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ABSTRACT 
BACKGROUND: The vagus nerve exerts an anti-nociceptive effect in the viscera.  

 

AIMS/OBJECTIVES: We investigated whether transcutaneous vagal nerve stimulation (t-VNS) prevents 

the development and/or reverses established visceral hypersensitivity in a validated model of acid-

induced oesophageal pain.  

 

METHODS: Before and after a 30-minute infusion of 0.15M hydrochloric acid into the distal 

oesophagus, pain thresholds to electrical stimulation were determined in the proximal non-acid 

exposed oesophagus. Validated sympathetic (cardiac sympathetic index) and parasympathetic 

(cardiac vagal tone (CVT)) nervous system measures were recorded. In study 1, 15 healthy participants 

were randomized in a blinded crossover design to receive either t-VNS or sham for 30 minutes during 

acid infusion. In study 2, 18 different healthy participants were randomized in a blinded crossover 

design to receive either t-VNS or sham, for 30 minutes after acid infusion.  

 

RESULTS: Study 1: t-VNS increased CVT (31.6% ± 58.7 vs. -9.6 ± 20.6, p=0.02) in comparison to sham 

with no effect on cardiac sympathetic index. The development of acid-induced oesophageal 

hypersensitivity was prevented with t-VNS in comparison to sham (15.5 mA per unit time (95% CI 4.9 

- 26.2), p=0.004). Study 2: t-VNS increased CVT (26.3% ± 32.7 vs. 3 ± 27.1, p=0.03) in comparison to 

sham with no effect on cardiac sympathetic index. t-VNS reversed established acid-induced 

oesophageal hypersensitivity in comparison to sham (17.3mA /unit time (95% CI 9.8 - 24.7), p=0.0001).  

 

CONCLUSIONS: t-VNS prevents the development of, and reverses established, acid induced 

oesophageal hypersensitivity. These results have therapeutic implications for the management of 

visceral pain hypersensitivity. 
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INTRODUCTION 
Functional gastrointestinal disorders (FGID) are common and are associated with marked personal 

and societal costs 1. Visceral pain hypersensitivity is an important cause of chronic abdominal pain in 

FGID 2. Current analgesic drugs are of limited efficacy, with side effects frequently limiting their 

tolerability and adherence 3. The management of visceral pain is often sub-optimal and represents an 

unmet clinical need. Therefore, there is a requirement to develop novel interventions. 

 

The autonomic nervous system (ANS) is a bidirectional brain body interface that ingrates the internal 

milieu with the external environment, principally serving to maintain homeostasis. The ANS is 

traditionally considered to be composed of two opposing branches referred to as the sympathetic 

(SNS) and parasympathetic nervous systems (PNS). The major neural substrate of the PNS is the vagus 

nerve which exerts an anti-nociceptive and anti-inflammatory effect within the viscera  4,5. Given that 

the SNS and PNS are largely antithetic in nature, it has been proposed that a balance between the two 

is crucial for normal pain perception. Imbalance between the SNS and PNS has been implicated in the 

pathophysiology of a number of GI disorders including inflammatory bowel disease (IBD) and the FGID 

3,6. Therefore, restoration of this imbalance has therapeutic interest.   

 
Previously, we have developed and validated a human model of oesophageal pain hypersensitivity, 

where following acid infusion into the distal oesophagus, pain tolerance thresholds (PTT) to electrical 

stimulation in the non-acid exposed proximal oesophagus are reduced due to central sensitization 7. 

Using this model, we have shown that physiologically increasing parasympathetic vagal tone, using 

deep slow paced breathing, prevents the development of acid induced oesophageal pain 

hypersensitivity 8.  

 

The auricular branch of the vagus nerve innervates the concha of the ear and is located directly under 

the skin, making it a suitable target for transcutaneous electrical stimulation. Transcutaneous vagus 

nerves stimulation (t-VNS) can be achieved using an earplug-like electrode which sits on the cymba 

conchae of the outer ear and a handheld battery-powered electrical stimulator. Brain imaging studies 
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in humans, and tract-tracing studies in animals, have shown that the auricular branch of the vagus 

nerve projects to the nucleus tractus solitarius in the brainstem which is the primary relay centre for 

vagal afferents 9. T-VNS has been demonstrated to induce similar patterns of cerebral activation to 

surgically implanted VNS 10. In the current study, we tested the hypothesis that t-VNS can prevent the 

development, and reverse established, acid induced oesophageal pain hypersensitivity in healthy 

participants.  

