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Abstract  

Transcutaneous vagus nerve stimulation or tVNS is a non-invasive neurostimulation technique that is 

currently being tested as a potential treatment for a myriad of neurological and psychiatric disorders. 

However, the working mechanisms underlying tVNS are poorly understood, and it remains unclear 

whether stimulation activates the vagus nerve for every participant. Finding a biological marker of 

tVNS is imperative, as it can help guide research on clinical applications, and can inform researchers 

on optimal stimulation sites and parameters to further optimize treatment efficacy. In this narrative 

review, we discuss five potential biomarkers for tVNS, and review currently available evidence for 

these markers for both invasive and transcutaneous VNS. While some of these biomarkers hold 

promise from a theoretical perspective, none of the potential biomarkers provide clear and definitive 

indications that tVNS increases vagal activity or augments activity in the locus coeruleus-noradrenaline 

network. We conclude the review by providing several recommendations for how to tackle the 

challenges and opportunities when researching potential biomarkers for the effects of tVNS. 

 

KEYWORDS: transcutaneous vagus nerve stimulation; biomarker; heart rate variability; vagal 

somatosensory evoked potential; pupil size; P300; salivary alpha-amylase; noradrenaline; 

locus coeruleus 

 

  



3 
 

1. Introduction 

Vagus nerve stimulation (VNS) is a neurostimulation technique that has received renewed attention in 

recent years. During invasive VNS, the vagus nerve is electrically stimulated by two electrodes that 

have been surgically implanted and sutured around the vagus nerve at the level of the neck. This 

technique was first described in humans by Penry and Dean (Penry & Dean, 1990) and has mainly been 

used to treat treatment-resistant epilepsy and treatment-resistant depression, although potential 

broader cognitive effects of this technique have also garnered attention (Vonck et al., 2014). Due to 

the invasiveness of the procedure as well as its accompanied health risks and medical costs, VNS is not 

a commonly used intervention. However, with the invention of non-invasive devices that stimulate 

areas of the skin which are either directly innervated by the vagus nerve (e.g. the ear) or that lie in 

close proximity to it (e.g. the neck), transcutaneous vagus nerve stimulation (tVNS) is now being 

studied and marketed for the treatment of depression, anxiety, headache, epilepsy, diabetes, pain, 

and heart failure (Groves & Brown, 2005). It is still unclear how tVNS could achieve such a myriad of 

beneficial effects. Although for some conditions the proposed working mechanism is the increased 

vagal activity itself (Gidron, Deschepper, De Couck, Thayer, & Velkeniers, 2018), alternative potential 

working mechanisms that have been suggested include modulation of the locus coeruleus-

noradrenaline (LC-NA) network, increased neuronal plasticity and neurogenesis, and increase of 

GABAergic activity (Grimonprez, Raedt, Baeken, Boon, & Vonck, 2015). Crucially however, and contrary 

to traditional invasive VNS, is that it remains unclear whether tVNS is successful at activating the vagus 

nerve specifically (rather than other nerves that lie in close proximity of the stimulation area). Thus, 

there is a clear need for a biological marker that can be used as an indication of whether the vagus 

nerve is actually being stimulated. 

Ideally, a biological marker for tVNS can provide information on the extent to which the vagus 

nerve is actually being stimulated, or could provide indications on whether the stimulation affected 

biological processes related to the presumed working mechanisms underlying the effects of tVNS. In 
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such a way, a biological marker would greatly elucidate at least some of the processes that are now 

shrouded within the ‘vagal black box’. Currently, tVNS research is predominantly focused on 

documenting potentially beneficial effects of stimulating the vagus nerve on specific aspects of 

behavior, cognition or emotion. Without a reliable biomarker, results from these studies will be 

significantly less informative. When these studies do not find an effect of tVNS, it is unclear whether 

this is due to a failure to activate the vagus nerve, or whether successful stimulation of the vagus nerve 

simply does not affect the process under scrutiny (relative to an active control condition). Similarly, 

when studies do find an effect of tVNS, the absence of a biomarker that may inform researchers about 

the underlying working mechanisms hampers conclusions and follow-up research. In this review we 

will provide readers with an overview of possible biomarkers and the evidence base for their use. 

 

1.1 The rationale for non-invasive vagus nerve stimulation 

The vagus nerve is the tenth cranial nerve and is the largest autonomic nerve of the body, innervating 

most of the peripheral organs. The vagus nerve is mainly known for its parasympathetic control over 

the heart, lungs and its role in the cholinergic anti-inflammatory pathway. However, approximately 

80% of the fibers of the vagus nerve are afferent fibers that transfer sensory information from 

peripheral organs to the brainstem, a process which is neither parasympathetic nor sympathetic (Yuan 

& Silberstein, 2016). It is this afferent pathway of the vagus that is being targeted during non-invasive 

vagus nerve stimulation  

The auricular branch of the vagus nerve (ABVN) – the target for most tVNS interventions – 

appears to be a phylogenic remnant of nerves that supply the lateral line organs in amphibians and 

fish to sense vibrations and movements in the surrounding water (Engel, 1979; Gupta, Verma, & 

Vishwakarma, 1986). In mammals, the ABVN is an exclusively afferent, sensory nerve that innervates 

part of the skin of the outer ear, as well as the external acoustic meatus (Peuker & Filler, 2002; 
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Sherrington, 1897). The afferent fibers of the ABVN terminate in the nucleus of the solitary tract – 

similarly to the thoracic vagus nerve – as well as the spinal trigeminal nucleus (He et al., 2013; Nomura 

& Mizuno, 1984). The vagus nerve can be described as consisting of different fibers that can be broadly 

categorized into A-, B- and C fibers, ranging from large, highly myelinated, fast-conducting A fibers to 

smaller and lightly myelinated B fibers, and small, unmyelinated, slow-conducting C fibers. The ABVN 

seems to be innervated predominantly by the large, myelinated A-fibers (Safi, Ellrich, & Neuhuber, 

2016). Studies conducted in anesthetized dogs revealed different stimulation thresholds for these fiber 

types; 0.4mA for A-fiber, 3.8mA for B-fiber and 17mA for C-fibers (Yoo et al., 2013). Given the 

similarities in fiber thickness between dog and human vagal nerves, it seems likely that human vagus 

nerves follow the same pattern (Yoo et al., 2013). As stimulation intensities of VNS and tVNS typically 

vary between 0.3-3mA, it seems likely that these techniques almost exclusively recruit the A-fibers of 

the vagus nerve, and not the smaller B- or C-fibers (Helmers et al., 2012). It currently remains unclear 

whether recruiting the smaller, unmyelinated fibers of the vagus nerve would boost the therapeutic 

effectiveness of vagus nerve stimulation, although the destruction of peripheral C-fibers of the vagus 

nerve in rats did not affect the suppression of seizures as a result of cervical VNS (Krahl, Senanayake, 

& Handforth, 2001). 

There is a paucity of research on the specific anatomical distribution of the vagus nerve in the 

outer ear. Sherrington, in an anatomical study performed on macaques in 1897, noted that the ABVN 

innervates the cavum and cymba conchae and the antitragus, and also part of the tragus and the 

antihelix. In 1927, a case study was published concerning a patient suffering from severe pain in the 

ear and throat. In an initial procedure, Fay performed a subtotal resection of the trigeminal nerve 

supplying the area of the tongue and throat. This initial surgical procedure resulted in complete 

analgesia of the tragus, indicating that although the ABVN may also innervate this part of the ear, it is 

not the only nerve to provide sensory feedback from this part of the ear. In a subsequent procedure, 

the ABVN was sectioned, resulting in complete anesthesia in the cymba concha, and to a lesser degree 

the antihelix and antitragus (Fay, 1927). Finally, a study performed on human cadavers showed that 
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the ABVN is the only nerve to stimulate the cymba concha (Peuker & Filler, 2002). Additionally, the 

ABVN may innervate the tragus, antihelix and cavum concha, although the study reports contradictory 

innervation percentages in the main text and the corresponding table, making it impossible to assess 

whether and to what extent the ABVN innervates these areas of the outer ear (A. Burger & Verkuil, 

2018).  

