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Abstract  
The gastrointestinal tract has extensive, surgically accessible nerve connections with the central 

nervous system.  This set-up provides the opportunity to exploit rapidly advancing methods of 

nerve stimulation to treat gastrointestinal disorders. Bioelectric neuromodulation technology has 

considerably advanced in the past decade, but sacral nerve stimulation for faecal incontinence 

currently remains the only neuromodulation protocol in general use for a gastrointestinal disorder.  

Treatment of other conditions, such as IBD, obesity, nausea and gastroparesis, has had variable 

success.  That nerves modulate inflammation in the intestine is well established, but the anti-

inflammatory effects of vagal nerve stimulation have only recently been discovered, and positive 

effects of this approach were seen in only some patients with Crohn’s disease in a single human 

trial. Pulses of high-frequency current applied to the vagus nerve have been used to block signalling 

from the stomach to the brain to reduce appetite with variable outcomes.  Bioelectric 

neuromodulation has also been investigated for postoperative ileus, gastroparesis symptoms, and 

constipation in animal models and some clinical trials.  The clinical success of this bioelectric 

neuromodulation therapy might be enhanced through better knowledge of the targeted nerve 

pathways and their physiological and pathophysiological roles, optimizing stimulation protocols, 

and determining which patients benefit most from this therapy.   
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Key Points 

• The gastrointestinal tract has substantial two-way neural interactions with the central nervous 

system through the vagus nerve, thoracolumbar connections and sacral nerves, which provide 

opportunities for disease-modifying bioelectric neuromodulation therapy. 

• Sacral nerve stimulation (SNS) to treat faecal incontinence is the only neuromodulation protocol 

for a gastrointestinal disorder that is currently in general use; adapted SNS to selectively 

stimulate efferent pathways to treat constipation is not in general use.  

• Inhibition of gastrointestinal inflammation might be possible via vagal nerve stimulation (VNS) 

or sympathetic nerve stimulation and limited clinical testing suggests effectiveness of cervical 

VNS.  

• The vagus nerve carries signals for feeding, whose block might reduce appetite and treat obesity; 

however, electrical block of vagal afferents had variable clinical success, whereas direct 

stimulation of afferent endings at the gastric surface reduced satiety in some studies. 

• Gastric electrical stimulation stimulates afferent endings at the gastric surface, which, in some 

studies, reduced postprandial nausea in patients with gastroparesis and reduced weight gain in 

patients with obesity. 

• Bioelectric neuromodulation might be a valuable treatment for several gastrointestinal disorders 

but further investigations into the underlying mechanisms, placement of stimulating electrodes, 

stimulus parameters and patient populations to optimize effectiveness are still required. 
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[H1]Introduction 

The use of electrical stimulation of nerves or brain centres as a therapeutic tool is being trialled in 

an increasing range of human diseases, including Parkinson’s disease, arthritis, depressive illness, 

schizophrenia, pain and bladder dysfunction. This treatment approach is referred to variously as, 

simply, neuromodulation, or as bioelectric neuromodulation or electroceuticals. The possibility that 

bioelectric neuromodulation could be used to relieve gastrointestinal-related disorders has created 

considerable interest in the clinical community and stimulation at a range of sites of the 

gastrointestinal tract for several different conditions has been investigated (Fig 1). In most cases, 

outcomes have been variable and mechanisms of action remain unclear, leaving important 

therapeutic questions unanswered (Box 1), for example, optimal stimulus parameters, which has 

been reviewed elsewhere.1 Possible target populations and strategies for neuromodulation therapies 

applied to the gut have also been reviewed.1-5 We believe that to maximize the effectiveness and to 

minimize adverse effects of bioelectric neuromodulation therapies, a clear understanding of the 

biology of gastrointestinal innervation is required. In this Review, we relate bioelectric 

neuromodulation therapies to knowledge of the nerve circuitry and discuss possible mechanisms 

that are engaged by the stimulation. We first review the known functions of the extrinsic nerves that 

are the main targets for bioelectric modulation of gastrointestinal function followed by the disorders 

that have been targeted, notably inflammatory bowel disease (IBD), post-operative ileus, obesity, 

gastroparesis, nausea and colorectal dysfunction.  For each disorder, we discuss the rationale for the 

use of bioelectric neuromodulation, reasons for failures or limited success and ways in which 

treatments might be improved. 

[H1]Extrinsic gastrointestinal innervation 
The digestive system receives innervation from the central nervous system (CNS) through the vagus 

nerves, thoracolumbar pathways and the sacral nerves.  Neurons in these pathways innervate the 

enteric nervous system (ENS) and final effector systems, such as the sphincter muscle and 

intramural blood vessels, to influence various functions, including muscle movement, acid 

secretion, enteric hormone release, immune cell activity, inflammation and blood flow (Fig 2).  

Sensory information from the digestive tract is communicated to the CNS through each of these 

pathways.  The sensory neurons carry information about a wide range of conditions of the gut, 

including its physical state (for example, gastric fullness, muscle activity, temperature, or gastric 

acidity), properties of its contents (for example, nutrient chemistry or osmolarity) and challenges to 

homeostasis (for example, inflammation, ischaemia, presence of toxins, or pathogenic bacteria).6  

The sensory innervation provides information that initiates feedback control to the digestive organs 
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and behavioural changes (for example, feeding or expulsion of toxins) and causes conscious 

sensations such as pain, nausea, hunger or satiety.  Furthermore, sensory neurons release mediators 

from their peripheral ends, providing efferent function.  Because of their important and potentially 

disease-modifying roles, the vagus nerve, thoracolumbar nerves and sacral nerves have all been 

targeted with bioelectric neuromodulation therapies that aim to modify gut function in a reversible 

and highly controllable manner using implanted electrodes and electrical current (Table 1). 

[H2]Vagal pathways to the digestive organs 

The vagus nerve consists of afferent nerve fibres (the majority of vagal axons) that project from 

visceral organs to the lower brainstem and efferent nerve fibres from the lower brainstem that 

connect with the viscera.7  Axons of some sympathetic postganglionic neurons that originate from 

the cervical sympathetic chain and innervate the gastrointestinal organs also run in the vagus. They 

can be observed by catecholamine fluorescence or by tyrosine hydroxylase immunoreactivity, 

including in the human vagus.8,9  Denervation experiments in cats show that the majority of 

sympathetic axons in the vagus come from cervical sympathetic chain ganglia.10  The vagus nerve 

supplies afferent and efferent fibres to all organs concerned with digestion: the oesophagus, 

stomach, small and large intestines, liver, pancreas and gallbladder.  The vagus also supplies other 

organs, notably the heart, lungs and larynx.  These additional connections are important to consider 

because they can be inadvertently affected by stimuli that are directed at gastrointestinal afferent or 

efferent pathways.  

[H3]Vagal afferent neurons 

The afferent neurons of the vagus nerve have cell bodies in the nodose and jugular ganglia, and 

central projections that synapse in the nucleus tractus solitarius.  They give rise to unmyelinated, 

slow conducting axons (C fibres).7 Three types of vagal afferent fibre endings in the tubular 

gastrointestinal tract can be distinguished by their morphologies and targets: mucosal free endings, 

intraganglionic laminar endings and intramuscular arrays.11 The mucosal endings form dense 

plexuses close to the lining epithelium and receive local hormonal signals from closely apposed 

basal surfaces of enteroendocrine cells.12,13  Hormones that signal via vagal afferent neurons include 

cholecystokinin, 5-hydroxytryptamine, ghrelin, glucagon-like peptide 1 (GLP-1) and others.  The 

enteroendocrine cells that release these hormones detect nutrients, and modulation of appetite 

(feeding behaviour) is one of the effects of this signalling. The intraganglionic laminar endings and 

intramuscular arrays are mechanosensitive and signal, for example, gastric fullness.6,11  

[H3]Vagal efferent pathways 

The majority of efferent axons in the vagus come from brainstem nuclei: nucleus ambiguus and 

dorsal motor nucleus of the vagus.7  Neurons in the nucleus ambiguus provide direct innervation of 
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the striated muscle of the oesophagus, although many have collaterals that innervate enteric 

neurons.14  These neurons control oesophageal peristaltic movements.15  Neurons in the dorsal 

motor nucleus are pre-enteric: they innervate enteric ganglia in the stomach, small and large 

intestines, biliary tract and pancreas.  These neurons control gastrointestinal and gall bladder 

motility, gastric acid secretion and pancreatic enzyme release.16  The sympathetic pathways that 

reach the gut via the vagus are similar to the thoracolumbar pathways. 

[H2]Thoracolumbar pathways 

The thoracolumbar nerves carry afferent axons from the gastrointestinal tract that respond to painful 

stimuli and nociceptive events17 and efferent (sympathetic) pathways.  The well-established 

sympathetic efferent pathways are those that inhibit gastrointestinal transit (by inhibiting 

movements of non-sphincter regions and by contracting (closing) sphincters), vasoconstrictor 

pathways and secretomotor inhibitory pathways.15  However, sympathetic pathways that have anti-

inflammatory effects have now also been discovered and are discussed later. 