 
 
MATERIALS AND METHODS 
Study population and study design 
Healthy participants aged 18-60 years, who had no past medical history and were not currently taking 

any prescribed or over the counter medications, took part in the study. All participants were non-

smokers and were asked to avoid caffeine and alcohol for 24 hours prior to the study and had never 

previously been studied with this model of acid perfusion. All females of child-bearing potential were 

studied in the follicular stage of their menstrual cycle. The validated Hospital Anxiety and Depression 

Scale was used to screen for sub-clinical anxiety and depression 11. Written informed consent was 

obtained from each participant. All protocols were approved by the Queen Mary University of London 

City Research Ethics Committee, UK (reference QMREC 2016/26 and QMREC 2014/5) and were 

undertaken according to the Declaration of Helsinki. Both studies were blinded, randomised, sham 

controlled, cross over trials comparing t-VNS vs sham using a validated model of acid induced 

oesophageal hypersensitivity. In study 1, t-VNS/sham was applied during oesophageal acidification to 

evaluate whether the intervention would prevent the development of acid induced oesophageal pain 

hypersensitivity. In study 2, t-VNS/sham was applied after the development of acid induced 

oesophageal pain hypersensitivity to evaluate whether it could be reversed.  

 
Randomisation and allocation concealment  
Participants were randomly assigned (1:1) in blocks of three, using a code generated at 

www.randomization.com, to t-VNS at the first study visit followed by sham t-VNS at the second or vice 

versa.  Allocation was concealed from participants and those conducting the analysis of the results. In 
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order to mitigate potential effect of participants performing an internet search to establish which 

intervention was t-VNS, the participant information sheet explained that we were testing the 

stimulation of two different nerve on oesophageal sensitivity to acid infusion.  

 
Main Measurements  
Oesophageal pain tolerance thresholds  
Following identification of the location of the lower oesophageal sphincter (LOS) using high resolution 

oesophageal manometry (Manoscan ESO, Medtronic, Watford, UK), sensory testing was undertaken 

18cm proximal to the LOS using a pair of silver-silver chloride bipolar ring electrodes (inter-electrode 

distance 1cm) mounted 16cm proximal to the tip of a 3mm diameter catheter containing a distal 

infusion port (Unisensor, Gaeltec, Isle of Skye, UK). Electrodes were connected to an electrical 

stimulator (Model DS7, Digitimer Ltd, Welwyn Garden City, UK). Electrical stimuli consisting of square 

wave pulses of 500 milliseconds (ms) duration were delivered at a frequency of 0.5Hz, with intensities 

varying between 0 and 80mA. The intensity of stimulation was increased in 2mA increments 8,12-17. 

Participants were asked to report both their sensory threshold for the stimulus (visual analogue scale 

(VAS) of 1 out of 10) and their PTT, i.e. when they could not tolerate any further increase (VAS of 7 

out of 10). Stimulation was discontinued at the PTT. Oesophageal pH was measured continuously in 

the proximal (site of electrical stimulation) and distal (site of acidification) oesophagus using a twin-

channel pH catheter and recording box (Synectics Medical, Enfield, UK).  

 
Psychological factors 
At baseline, state and trait anxiety was assessed using the validated Spielberger Anxiety Inventory, as 

anxiety can modulate PTT 18,19. 

 
Autonomic nervous system  
Mixed measures: blood pressure and heart rate - Blood pressure (BP) was continuously non-invasively 

measured using a validated photoplethysmographic technique (Portapres, Finpres Medical Systems, 

Amsterdam, Netherlands) 20. Electrocardiographic (ECG) electrodes (Ambu Blue Sensor P, Ballerup, 

Denmark) were placed in right and left sub-clavicular areas and cardiac apex. The ECG was acquired 

at 5kHz using a biosignals acquisition system (Neuroscope, Medifit Instruments, Essex, UK). Heart rate 
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(HR) was derived from intervals between successive R waves. ANS parameters were recorded 

according to internationally agreed recommendations 21. Parasympathetic nervous system measures: 

cardiac vagal tone - The Neuroscope derives a real-time index of parasympathetic nervous system 

activity, known as cardiac vagal tone (CVT). CVT is measured on a validated linear vagal scale (LVS), 

where 0 represents full atropinisation 22. CVT is described in elsewhere 23, but in contrast to power 

spectral analysis of heart rate variability, it is validated for time epochs of less than 5 minutes 22. 

Sympathetic nervous system measures: cardiac sympathetic index - RR interval data was extracted and 

manually reviewed and edited to remove any missed, or extra beats, as per accepted 

recommendations as these can result in significant artefacts 21. In 2 out of 33 participants, the data 

needed to be edited due to movement artefact, which resulted in a short period (<10 seconds) of R-R 

intervals of <250ms.  Following this, the RR data was reformatted and entered into the Cardiac Metric 

program (CMet, University of Arizona, Arizona, USA) to derive the validated Toichi’s cardiac 

sympathetic index (CSI) 24. CSI is a ratio of R-R intervals and therefore has no units.  

 
Main exposures 
Oesophageal acid infusion 
After being warmed to body temperature, 0.15M hydrochloric acid (HCl) (Stockport Pharmaceuticals, 

Stepping Hill Hospital, Stockport, UK) was infused into the distal oesophagus, 3cm proximal to the LOS 

at a rate of 8 mL per minute for 30 minutes via an infusion pump (KDS Scientific 100, Linton 

Instrumentation, Pulgrave, Norfolk, UK) 8,12-17.  