During tVNS, electrodes are placed on the skin of either the ear or the neck. Electrical 

stimulation is then applied to the skin via the electrode. Given a sufficiently high stimulation intensity, 

the electrical stimulation will permeate the skin and trigger action potentials in nerve cells underneath 

the stimulated area. tVNS researchers have mainly used devices that stimulate the cymba concha of 

the ear, given the anatomical evidence that the ABVN innervates this part of the ear. Alternatively, 

researchers have opted to stimulate the skin at the area of the neck (Goadsby et al., 2017), or the 

tragus of the ear (Jacobs, Riphagen, Razat, Wiese, & Sack, 2015). An important limitation of stimulating 

the ABVN in both latter areas is that they are not exclusively innervated by the vagus, and thus any 

effects of the stimulation may also be attributable to the activation of other nerves. Moreover, it seems 

unclear whether the tragus is actually innervated by the vagus nerve at all (A. Burger & Verkuil, 2018). 

fMRI studies have shown widespread activation patterns in participants receiving tVNS 

compared to sham stimulation of the earlobe, indicative of successful activation of the afferent fibers 

of the vagus nerve (Frangos, Ellrich, & Komisaruk, 2014; Yakunina, Kim, & Nam, 2016). However, 

activation of the nucleus of the solitary tract - the terminal site of the vagus nerve in the brain stem - 

was only observed in studies where the cymba concha had been stimulated (Badran, Dowdle, et al., 

2018a). The lack of effects on the nucleus of the solitary tract found in studies where the tragus or ear 

canal was stimulated cast some doubts on whether neuronal effects found in these studies were truly 

due to activation of the vagus nerve, or were simply random fluctuations in activation patterns. The 

large differences between studies in neuronal effects of tVNS strongly limit the reliability of any of 

these measurements. Possible reasons for these discrepancies include differences in stimulation 
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parameters including stimulation sites, different regions of interest, different task set-ups, and 

different scanners. There is a clear need for more direct replications to be conducted, to assess the 

reliability and validity of any of these results.  

Given the lack of research on the anatomical distribution of the ABVN in the human ear and 

the lack of knowledge on optimal stimulation parameters, there is a clear need for a biomarker to 

assess vagal activation. In this review, we aim to provide a short background to different 

measurements that could potentially serve as either a direct marker of vagal activity or as an indirect 

marker by measuring one of the presumed pathways through which VNS is hypothesized to affect 

cognition. Specifically, we will discuss five potential biomarkers that have been suggested as indices 

for either efferent vagus nerve activity (i.e. heart rate variability), afferent vagus nerve activity (vagus 

somatosensory evoked potentials), or markers of the proposed working mechanism of tVNS (LC-NA 

activity; indexed via pupil diameter, P300 amplitude, and salivary alpha-amylase). In our review of each 

potential biomarker, we will discuss how this marker is related to the vagus nerve, and provide an 

overview of current experimental studies that have studied the effects of either invasive or 

transcutaneous VNS on these biomarkers. We would like to emphasize that research on tVNS is still in 

its infancy, and many of the proposed potential biomarkers will be discussed more from a theoretical 

point of view than based on any direct evidence that these markers are actually affected by tVNS.  

 

2. Markers of vagal activity  

2.1 Heart Rate Variability 

The vagus nerve provides the primary parasympathetic innervation of the heart. Efferent cardiac B-

fibers of the vagus nerve, originating from the nucleus ambiguous and the dorsal motor nucleus, 

project to the sinoatrial node, atrioventricular node, and atrial cardiac muscle. Efferent activity in these 
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cardiac B-fibers triggers acetylcholine release in the vagus nerve’s terminals. Acetylcholine, in turn, 

binds to the muscarinic receptors in the heart, thereby decreasing the depolarization rates in the 

sinoatrial and atrioventricular nodes, which subsequently reduces heart rate (Shaffer, McCraty, & Zerr, 

2014). Both the left and the right vagus nerves innervate both the sinoatrial and the atrioventricular 

node, although this innervation is not symmetrical. Specifically, the left vagus nerve preferentially 

innervates the atrioventricular node, whereas the right vagus nerve innervation the sinoatrial node 

more strongly (Ardell & Randall, 1986; Randall, Ardell, & Becker, 1985).  

Even though activity of efferent cardiac fibers of the vagus nerve promotes bradycardia, 

differences in heart rate between or within individuals can be a result of parasympathetic activity, 

sympathetic activity, or a combination of the two.  Therefore, heart rate should therefore not be 

interpreted as a marker of vagal activity (Task Force of The European Society of Cardiology & The North 

American Society of Pacing and Electrophysiology, 1996). By contrast, certain components of heart 

rate variability (HRV) have been proposed as reliable indices of cardiac vagal control. Indeed, due to 

differences in response times to either sympathetic or parasympathetic input – vagal impulses have 

an effect on heart rate within one second, whereas there is a delay of up to 5 seconds after increased 

sympathetic activity (Hainsworth, 1995) –, indices of HRV that specifically capture rapid beat-to-beat 

changes, typically at respiratory rhythms, are thought to provide reliable estimates of parasympathetic 

vagal modulation of heart rate (Chapleau & Sabharwal, 2011; Task Force of The European Society of 

Cardiology & The North American Society of Pacing and Electrophysiology, 1996). Specifically, HRV 

indices that are thought to capture vagal activity include (1) the root mean square of successive R-R 

interval differences (RMSSD), (2) the percentage of consecutive R-R intervals differing by >x ms (pNNx, 

%), (3) the respiratory sinus arrhythmia (RSA), and (4) the high frequency (HF) spectral component of 

HRV (Laborde, Mosley, & Thayer, 2017). These indices can be extracted from ECG data of both humans 

and animals, although the specific parameters need to be adjusted based on what animal is being 

studied (e.g., due to the higher HR of mice, HF HRV typically corresponds to 1.5-5 Hz instead of 0.15 

Hz fluctuations; Thireau, Zhang, Poisson, & Babuty, 2008). Other parameters of HRV potentially 
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represent some combination of sympathetic and vagal activity, and are therefore less suitable as 

biomarkers for vagal activity (examples of such parameters include Low Frequency (LF) HRV, LF/HF 

ratio, or SDANN). A comparison of these and other HRV parameters and how they relate to vagal 

activity is beyond the scope of this review, although we would like to refer interested readers to several 

sources where this is discussed in detail (Berntson et al., 1997; Berntson, Quigley, & & Lozano, 2007; 

Chapleau & Sabharwal, 2011; Laborde et al., 2017; Penttila, Helminen, Jartti, & Kuusela, 2001; Task 

Force of The European Society of Cardiology & The North American Society of Pacing and 

Electrophysiology, 1996). In table 1, we provide a brief overview of HRV indices that have been used 

in tVNS and VNS research.  

Table 1. Heart rate variability indices used in (t)VNS studies. 

Time Domain RMSSD Root mean square of successive R-R interval differences 

 pNNx Percentage of consecutive R-R intervals differing by >x ms  

 RSA Respiratory sinus arrhythmia 

 SDNN Standard deviation of all N-N intervals 

 SDANN Standard deviation of average N-N intervals for 5 min segments within a 24h HRV recording 

 SDSD  Standard deviation of succesive N-N differences 

   

Frequency Domain HF High frequency (> 0.15 Hz in humans) component of HRV 

 LF Low frequency (0.04 – 0.15 Hz) component of HRV  

 LF/HF ratio Ratio between low and high frequency components of HRV 

Note. Indices that have been used in HRV research.  Indices that are thought to reflect cardiac vagal tone are presented in bold. 

 

 

 

Despite large differences between studies in the stimulation parameters that are used, 

invasive right-sided VNS consistently increases HRV in animals (Huang, Wang, Jiang, Zhou, & Huang, 
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2010; Kozasa et al., 2018; Lee, Anderson, et al., 2018; Lee, Kulkarni, et al., 2018; Yoshida et al., 2018; 

Zhang et al., 2009). By contrast, studies that focused on stimulating the left vagus nerve have yielded 

mixed results: some report effects on HF HRV (Jin et al., 2017; Samniang et al., 2016; Sun et al., 2013), 

while others were unable to find such an effect (Li & Wang, 2013; Martlé et al., 2014). These discrepant 

results suggest that the effects of left cervical VNS on heart rate is less pronounced compared to right 

cervical VNS. Indeed, two studies that compared left and right cervical VNS showed that although both 

types of stimulation successfully reduced HR, stimulation of the right vagus nerve produced more 

pronounced effects on HR (Ng, Brack, & Coote, 2001; Yoo et al., 2016), whereas left vagus nerve 

stimulation led to a stronger prolongation of atrioventricular conduction (i.e. a larger delay between 

atrial activity and ventricular activity) (Ng et al., 2001). These findings are thus in line with anatomical 

evidence showing that the right vagus nerve innervates the sinoatrial node more diffusely, whereas 

the left vagus nerve contributes more strongly to the distribution of post-ganglionic vagal fibers to the 

atrioventricular node (Ardell & Randall, 1986). 