[H2]Sacral nerves and pelvic nerve pathways 

The sacral nerves contain both autonomic and somatic efferents that control functions of the colon 

and rectum.18 Autonomic fibres run in the pelvic nerves and influence motility and blood flow in 

the colon and rectum.  A small number of sympathetic axons also run in the pelvic nerves.  Somatic 

efferents in the pudendal nerves contract the external anal sphincter.  Afferent fibres that join the 

pelvic nerves provide sensation from the anal canal and detect the physiological states of the colon 

and rectum.11  

[H1]Nerve stimulation for IBD 

[H2]Epidemiology and current treatments 

Crohn’s disease and ulcerative colitis, collectively termed IBD, are the most common immune-

mediated disorders of the gastrointestinal tract.19  They are debilitating, costly conditions whose 

incidences are highest in developed countries, with up to 5 million patients affected.19 Newly 

developing countries in Asia, South America and the Middle East have relatively low disease 

incidences, but have some of the highest rates of increase.20,21  

IBD often manifests in young adulthood and progressively worsens over a patient’s lifetime.19,22,23  

The exact pathologic causes of IBD remain elusive, but genetic susceptibility, hazards to gut health 

(for example, diet, stress, appendectomy and/or excessive hygiene) and reduced diversity in 

intestinal microbiota are contributors to disease development and progression.19 The mechanisms 

generating inflammation in IBD are thought to involve an inappropriate or exaggerated response to 

gut microbes24. Microbial superantigens that can produce a so called cytokine storm (massive 
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release of cytokines), which effectively turns off the immune response by overactivation, has been 

proposed to have a role, particularly in the acute severe form of the disease.24,25 Macrophage-

derived cytokines, such as TNF-alpha, IL-6 and IL-1, are among the first mediators to be released 

after an inflammatory challenge, causing a cascade of inflammatory actions, including the 

recruitment of other leukocyte populations (neutrophils, eosinophils, T cells and mast cells), granule 

exocytosis, production and activation of metalloproteinases and induction of the oxidative burst.24  

Cytokines drive intestinal inflammation, tissue damage and downstream complications, such as 

intestinal stenosis, rectal bleeding, abscess and fistula formation26 and even the development of 

extraintestinal manifestations, such as arthritis.27  

Current treatments of IBD comprise anti-inflammatory and immunosuppressive agents and include 

thiopurines, which inhibit clonal expansion of lymphocytes, steroidal and nonsteroidal anti-

inflammatory drugs and biological therapies (such as anti-TNF and anti-α4-integrin agents). 

Antibiotics are also used to decrease intestinal bacterial load.28  Major drawbacks of these 

treatments include adverse effects, such as systemic immunosuppression, a lack of effectiveness in 

certain patients and development of refractory disease with continued treatment.29-31 Other serious 

safety concerns with the long-term use of biological therapies, such as anti-TNF, include 

development of opportunistic infections, reactivation of latent tuberculosis and development of 

haematological malignancies.30  Despite the common use of expensive biological treatments for 

IBD, the disease becomes refractory in many patients with Crohn’s disease and surgical resection of 

the inflamed gut is then their only treatment option.  Furthermore, in a substantial proportion of 

these patients the disease recurs despite ongoing biological or pharmacological preventive 

treatment.32 Thus, new therapies that are more effective and have fewer adverse effects than current 

treatments are needed.  

 [H2]Neural control of gut inflammation 

[H3]Influence of vagal pathways on gut inflammation 

The ability of vagal pathways to inhibit inflammation within the gut has been demonstrated in 

animal models.33,34  The involved mechanisms are not yet fully understood and might differ with 

gut location and type of inflammatory stimulus used. Vagal stimulation can inhibit gut 

inflammation via different mechanisms and which of these is most relevant to treating IBD in 

humans is yet to be determined, but might differ depending on the site, cause and severity of the 

inflammation. The most widely accepted animal models of colitis involve luminal application of 

inflammatory agents such as dextran sodium sulphate (DSS) or 2,4,6 trinitrobenzenesulphonate 

(TNBS).  Two studies have shown that electrical vagal stimulation can inhibit inflammation in such 

models,33,34 but neither of these studies investigated which vagal neurons are involved in this effect.  
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Another study showed that sub-diaphragmatic vagotomy increased inflammation in the gut 

following oral DSS or intracolonic dinitrobenzenesulphonate.35  Denervation of the spleen had a 

similar effect, whereas splenectomy did not.36  The authors concluded that vagal control of splenic 

cytokine release suppresses inflammation in the intestine.  Another group showed that cutting the 

coeliac branches of the vagus that supply the intestine (selective intestinal denervation) did not 

aggravate colitis.37  Stimulation of vagal pathways by central acting cholinergic agents was reported 

to inhibit inflammation in DSS-induced colitis via a similar indirect mechanism dependent on the 

integrity of both the vagus nerve and the innervation of the spleen.36  These studies discounted any 

involvement of direct vagal pathways to the gut in these experimental conditions, but do not 

preclude that vagal pathways might also inhibit gastrointestinal inflammation by an action directly 

in the intestine, as is seen in ileus (see section below). 

Suppression of intestinal inflammation possibly involves a mechanism similar to that observed to 

inhibit systemic inflammation, namely the vago–vagal cholinergic anti-inflammatory reflex.38,39  

This reflex is initiated through the actions of cytokines and PAMPs (pathogen-associated molecular 

patterns) on vagal sensory nerve endings.  The vagal afferents synapse in the brainstem to stimulate 

vagal efferent pathways that indirectly influence the spleen, reducing the production and release of 

circulating cytokines and diminishing adaptive immune responses.38,39  This theory has been 

challenged and sympathetic pathways have been suggested to carry the efferent arm of the anti-

inflammatory reflex.40,41  Currently available evidence does not adequately resolve whether vagal 

efferents, sympathetic efferents or both are involved in the reflex control of intestinal inflammation.   

[H3]Capsaicin-sensitive afferents and inflammation regulation 

Both electrical and physiological stimulation of afferent nerves, including afferent nerves to the 

digestive tract, causes release of transmitters, the most pertinent being tachykinins and calcitonin 

gene-related peptide (CGRP), from their peripheral ends42. Moreover, capsaicin-sensitive afferent 

fibres exert protective anti-inflammatory effects, reducing mucosal damage in the gastrointestinal 

tract via peptide release from their peripheral endings.43-46 Rat and mouse models of gastric ulcer 

show that sensory afferents innervating the stomach release CGRP to reduce mucosal damage and 

to promote mesenteric and mucosal blood flow.44,45  Following ablation of afferents through 

capsaicin application in rats, the numbers and sizes of gastric mucosal lesions in response to 

indomethacin, ethanol or cysteamine insult were significantly greater.43 By contrast, the acute 

application of capsaicin in rats induced neuropeptide release and reduced the extent of ethanol-

induced gastric lesions if used at the time of damage. 43,46 This effect is mediated by the release of 

CGRP from afferent nerve endings before they degenerate hours to days after capsaicin 

administration.46  The acute capsaicin-induced gastric mucosal protection from ethanol injury in rats 
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was inhibited by the CGRP receptor antagonist peptide CGRP 8-37 and a polyclonal anti-CGRP 

antiserum.46 

The protective anti-inflammatory effects of afferents are also seen in rat and rabbit models of 

colitis.  Following the degeneration of capsaicin-sensitive afferent fibres, the severity of TNBS-

induced colitis was increased, but colonic transit time did not change, indicating that gut motility 

was not affected.47-49  These effects are likely mediated by the involvement of the neuropeptide 

CGRP, as CGRP 8-37 exacerbated TNBS-induced mucosal damage in rats.50  These studies do not 

distinguish between the source of afferent fibres as being from the vagus nerve or spinal nerves, 

both of which provide CGRP afferents to the gastrointestinal tract.51,52  

[H3]Vagal efferent fibres 

Perhaps the best evidence of a local intestinal anti-inflammatory effect of efferent vagal fibres 

comes from experiments in which inflammation was induced using mechanical stimuli applied to 

the outside of the intestines — a model of postoperative ileus that activates macrophages within the 

muscularis externa.53,54 This pathway is independent of the vagal influences on the spleen, as 

splenic denervation does not prevent the anti-inflammatory effect, but does involve vagal 

stimulation of acetylcholine release from enteric neurons, which then acts on intestinal 

macrophages.54 This mechanism might be relevant in advanced Crohn’s disease in which relapse 

following surgery is strongly correlated with inflammation in the external layers of the gut wall 

around the myenteric plexus.55 

[H3]Influence of sympathetic pathways on gut inflammation 

Vagal influences on inflammation in the gut have only been discovered in the past 20 years, but a 

substantial body of evidence exists that shows that adrenergic nerves directly control inflammation 

in the gut56.  Tyrosine-hydroxylase-immunoreactive nerve endings are found near resident 

macrophages in the lamina propria of the mucosa, in the submucosa, around the ganglia of the 

myenteric plexus and innervating lymphoid follicles (Peyer’s patches).56  They do not, however, 

come in contact with the extensive network of macrophages in the muscle layers, and actions of 

sympathetic nerves on this subgroup of resident immune cells might be indirect via their 

demonstrated influences on enteric neurons57,58 some of which innervate these macrophages.54 