 

Main interventions 
Vagus nerve or sham stimulation 
The t-VNS device (NEMOS system, CerboMed, Erlangen, Germany) was positioned in the participants’ 

left ear ensuring that the stimulating electrodes made good contact with the cymba concha to ensure 

optimal stimulation. If the skin contact is sub-optimal, the system alarms thereby allowing 

repositioning. The t-VNS device produces rectangular pulses with a pulse width of 0.1ms at a 

frequency of 25 Hz. The device was then switched on and the intensity of stimulation was gradually 

increased in 0.1mA increments until a tingling sensation was achieved but not to a level that was 
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uncomfortable or caused pain. This intensity was then used for the rest of the intervention period. 

The t-VNS device stimulates for a period of 30 seconds followed by 30 seconds rest. Sham t-VNS was 

achieved in a similar manner by inverting the VNS device such that the electrode was placed on the 

earlobe of the left external ear, see Figure 1, with the intensity of stimulation increased in an identical 

fashion to achieve a light tingling sensation.  

 
Outcome measures 
Three measurements of PTT were taken in the proximal oesophagus and the mean value derived. 

Measurements were taken prior to acid infusion (T0), then 60 minutes (T60), 90 minutes (T90) and 

120 minutes (T120) after completion of the acid infusion. As previously defined by Sharma et al. 12, 

sensitizers to the oesophageal acidification were defined as having a post acid infusion reduction in 

PTT of ≥6 mA at T60. Non-sensitizers were defined as having an increase or a reduction of <6 mA in 

oesophageal PTT, at T60. The primary outcome was the differences in PTT between t-VNS and sham 

stimulation over the time periods after stimulation. Secondary outcome measures included the effect 

of t-VNS on autonomic and anxiety measures as well as safety aspects.  

 
Study protocols  

All participants were studied in the morning (from 0900-1200hrs) in a temperature controlled (20-

22°C), quiet laboratory. All experiments were conducted with participants resting on an examination 

couch at 45o, with their legs supported, having fasted for a minimum of 6 hours. The catheter was 

introduced into the oesophagus trans-nasally without local anaesthetic until the infusion port and 

stimulating electrodes were 3 and 18cm proximal to the LOS respectively. Participants were allowed 

to rest for at least 10 minutes prior to undertaking any further interventions 25. During all study 

procedures, autonomic measures and blood pressure was measured at baseline and continuously 

thereafter.  
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Study 1 - The effect of vagus nerve stimulation on the development of oesophageal pain 
hypersensitivity 
Prior to acid infusion, baseline PTT (i.e. T0) was measured. Acid was then infused into the distal 

oesophagus for 30 minutes, during which participants were randomised to receive either t-VNS or 

sham VNS for the duration of the acid infusion, i.e. 30 minutes. PTTs were then measured at T60, T90 

and T120 minutes. Participants who received sham VNS at the first visit who did not sensitize were 

excluded from the study at that point and no further visits were undertaken as it would not be possible 

to demonstrate any effect of t-VNS or sham VNS. Participants were then restudied after a period of 2 

weeks, during which they were crossed over to receive the VNS intervention to which they had not 

been exposed during the first visit. Participants who received sham VNS at the second visit who did 

not sensitize were excluded from the subsequent study analysis for the aforementioned reason. We 

have previous utilised this enriched pragmatic design in order to improve recruitment, participant  

retention and study efficiency 8.  

 
Study 2 - The effect of vagus nerve stimulation on reversing established oesophageal pain 
hypersensitivity  
As in study 1, prior to acid infusion, baseline PTT (i.e. T0) was measured following which acid was 

infused into the distal oesophagus for 30 minutes. PTTs were measured at T60, T90 and T120. At T60 

(i.e. after sensitization had occurred), participants were randomised to receive either t-VNS or sham 

VNS for 30 minutes. Participants were then restudied after a period of 2 weeks, during which they 

were crossed over to receive the VNS intervention to which they had not been exposed during the 

first visit. Participants who did not sensitize were excluded for the same reasons as stated above.  

 
Data analysis 
As determined by visual inspection of histograms and Shapiro-Wilk testing, results are presented as 

mean (with standard deviation (SD)), medians and inter-quartile ranges dependent on their 

distribution. The changes in PTT were analysed using linear mixed effects regression models with 

maximum restricted likelihood (fixed effects: time, intervention (i.e. t-VNS/sham t-VNS); random 

effect = subject) with T0 PTTs in Study 1 and T60 in Study 2 accounted for in the model as zero to yield 

a regression coefficient for t-VNS intervention effect (with 95% confidence interval (CI)). As data were 



 
 

10 

paired, additional analyses were performed with paired t-tests and linear regression as appropriate. 

The investigator analysing the study results was blinded to the treatment allocation. P<0.05 was 

considered to represent statistical significance and the analyses were undertaken using proprietary 

software (Stata V13.0, Stata Corporation, Texas, USA). 