In humans, effects of cervical VNS on HRV seem less clear. When stimulating the left cervical 

vagus, the majority of studies did not find effects of VNS on any index of HRV (Barone et al., 2007; Galli 

et al., 2003; Garamendi et al., 2017; Jansen et al., 2011; Liu et al., 2018; Pruvost et al., 2006; Sperling 

& Reulbach, 2010). Curiously, left cervical VNS was found to increase rather than decrease LF/HF ratio 

in children suffering from epilepsy (Jansen et al., 2011). In a large scale trial to assess whether right 

cervical VNS would improve cardiac function in 87 heart failure patients, right cervical VNS did not 

affect RMSSD, SDNN, or HR, but showed a modest increase in SDANN compared to when VNS was 

switched off (Zannad et al., 2015). Similarly, in 28 epilepsy patients, right cervical VNS did not affect 

HR, HF HRV, or LF/HF ratio (Verrier, Nearing, Olin, Boon, & Schachter, 2016).  

Effects of left and right cervical VNS on HR and HRV were directly compared in the ANTHEM-

HF study, an open-label study that aimed to test the efficacy of VNS on myocardial function in heart 

failure patients). During the initial titration period in this study, both left- and right-sided VNS 
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significantly reduced HR, although this reduction was stronger for right VNS. Additionally, the decrease 

in heart rate was correlated with stimulation strength, with stronger associations for right-sided VNS 

(r = 0.88) than for left-sided VNS (r = 0.49) (Nearing, Libbus, Amurthur, Kenknight, & Verrier, 2016). 

After 6 months of VNS, a 24-hour ECG recording (during which VNS followed its standard duty cycle) 

indicated that vagally mediated HRV as indexed by SDNN had increased significantly compared to pre-

stimulation baseline, with minimal differences between participants who received left or right sided 

VNS (Premchand et al., 2014). Finally, during a 12-month follow-up, another 24-hour recording 

indicated that both left- and right-sided VNS significantly increased RMSSD and HF HRV compared to 

pre-stimulation baseline, although effects on SDNN were no longer significant (Libbus, Nearing, 

Amurthur, KenKnight, & Verrier, 2016).  

Finally, several studies did not specify whether the left or right cervical vagus nerve had been 

stimulated. These studies provided mixed evidence for the effects of VNS on HRV. In epilepsy patients, 

acute cervical VNS significantly decreased LF and LF/HF ratio one week after surgery, although HF HRV 

was unaffected (Schomer, Nearing, Schachter, & Verrier, 2014). In a different study, long-term 

application of VNS (i.e. application for over one year) was found to increase some time domain 

parameters of HRV (RMSSD, SDSD, pNN50, but not SDNN), but did not affect power-spectrum 

parameters (LF, HF, LF/HF) (Cadeddu et al., 2010). In children suffering from epilepsy, VNS was found 

to increase all time-domain and frequency-domain HRV parameters after 6 months of stimulation 

compared to baseline, although this effect was no longer present after 12 months (Hirfanoglu et al., 

2018). 

In sum, the effects of cervical VNS on HRV are less clear in humans than in animals. Although 

it is difficult to determine the cause of this discrepancy, it is interesting to notice differences between 

animal and human literature in the stimulation intensity that is typically applied. Studies in animals do 

differ from each other in stimulation parameters, but mostly utilize identical stimulation parameters 

within a study. By contrast, human studies typically follow a titration procedure, where stimulation 
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intensity is progressively increased until either a clinical response is found (oftentimes this clinical 

response is not directly related to cardiac activity, as in the case of epilepsy symptoms) or until 

tolerability is exceeded. As a result, the stimulation intensity provided to some patients may not have 

been sufficient to activate the efferent cervical B-fibers.  

Contrary to the direct stimulation of efferent cardiac branches of the vagus nerve during 

invasive VNS, auricular tVNS is thought to stimulate an exclusively afferent branch of the vagus nerve. 

Therefore, any potential effects of tVNS on HRV are indirect consequences of afferent activation. 

Specifically, as proposed by Murray and colleagues (Murray, Atkinson, Mahadi, Deuchars, & Deuchars, 

2016), tVNS may increase input to the nucleus tractus solitarii (NTS), thereby increasing activity of NTS 

neurons projecting to the two vagal efferent nuclei: the dorsal motor nucleus and the nucleus 

ambiguous. Increased activation in these nuclei may in turn increase vagal control of cardiac activity.  

Similarly to the effects of invasive VNS, it is challenging to review the effects of transcutaneous 

VNS on vagally mediated indices of HRV due to the large differences in design characteristics. Not only 

do studies differ in the specific indices of HRV that were assessed, studies also differ on what part of 

the ear was stimulated (concha or tragus), whether the left or right ear was stimulated, what 

stimulation parameters were used, and what control group was used. In the section below, we discuss 

the most important findings from these studies, while differentiating between what part of either the 

left or right ear had been stimulated (see table 2 for an overview of all included studies).  

Studies that have stimulated the tragus of the left ear have found preliminary, albeit mixed, 

indications that tVNS may affect certain indices of HRV. For tragus stimulation on the left ear, studies 

have reported significant increases in RSA (Lamb, Porges, Lewis, & Williamson, 2017), reductions in 

LF/HF ratio (Antonino et al., 2017; Tran et al., 2018) and increases in HF HRV (Tran et al., 2018). By 

contrast, other studies did not find any effects of left tragus stimulation on HF HRV (Antonino et al., 

2017; Weise et al., 2015) or LF/HF ratio (Weise et al., 2015). One parametric study found that higher 

pulse width and stimulation frequency (i.e. 200 and 500μs pulse width, 10 and 25Hz) were associated 
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with more pronounced cardiac deceleration, although no assessments of HRV were included (Badran, 

Mithoefer, et al., 2018).  

The effects of tragus stimulation of the right ear have only been described in one study so far, 

which showed no significant effects on HF HRV, but a significant reduction in LF/HF ratio compared to 

a no-stimulation baseline (Weise et al., 2015). Two other studies did not explicitly mention whether 

the left or right ear was being stimulated. The first of these studies found that stimulation of the tragus 

significantly reduced LF/HF ratio compared to a ‘stimulation off’ condition, but did not significantly 

affect the HF or LF components (Clancy et al., 2014). The second study described three separate 

experiments that tested the effects of tragus stimulation on various indices of HRV (Bretherton et al., 

2019). The first experiment describes a comparison between tVNS and sham stimulation, but does not 

report a direct comparison between conditions. In the second experiment, active tVNS (compared to 

a pre-stimulation baseline) was associated with significantly increased LF HRV, RMSSD, pNN50, and 

non-linear indices of HRV (SD1 and SD2), while not affecting HF HRV, LF/HF ratio, RR intervals, or SDNN. 

The third experiment tested the effects of tVNS compared to pre-stimulation baseline before and after 

a two-week period of daily tVNS. Here, the authors found significantly higher LF, SDNN, RR intervals, 

and non-linear indices of HRV during tVNS compared to pre-stimulation baseline. This experiment also 

showed some preliminary evidence for a cumulative effect of long-term tVNS, as some indices of HRV 

(RMSSD, SDNN, and SD1) were significantly increased after two weeks of daily tVNS, although others 

remained unaffected.  

The results of stimulation of the tragus should be interpreted with caution, however: Most 

studies compared active stimulation to a ‘stimulation off’ sham condition (Clancy et al., 2014; Lamb et 

al., 2017) or a pre-stimulation baseline (Weise et al., 2015). Out of the two studies that did include an 

active sham stimulation condition (Antonino et al., 2017; Tran et al., 2018), one study did not report a 

comparison between tVNS and sham stimulation, and only compared tVNS to pre-stimulation baseline 

(Antonino et al., 2017).  
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Studies on the effects of electrical stimulation of the cymba concha on HRV have also provided 

inconsistent findings. In a two-part study, De Couck and colleagues found significant effects of both 

left and right sided cymba concha stimulation compared to a pre-stimulation baseline on SDNN, 

although these effects were not replicated in RMSSD, HF, LF, or LF/HF measures (De Couck et al., 2017). 