Macrophages express various types of adrenergic receptors.  Beta receptors mediate the anti-

inflammatory actions of agonists on gut-derived macrophages in vitro59, as well as in colitis models 

in vivo.60 These anti-inflammatory effects are distinct from the motility-modifying effects of 

adrenergic nerves that occur via alpha receptors.58  These disparate effects of sympathetic nerves 

complicate the interpretation of experiments using nonselective sympathectomy to study the 

regulation of gut inflammation.  Local inflammation is well known to inhibit gut motility via 
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activation of sympathetic nerves and sympathectomy can prevent inflammation-induced gut 

stasis,61,62 which indirectly reduces inflammation because bacteria no longer accumulate in the 

small intestine when it is able to propel its contents.  Despite this, careful experimentation shows 

that inflammation in experimental IBD is inhibited by intermittent electrical stimulation of the 

sympathetic nerves to the gut, and it is known that intermittent electrical stimulation does  not cause 

sustained inhibition of motility; therefore, the inhibition of inflammation is direct.37 Interestingly, a 

new study suggests that beta blockers exacerbate inflammation in Crohn’s disease in humans, 

increasing the incidence of relapse following surgery.63  An interpretation of this data is that 

sympathetic anti-inflammatory pathways are activated in Crohn’s disease and that their effect is 

mediated via beta receptors.  Taken together, these results suggest that sympathetic nerves to the gut 

do inhibit inflammation, but sustained stimulation of these nerves should be avoided, as it would 

cause stasis and exacerbate bacterial overgrowth and gut dysfunction.64 

[H2]VNS for IBD  

Experimental and clinical trials of vagal nerve stimulation (VNS) to alleviate IBD have had variable 

outcomes.  The anti-inflammatory effects of VNS have been demonstrated in rodent models of 

colitis (Table 1).  VNS (3 hours per day) applied to awake rats with TNBS-induced colitis 

effectively reduced weight loss, colonic histological score and molecular expression of 

proinflammatory cytokines that were measured in the intestine adjacent to the inflammatory 

lesion.33,34  No protective effects were seen within the lesion itself,33 which might reflect the 

powerful effect of locally applied TNBS.  Furthermore, inflammatory markers of colitis (for 

example, histological score and colonic cytokine content) were only modestly reduced by VNS.34 In 

a small pilot trial, seven patients with ileo-colonic Crohn’s disease were implanted with a cervical 

vagus nerve electrode and stimulated continuously for 6 months (Table 1).65 The device itself was 

well tolerated, with only some reports of throat pain and voice alterations during ON phases.  Two 

patients with a more severe form of Crohn’s disease left the study owing to worsening of 

symptoms; however, the remaining five patients achieved clinical and endoscopic remission, 

including one patient who remained in remission for 42 months after surgery and no longer required 

azathioprine.  These results, together with the mild protective effects of VNS in rats with TNBS-

induced colitis33 suggest that VNS therapy is more appropriate for patients with mild or less-

advanced Crohn’s disease. Additional VNS clinical trials with higher patient numbers are currently 

being conducted66 67, but without a clear understanding of the mechanisms activated by VNS 

determining why some patients respond to therapy is difficult. 
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[H2]SNS for IBD  

In a single patient with proctitis, sacral nerve stimulation (SNS) to relieve faecal incontinence 

improved the state of the rectal mucosa.68  Endoscopic and histological scores of mucosal integrity 

and disease activity index improved over an 18-month period of SNS treatment and permeability 

(leakiness) of the mucosa, measured in mucosal biopsies, decreased.  In a rat TNBS model of 

ulcerative colitis, SNS improved disease score, improved mucosal condition and reduced 

inflammatory cytokines significantly in stimulated compared with nonstimulated animals.69 The 

mechanisms by which SNS improves mucosal integrity and reduces inflammation are not known. 

Similar to VNS for the treatment of IBD, determining whether an efferent effect or an effect 

through activation of sacral nerve afferents is involved is difficult for SNS and has been even less 

investigated than for VNS.  SNS stimulates both motor and sensory pathways, so both hypotheses 

are possible.  

[H1]Nerve stimulation for postoperative ileus 
Ileus, or stasis of the gut, is a potentially life-threatening condition that is commonly encountered 

after abdominal surgery or insult.  Postoperative ileus is accepted to involve interactions between a 

pathological sensitization and activation of sympathetic (noradrenergic) motility-inhibiting 

pathways and a more slowly developing local inflammation.61,62,64 Gastrointestinal adverse effects 

of opioid analgesics can also contribute to the slowing of intestinal transit.64  Previous therapeutic 

approaches to preventing and treating this condition have used drugs to target inflammatory 

processes (for example, nonsteroidal anti-inflammatory drugs), inhibitory neural pathways 

(antiadrenergics) or motility-stimulating mechanisms (for example, metoclopramide).70 

Studies in a rat model of ileus caused by manipulation of the small intestine have demonstrated that 

VNS might be effective in preventing and treating this disorder.53,71 The efficacy of stimulating 

vagal pathways to treat ileus has also been confirmed in a rat model in which a pharmacological 

stimulation, injection of a thyrotropin-releasing hormone agonist into the CNS, was used to activate 

the vagus nerve.72 Vagal stimulation prevented the slowing of gut transit, presumably via inhibition 

of inflammation, as it also inhibited infiltration of myeloperoxidase-expressing immune cells into 

the gut.53,71  This effect seemed to be dependent on expression of both nicotinic receptors and 

STAT3 in gut-resident macrophages,53,54 indicating a dependence on vagal cholinergic innervation 

of macrophages as mentioned earlier. However, another study, in which ileus was also induced in 

rats by intestinal handling, suggested that indirect electrical stimulation of vagal pathways could 

prevent ileus without inhibiting inflammation.73 
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Ileus is an acute condition that usually resolves within ~8 days, so the utility of an implanted 

stimulator is doubtful. However, given the long-lasting anti-inflammatory effects of VNS74, 

stimulation during abdominal surgery is potentially a useful approach to prevent postoperative ileus.  

Results in patients undergoing colorectal surgery are promising and show that just 2 minutes of 

VNS at 5 Hz or 20 Hz before and after the colorectal resection reduces systemic pro-inflammatory 

cytokines, interleukin-6 and interleukin-8, compared to sham stimulation (P < 0.05).71 

[H1]Neuromodulation for obesity 

[H2]Epidemiology and current treatments 

Obesity treatment is among the most developed applications for bioelectric neuromodulation. 

Various devices have been trialled5 and one of these (vBloc Maestro System therapy 

(EnteroMedics, USA)) has gained FDA approval. The high prevalence and rapid increase in obesity 

and obesity-related illnesses worldwide, together with the current dearth in treatments that are safe 

and effective in the long term, is driving the intense current interest in devices for the treatment of 

obesity.  Obesity and related conditions are a considerable public health burden in both developed 

and developing countries. In 2013, up to 65% of adults in the USA qualified for weight loss 

intervention treatment75, and direct medical costs per patient in 2014 were estimated to be 

US$1,901 per year or $149.4 billion overall.76  A major difficulty in the treatment of obesity is that, 

following major weight loss, dysregulation of digestive hormones and the compensatory decrease in 

metabolism leads to increased sensations of hunger and food-seeking behaviour.77-79  These changes 

are contributing factors in the failure of non-invasive and lifestyle interventions for obesity, which 

are essentially ineffective in the long term.79  Currently, bariatric surgery is regarded as the only 

effective treatment for inducing sustained weight loss.80  The procedure reduces total body weight 

by 20–35% by inhibiting appetite, reducing the patient’s preference for high-calorie fatty and sweet 

food81 and increasing energy expenditure by altering hormonal signalling from the gut.82 However, 

despite the long-term proven effectiveness of bariatric surgery, this approach has major drawbacks, 

including surgical costs, a high rate of complications (17% in one report, including infections, 

perforation and adhesions), relatively frequent (7%) need for re-operation and even reported 

fatalities83, meaning that <1% of eligible patients undergo this treatment.  This low treatment rate 

supports the need for new treatment options for obesity, such as bioelectric neuromodulation.  

Neuromodulation devices for the treatment of obesity have been used to change activity in the 

vagus nerve directly or have been applied to the gastric surface. 
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 [H2]Influence of vagal pathways on appetite 

Vagal afferent fibres are the major conduit through which the nutrient status of the gastrointestinal 

tract is relayed to the brain in order to influence food intake.3  Nutrients within the gut lumen dor 

example, carbohydrates, fats and protein fragments) activate enteroendocrine cells to release satiety 

hormones, the main ones being CCK, PYY, GLP-1.6  These appetite-affecting hormones act on 

vagal sensory nerve endings.6,13 A signal for release of the appetite-stimulating hormone ghrelin is a 

decline in circulating glucose levels.84  Vagal mechanosensitive afferent fibres also give rise to 

intraganglionic laminar endings and intramuscular arrays within the stomach wall that signal both 

tension and stretch.11,12 Because these structures respond to both passive stretch and contraction of 

the stomach, they can signal gastric volume and contribute to sensations of fullness.11,12  Vagal 

afferents from the liver also signal metabolic state. Thus, both satiety and hunger signals are 

communicated to the brain via vagal afferents. 