 
RESULTS 
Study 1 - The effect of vagus nerve stimulation on autonomic tone and pain 
thresholds 
Demographics  
34 participants (18 males, mean age 29 years, range 19-48) were recruited. 19 participants (10 males, 

mean age 24 years, range 21-40) were classified as non-sensitizers (9 participants after the first and 

10 after the second visit), see supplementary material. This was an expected rate of non-sensitization 

based on our previous work, thus leaving 15 participants (9 males, mean age 31 years, range 21-48).  

 
Vagus nerve stimulation increases cardiac vagal tone  
Relative to baseline, t-VNS resulted in an increase in CVT in comparison to sham VNS (Δ CVT 31.6% ± 

58.7 vs. -9.6% ± 20.6, p=0.016). Relative to baseline, t-VNS had no effect of CSI in comparison to sham 

(Δ CSI -5.8% ± 17.7 vs. 7.6% ± 8.7, p=0.3).  

 
Vagus nerve stimulation prevents the development of oesophageal hypersensitivity 
In all participants, during oesophageal acidification, pH fell to <2.0 in the distal oesophagus but 

remained >6.0 in the proximal oesophagus. The most common symptoms reported during the acid 

infusion was a mild discomfort/warm feeling in the lower chest (6/15, 40%) and nausea (3/15, 20%). 

Absolute PTT data at T0 and after acid infusion (T60, T90, T120) are shown in Table 1. There were no 

differences in absolute values of PTT at T0 in participants undergoing t-VNS vs. sham (mean (SD): 37.5 

mA (16.6) vs. 33.6mA (11.4), p=0.45). t-VNS prevented the development of proximal oesophageal acid-

induced hypersensitivity, see Figure 2. Mixed effects regression showed a coefficient of effect for t-

VNS of 15.5 mA per unit time (95% CI 4.9 - 26.2), p=0.004. There was no relationship between state 

or trait anxiety and T0 thresholds, nor the degree of acid sensitization at subsequent time points or 

changes in autonomic measures.  
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Study 2 - The effect of vagus nerve stimulation on reversing established oesophageal 
pain hypersensitivity  
Demographics  
25 participants (12 males, mean age 26.4 years, range 19-41) were recruited. 7 participants (4 males, 

mean age 27.7 years, range 19-36) were excluded with 5 classified as non-sensitizers with 2 

participants being unable to tolerate naso-oesophageal intubation, see supplementary material. This 

was an expected rate of non-sensitization based on our previous work thus leaving, 18 participants (8 

males, mean age 26 years, range 19-41).  

 
Vagus nerve stimulation increases cardiac vagal tone  
Relative to baseline, t-VNS resulted in an increase in CVT in comparison to sham VNS (Δ CVT 26.3% ± 

32.7 vs. 3 ± 27.1, p=0.03). Relative to baseline, t-VNS had no effect of CSI in comparison to sham (Δ 

CSI -10.9% ± 37.7 vs. 11.5 ± 79.7, p=0.3).  

 
Vagus nerve stimulation reverses established oesophageal hypersensitivity 
During acid infusion, pH fell to <2.0 in the distal oesophagus of all participants but remained >6.0 in 

the proximal unexposed oesophagus. The most common symptom reported with acid infusion was 

nausea (4/18, 22.2%). Absolute threshold data at (T0) and after acid infusion (T60, T90, T120) are 

shown in Table 2. There were no differences in absolute values of PT at T0 or T60 in participants 

receiving t-VNS or sham VNS (T0 mean (SD) t-VNS 38.7mA (12.6) vs. sham t-VNS 37.3mA (15.7), p=0.69, 

T60 t-VNS 28.7mA (11)) vs. sham t-VNS 27.2mA (11.2), p=0.55). Relative to the T60 time-point, there 

was an increase in PTT with t-VNS at T90 of 3mA (95% CI 1 - 5.1) in comparison to sham t-VNS of 0.7 

mA (95% CI -1 – 2.3). Similarly, at T120, there was an increase in PTT with t-VNS of 3.8mA (95% CI 1.5 

- 6.1) in comparison to sham t-VNS, 1.3mA (95% CI -0.4 – 3). Mixed effects regression showed a 

significant effect for t-VNS (coefficient 17.3mA /unit time (95% CI 9.8 - 24.7), p=0.0001), see Figure 3.  

 
DISCUSSION 
Our results provide evidence that t-VNS prevents the development, as well as reverses established, 

acid induced oesophageal pain hypersensitivity by increasing parasympathetic tone. Although there 

remains considerable uncertainty, the effect that we observed could be potentially mediated by vagal 
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modulation of nociplastic pain including the inhibition of inflammation, the SNS and the pain 

neuromatrix – all of which are factors that contribute to central sensitisation. 