In a second study, the authors found that one hour of right ear cymba concha stimulation did not affect 

any HRV parameter after controlling for confounders (De Couck et al., 2017). Similarly, in 10 healthy 

individuals, stimulation of the left cymba concha did not significantly affect HF HRV (Gancheva et al., 

2018). During a fear conditioning procedure, stimulation of the left cymba concha did not significantly 

affect RMSSD throughout generalization and extinction learning (A. Burger, Van Diest, et al., 2019). 

Finally, in a sample of high-trait worriers, stimulation of the left cymba concha did not significantly 

affect RMSSD compared to earlobe sham stimulation (A. Burger, Van der Does, Thayer, Brosschot, & 

Verkuil, 2019). 

In sum, similar to invasive VNS, tVNS in humans has produced mixed results on HRV. There are 

no clear differences in cardiac effects between left- and right-sided tVNS, although direct comparisons 

are scarce. 

Perhaps because there is a clear anatomical link between the vagus nerve and the heart, and 

certain indices of HRV offer a reliable index of efferent vagal activity, quite some studies have 

investigated the effects of vagus nerve stimulation on HRV. Animal studies have provided clear 

evidence that both left and right cervical vagus nerve stimulation affect HR and vagally mediated HRV. 

These effects are more pronounced when stimulating the right relative to the left vagus, likely because 

the primary pace maker of the heart (sinoatrial node) is predominantly innervated by post-ganglionic 

fibers of the right vagus nerve. In humans, the influence of cervical VNS on cardiac activity is far less 

clear. Both left and right cervical VNS produce inconsistent effects on HR and HRV, which is likely due 

to several factors. Firstly, most studies have used relatively small sample sizes, meaning that they may 

have been statistically underpowered to detect potentially meaningful effects as significantly different 
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from zero. Secondly, there is large heterogeneity between studies in the tested samples, ranging from 

healthy adults to children to heart failure patients. Thirdly, stimulation intensities vary considerably 

between studies: whereas the sensory threshold for stimulation of the cymba concha lies somewhere 

between 0.5 and 1.5mA (De Couck et al., 2017; Gancheva et al., 2018), studies that stimulate at the 

tragus vary anywhere from roughly 4 mA (Badran, Dowdle, et al., 2018b; Jacobs et al., 2015) up to 50 

(Antonino et al., 2017; Clancy et al., 2014). It seems unlikely that the sensory threshold of the tragus 

lies a hundred times higher than that of the cymba concha, indicating that certain settings besides the 

frequency, stimulation wavelength and target current may differ between these devices. Fourthly, the 

large variation of HRV parameters and the inclusion of parameters that are not clear indices of vagal 

activity (such as LF-HF ratio) decrease the comparability between studies, increase researcher degrees 

of freedom and thereby can inflate type I error rates. A better research practice may be to preregister 

(prior to data collection) which HRV parameters will be assessed, thereby favoring a limited number of 

parameters that are recognized to specifically reflect cardiac vagal efferent activity (i.e. RMSSD, pNNx, 

RSA, or HF HRV). Additionally, we would argue that until the effects of VNS on respiratory activity are 

elucidated, it may be more informative to focus on time domain parameters, as these seem to be less 

affected by changes in respiratory frequency compared to HF HRV (Hill, Siebenbrock, Sollers, & Thayer, 

2009; Penttila et al., 2001). Finally, different types of ‘control’ conditions are being used in different 

types of studies. With the exception of two studies (Badran, Mithoefer, et al., 2018; Tran et al., 2018), 

all studies with tragus stimulation compared active stimulation with conditions in which the tVNS 

device was switched off. By contrast, the more convincing sham stimulation placebo condition 

(stimulation of the earlobe) was used predominantly in studies stimulating the cymba concha. This 

difference in the predominant control condition may potentially explain why studies that stimulate the 

tragus seem to yield positive findings more consistently than studies targeting the cymba concha.  

An important limitation of HRV as a biomarker for vagal nerve stimulation is that this index 

represents a marker for efferent vagal activation, whereas most research on tVNS focus on afferent 

effects of on cognitive, emotional, or neurological functioning. Although changes in HRV may be a 
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sufficient requirement for demonstrating vagal activation, it is unlikely to be a necessary requirement 

for the activation of afferent vagal fibers.  
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Table 2. Overview of effects of tVNS on HRV. 

First author 
(year of 

publication) 

tVNS 
stimulation 

location 

Sham control 
condition 

N * Stimulation duty 
cycle (on/off) 

Stimulation parameters 
(intensity, pulse width, 

frequency) 

HRV parameters Effect of tVNS on HRV?  

Clancy et al 
(2014)  

Tragus, 
unclear 

whether left 
or right ear 

 

Tragus with electrode 
switched off after 

tVNS intensity 
calibration 

48  
(34 tVNS, 
14 sham) 

Continuous 10-50 mA 
200 μs 
30Hz 

LF, HF, LF/HF Significant decrease in LF/HF ratio, no 
significant effects on HF or LF components. 

? 

Weise et al 
(2015) 

tragus & 
outer ventral 

edge of 
external 
auditory 

meatus of left 
and right ear 

Pre-stimulation 
baseline 

28**  Not reported 8mA 
100 μs 
0.5Hz 

LF, HF, LF/HF, HRV 
index 

Significant decrease in LF/HF ratio during 
right but not left tVNS. No effects on LF, HF, 
or HRV index. 

? 

Antonino (2017) Left tragus Left earlobe  13 Continuous 10-50mA  
200µs 
30Hz 

LF, HF, LF/HF Significant reduction of HR and LF/HF ratio 
compared to baseline during tVNS, but not 
during sham. No comparison tVNS vs sham. 

? 

Lamb (2017) Left tragus Tragus with electrode 
switched off after 

tVNS intensity  
calibration 

22  Not reported Mean intensity 5.6 mA 
(3–11.3 mA)  

20 Hz 

RSA Increased RSA during tVNS compared to 
sham. 

+ 

De Couck (2017) 
Experiment 1 
 

 

Left and Right 
cymba 
concha 

Left cymba concha, 
not active stimulation 

30  30s on, 30s off Mean intensity 0.7mA 
250 μs 
25Hz 

RMSSD, SDNN, 
HF, LF/HF 

Right-sided tVNS significantly increased 
SDNN compared to baseline, but no effects 
on RMSSD, HF or LF/HF. Also no significant 
differences compared to sham or compared 
to left-sided tVNS. 
 

? 

De Couck (2017) 
Experiment 2 

Right cymba 
concha 

Pre-stimulation 
baseline 

30 30s on, 30s off Mean intensity 1.0mA 
250 μs  
25Hz 

RMSSD, SDNN, 
HF, LF/HF 

No effects of one hour of tVNS on HRV in 
total sample. Significant time*gender effect 
revealed significant increase in SDNN over 
time in women, but not in men. This effect 
was not replicated in other HRV 
parameters. 

? 
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Badran (2018) 
Experiment 1 

Left tragus 
stimulation 

Left earlobe 
stimulation 

15 60s on Mean intensity  
3-9.3mA, depending on 

pulse width 
100μs-250μs-500μs 

1Hz-10Hz-25Hz 
 

HR*** tVNS led to a significantly stronger drop in 
HR compared to sham in all conditions with 
pulse width of 200 and 500μs. Higher pulse 
width combined with higher stimulation 
frequency also decreased HR rebound after 
stimulation offset. 

 

Badran (2018) 
Experiment 2 

Left tragus 
stimulation 

Left earlobe 
stimulation 

20 60s on Mean intensity 2.1 (SD = 
1.0) mA 
500μs 

10Hz-25Hz 
 

HR*** tVNS led to a significantly stronger drop in 
HR compared to sham in 10Hz condition, 
but not in 25Hz condition. 

 

Gancheva 
(2018) 

left cymba 
concha 

 

Left earlobe 14 (7 tvns, 
7 sham) 

 

Continuous 0.6-1.4mA 
250 μs  
25Hz 

 

LF, HF, LF/HF  No effects of tVNS on HRV. 
 