[H2]Vagal nerve blocking for obesity 

Cutting the abdominal vagus causes a decrease in food intake in idividuals with healthy weight and 

those with obesity,85,86 and in laboratory rats .87 Owing to the historical use of this procedure in the 

treatment of gastroduodenal ulcers, its consequences in humans are well described and include 

diarrhoea, malabsorption and malnutrition.85  In one small trial, abdominal vagotomy was used as a 

specific obesity treatment in 21 morbidly obese patients.86  Substantial weight loss occurred in a 

subset of patients (n=14; weight loss of 20 ± 4 kg) but was not sustained and could potentially be 

due to the reported large, transient placebo effect of similar procedures.86 Nevertheless, these 

patients did report a “characteristic lack of hunger sensations”, suggesting that the net effect of 

vagal activity is to stimulate eating.85,86  These observations were the foundation for the hypothesis 

that blocking afferent vagus nerve signalling might promote satiety and weight loss. The vBloc 

Maestro System therapy (EnteroMedics, USA) aims to recapitulate the effect of truncal vagotomy 

to reduce food intake by applying a blocking electrical stimulus (high-current, high-frequency 

stimulation for up to 12 hours per day, Table 1) to both the posterior and anterior vagus nerves, at 

the level of the gastro-oesophageal junction (Fig 3). The device is FDA-approved for individuals 

with a BMI of 35–45 kg/m2.  

Early trials of vBloc had highly variable results88 89 and were poorly controlled, including one trial 

in which low levels of stimulation, which may be suprathreshold,  was applied in the control 

group.90  The ReCharge trial published in 2014 included a control group that had a non-stimulated 

sham device implanted.89 In this trial, patients treated with vBloc experienced significantly higher 

excess weight loss (EWL) than the sham device group (26.1% versus 16.9%; P = 0.002). However, 

the study failed to reach its co-primary end points of ≥55% of patients treated with vBloc achieving 



13 

 

a 20% EWL and ≥45% achieving a 25% weight loss.  Subsequent studies showed that patients 

treated with vBloc sustained EWL at 18–24 months (21–23% EWL, equalling 8% body weight at 

the time of implantation, whereas the control group, which was unblinded at this stage of the study, 

regained weight.91,92  Thus, although the effect of placebo intervention on weight loss could 

compromise the conclusions of these clinical trials, the data show that vBloc therapy can produce a 

modest, yet sustained weight loss.91  Adverse events included pain at the subcutaneous site where 

the pulse generator was implanted, heartburn, dyspepsia, abdominal pain, swallowing defects and 

nausea and belching, but these were generally mild and self-resolving; severe adverse events were 

rare.93  Furthermore, the efficacy of this regime in blocking action potentials in the human vagus 

has not been directly demonstrated.  

[H2]Vagal nerve stimulation for obesity 

Surprisingly, given the effects of vagotomy and vagal block described above, animal studies show 

that electrical excitation of the vagus nerve reduces food intake and limits weight gain. Bilateral 

VNS at the level of the gastro-oesophageal junction caused a gradual but sustained weight loss in 

non-obese dogs (n=4) compared to pre-stimulation weight (27% decrease; P = 0.05) 94 A number of 

subsequent studies show that application of VNS with low frequency (0.1–1 Hz) and unusually long 

pulse width (10–100 ms) results in a decrease in food intake and decrease in weight gain for normal 

and diet-induced obese rats.93,95-97  In a study in diet-induced obese mini-pigs, VNS with increased 

frequency (30 Hz) and reduced current pulse width (0.5–1 ms) was also effective in reducing weight 

gain, food consumption and intake of sweet food (when subjected to a three-choice meal test).98  

PET scans of pig brains that received VNS at 30 Hz and 1 ms pulse width showed activation of 

central dopaminergic reward areas (cingulate cortex, caudate nucleus, putamen).  The authors 

concluded that the activity of vagal efferents was unlikely to be involved in the observed effects, as 

no changes in gastric compliance or gastric emptying were seen.99  

In summary, vagal nerve blocking (5000 Hz) in patients is associated with modest weight loss and 

in animal models VNS is also effective.  No specific clinical trial in obese individuals using VNS 

has been conducted to date. However, a retrospective assessment of epileptic and depressed patients 

implanted for 2 years with a VNS device showed that stimulation therapy (30 Hz, up to 1.25 mA, 

500 µs pulse width) resulted in 5–10% reduction in total body weight.100,101 

Nausea, hedonic eating, satiety and hunger are inter-related.  For example agents that increase 

appetite also have anti-nauseant actions, and nausea and satiety increase in parallel.84,102  Vagal 

stimulation can activate satiety and hunger pathways, and pathways that increase or decrease 

nausea.12,84  Moreover, activity in these pathways depends on both physiological and emotional 

states.13 Hence, varying outcomes of VNS and differing effects of vagal block in different patients 
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are not surprising. Diet-induced changes in responses to vagal afferent activity would be expected 

to alter the effectiveness of VNS.  In particular, a decrease in the release of the anorectic Cocaine-

regulated and amphetamine-regulated transcript protein (also known as CART peptide) in the 

nucleus tractus solitaries from vagal afferent terminals  which results in a reduction in satiety after 

ingestion of a calorie-rich diet, might lead to over-eating and obesity.3  VNS might have an 

additional benefit in obese individuals, as obesity results in chronic low-grade inflammation that is 

involved in the pathogenesis of obesity-related insulin resistance and type 2 diabetes.103  Thus, 

vagal stimulation parameters could exist that reduce both obesity and inflammation-induced effects.  

[H2]GES for obesity 

Gastric electrical stimulation (GES) is a term used to describe electrical stimulation to the surface of 

the stomach or to vagal branches on the gastric surface. As explained below, the clinical effects of 

GES are now recognized to be due to nerve stimulation.104 Devices for GES are proposed to be a 

safer and more reversible treatment for obesity compared with bariatric surgery.105  Three 

implantable GES devices have been trialled for obesity: Transcend® (Medtronic); DIAMOND® 

(also known as Tantalus, Metacure, USA, now discontinued); and abiliti® (Intrapace, USA). These 

devices are implanted laparoscopically and in some cases have recording electrodes at the gastric 

fundus to detect food ingestion and control the delivery of stimulation (Figure 3, Table 1).105-108 The 

earliest device, the Transcend system, had stimulating electrodes placed in the gastric antrum, 

which were claimed to act as pacemakers for gastric contractions.5,109,110 Antral electrodes were 

shown to enhance antral contractions in rats, but the stimulus needed to be synchronized with 

endogenous rhythmic contractions.111 However, a stimulation level sufficient to stimulate the 

gastric muscle will also activate nerves, which are the likely substrate for modulation of obesity.1 

Studies testing the effect of GES on inducing weight loss in patients with obesity had highly 

variable results.  Initial open-label pilot studies showed beneficial weight loss,112,113 but a large-

scale randomised, placebo-controlled, double-blind clinical trial of the Transcend device (the 

SHAPE trial) found no differences in EWL between GES-treated patients (11.8%) and the sham 

(implanted but nonstimulated) group (11.7%).106 To improve on this technology, subsequent 

generations of GES devices (DIAMOND® and abiliti®) used a closed-loop feedback system to 

control the delivery of GES. Electrodes are placed on both the anterior and the posterior surface of 

the fundus (transgastrically)  to detect increased gastric volume as the stomach fills and provide 

feedback to adjust GES appropriately (via electrodes placed on the antrum, similar location to the 

Transcend device).111,112 In clinical trials, the DIAMOND® device was effective in improving 

glycaemic control in a blinded cross-over study in obese patients with type 2 diabetes, and GES-
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treated patients experienced significant (≥5%) mean total body weight loss within 12 

months.107,114,115  In some patients, a small decrease in weight persisted for 3 years.115  However, 

these GES trials did not include a control group.  The third-generation GES device ability® also has 

closed-loop control over the delivery of GES. In addition to electrodes placed in the fundus, this 

device’s stimulation targets the anterior vagal branches at the lesser curve of the stomach (known as 

the crow’s foot: see Fig 3), as well as having an inbuilt 3D accelerometer to generate telemetry data 

of physical activity.  Data from open-label trials of the device are promising (30–60% EWL at 12 

months),105,108 but these studies also lack control groups.  GES is generally considerably less 

effective in inducing weight loss than bariatric surgery, but the technology is markedly safer and 

associated with fewer and less-severe adverse events.116  Taken together, GES is a potentially 

promising technology that might have beneficial effects on weight loss and is a safer option than 

bariatric surgery.  However, owing to the lack of data from placebo-controlled clinical trials, the 

efficacy of GES is still uncertain. 