 
Inflammation exerts a pivotal role in pain perception with glial, immune cells and proinflammatory 

cytokines implicated in chronic pain states 26. In addition to its primary function of regulating heart 

rate, respiratory patterns and digestion, the vagus nerve has been demonstrated to exert an 

important role in the modulation of both the central and peripheral anti-inflammatory response with 

a significant body of research demonstrating an anti-inflammatory pathway mediated by acetylcholine 

and/or noradrenaline, referred to as the cholinergic anti-inflammatory pathway 27,28. In the context of 

t-VNS, a number of studies have shown short term stimulation exerts an anti-inflammatory effect 29. 

Following acid induced oesophageal cell injury, there is an influx of inflammatory mediators whose 

function is to repair squamous epithelium although can cause direct injury through alterations in 

neuromuscular function of oesophageal smooth muscle 30. In animal models, this deleterious effect of 

acid-induced oesophageal inflammation can be ameliorated with ketotifen, a non-competitive H1-

antihistamine and mast cell stabilizer 31. Moreover, acid induced acute oesophagitis is worsened by 

destruction of the dorsal motor nucleus of the vagus, the efferent source of vagal tone, and in 

combination with our data suggest that the cholinergic anti-inflammatory pathway may represent a 

therapeutic target 32 .  

 
Previous functional neuroimaging studies have demonstrated that t-VNS modulates areas associated 

with central pain neuromatrix such as the thalamus, orbitofrontal cortex, cerebellum, hypothalamus, 

medulla and the limbic system 33. For instance, VNS has been shown to result in insular and cortical 

activation, areas that have been shown to be important in mediating acid induced oesophageal pain 

in health participants and in patients with gastro-oesophageal reflux disease 34-36. We have also 

recently illustrated how higher resting parasympathetic tone conveys greater network connectivity in 

a number of subcortical regions implicated in descending analgesia, including the anterior insula, 

amygdala and hypothalamus, suggesting a prospective neural mechanism for t-VNS induced anti-

nociception 37.  
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Oesophageal hyperalgesia that is observed in the non-acid exposed proximal oesophagus occurs due 

to central sensitization, reflecting enhanced nociception. This is the results of three broad mechanisms 

namely, temporal summation, increased activation of nociceptive facilitatory pathways and/or 

impairment of descending pain inhibitory pathways. Dysfunction within the descending pathways may 

particularly promote and maintain central sensitization 38. Within the brainstem, primary afferent 

vagal fibres terminate in the nucleus tractus solitarius, which is also the origin of descending inhibitory 

pathways which form a spinal-bulbo-spinal anti-nociceptive circuit 39. The central analgesic effect of 

VNS has been proposed to increase such descending pain modulatory pathways 40.  

 
It was interesting to observe that anxiety levels were not associated with pain thresholds, as the 

former can influence ANS function 41, although we have reported similar findings in a previous larger 

study using this model 8. It is plausible to suggest that our participants were less prone to anxiety given 

that we actively screened for subclinical anxiety prior to entry into the study. Nevertheless, that is not 

to say that this model is not influenced by psychiatric state. Using this model, albeit in a smaller 

number of healthy participants, Sharma et al. demonstrated that acid induced oesophageal 

hypersensitivity could be increased using an experimental paradigm that induced anxiety 12. 

 

Our findings have potential therapeutic implications. Heartburn and chest pain are common 

symptoms in functional oesophageal disorders, such as reflux hypersensitivity syndrome 42. Although 

proton pump inhibitors (PPIs) are the gold standard for the treatment of gastro-oesophageal reflux 

disease, a substantial proportion of such patients fail to respond 43. Amongst PPI non-responders, 

three-quarters of patients will have a FGID 44, disorders which are characterized by heartburn and 

chest pain [56]. These symptoms are mediated, in part, by oesophageal hypersensitivity, which is 

frequently challenging to manage effectively 45. Non-pharmacological interventions are increasingly 

being sought to treat chronic pain disorders. Coupled with the data from our study, t-VNS could 

represent an attractive non-invasive neuromodulatory intervention that warrants further study in this 
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group. This is particularly salient given that we have demonstrated that t-VNS can reverse established 

oesophageal hypersensitivity.  

 

Our study is subject to limitations. Firstly, both our studies were not traditional crossover designs, in 

that sensitization was defined at the sham t-VNS visit in study 1 and at either visit in study 2, with 

participants excluded on that basis. Nevertheless, we have previously shown that sensitization status 

is temporally stable and the design used in this study represents a pragmatic approach to ensuring 

maximal recruitment and retention and one that we have used previously in studies of physiological 

parasympathetic modulation 8. Within any cross-over design there is potential for a carryover effect 

although we attempted to ameliorate this by using an interval of at least two weeks between study 

visits, as we have used in our previous studies. As with most studies of neurostimulation, achieving 

adequate blinding can be challenging due to the proximity of other neuronal structures. However, 

brain imaging studies have demonstrated that t-VNS sham stimulation causes somatosensory 

activation but does not activate the central autonomic network, providing evidence from a  