0 

Burger (2019) Left cymba 
concha 

Left earlobe 85 (43 
tVNS, 42 

sham) 

30s on, 30s off 0.5 mA 
250 μs 
25Hz 

 

RMSSD No effects of tVNS on HRV. 0 

Burger (2019) left cymba 
concha 

 

Left earlobe 97 (48 
tVNS, 49 

sham) 

30s on, 30s off 0.5 mA 
250 μs 
25Hz 

 

RMSSD No effects of tVNS on HRV. 0 

Bretherton 
(2019) 
Experiment 2 

Tragus, 
unclear 

whether left 
or right ear 

 

Pre-stimulation 
baseline 

51 Continuous 2-4 mA 
200 μs 
30Hz 

LF, HF, LF/HF, RR 
interval, SDNN, 
RMSSD, pNN50, 

non-linear indices 
of HRV (SD1, SD2) 

tVNS led to a significant increase in LF, 
RMSSD, pNN50, and SD1, SD2, compared to 
pre-stimulation baseline. No effects 
reported on the other indices. 

? 

Bretherton 
(2019)  
Experiment 3 

Tragus, 
unclear 

whether left 
or right ear 

 

Pre-stimulation 
baseline 

26 Continuous 2-4 mA 
200 μs 
30Hz 

LF, HF, LF/HF, RR 
interval, SDNN, 
RMSSD, pNN50,  

non-linear indices 
of HRV (SD1, SD2) 

tVNS led to a significant increase in LF, 
SDNN, SD2, and mean RR interval. No 
effects reported on the other indices. 

? 

Note.*Total number of participants in study. For studies utilizing a between-subjects design, participants per experimental condition are reported between brackets. ** Although the methods 
section describe a sample of 100 participants, the reported test statistics suggest that the statistical analysis of HRV data was based on data of only 28 participants. ***Although technically the 
studies by Badran and colleagues did not report HRV, we believe their systematic approach towards testing the effects of various stimulation parameters of tVNS on heart rate still deserves a 
mention here. 
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2.2 Somatosensory Evoked Potentials 

Another possible indication of vagus nerve activity may be obtained by recording electrical activity of 

the brain at the scalp in response to tVNS, obtaining so called somatosensory evoked - or far field - 

potentials. Fallgatter proposed to use tVNS in combination with recordings of evoked potentials to test 

for the neurological integrity of the vagus brainstem nuclei (Fallgatter et al., 2003), which could 

theoretically aid the early detection of neurodegenerative diseases such as Alzheimer’s. That is, after 

a single short stimulation pulse of the ABVN, electrical signals (evoked potentials) at the scalp are 

recorded bipolarly from the electrode positions (C3–F3, C4–F4, Fz–F3, Fz–F4). Repeated delivery of 

these single stimulation pulses allow a reliable estimate of the evoked potentials that occur within the 

first 10 msec after the stimulation. Both amplitude and latencies of the different components of the 

evoked potentials can be examined. According to Fallgatter and colleagues, the occurrence of such far 

field potentials can be interpreted as indicative for the activity of the vagus nerve nuclei in the 

brainstem.   

Fallgatter and colleagues initially tested this procedure on Fallgatter himself in five different 

sessions, as well as 5 other healthy subjects in single sessions. Only stimulation at the inner side of the 

tragus of the left and right ears (but not at the lobulus, the scapha, the crus antihelix superior and top 

of the helix) yielded evoked potentials within the first 6 msec: a positive deflection (P1) followed by a 

negative deflection (N1) and another positive deflection (P2), together termed vagus sensory evoked 

potentials (VSEPs). The occurrence of VSEPs has been replicated in several studies and has also been 

observed after non-invasive cervical VNS in a small sample of 12 healthy participants (Nonis, D’Ostilio, 

Schoenen, & Magis, 2017). Yet, VSEPs cannot be observed in each single participant. That is, in a first 

replication study, Fallgatter could not demonstrate the VSEPs in 2 of 22 young participants and 4 of 43 

elderly participants (Fallgatter, Ehlis, Ringel, & Herrmann, 2005).  

Subsequent work focused on VSEP latencies, as prolonged latencies may be indicative of a 

reduced myelination of the vagus nerve and a concomitant reduced conduction velocity of the nerve 

fibers. Prolonged latencies of the VSEPs after tVNS have been documented in elderly (Fallgatter et al., 

2005) and people suffering from mild cognitive impairments and Alzheimer’s disease (Polak et al., 

2014, 2007), but not in people with vascular dementia (Polak et al., 2009), Parkinson’s disease (Weise 

et al., 2015) or major depression (Polak et al., 2014). Yet, it is not always the full spectrum of P1-N1-P2 

potentials that is delayed after tVNS. Only P1 latencies were also found to be prolonged in people 

suffering from multiple sclerosis, especially in those patients with known neurodegeneration at the 

brainstem (Polak, Zeller, Fallgatter, & Metzger, 2013). Furthermore, in people reporting to have 
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experienced a worsening of their memory performance, only those who worried about this showed a 

prolonged P2 component (Hagen et al., 2015). In addition, no P1 differences could be observed when 

comparing people with Alzheimer’s disease to healthy controls and people with mild cognitive 

impairments, possibly due to the heterogeneity in the Alzheimer’s disease group (Metzger et al., 2012).  

Although VSEPs are typically observed after tVNS, the vagal origin of these evoked potentials 

is debatable: administration of a muscle relaxant completely removed the late P2-N2 complex of the 

evoked potential, although early P1-N1 complex remained unchanged (Usami, Kawai, Sonoo, & Saito, 

2013). These results indicate that the early components of the VSEP could theoretically reflect vagal 

activity, while later P2-N2 potentials can be attributed to neuromuscular activity. In a similar paradigm, 

Leutzow and colleagues measured VSEPs in response to auricular tVNS before and during general 

anesthesia in 14 patients (Leutzow et al., 2013). They observed that under general anesthesia and after 

the muscle relaxant agent cisatracurium had been administered, neither the early nor the late 

components of the VSEPs could be observed anymore. Additionally, they noted that in the original 

paper by Fallgatter, the VSEP was only found ipsilateral and not contralateral to the stimulation, and 

that the N2-P2 pattern was actually reversed contra laterally. Given that evoked potentials that 

indicate brainstem activity are typically observed both ipsilateral and contralateral (after auditory 

stimulation for example), these findings question the vagal-brainstem origin of the VSEP reported in 

earlier tVNS studies  (Leutzow, Nowak, & Usichenko, 2014).  

As a muscular origin of at least some components of the tVNS evoked potentials cannot be 

ruled out, a more thorough examination of the vagal origins of the VSEPs seems warranted before 

considering VSEPs as reliable markers of afferent vagal activity during vagal nerve stimulation.  

 

3. Noradrenergic markers of tVNS 

Increased levels of noradrenaline (NA) as a biomarker of vagus nerve stimulation may seem 

paradoxical, given that the vagus is often described as part of the parasympathetic nervous system, 

whereas NA is a neurotransmitter that is strongly related to its peripheral sympathetic counterpart, 

adrenaline. However, since adrenaline cannot cross the blood brain barrier, it instead binds on the 

beta-adrenergic receptors of afferent peripheral nerves such as the vagus nerve. Indeed, peripheral 

injections of adrenaline lead to increased firing of the vagus nerve, which in turn increases central NA 
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levels (Chen & Williams, 2012; Miyashita & Williams, 2006). Specifically, the vagus nerve terminates 

on the NTS, where it projects onto the LC, the main hub of NA in the cortex. 

Studies on the effects of VNS in rats have repeatedly and consistently found effects of VNS 

compared to sham stimulation on firing rates of LC neurons. These effects were found both acutely 

after initial stimulation onset (Chen & Williams, 2012; Dorr & Debonnel, 2006; Groves, Bowman, & 

Brown, 2005; Hulsey et al., 2017; Manta, El Mansari, Debonnel, & Blier, 2013) and after a long term 

stimulation period (over a period of 90 days, Dorr & Debonnel, 2006; after 14 and 90 days, Manta, 

Dong, Debonnel, & Blier, 2009). Similarly, acute effects of VNS on NA levels in the hippocampus (Raedt 

et al., 2011; Roosevelt, Smith, Clough, Jensen, & Browning, 2006), basolateral amygdala (Hassert, 

Miyashita, & Williams, 2004) and medial prefrontal cortex (Follesa et al., 2007) were found. 

Although the effects of VNS on LC-NAactivity is well established in animals, studies on the 

noradrenergic effects of (t)VNS in humans are lacking. Direct measurement of NA requires an invasive 

procedure and suffers from poor reliability and sensitivity (Grassi & Esler, 1999). Instead, activity of 

the LC-NA network can be derived from indirect markers, including pupil diameter, ERPP300 

amplitude, and salivary alpha amylase. In the sections below, we will discuss how each of these 

markers may relate to LC-NA activity, and we will review currently available evidence for effects of 

invasive and transcutaneous VNS on these markers. 