[H1]GES for the nausea of gastroparesis 
Gastroparesis is a chronic disorder of delayed gastric emptying in the absence of obstruction that is 

associated with postprandial distress, nausea and vomiting.  Pharmaceutical treatments have proven 

ineffective.117,118 Gastroparesis is most commonly associated with diabetes, but is classified as 

idiopathic in ~40% of patients.119 Almost all patients with gastroparesis (>90%) experience 

nausea.119  Gastric emptying is dependent on the conduction of slow waves of electrical activity that 

generate annular contractions of the stomach that propel contents towards the pyloric sphincter.  As 

each contraction arrives, a small aspirate of gastric content is pushed past the sphincter into the 

duodenum.120  The original aim of GES was to enhance these slow waves,1,121 but it is now apparent 

that the stimulation activates gastric afferent fibres and, therefore, conveys signals to the CNS.104  In 

fact, the standard parameters of the system approved in the USA (Enterra System; Medtronic Inc.) 

are brief high-frequency trains (14 Hz for 0.1s, repeated once per 5s) with short pulse widths (330 

µs) and low-energy stimulation (5 mA).122  These parameters are unlikely to stimulate muscle and 

do not match the slow wave frequencies of 3 waves per minute.120  In order to entrain slow waves, 

pulse widths of 10–600 ms and frequencies lower than ~4 per minute are required, but the high 

energy consumption necessary for such gastric pacing would make these devices impractical.1 The 

stimulation is delivered by wire electrodes that are pushed into the external musculature of the 

anterior aspect of the stomach. The electrodes are placed 1 cm apart ~10 cm from the pylorus 

towards the greater curvature in the gastric corpus (Fig 3). 
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The mechanisms by which GES might be effective for the treatment of the nausea of gastroparesis 

have not been fully clarified to date. Electrical stimulation applied to the gastric corpus, using 

parameters that stimulate vagal afferent fibres, reduces both nausea and postprandial satiety.121,122  

Afferent fibres from the corpus include those that innervate the ghrelin producing enteroendocrine 

cells of this region and, in both animal models and humans, ghrelin exerts its effects by activating 

vagal afferents.123,124  Appetite stimulation (reduction in satiety) and anti-nauseant effects are 

positively correlated and both are mediated by ghrelin.84  The other enteroendocrine cells in the 

gastric corpus are 5-HT cells that promote nausea and increase satiety and somatostatin cells, which 

have little effect on these parameters.16  Thus, we hypothesise that the symptomatic relief of 

gastroparesis by GES is due to the artificial activation of gastric afferents that are normally 

physiologically activated by ghrelin.  One review and one meta-analysis of GES for the treatment of 

gastroparesis published in the past 2 years have identified benefit in only some trials.104,117  In the 

meta-analysis, 16 open-label, follow-up trials showed total symptom score reductions (nausea or 

nausea and vomiting, postprandial discomfort), but 5 studies comparing symptoms with stimulation 

randomly on or off (the patients serving as their own controls) showed no difference between the on 

and off conditions.117 An analysis of 49 studies in patients with gastroparesis showed a significant 

correlation (P < 0.01) between initial symptom severity and extent of reduction in symptoms in 

those treated with GES.117  Data on the spontaneous resolution of symptoms for comparison was not 

available.  The extent of postprandial satiety experienced by patients with gastroparesis was reduced 

by gastric electrical stimulation in 10 of 10 studies.117  In one study, satiety, evaluated after 12 

months of treatment, significantly decreased (P < 0.001; stimulus on during the final 6 months).125 

Taken together, GES shows promise as an effective treatment of gastroparesis, but requires further 

validation.  

[H1]Nerve stimulation for colorectal dysfunction 

[H2]Diseases affecting colorectal function 

Faecal continence and defecation are under voluntary control in humans, who can, in healthy 

conditions, decide when to retain or release bowel contents.  However, the control is impaired in 

patients with disorders, including Parkinson’s disease, multiple sclerosis, Chagas disease, spinal 

trauma, meningocele, constipation of ageing, Hirschsprung disease, pelvic floor disorders, prolapse, 

childhood constipation and idiopathic conditions, that are associated with diarrhoea, faecal soiling 

or constipation. The neural circuitry includes cortical control centres, an intermediate integrative 

centre in the pons, the lumbosacral defecation centres and the ENS(Fig 4).18  The final effects of 

these pathways have both autonomic and somatic components.  For defecation, activation of 
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autonomic pathways that synapse within the enteric nervous system within the bowel wall is 

required. In patients with Hirschsprung disease, in whom the ganglia of the ENS in the distal bowel 

have failed to develop but all other tissue components are intact and functional, severe constipation 

occurs and the newborn child will die if the region lacking the ENS is not removed.126  Similar 

absence of enteric neurons in the distal bowel is also lethal in other species, including horses, rats 

and mice.127  Degeneration of colonic enteric neurons in Chagas disease causes failure of colorectal 

propulsion and development of megacolon in adults, similar to the signs associated with 

Hirschsprung disease in children.128   

In addition to the essential role of the ENS, defecation involves the relaxation of the external anal 

sphincter, which is controlled by somatic pathways through Onuf’s nucleus (Fig 4).  Faecal 

continence depends on the control of defecation pathways, and can be aided by contraction of the 

external anal sphincter (striated muscle).  Spinal cord injury (SCI) is a condition that illustrates the 

roles of voluntary control of colorectal function.  In patients with SCI, the defecation centres in the 

lumbosacral spinal cord are not subject to voluntary control; hence, these patients are unable to 

empty the bowel when defecation is convenient and leakage of bowel contents occurs at 

inappropriate times.129-132 Bowel dysfunction is one of the commonest secondary effects of SCI, and 

is highly inconvenient and embarrassing for many patients owing to anal leakage and difficulties 

with assisted bowel emptying.133-135  Disturbances of bowel function occur in >80% of individual 

with SCI.136  Failure of normal neural control of the bowel can have considerable adverse effects, 

including impaction, haemorrhoids, rectal bleeding, prolapse, formation of anal fissures and chronic 

constipation leading to megacolon requiring operative diversion.130   

Parkinson disease is another CNS disorder associated with loss of control of colorectal function.  

Chronic constipation is a dominant manifestation in 80–90% of patients,137 and occurs 2–4 times 

more frequently in patients with Parkinson disease than in age-matched and sex-matched 

controls.138,139  In general, constipation is a considerable problem, especially in elderly individuals, 

as it occurs in 20–25% of those aged >65 years and in ~50% of those in nursing homes.140  

Constipation is also an important concern for children, as up to 30% of school-aged children can be 

affected (study population comprising individuals in the UK, USA, Australia, Canada and 

China).141  New drugs for treating constipation include 5-HT4 agonists, such as tegaserod and 

prucalopride, which stimulate motility, and chloride channel agonists, such as lubiprostone, which 

enhance fluid secretion, but they have not become preferred treatments owing to their low efficacy 

and adverse effects.142  The most common treatment remains osmotic laxatives, but these also have 

adverse effects.143  To treat the severe constipation occurring in patients with SCI, the most 

common approaches to bowel management are manual emptying and use of osmotic laxatives.131 



18 

 

Thus, colorectal dysfunction remains poorly treated, similar to other gastrointestinal disorders.  In 

the search for better treatments for colorectal disorders, a range of bioelectric neuromodulation 

methods have been investigated, many of which are promising.  Here, we summarize those that are 

furthest developed and discuss their mechanisms of action.   

[H2]SNS for faecal incontinence 

Pelvic nerve stimulation, generally referred to as sacral nerve stimulation (SNS), because the 

autonomic outflows (pelvic nerves) from the lower spinal cord run initially in the sacral nerves,144 

has been used for >20 years to treat faecal incontinence.145  Other methods of treatment, such as 

lifestyle and/or behavioural interventions, laxatives, loperamide, training in toileting techniques and 

biofeedback are generally ineffective.140 

The pelvic nerves emerge from the most caudal lumbar nerve roots (L5 in human, L6 in rats) and 

the sacral nerve roots (S1 to S4). They supply the left colon, sigmoid colon and rectum in humans 

(collectively called the colorectum) and the distal colon and rectum in other species. SNS works for 

faecal incontinence by contracting the external anal sphincter.144 Numerous studies have 

demonstrated effectiveness of SNS in the treatment of faecal incontinence in adults.146,147  SNS is 

increasingly used to manage faecal incontinence because of the absence of other effective 

therapies140, because the electrode insertion is fairly straight-forward, complications are rare and 

success rates of 50-70% are obtained.146  The device consists of an electrode probe that is inserted 

unilaterally through the third sacral foramen and has four electrodes that are positioned close to the 

third sacral nerve.  The electrode probe is connected by a lead to a fully implanted subcutaneous 

pulse generator and can be programmed and switched on and off through an external controller.  As 

a standard, based on parameters used in one of the original studies,145 the stimulus frequency is 14 

Hz with a pulse width of 210 µs (Table 1).  The stimulation amplitude is set according to the 

patient’s perception of stimulation in the perineum or anus.  Few alternative parameters have been 

investigated,1 but one study reported an improved effect with 31 Hz stimulation in patients with 

sustained loss of effectiveness using 14 Hz stimulation.148 In this group, incontinence episodes 

dropped from 11.7 to 4.8 per 3 weeks (P < 0.01), suggesting that 31 Hz stimulated the nerves more 

effectively. As a method for presurgical evaluation, temporary percutaneous nerve evaluation 

(TPNE) has been introduced.  This approach involves the temporary implantation of an electrode on 

sacral nerves under local or general anaesthesia.149  Correct positioning is evaluated by patients 

experiencing sensation and/or visible contraction of the pelvic floor.  TPNE enables assessment of 

the potential effectiveness of SNS before an expensive and more invasive electrode and stimulator 

insertion is performed.  Percutaneous nerve evaluation can be conducted under local anaesthetic 

with or without sedation.149  81–86% of patients who had both positive motor and positive sensory 
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responses to TPNE were successfully treated when the permanent stimulator was implanted, 

whereas the success rate was 68% in those who had a positive sensory response only.150    

[H2]SARS for constipation 

Sacral anterior root stimulation (SARS) is a modification of SNS for treating constipation.  