mechanistic point of view that it is a true sham 46. The t-VNS device that was used has a fixed 

stimulation frequency of 25Hz. Within animal models, vagal stimulation is frequency dependant 

although this remains unclear in humans and warrants further study 46.  Whether the visceral analgesic 

effect of t-VNS occurs in response to pain induced by other modalities, such as mechanical or thermal 

stimulation, is unclear. However, Busch et al. demonstrated that t-VNS was associated with an 

analgesic effect into response to somatic mechanical and thermal pain in comparison sham t-VNS in 

the absence of any effect on non-noxious somatosensory processing 47. Finally, we did not perform a 

study to ascertain whether the analgesic effect of t-VNS could be antagonised using a vagolytic agent, 

such as atropine. However, in our previous study we demonstrated that atropine reversed the 

analgesic effect of deep breathing (a method for physiologically increasing vagal tone), which was 

indexed by a concomitant withdrawal of CVT 8. Thus, it seems plausible to suggest that given we 

demonstrated a rise in CVT in both of the current studies, that the effect of t-VNS is mediated by the 

PNS.  
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In conclusion, we report the first human studies demonstrating that t-VNS prevents, and reverses 

established, acid induced oesophageal pain hypersensitivity. The mechanism by which this occurs 

remains to be fully elucidated but is likely to be mediated by the PNS considering its pivotal role in 

modulating central sensitisation. Further studies are now warranted to ascertain whether t-VNS is 

efficacious in managing visceral pain in a clinical setting, and particularly pain that is associated with 

central sensitization, such as non-erosive reflux disease or reflux hypersensitivity syndrome.  

 
Registered at clinicaltrials.gov reference NCT02620176. 

  

REFERENCES 
1. Canavan C, West J, Card T. Review article: the economic impact of the irritable bowel 

syndrome. Aliment Pharmacol Ther. 2014;40(9):1023-1034. 
2. Camilleri M, Boeckxstaens G. Dietary and pharmacological treatment of abdominal pain in IBS. 

Gut. 2017;66(5):966-974. 
3. Camilleri M. Toward an effective peripheral visceral analgesic: responding to the national 

opioid crisis. American journal of physiology Gastrointestinal and liver physiology. 
2018;314(6):G637-G646. 

4. Wilder-Smith CH. The balancing act: endogenous modulation of pain in functional 
gastrointestinal disorders. Gut. 2011;60(11):1589-1599. 

5. Matteoli G, Boeckxstaens GE. The vagal innervation of the gut and immune homeostasis. Gut. 
2013;62(8):1214-1222. 

6. Polster A, Friberg P, Gunterberg V, et al. Heart rate variability characteristics of patients with 
irritable bowel syndrome and associations with symptoms. Neurogastroenterology and 
motility : the official journal of the European Gastrointestinal Motility Society. 
2018;30(7):e13320. 

7. Sarkar S, Aziz Q, Woolf CJ, Hobson AR, Thompson DG. Contribution of central sensitisation to 
the development of non-cardiac chest pain. Lancet. 2000;356(9236):1154-1159. 

8. Botha C, Farmer AD, Nilsson M, et al. Preliminary report: modulation of parasympathetic 
nervous system tone influences oesophageal pain hypersensitivity. Gut. 2015;64(4):611-617. 

9. Frangos E, Richards EA, Bushnell MC. Do the psychological effects of vagus nerve stimulation 
partially mediate vagal pain modulation? Neurobiol Pain. 2017;1:37-45. 

10. Redgrave J, Day D, Leung H, et al. Safety and tolerability of Transcutaneous Vagus Nerve 
stimulation in humans; a systematic review. Brain Stimul. 2018;11(6):1225-1238. 

11. Zigmond AS, Snaith RP. The hospital anxiety and depression scale. Acta Psychiatr Scand. 
1983;67(6):361-370. 

12. Sharma A, Van Oudenhove L, Paine P, Gregory L, Aziz Q. Anxiety increases acid-induced 
esophageal hyperalgesia. Psychosom Med. 2010;72(8):802-809. 

13. Willert RP, Woolf CJ, Hobson AR, Delaney C, Thompson DG, Aziz Q. The development and 
maintenance of human visceral pain hypersensitivity is dependent on the N-methyl-D-
aspartate receptor. Gastroenterology. 2004;126(3):683-692. 

14. Willert RP, Delaney C, Kelly K, Sharma A, Aziz Q, Hobson AR. Exploring the neurophysiological 
basis of chest wall allodynia induced by experimental oesophageal acidification - evidence of 



 
 

16 

central sensitization. Neurogastroenterology and motility : the official journal of the European 
Gastrointestinal Motility Society. 2007;19(4):270-278. 

15. Willert RP, Hobson AR, Delaney C, Hicks KJ, Dewit OE, Aziz Q. Neurokinin-1 receptor 
antagonism in a human model of visceral hypersensitivity. Alimentary pharmacology & 
therapeutics. 2007;25(3):309-316. 