 

3.1 Pupil Dilation 

Two opposing muscles control pupil size: the pupillary dilator muscle and the pupillary sphincter 

muscle, which promote pupil dilation and constriction respectively (Eckstein, Guerra-Carrillo, Miller 

Singley, & Bunge, 2017). Activity in the LC-NA system affects activity in both muscles: first, excitatory 

projections of the LC increase activity of the dilator muscle, whereas inhibitory pathways decrease 

activity of the Edinger-Westphal Nucleus (EWN), thereby inhibiting activity in the sphincter muscle (for 

a more complete overview of these pathways, see Samuels & Szabadi, 2008). 

Several measures can be derived from pupillometry that measure distinct aspects of LC-NA 

activity. First, measures of pupil diameter at rest give an estimate of tonic levels of LC-NA activity, 

indicative of baseline arousal (Breton-Provencher & Sur, 2019; Reimer et al., 2016). Corresponding to 

the anatomical link between the LC and the pupillary dilator and constrictor muscles, intracranial 

recordings performed in monkeys have shown correlations between LC neuron activity and pupil 
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diameter (Joshi, Li, Kalwani, & Gold, 2016; Rajkowski, Kubiak, & Aston-Jones, 1993). Unfortunately, the 

correlation between tonic LC activity and pupil diameter is only small, which can be partly explained 

by cholinergic and GABAergic neurons that concurrently affect pupil diameter (Breton-Provencher & 

Sur, 2019; Reimer et al., 2016). Additionally, studies performed in humans have shown that 

administration of α2-adrenoreceptor agonists leads to a constriction of the pupil, whereas α2-

adrenoreceptor antagonists lead to a dilation of the pupil (Hou, Freeman, Langley, Szabadi, & 

Bradshaw, 2005; Hou, Langley, Szabadi, & Bradshaw, 2007; Phillips, Szabadi, & Bradshaw, 2000). 

Second, apart from measuring pupil size at rest to assess tonic LC-NA activity, pupillometry can also be 

used to assess phasic, task-related changes in LC-NA activity (Aston-Jones & Cohen, 2005; de Gee et 

al., 2017; Gilzenrat, Nieuwenhuis, Jepma, & Cohen, 2010; Jepma & Nieuwenhuis, 2011; Murphy, 

Robertson, Balsters, & O’connell, 2011). Pupillary responses to cognitive demand have a relatively 

short response latency of approximately 1.5s (Eckstein et al., 2017), and temporal resolution can be 

enhanced further using data deconvolution methods (Wierda, van Rijn, Taatgen, & Martens, 2012). 

Finally, activity of the LC-NA system can also be indirectly derived from the amplitude and latency of 

the pupillary light reflex, which is a response to a change in light intensity reaching the retina. 

Specifically, increases in luminosity increase activity in the parasympathetically mediated constrictor 

muscle, and noradrenergic inhibition of activity in the EWN reduces the size of the pupillary light reflex. 

Indeed, pharmacological studies have shown that noradrenergic receptor agonists decrease the 

amplitude and increase the latency of the pupillary light reflex, whereas noradrenergic receptor 

antagonists have the opposite effect (for a review, see Samuels & Szabadi, 2008).  

Only four studies have been published so far that have reported effects of VNS on pupil 

dilation. In rats, resting pupil diameter was significantly increased after VNS compared to a pre-

stimulation baseline (Bianca & Komisaruk, 2007). –In a group of patients suffering from refractory 

epilepsy, Jodoin and colleagues (2015) observed larger resting pupil diameters during periods where 

VNS was switched on compared to when it was switched off. However, pupillary light response 

amplitude and magnitude were unaffected by VNS. In a different sample of patients suffering from 

refractory epilepsy, Schevernels and colleagues (2016a) found no significant differences in resting pupil 

diameter between periods where VNS was switched on compared to when it was switched off. The 

authors noted, however, that the non-significant difference found in their study may have been due 

to the limited sample size which hampered their statistical power. Indeed, although this difference was 

not statistically significant, participants’ pupil sizes were larger during active stimulation than when 

VNS was switched off, both during baseline and during a stop-signal task. Finally, a recent preprint 

demonstrates a VNS parameter-dependent modulation of pupil diameter in rats, where increased 

stimulation charge (μC) substantially increased pupillary response to VNS (Mridha et al., 2019). The 
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parameter-specific modulation of LC activity (Hulsey et al., 2017) as well as pupil diameter (Mridha et 

al., 2019) clearly demonstrates that careful selection of stimulation parameters is of the utmost 

importance for measuring pupil diameter as a biomarker for invasive or transcutaneous VNS. Only 

three studies have been published that assessed the effects of tVNS on pupil size. In a within-subject 

cross-over study comparing stimulation of the left cymba concha to stimulation of the earlobe, tVNS 

did not increase resting pupil diameter in a sample of 16 healthy participants (Warren et al., 2019). In 

a second study, tVNS did not affect resting pupil diameter, nor did it affect phasic pupil dilation during 

an auditory oddball task (Keute, Demirezen, Graf, Mueller, & Zaehle, 2019). Finally, in a series of three 

experiments, there was no effect of tVNS compared to sham stimulation on resting pupil diameter or 

phasic pupil dilation during an attentional blink task (Burger, Van der Does, Brosschot, & Verkuil, 2020). 

Two more studies that are currently in preparation have tested the effects of tVNS on pupil diameter. 

Firstly, authors MdA, AB, IVD, and colleagues found no effects of tVNS on resting pupil dilation. 0, two 

experiments tested the effects of tVNS at an individually calibrated stimulation intensity (Sharon, 

Fahoum & Nir, poster presented at Society of Neuroscience conference). In the first experiment, the 

authors found no significant effects of tVNS on tonic pupil diameter. In the second experiment, the 

authors utilized a 3s on, 30s off duty cycle and found that tVNS significantly increased phasic pupil 

dilation compared to sham stimulation.  

To conclude, in studies that aim to assess the effects of tVNS on attentional or memory 

processes, including tonic or phasic measurements of pupil dilation would be a worthwhile 

consideration to test a possible mediating effect of LC-NA activity. Unfortunately, published reports on 

the effects of VNS on pupil dilation have focused on the effects of invasive VNS, and results found on 

both phasic and tonic components of pupil dilation have been inconsistent. As of yet unpublished 

results primarily found null results of tVNS on pupil dilation when compared to sham stimulation. It 

should be noted, however, that with the possible exception of Keute and colleagues (2019) and Sharon 

and colleagues (unpublished), all studies that have assessed the effects of tVNS on pupil diameter have 

utilized similar stimulation parameters. Given the parameter-dependent effects of VNS on pupil 

dilation found in animals (Mridha et al., 2019), future research may want to systematically test the 

effects of various stimulation parameters on pupil diameter in humans.  
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Table 3. Overview of studies on the effects of tVNS on pupil diameter. 

First author 
(year of 

publication) 

tVNS 
stimulation 

location 

Sham control 
condition 

N * Stimulation 
duty cycle 
(on/off) 

Stimulation 
parameters (intensity, 

pulse width, 
frequency) 

Pupil Diameter 
Measurements 

Effect of tVNS on Pupil 
Diameter 

 

Keute (2019) left cymba 
conchae 

Left ear lobe 31 continuous 3.0 mA 
200 μs 
25 Hz 

Tonic pupil diameter, 
phasic pupil dilation 

No effects of tVNS on 
tonic pupil diameter or 
phasic pupil dilation 

 

Warren (2019) 
experiment 2 

left cymba 
conchae 

Left ear lobe 16 30s /30 s 0.5 mA 
200–300 μs  

25 Hz 

Tonic pupil diameter No effects of tVNS on 
tonic pupil diameter. 

- 
 

Burger (2020) 
Experiment 1 

left cymba 
conchae 

Left ear lobe 97 (48 tVNS, 
49 sham) 

30s /30 s 0.5 mA 
200–300 μs  

25 Hz 

Tonic pupil diameter No effects of tVNS on 
tonic pupil diameter. 

- 

Burger (2020) 
Experiment 2 

left cymba 
conchae 

Left ear lobe 30 30s /30 s 0.5 mA 
200–300 μs  

25 Hz 

Tonic pupil diameter, 
phasic pupil dilation 

No effects of tVNS on 
tonic pupil diameter or 
phasic pupil dilation. 