Unmodified SNS, although tested as a therapy for >30 years, is not reliable and has not become a 

treatment of choice.151,152  The SARS procedure involves severing the dorsal roots and placing 

stimulating electrodes on the ventral roots at S2–S4.153 The method was introduced in 1976 and is 

commonly used to treat neurogenic urinary bladder disorders, initially without the dorsal roots 

being severed, but it has also been used to treat bowel dysfunction in individuals with SCI.153,154  In 

a study in >200 patients with constipation as a consequence of SCI (median age 49 years), SARS 

increased the frequency of defecation, reduced bowel emptying times and reduced the use of oral 

laxatives or suppositories and digital evacuation compared with patients pre-implant.153 

[H2]TIENS for constipation 

Transcutaneous interferential electrical nerve stimulation (TIENS) is a method in which oscillating 

currents, generally 1–4 kHz sinusoidal currents, are passed between pairs of surface electrodes (Fig 

1).  A common method is to use two pairs of electrodes placed approximately at right angles.155  

The theory is that a heightened electrical field strength occurs where the currents from each of the 

electrode pairs cross, which stimulates nerves in that area.156 One particular advantage of TIENS 

over other nerve stimulation procedures is that it is noninvasive. The method has been most 

commonly used to treat pain, but its effectiveness and the probability of placebo effects is being 

debated.157 This method or variants have been used to treat slow-transit constipation and functional 

constipation, as well as IBS and functional dyspepsia.155  The effects of TIENS on constipation in 

15 studies have been reviewed in 2018.155  All studies showed relief of constipation with TIENS.  

Most of the 15 studies have been performed in children, and most of these at a single centre.158  In 

the largest of these studies, two electrodes were placed on the anterior abdominal wall between the 

umbilicus and the costal margin and two electrodes were placed on the back lateral to the spine 

between T9 and L2 in 39 children.158 

  Currents were applied through one anterior and one posterior electrode at frequencies of 4 kHz to 

achieve diagonal crossing of the currents.155  Increased continence and decreased soiling was 

observed in 73% of patients, who acted as their own controls; the effects lasted >2 years in 33% of 

patients. Manometric studies to investigate the effect and mechanism of TIENS were conducted in a 

group of children who had stomas at the appendix.159  A perfused multiple-side-hole catheter was 

introduced through the stoma to record contractions of the colon.  TIENS significantly increased the 

frequency of propagating contractions in the colon from 78 ± 34 to 210 ± 62 per 24 h (P = 0.008) 
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compared with before application of TIENS.  In summary, findings to date indicate that TIENS has 

promise for the treatment of slow-transit constipation, particularly in children.  

 [H1]Challenges for bioelectric neuromodulation  
The main challenges to successful clinical use of bioelectric neuromodulation  to treat 

gastrointestinal tract disorders often also apply to bioelectric neuromodulation therapies in general 

(Box 1).   

Achieving a beneficial, clinically significant therapeutic end point is a principal problem that 

applies in particular to disorders that are relapsing and remitting and for which standard care cannot 

be withdrawn during trials.  For example in Crohn’s disease, withdrawing standard care in a trial of 

the application of VNS would put patients at risk.  VNS alone might in fact result in clinically 

significant benefit but might not show significant additional effect when applied to patients 

receiving standard care. Thus, the clinical utility of a treatment such as VNS t cannot always be 

readily tested.  Achieving disease-modifying rather than symptomatic relief is generally a therapy 

that treats the underlying disease is preferable to one that relieves symptoms and masks the disease.  

In some cases this is achievable, for example, using nerve stimulation to target the anti-

inflammatory pathways to treat IBD ameliorates the disease itself.  In contrast, using bioelectric 

neuromodulation to block the pain allows to disease and tissue damage to continue to develop.   

Defining an adequate nonstimulated control with which to compare the treatment group in clinical 

trials is another important obstacle.  Firstly, patients who are willing to volunteer and who satisfy 

inclusion and exclusion criteria might not be representative of the general disease group. Secondly, 

whether it is ethical to surgically place an implant in a patient but not turn it on also needs to be 

considered.  Thus, use of data from historical controls is often necessary in trial analysis, which 

might not have been followed and documented with the same diligence as used in a clinical trial.  

The lack of directly matched nonstimulated patients means that provision for placebo effects is 

inadequate. 

Safety for devices has a dimension not shared by drug therapies.  Drugs can be withdrawn, but a 

device that is implanted might remain as a potential source of tissue irritation or infection beyond its 

period of utility or the duration of a trial.  Hence, ongoing patient monitoring and care are required 

as long as the implant remains in place, as well as a costed procedure for explant.   

Optimizing stimulation parameters is one of the most vexing problems.  The high number of 

parameters that can be changed means that 1000s of variations are possible.1,160 These variables 

include pulse shapes (for example, rectangular, biphasic or ramped), pulse durations (for example, 

durations from 0.1 to 300 ms), train frequencies, duty cycles and the times of day or relationships to 
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activity (for example, during sleep or after meals) at which stimuli are applied.2  In the clinical 

setting, parameters are often ‘informed guesses’ based on animal studies or on extrapolation from 

other conditions.  Adequate testing of parameters, first in animal models to refine choices and then 

in patients, is expensive and time consuming, but is imperative, if bioelectric neuromodulation is to 

be optimized.    

Defining and optimizing stimulation location is another obstacle to successful neuromodulation 

approaches.  For IBD, published trials have used stimulation of the vagus in the neck, which 

activates fibres to the heart, lungs and larynx in addition to the intestine.  The abdominal vagus 

supplies the intestine and its stimulation avoids fibres to the heart, lungs and larynx.  In general, 

stimulus sites as close to the end organ as possible will optimise stimulus specificity.  A further 

example is GES, in which the placement of electrodes on the stomach is based on false 

assumptions, as discussed earlier.  The placement works in some patients to reduce the nausea of 

gastroparesis, but whether the placement is ideal is unknown. 

Monitoring the effectiveness of stimulation at the stimulation site is also difficult.  Therapy can fail 

if the stimulation does not engage the target nerve population.  In this review, we give the example 

of using temporary percutaneous nerve evaluation to optimise placement of electrodes that stimulate 

sacral nerves.  Optimisation might also be achieved by placing recording electrodes on the nerves, 

but this procedure has not been adopted in the field.  Further development of methods to monitor 

that target nerves are actually being effectively stimulated is required. 

Off-target effects of bioelectric neuromodulation need to be overcome.  In the case of VNS, off-

target effects include hoarseness, bradycardia and pain.  Ways to avoid these effects include choice 

of stimulus parameters, which might need to be experimentally explored, and placement of 

electrodes on nerves or nerve branches at sites where off-target effects are avoided or minimized.  

Placement close to the end organ is predicted to reduce off target effects, but has the disadvantage 

of accessing and stimulating smaller nerves that might be damaged in the process.   

The maintenance of neuromodulation effectiveness over time requires further exploration.  

Effectiveness might reduce or fail over time owing to several factors, including tissue growth 

around electrodes, device failure and plasticity of nerve circuits that adapt to the stimulation.  

Device failure can be minimized be rigorous bench testing and testing in animal models.161 

Inter-patient variability poses another challenge to general applicability of bioelectric 

neuromodulation strategies.  Patients seek clinical help at all disease stages, with different disease 

and treatment histories and sometimes after other treatments have failed.  When treatments, such as 

bioelectric neuromodulation, are new, predicting which patients will be responsive  might be 

impossible.  However, patients with moderate disease who lack other health problems might 
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respond best, and those with refractoriness to other treatments might be least likely to be 

successfully treated in device trials, because there disease has progressed too far to be reversible.  

Achieving feed-back (closed loop) control is an ideal approach to bioelectric neuromodulation. This 

engineering approach enables measuring the parameter that is being targeted and using the 

information gained to automatically vary the stimulation employed.  Application for digestive 

disorders is currently out of reach owing to a lack of appropriate implantable sensors.  Digestive 

disorders fluctuate and arise or decline over long periods, for example constipation develops over 

days and intestinal inflammation resolves over weeks.  Hence, feedback currently comes from the 

physician through clinical examination or from patient perception.  Nevertheless, in the future, 

methods might be developed to monitor disease intensity, convert the measure to an electrical 

signal, and change stimulus parameters in quasi real time. 

[H1]Conclusions 
The extensive and accessible connections between the digestive system and the CNS, the 

prevalence of disorders related to the digestive system and the lack of effective alternative therapies 

makes the innervation of the digestive system an attractive target for bioelectric neuromodulation 

therapy.  This approach has been investigated in several gastrointestinal disorders with variable 

success.  Sympathetic nerve stimulation for IBD, VNS for ileus, vagal block for reduction of 

appetite and obesity, and different types of nerve stimulation for constipation have yet to be 

developed to the point that they might become treatments of choice, replacing drugs, behavioural 

therapy or surgery.  The only bioelectric treatment for a gastrointestinal disorder that is currently 

widely used is SNS for faecal incontinence. Part of the reason is that optimal stimuli and selection 

of patients most likely to benefit have not been adequately explored.  Exploration of optimal 

parameters is demanding on patients and carers, and expensive when incorporated into clinical 

trials.  Patient heterogeneity is difficult to control for when the reasons underlying the heterogeneity 

are unknown.    Development of bioelectric neuromodulation therapies for digestive system 

conditions requires further development in animal models and clinical trials.  A particular need is 

the development of a more thorough understanding of the different roles of the components of 

mixed nerves that are being targeted, such as the vagus and sympathetic pathways to the gut. 
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Glossary 
 

Central nervous system 

The nervous system consisting of the brain and spinal cord. 