16. Chatrchyan S, Khachatryan V, Sirunyan AM, et al. Search for supersymmetry at the LHC in 
events with jets and missing transverse energy. Phys Rev Lett. 2011;107(22):221804. 

17. Chua YC, Ng KS, Sharma A, et al. Randomised clinical trial: pregabalin attenuates the 
development of acid-induced oesophageal hypersensitivity in healthy volunteers - a placebo-
controlled study. Alimentary pharmacology & therapeutics. 2012;35(3):319-326. 

18. Spielberger CD. Manual for the state/trait anxiety inventory (form Y) : (self evaluation 
questionnaire). Palo Alto: Consulting Psychologists Press; 1983. 

19. Tang J, Gibson SJ. A psychophysical evaluation of the relationship between trait anxiety, pain 
perception, and induced state anxiety. J Pain. 2005;6(9):612-619. 

20. Benarroch EE, Opfer-Gehrking TL, Low PA. Use of the photoplethysmographic technique to 
analyze the Valsalva maneuver in normal man. Muscle & nerve. 1991;14(12):1165-1172. 

21. Heart rate variability: standards of measurement, physiological interpretation and clinical use. 
Task Force of the European Society of Cardiology and the North American Society of Pacing 
and Electrophysiology. Circulation. 1996;93(5):1043-1065. 

22. Julu PO. A linear scale for measuring vagal tone in man. J Auton Pharmacol. 1992;12(2):109-
115. 

23. Farmer AD, Coen SJ, Kano M, et al. Normal values and reproducibility of the real-time index 
of vagal tone in healthy humans: a multi-center study. Ann Gastroenterol. 2014;27(4):362-
368. 

24. Toichi M, Sugiura T, Murai T, Sengoku A. A new method of assessing cardiac autonomic 
function and its comparison with spectral analysis and coefficient of variation of R-R interval. 
J Auton Nerv Syst. 1997;62(1-2):79-84. 

25. Farmer AD, Coen SJ, Kano M, et al. Psychological traits influence autonomic nervous system 
recovery following esophageal intubation in health and functional chest pain. 
Neurogastroenterol Motil. 2013;25(12):950-e772. 

26. Tal M. A Role for Inflammation in Chronic Pain. Curr Rev Pain. 1999;3(6):440-446. 
27. Bonaz B, Sinniger V, Pellissier S. Anti-inflammatory properties of the vagus nerve: potential 

therapeutic implications of vagus nerve stimulation. J Physiol. 2016;594(20):5781-5790. 
28. Bonaz B, Sinniger V, Pellissier S. Vagal tone: effects on sensitivity, motility, and inflammation. 

Neurogastroenterol Motil. 2016;28(4):455-462. 
29. Brock C, Brock B, Aziz Q, et al. Transcutaneous cervical vagal nerve stimulation modulates 

cardiac vagal tone and tumor necrosis factor-alpha. Neurogastroenterol Motil. 2017;29(5). 
30. Orlando RC. The integrity of the esophageal mucosa. Balance between offensive and 

defensive mechanisms. Best Pract Res Clin Gastroenterol. 2010;24(6):873-882. 
31. Naya MJ, Pereboom D, Ortego J, Alda JO, Lanas A. Superoxide anions produced by 

inflammatory cells play an important part in the pathogenesis of acid and pepsin induced 
oesophagitis in rabbits. Gut. 1997;40(2):175-181. 

32. Zhao L, Xie P, Geng B, Wang Z, Xu L. Destruction of the Dorsal Motor Nucleus of the Vagus 
Aggravates Inflammation and Injury from Acid-Induced Acute Esophagitis in a Rat Model. 
Analytical Cellular Pathology. 2019;2019:11. 

33. Chae JH, Nahas Z, Lomarev M, et al. A review of functional neuroimaging studies of vagus 
nerve stimulation (VNS). J Psychiatr Res. 2003;37(6):443-455. 

34. Narayanan JT, Watts R, Haddad N, Labar DR, Li PM, Filippi CG. Cerebral activation during vagus 
nerve stimulation: a functional MR study. Epilepsia. 2002;43(12):1509-1514. 

35. Paine PA, Hamdy S, Chitnis X, et al. Modulation of activity in swallowing motor cortex following 
esophageal acidification: a functional magnetic resonance imaging study. Dysphagia. 
2008;23(2):146-154. 



 
 

17 

36. Siwiec RM, Babaei A, Kern M, Samuel EA, Li SJ, Shaker R. Esophageal acid stimulation alters 
insular cortex functional connectivity in gastroesophageal reflux disease. Neurogastroenterol 
Motil. 2015;27(2):201-211. 

37. Ruffle JK, Coen SJ, Giampietro V, Williams SCR, Aziz Q, Farmer AD. Preliminary report: 
parasympathetic tone links to functional brain networks during the anticipation and 
experience of visceral pain. Sci Rep. 2018;8(1):13410. 