- 

Burger (2020) 
Experiment 3 

left cymba 
conchae 

Left ear lobe 80 ( 40 
tVNS-40 
sham) 

30s /30 s 0.5 mA 
200–300 μs  

25 Hz 

Tonic pupil diameter, 
phasic pupil dilation, 
pupillary light reflex 

No effects of tVNS on 
tonic pupil diameter or 
phasic pupil dilation. 

- 
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D’Agonisti 
(unpublished) 

left cymba 
conchae 

Left ear lobe 67 (32 tVNS, 
35 sham) 

 
 

30s /30 s 0.5 mA 
200–300 μs 

25 Hz   
 
 

Tonic pupil diameter No effects of tVNS on 
tonic pupil diameter. 

- 

Sharon 
(Unpublished) 
Experiment 1 

left cymba 
conchae 

Left ear lobe 23 30s /30 s Mean intensity 2.2 mA 
200–300 μs  

25Hz 
 

Tonic pupil diameter No effects of tVNS on 
tonic pupil diameter. 

- 

Sharon 
(Unpublished) 
Experiment 2 

left cymba 
conchae 

Left ear lobe 24 3s / 30 s Mean intensity 2.2 mA 
200–300 μs  

25Hz 
 

Phasic pupil dilation Significantly stronger 
pupil dilation after tVNS 
compared to sham. 

+ 

Note.*Total number of participants in study. For studies utilizing a between-subjects design, participants per experimental condition are reported between brackets. 
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3.2 P300 

The P300 (or P3) refers to a positive deflection in the scalp-recorded event related potential (ERP) that 

starts from around 300ms after the onset of a task-relevant or rare stimulus and is maximal over the 

midline electrodes (Fz, Cz, Pz). A reliable and established way to evoke the P300 is the oddball 

paradigm. In the classical oddball task, one has to respond to infrequent target stimuli that are 

interspersed with frequent non-target stimuli not requiring a response. The novelty oddball task also 

includes infrequent non-target 'distractors' that do not require a response and which are added as a 

third stimulus category (Duncan et al., 2009). Typically, P300 is increased both to infrequent targets 

and distractors. A distributed network of neuroinhibitory processes is presumed to promote 

efficacious processing of (potentially) relevant stimuli, as reflected in an enhanced P300 (Polich, 2007).  

Some authors distinguish between two types of P300 that are thought to depend on different 

brain areas as well as neurotransmitter systems (Polich, 2007). More frontally, the P300 would depend 

on dopaminergic activity and relate to a novelty-driven orienting response to distractors (sometimes 

called P3a). At more temporal-parietal recording sites, the P300 would relate also to memory and 

decision-making (P3b) and would be driven by phasic noradrenergic activity (Nieuwenhuis, Aston-

Jones, & Cohen, 2005; Polich, 2007). Typically, the P3b amplitude is larger for target stimuli than for 

distractors, which is in line with animal studies showing increased phasic activity in LC neurons in 

response to unpredicted stimuli that demand an immediate behavioral response (Aston-Jones, 

Rajkowski, Kubiak, & Alexinsky, 1994). Important in the present context is that the P3b and its 

underlying phasic LC-NA activity are thought to depend on background tonic levels of LC-NA activity in 

an inverted U-shape manner, with maximal phasic reactivity and larger P3bs at intermediate levels of 

tonic LC-NA activity (Aston-Jones & Cohen, 2005; Murphy et al., 2011). Despite differences in neural 

origins of the P3a and P3b subcategories, most studies do not include infrequent non-target ‘distractor’ 

trials in their oddball paradigm, and therefore are unable to differentiate between both components, 

opting instead to focus on the P300 ERP in general. In the following sections, we will specifically 

indicate whether results refer to the P300 in general, of one of its subcomponents specifically.  

As LC-NA activity seems involved in the anti-epileptic and antidepressive potential of VNS, 

researchers have sought to study the relation between patients' P300 and their clinical response to 

VNS. The initial studies compared patients' P300 in an oddball task before and after long-term 

treatment with VNS. Using an auditory oddball task in epileptic patients, the P300 did not change in 

latency or amplitude from prior to surgery to following chronic VNS treatment (Brázdil et al., 2001; 

Hammond, Uthman, Reid, & Wilder, 1992). In contrast, an increased P300 amplitude following chronic 
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VNS was found with a visual oddball task, and this effect was more pronounced in patients who 

clinically benefited from VNS (less seizures). In a similar vein, Neuhaus et al. (Neuhaus et al., 2007) 

reported an enhanced auditory P300 in a subgroup of 5 (out of the 13) depressed patients who 

responded well to VNS (reduction of depressive symptoms). It is unclear whether the increased P300 

may have been secondary to a general clinical improvement, as both depression and epilepsy are 

associated with widespread cognitive impairments and altered P300 responses (Kemp et al., 2010; 

Sowndhararajan, Kim, Deepa, Park, & Kim, 2018). As such, the observed increased P300 after VNS 

treatment in patients who clinically benefit from VNS does not necessarily relate directly and 

specifically to a VNS-induced increased phasic LC-NA activity. Interesting in this respect is a more 

recent study that has investigated P300 in epileptic patients performing a standard auditory oddball 

and a stop-signal task during periods in which the VNS was either ON or OFF (De Taeye et al., 2014; 

Schevernels et al., 2016b; Wostyn et al., 2016). A first paper on the findings with the oddball task 

reported that P300 was increased during the ON period at the parietal midline electrode (Pz) in VNS 

responders only (De Taeye et al., 2014). In a more recent report, all 60 electrodes were incorporated 

in the analyses (Wostyn et al., 2016). The mean amplitude of 6 EEG channels at temporoparietal sites 

(CP2, C2, C4, Pz, C6, CP4) differentiated responders from nonresponders in relation to whether the 

VNS was ON or OFF. When VNS was OFF, responders had a reduced P300 amplitude in these channels 

compared to nonresponders. The amplitude of responders increased when VNS was ON compared to 

off, whereas the reverse was true for nonresponders. The same group of patients also performed a 

stop-signal task. Findings with this response inhibition task showed that the P300 amplitude to the 

auditory stop signal was enhanced when VNS was ON compared to OFF, though this effect was not 

modulated by the clinical improvement associated with VNS (Schevernels et al., 2016b). 

 In summary, some studies with invasive VNS have generated indirect findings that are 

compatible with the idea that an increased P3b may be a marker for VNS-induced phasic LC-NA activity. 

However, they should be considered preliminary at best, as all reported findings are based on (very) 

small samples, have not been replicated thus far, and lack a control condition with sham stimulation. 

Furthermore, three of the 6 mentioned publications draw on the same study investigating a sample of 

epileptic patients. 

Table 4 summarizes findings from recent studies using a within-subject cross-over design to 

investigate the effects of tVNS versus sham stimulation on P300 in healthy subjects. Five studies looked 

at P300 during an auditory or visual oddball task and one study during a response conflict task (Simon 

task). Overall, findings from these studies yield an inconsistent pattern of findings. For the oddball 

paradigm, two out of 5 studies report on an enhancement of P300 / P3b for tVNS compared to sham 
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stimulation (Lewine, Paulson, Bangera, & Simon, 2018; Rufener, Geyer, Janitzky, Heinze, & Zaehle, 

2018). One additional study found a similar positive effect, but only in the context of an exploratory 

post-hoc analysis (Ventura-Bort et al., 2018). Consistent with the idea that especially P3b but not P3a 

draws upon noradrenergic activity, no effect of tVNS was present for P3a (Lewine et al., 2018; Ventura-

Bort et al., 2018), supporting the idea that tVNS-induced enhancement of central NA levels is reflected 

in an increased P3b in the oddball task. However, two other studies with the oddball task could not 

confirm an effect of tVNS on P3b (experiments 1A and 1B from Warren et al., 2019). In a similar vein, 

no effect of tVNS on P300 was found in the study using the Simon task (Fischer, Ventura-Bort, Hamm, 

& Weymar, 2018). None of the studies in Table 4 found a reversed effect (an attenuated P300 for tVNS 

compared to sham stimulation). 