Enteric nervous system 

The nervous system embedded in the wall of the gastrointestinal tract, in the gallbladder and the 

pancreas. 

Efferent 

Refers to nerve pathways from the CNS and ENS to muscle, gland and epithelia. 

Afferent 

Refers to nerve pathways that carry sensory information from tissues to the CNS and ENS. 

sympathetic postganglionic neurons 

Neurons of sympathetic pathways whose cell bodies reside in ganglia outside the CNS and ENS. 

cervical sympathetic chain 

The part of the chain of sympathetic ganglia in the neck. 

Ganglia 

Collections of the cell bodies of autonomic neurons. 

C fibres 

Axons that conduct at low speeds (approximately 1 m/s). 

enteroendocrine cells 

Endocrine cells that are found in the lining of the gastrointestinal tract. 

autonomic and somatic efferents 

Efferent neurons that belong to the autonomic nervous system and efferent neurons that are 

involved in somatic (skeletal muscle) control. 

Superantigens 

Antigens that cause non-specific activation of T cells resulting in polyclonal T cell activation and 

massive cytokine release. 

oxidative burst 

The rapid release of reactive oxygen species (superoxide radicals and hydrogen peroxide) 

cholinergic agents 

Drugs that act on that rely on the neurotransmitter acetylcholine 

pathogen-associated molecular patterns 

Molecular motifs conserved within microbes that are recognized by cells of the innate immune 

system 
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Capsaicin-sensitive 

Refers to neurons that are activated by the capsaicin compound from red peppers, which in high 

enough concentrations causes the neurons to degenerate 

myenteric plexus 

A plexus of nerves and ganglia of the enteric nervous system, located within the external muscle of 

the gastrointestinal tract 

Tyrosine-hydroxylase-immunoreactive nerve endings 

The endings of neurons that contain the enzyme tyrosine hydroxylase that is necessary for the 

synthesis of adrenaline, dopamine and noradrenaline 

colonic histological score 

The score given by a histopathologist that quantifies damage to the colon 

nicotinic receptors 

A class of cell surface receptors that bind and mediate cellular effects of acetylcholine 

excess weight loss (EWL) 

A common metric for reporting loss of excess body weight, calculated as 100% × (weight loss / 

excess weight at beginning of treatment); excess weight is defined as the difference between the 

patient’s weight and the body weight if BMI were 25. 

hedonic eating 

Eating for pleasure that is not necessarily associated with need for nutrient  

slow waves 

Slow oscillation in the membrane potentials of muscle cells that can lead to regular contractile 

activity 

Chagas disease 

A disease caused by infection with the protist Trypanosoma cruzi that can result in degeneration of 

enteric neurons of the colon 

Onuf’s nucleus 

A gathering of nerve cells in the sacral spinal cord that innervate the pelvic floor, including the 

external anal sphincter 

Spinal cord injury 

Injury to the spinal cord sufficient to cause clinically recognizable deficits of sensory or motor 

functions 

Parkinson disease 
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A degenerative disease of the nervous system that causes disturbances in initiating, controlling and 

co-ordinating movement, and derangement of autonomic function, including autonomic control of 

the stomach and large bowel 
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Display items 
Box 1 |. Challenges for bioelectric neuromodulation therapies 

• Achieving a beneficial, clinically significant therapeutic end point. 
• Achieving disease-modifying rather than symptomatic relief 
• Defining an adequate nonstimulated control with which to compare.  
• Safety. 
• Optimizing stimulation parameters.  
• Optimizing stimulation location.  
• Monitoring effectiveness of stimulation at the stimulation site. 
• Off target effects. 
• Maintenance of effectiveness over time. 
• Inter-patient variability. 
• Achieving feed-back (closed loop) control. 
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Table 1 | Clinical studies of bioelectronic neuromodulation for gastrointestinal disorders 
Disease Stimulation 

site and 
method 

Electrode type 
and/or device 

name 

Stimulation 
parameters 

Stimulus 
duration 

Study 
design 

Outcome 

Inflammatory Bowel Disease 

Ileo-caecal 
Crohn’s 
disease65 

Unilateral 
cervical vagus 
Stimulation 

Bipolar, helical 
Model 302 
(Cyberonics) 

0.5 ms; 10 Hz; 
0.5–1.25 mA 

30 s ON, 5 
min OFF; 24 
hrs/day 

Open label Clinical, biological, 
and endoscopic 
remission in 5 of 7 
patients 

Ulcerative 
proctitis68 

Sacral nerve 
Stimulation 

Multi-ring 
electrode array 
InterStim II 
neuromodulator 
(Medtronic) 

210 ms; 14 
Hz; 0.5–1.5V 

Not disclosed Case study Decrease in faecal 
incontinence and 
disease activity scores 
(n=1) 

Post-operative ileus 
Surgery-
induced 
postoperative 
ileus71 

Unilateral 
posterior 
abdominal 
vagus 
Stimulation 

S-cuff, bipolar 
Delta electrode®, 
(Inomed) 

0.5, 1 or 2 ms; 
20 Hz; 2.5 
mA 

2 min each 
before and 
after surgery 

Randomized
, double-
blind, 
placebo-
controlled  

Reduction in pro-
inflammatory 
cytokine production 
vs sham (n=7 vs n=5; 
P<0.05)  

Obesity 
Morbid 
obesity88 

Bilateral 
abdominal 
vagus 
Blocking  

Bipolar, cuff 
vBloc 
(Enteromedics) 

5000 Hz; 1-6 
mA 

5 min ON, 5 
min OFF; 12 
hrs/day 

Open-label, 
no placebo 

Safety study (good 
profile); EWL of 
>25% at 6 months 
(n=31; P<0.001) 

Morbid 
obesity90 

Bilateral 
abdominal 
vagus 
Blocking 

Bipolar, cuff 
vBloc 
(Enteromedics) 

3-8 mA 5 min ON, 5 
min OFF; 9–
16 hrs/day 

Randomized
, 
prospective, 
double-
blind, 
multicentre, 
no placebo  

No differences in 
weight loss vs sham 
(n=192, 17 ± 2% 
EWL vs n=102, 16 ± 
2% EWL) 

Morbid obesity 
and one co-
morbidity89 

Bilateral 
abdominal 
vagus 
Blocking 

Bipolar, cuff 
vBloc 
(Enteromedics) 

6-8 mA Not disclosed; 
Up to 12 
hrs/day 

Randomized
, double-
blind, 
placebo-
controlled  

Increased weight loss 
vs sham (n=162, 24% 
vs n=77, 16% EWL; 
P=0.002); however, 
primary efficacy 
objective not reached 
(P=0.71) 

Morbid 
obesity91 

Bilateral 
abdominal 
vagus 
Blocking 

Bipolar, cuff 
vBloc 
(Enteromedics) 

6 mA Not disclosed; 
≥12 hrs/day 

Randomized
, double-
blind, 
placebo-
controlled 

Increased weight loss 
vs sham at 18 months 
(n=142, 23% EWL vs, 
n=64, 10% EWL; 
P<0.0001)  

Depression and 
obesity101 

Unilateral 
cervical vagus 
Stimulation  

Bipolar, helical 
NCP Model 101 
(Cyberonics) 

0.5 ms; 30 Hz; 
0.25–1.5 mA 

30 s ON, 5 
min OFF; 
continuous 
cycle 

Retrospectiv
e clinical 
observation, 
no placebo  

Correlation between 
decrease in body mass 
index (BMI) and 
duration of 
stimulation (n=14; 
Pearson r=0.73, 
P<0.003) 

Obesity112 Anterior gastric 
wall at the 
lesser curvature 
GES 

Bipolar, 
implantable 
gastric stimulator 
Transcend 
(Transneuronix) 

0.208 ms; 40 
Hz; 10 mA 

2 s ON 3 s 
OFF; not 
disclosed 

Open-label Safety study (good 
profile). Men (n=5) 
lost 25% EWL but 
women (n=7) gained 
6.2% EWL vs pre-
surgery weight 
(P<0.001) 

Obesity113 Anterior gastric 
wall at the 
lesser curvature 
GES 

Bipolar 
Design and 
manufacturer not 
disclosed  

Not disclosed Not disclosed Pilot open-
label 

24% mean EWL vs 
pre-surgery weight at 
36 months follow-up 
duration (n=10) 

Obesity106 Anterior gastric 
wall at the 
lesser curvature 

Bipolar 
TranscendII, 
(Medtronic) 

0.208 ms; 40 
Hz 
(individually 

2 s ON, 3 s 
OFF; not 
disclosed 

Randomized
, 
prospective, 

No difference vs 
control group 
(n=9,611, 11.8% ± 
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GES set) double-
blind, 
multicentre, 
placebo-
controlled 

17.6% EWL vs n=94, 
7% ± 16.9% EWL; P 
= 0 .717) 

Overweight 
type II diabetic 
patients107 

Anterior and 
posterior antral 
areas 
GES 

Three bipolar 
pairs 
Tantalus-
DIAMOND® 
(Metacure) 

Not disclosed  Not disclosed; 
closed loop 
(electrodes in 
fundus detect 
gastric filling) 

Open-label No weight loss (n=22; 
P>0.05) 

Obesity105 Food sensor in 
fundus; 
electrode placed 
on the lesser 
curvature (over 
vagal branches) 
GES 

Two bipolar pairs 
abiliti® system 
(IntraPace Inc.) 

