation can be recom-

mended for clinical practice.
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The authors provide a summary of a number of non-FDA approved
indications for neuromodulation including gastric disorders, sexual dys-
function, asthma and heart failure. Many of these ‘indications’ do not
have class 1 evidential support but the authors present the preliminary
work in these fields. This paper reflects the increasing interest in neuro-
modulation for ’autonomic’ disorders and shares many of the early
results. It is clear that this field is expanding and as the authors make
clear, it is likely to expand much further in the near future.
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Since 2011 the big pharma have disinvested in the development of
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disorders. This manuscript fits in this tendency to provide preliminary
support that neuromodulation could potentially be used for the treat-
ment of some autonomic nervous system disorders. However, the pro-
vided literature overview should not be considered as evidence but
rather as support that further investigation in neuromodulatory
approaches for these disorders is worthwhile and needed, as many of
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agement. Furthermore there is no a priori reason why this approach
could not be extended to any and every nervous system related disor-
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essential if neuromodulation is to become an integrated part of routine
medicine.
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