38. Brooks JC, Kong Y, Lee MC, et al. Stimulus site and modality dependence of functional activity 
within the human spinal cord. The Journal of neuroscience : the official journal of the Society 
for Neuroscience. 2012;32(18):6231-6239. 

39. Ren K, Randich A, Gebhart GF. Modulation of spinal nociceptive transmission from nuclei 
tractus solitarii: a relay for effects of vagal afferent stimulation. J Neurophysiol. 
1990;63(5):971-986. 

40. Kirchner A, Birklein F, Stefan H, Handwerker HO. Left vagus nerve stimulation suppresses 
experimentally induced pain. Neurology. 2000;55(8):1167-1171. 

41. Miu AC, Heilman RM, Miclea M. Reduced heart rate variability and vagal tone in anxiety: Trait 
versus state, and the effects of autogenic training. Auton Neurosci. 2009;145:99-103. 

42. Farmer AD, Ruffle JK, Aziz Q. The Role of Esophageal Hypersensitivity in Functional Esophageal 
Disorders. J Clin Gastroenterol. 2017;51(2):91-99. 

43. El-Serag H, Becher A, Jones R. Systematic review: persistent reflux symptoms on proton pump 
inhibitor therapy in primary care and community studies. Aliment Pharmacol Ther. 
2010;32(6):720-737. 

44. Abdallah J, George N, Yamasaki T, Ganocy S, Fass R. Most Patients With Gastroesophageal 
Reflux Disease Who Failed Proton Pump Inhibitor Therapy Also Have Functional Esophageal 
Disorders. Clin Gastroenterol Hepatol. 2019;17(6):1073-1080 e1071. 

45. Aziz Q, Fass R, Gyawali CP, Miwa H, Pandolfino JE, Zerbib F. Functional Esophageal Disorders. 
Gastroenterology. 2016. 

46. Badran BW, Dowdle LT, Mithoefer OJ, et al. Neurophysiologic effects of transcutaneous 
auricular vagus nerve stimulation (taVNS) via electrical stimulation of the tragus: A concurrent 
taVNS/fMRI study and review. Brain stimulation. 2018;11(3):492-500. 

47. Busch V, Zeman F, Heckel A, Menne F, Ellrich J, Eichhammer P. The effect of transcutaneous 
vagus nerve stimulation on pain perception--an experimental study. Brain Stimul. 
2013;6(2):202-209. 

 

  



 
 

18 

TABLES 
TABLE 1 

a. Pain tolerance thresholds in study 1 – t-VNS during oesophageal acidification 
 T0 T60 T90 T120 

Pain thresholds: 
mean (SD) mA 

37.5 (16.6) 39.1 (14.9) 36.2 (15) 36.7 (15.7) 

b. Pain tolerance thresholds in study 1 – sham t-VNS during oesophageal acidification 
Pain thresholds: 
mean (SD) mA 

33.6 (11.4) 25.2 (6.9) 25.1 (8.9) 28.7 (9.2) 

Table 1: Absolute values for proximal oesophageal PTT before (T0) and after (T60, T90 and T120) acid 
infusion with (a) t-VNS and (b) sham t-VNS delivered during acid infusion.  
 
 

TABLE 2 
a. Pain tolerance thresholds in study 2 – t-VNS after oesophageal acidification 

 T0 T60 T90 T120 
Pain thresholds: 
mean (SD) mA 

38.7 (12.6) 28.7 (11.0) 32.1 (16.5) 34.5 (20.7) 

b. Pain tolerance thresholds in study 2 – sham t-VNS after oesophageal acidification 
Pain thresholds: 
mean (SD) mA 

37.3 (15.7) 27.2 (11.2) 30.3 (12.1) 32.9 (13.9) 

Table 2: Absolute values for proximal oesophageal PTT before (T0) and after (T60, T90 and T120) acid 
infusion with (a) t-VNS and (b) sham t-VNS delivered after acid infusion.  
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FIGURE LEGENDS 
 
Figure 1 – The t-VNS device in situ. A) Active stimulation with the device located in the cymba concha 
and tragus and B) sham VNS where the outer aspect of the earlobe is stimulated.  
 
Figure 2 - The effect of t-VNS (n) and sham t-VNS (�) on the development of oesophageal pain 
hypersensitivity, derived from the paired change in pain thresholds (mean ± standard error of the 
mean), in the proximal oesophagus at T60, T90 and T120, with mixed effects regression showing a 
coefficient of effect for t-VNS of 15.5 mA per unit time (95% CI 4.9-26.2), p=0.004.  
 
Figure 3 - The effect of t-VNS (n) and sham t-VNS (�) on the reversing established oesophageal pain 
hypersensitivity, derived from the paired change in pain thresholds (mean ± standard error of the 
mean), in the proximal oesophagus at T60, T90 and T120, with mixed effects regression showing a 
coefficient of 17.3mA /unit time (95% CI 9.8 - 24.7), p=0.0001.  
 
 