Not disclosed Not disclosed; 
closed loop 
(electrodes in 
fundus detect 
gastric filling) 

Open-label EWL of combined 
cohort 49.3±19.2 % at 
12 months (n=27), 
EWL higher for lower 
BMI group (n=4, 
59.1±19.5%) than 
higher BMI group 
(n=9, 46.7 ± 13.4%; 
P<0.01) 

Obesity108 Trans-gastric 
food detecting 
sensor in 
fundus, 
electrode placed 
on the lesser 
curvature (over 
vagal branches) 
GES 

Two bipolar pairs 
abiliti® system 
(IntraPace Inc.) 

0.1–2 ms 
pulse train; 
40–120 Hz; 
4–30 mA  

Not disclosed; 
closed loop 
(electrodes in 
fundus detect 
gastric filling) 

Prospective, 
multicentre, 
no placebo 

27.5% EWL at 27 
months (n=16). 

Nausea and gastroparesis 
Gastroparesis121 Into serosal 

surface of 
stomach 
GES 

Four pairs of 
cardiac pacing 
wires 
Enterra therapy 
system 
(Medtronic) 

300 ms; 4 
mA; 10% 
higher 
frequency 
than gastric 
slow wave 

Not disclosed; 
up to 1 hour 
before and 3 
hours after the 
meal 

Pilot, open-
label 

Substantial reduction 
of gastroparesis 
symptoms after 1 
month treatment (n=9; 
P= 0.04) 

Diabetic 
gastroparesis122 

Muscle wall of 
the greater 
curvature 
GES 

Two 
intramuscular 
Enterra therapy 
system 
(Medtronic) 

0.33 ms; 14 
Hz; 5 mA 

0.1 s ON, 5 s 
OFF 

Double-
blind, cross-
over, 
prospective, 
multicentre, 
no placebo 

57% decrease of 
weekly vomiting 
frequency vs pre-
surgery baseline 
(n=55) 

Gastroparesis162 Endoscopically 
placed electrode 
into the antrum 
Temporary GES 

Bipolar, two 
intramuscular 
Model no. 4300 
(Medtronic) 

0.33 ms; 14 
Hz; 5 mA 

0.1 s ON, 5 s 
OFF; 72 hrs 
continuous 

Randomized
, double-
blind, cross-
over, 
placebo-
controlled 

No change in average 
vomiting scores 
during stimulation vs. 
non-stimulation 
(pooled data n=58; 
P=0.116) 

Colorectal dysfunction 
Faecal 
incontinence145 

Sacral spinal 
nerves 
Stimulation 

Foramen 
electrode 
Quadlead 3886 
(Medtronic) 

0.21 ms; 15 
Hz; current 
adapted to 
patient 
tolerance 

5 s ON, 1 s 
OFF 

Pilot, open-
label  

Full continence in 2 
of 3 patients; one 
patient improved from 
gross incontinence to 
minor soiling  

Faecal 
incontinence147 

Sacral spinal 
nerves 
Stimulation 

Foramen 
electrode 
Quadripolar 
(Medtronic) 

0.21 ms; 19 
Hz; current 
adapted to 
patient 
tolerance 

20 s ON, 8 s 
OFF 

Randomized
, 
prospective, 
open-label 

Reduction in mean 
incontinence episodes 
per week vs non-
implanted (best 
supportive therapy) 
controls (n=60 and 
n=60; P<0.0001) 

Constipation151 Anterior sacral 
nerve 
stimulation 

Bipolar 
Type LBS 53051 
(Medelec) 

0.1 ms; 2 Hz Not disclosed Pilot, open-
label 

Differential effects on 
colorectal motor 
activity (depending on 
spinal level; n=5) 

Constipation153 Anterior sacral 
nerve 
stimulation 

Not disclosed Not disclosed Not disclosed Open-label Decline in faecal 
dysfunction score vs 
baseline (P<0.0001) 
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Constipation158 Transcutaneous 
electrical 
stimulation 

Not disclosed 80–150 Hz;  30 min/day 
for 2 months 

Randomized
, open-label 

Improved soiling 
continence score in 
81% of patients (n=17 
of 21; P=0.0002) 

Constipation159 Paraspinal and 
abdominal 
transcutaneous 
electrical 
stimulation 

Two paraspinal 
and two 
abdominal self-
adhesive 
conducting 
Vectorsurge 5 
VS470 (Metron 
Medical) 

80–150 Hz; 
<40 mA 

20-min 
sessions; 3 
times per 
week for 4 
weeks 

Randomized
, open-label 

Increased frequency 
of colonic movements 
vs pre-stimulation 
(n=7; P = 0.008) 

 

Figures 

 
Figure 1 | Sites of bioelectric neuromodulation to change gastrointestinal functions. 

Neuromodulation has been applied at several sites on nerves supplying the gastrointestinal tract in 

animal studies and experimental clinical settings for the treatment of multiple gastrointestinal 

disorders. For transcutaneous interferential electrical nerve stimulation (TIENS), high frequency 

pulse trains are applied to both sides of the body. 1Conditions with evidence or potential of 

effectiveness of bioelectric neuromodulation in humans, based on clinical investigation rather than 

extrapolation from animal studies. 
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Figure 2 | The extrinsic innervation of the gastrointestinal tract.  The neural connections 

between the central nervous system (CNS), sympathetic ganglia, the enteric nervous system (ENS) 

and gastrointestinal effector tissues are complex. a) Afferent signals travel along connections from 

the digestive system to other organs and the CNS.  Vagal afferents end in the nucleus tractus 

solitarius and spinal afferents end in the thoracolumbar spinal cord.  In addition, cervical afferents 

connect the oesophagus to the cervical spinal cord.  Some afferent pathways involve intestinofugal 

neurons that project away from the gut to the CNS, sympathetic ganglia, gallbladder, pancreas and 

trachea.  Some sensory information is transferred by intrinsic sensory neurons to the ENS.  b) 

Efferent signals travel along connections from the CNS to the digestive system. Pathways from the 

CNS reach the ENS and gastrointestinal effector tissues through vagal, sympathetic and pelvic 

pathways.  The sympathetic pathways pass through sympathetic chain ganglia.  The vagal efferent 

neurons have cell bodies in the dorsal motor nucleus of the vagus and nucleus ambiguus. 

Thoracolumbar and lumbosacral efferents have cell bodies in the autonomic intermediolateral 

nuclei, and Onuf’s nucleus (see Fig. 4).  Neurons of vagal medullary and pelvic spinal outflows 

synapse with enteric neurons, and many gut-projecting sympathetic neurons with cell bodies in 

prevertebral ganglia are also pre-enteric neurons.  Some neurons in sympathetic prevertebral 

ganglia receive both CNS and ENS inputs.   
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Figure 3 | Gastric sites of bioelectric neuromodulation.  Neuromodulation therapies, including 

gastric electrical stimulation, have been applied to various sites in the stomach and 

subdiaphragmatic vagus in patients. vBloc is applied bilaterally to the vagus nerves with a high-

frequency current to prevent afferent signalling that induces feeding from reaching the brain.  Other 

devices are intended to stimulate nerves or muscles and are placed on the gastric surface.  The 

DIAMOND and Transcend II devices both use a closed-loop control.  These devices and the ability 

device aim at weight reduction and the DIAMOND device is also being tested to improve 

glycaemic control.  The Enterra device targets post-prandial nausea and discomfort of gastroparesis. 

 

 
Figure 4 | Nerve pathways for voluntary control of defecation and faecal continence.  Cortical 

centres that regulate voluntary control provide inputs that either inhibit or enhance excitability of 
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neurons in the brain stem via a medial nucleus (Barrington’s nucleus) through which autonomic 

pathways to the distal colon and rectum are activated and a lateral cell group that controls the 

external anal sphincter.  The medial group of neurons projects to the spinal defecation centre in the 

intermediolateral column at the sacral S1 level.  This centre in turn connects with intrinsic reflex 

pathways of the enteric nervous system via the pelvic ganglia.  Afferent (sensory) neurons that 

detect pressure and mucosal irritation in the colon contribute to defecation urge, and neurons that 

sense pressure in the abdominal cavity enhance defecation.  These sensory neurons connect to 

second-order afferent neurons that make local connections in the spinal cord and provide sensory 

information to the pons and cortex.  Descending neurons from the lateral cell group synapse in 

Onuf’s nucleus on motor neurons that supply the external sphincter.  Adapted with permission from 

Callaghan et al., 2018. 
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