 It is clear from Table 4 that the reported studies differ on various factors that may mediate or 

moderate a potential effect of tVNS on P300, including variations in the oddball task, tVNS stimulation 

characteristics, duration of stimulation, presence of stimulation during the task, the presence of 

stimulation already prior to the task, stimulation location, and the operationalization of the sham 

stimulation. With respect to the latter, it is notable that the two studies that observed a clear positive 

effect of tVNS on P300 had a sham condition that differed from the most commonly used sham, which 

is stimulation at the left ear lobe.  

 Together, the currently available evidence cannot confirm that P300 or P3b constitutes a 

reliable marker of (t)VNS-related enhancement of phasic noradrenergic activity. Evidence is 

preliminary at best and further studies are needed to disentangle under which conditions the effect 

shows up or not. 
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Table 4. Overview of studies on the effects of tVNS on P300. 

First author 
(year of 

publication) 

tVNS 
stimulation 

location 

Sham 
control 

condition 

N* Stimulation 
duty cycle 
(on/off) 

Stimulation 
parameters 
(intensity, 

pulse width, 
frequency) 

Task** total stimulation 
time 

effect of tVNS on P300?  

Ventura-Bort 
(2018) 

left cymba 
conchae 

left ear lobe 20 Continuous 1.3 mA 
(0.4–3.3 mA) 
200–300 μs 

25 Hz 
 

visual novelty oddball  
 

70/15/15% 
 

28 min P3b enhanced 
only for EASY targets in a 
post-hoc exploratory analysis 

? 

Fisher (2018) left cymba 
conchae 

left ear lobe 20 Continuous 1.3 mA 
(0.4–3.3 mA) 
200–300 μs 

25 Hz 
 

Simon task 35 min no effects of tVNS on P300 0 

Rufener (2018) left cymba 
conchae 

tVNS at left 
cymba 

conchae 
turned off 
after 10 s 

20 
 

30s/30 s  0.5 mA 
200–300 μs  

25 Hz 

auditory classical oddball 
 

80/20% 
 

100,5 min P3 amplitude increased; 
P3latency decreased 

+ 

Lewine (2018) neck (left 
carotid 
sheath) 

neck 
(muscles, 

most 
posterior 
aspect of 
the jaw) 

8 
 

2 min/1min 12-20 V  
1000 μs 

25 Hz 
 
 

 
auditory multistimulus oddball 

 
70/20/10% 

 

2x 120 sec prior 
to task 

P3b enhanced at 15 and 120 
min after stimulation 

+ 

Warren (2019) 
experiment 1A 

left cymba 
conchae 

Left ear 
lobe (within 

subject) 

24 
 

30s/30s 0.5 mA 
200–300 μs  

25 Hz 

4 oddball tasks: 
auditory/visual 

classical/novelty  
classical: 88/12% 

novelty: 76/12/12% 
 

80 min no effects 0 

Warren (2019) 
experiment 1B 

left cymba 
conchae 

Left ear 
lobe 

20 30s/30 s 0.5 mA 
200–300 μs  

25 Hz 

visual, classical oddball task 
88/12% 

 
 

80 min no effects 0 

Note. *Total number of participants in study. All studies utilized a within-subjects comparison of tVNS and sham stimulation. ** Percentages denote the percentage distractor/target or 
distractor/target/novelty trials within a task. 
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3.3 Salivary alpha amylase  

Salivary alpha-amylase (sAA) is a salivary protein involved in the digestion of starch in the oral cavity 

(Baum, 1993). It has been proposed as a promising marker of sympathetic nervous system activity, as 

it is strongly affected by local sympathetic nerves, and pharmacological studies have shown 

involvement of noradrenergic activity in sAA secretion (Ehlert, Erni, Hebisch, & Nater, 2006; Warren, 

van den Brink, Nieuwenhuis, & Bosch, 2017). Although a clear neuroanatomical description of how 

central NA mediates protein secretion is missing, one possible path entails the dense projections from 

the locus coeruleus onto the pre-ganglionic sympathetic nuclei in the spinal cord (Samuels & Szabadi, 

2008; Warren et al., 2017). Such sympathetic nuclei innervate the sympathetic ganglia (e.g., superior 

cervical ganglion), which in turn increases sAA secretion (Proctor, 2016). It should be noted, however, 

that sAA secretion cannot be interpreted as an exclusively sympathetic marker, as sAA release is co-

determined by activity in the parasympathetic nervous system. Specifically, activity in the 

parasympathetic nervous system affects sAA activity in three ways: (1) through stimulation of glands 

that are parasympathetically innervated, (2) through synergistic sympathetic-parasympathetic effects 

on sAA secretion, and (3) through an increase in salivary flow rate (i.e., saliva fluid output per minute 

– ml/min, Bosch, Veerman, de Geus, & Proctor, 2011).  

For tVNS researchers interested in the effects of tVNS on NA activity, sAA secretion can only 

be interpreted as a somewhat reliable marker of NA if tVNS does not increase the parasympathetically 

driven salivary flow rate. Only when a change in parasympathetic modulation of sAA secretion is ruled 

out as a mediator of changes in sAA secretion, can sAA secretion be interpreted as reflecting a change 

in noradrenergic activity with some level of confidence (Bosch et al., 2011). As such, researchers should 

measure sAA secretion (i.e., net salivary alpha amylase per minute - U/min) as a product of both 

concentration (i.e., net salivary alpha amylase per milliliter of fluid - U/ml) and salivary flow rate (i.e., 

saliva fluid output per minute – ml/min). 

To our knowledge, there are no published reports describing the effects of invasive VNS on 

sAA. However, the effects of tVNS on sAA have been tested in three independent studies. Ventura-

Bort and colleagues (2018) tested how sAA concentration was affected by tVNS compared to sham 

stimulation in a within-subjects design. The authors found that sAA concentration increased over time 

for participants after both tVNS and sham stimulation, with no significant differences between 

experimental conditions. However, a post-hoc analysis performed on sham and tVNS conditions 

separately revealed that SAA concentration increased significantly after tVNS but not after sham 

stimulation (Ventura-Bort et al., 2018). In a very recent, other study, D’Agostini and colleagues 
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(unpublished data) collected samples of saliva at the start of the experiment (t0), before the 

stimulation started (t1) and roughly around the last minutes of the stimulation (t2). The authors found 

that sAA concentration was unaffected by tVNS.    

The findings of both studies should be interpreted with caution since both Ventura-Bort et al. 

(2018) and D’Agostini et al. collected stimulated saliva using cotton sponges. When chewing the 

sponges, the parotid glands (which are very rich in sAA) can increase their contribution to saliva 

secretion independently of central regulation. Under such conditions, sAA is likely a less reliable index 

of central NA activity (Bosch et al., 2011). Moreover, the authors measured sAA concentration instead 

of sAA secretion, ignoring parasympathetic influences on salivary flow rate. Thus, it is not possible to 

rule out parasympathetic effects on sAA secretion following tVNS.  

In a third study, Warren et al. (2019) overcame these limitations by employing the spitting 

method, thereby ensuring collection of unstimulated saliva (Bosch et al., 2011). The authors pooled 

together sAA data from two studies, both employing a tVNS versus sham within-subject design and an 

identical stimulation protocol. sAA was assessed at 3 points in time: 5 min before stimulation, 45 and 

75 min after stimulation began. Post-hoc analysis for the tVNS and sham conditions separately 

revealed that sAA secretion significantly increased following tVNS only. Importantly, there was no main 

effect of stimulation on flow rate, which may indicate that sAA enhancement by tVNS is predominantly 

sympathetically mediated.  

Although preliminary results point to sAA as a potentially interesting marker of NA-

enhancement modulated by tVNS (Ventura-Bort et al., 2018; Warren et al., 2019), some limitations 

and recommendations deserve attention. First, the lack of a clear neuroanatomical description of how 

central NA mediates sAA secretion is still lacking, which complicates a full understanding of the 

mechanisms implicated in sAA secretion and the valid interpretation of sAA as an index of NA activity. 

Second, experimenters in future trials would benefit from collecting unstimulated saliva (e.g., spitting 

method or passive drooling) and may want to investigate the effects of VNS on both sAA secretion and 

flow rate. Third, the timing of sAA collection needs some consideration. Ventura-Bort et al. (2018) 

assessed sAA levels following stimulation, whereas D’Agostini et al. and Warren et al. (2019) did so 

during stimulation. It is difficult at this stage to establish how fast sAA levels decrease after the 

stimulation stops. While animal research has shown central NA release drops immediately after iVNS 

is turned off (Follesa et al., 2007), the temporal dynamics of how tVNS affects sAA in humans is 

currently unclear. Future studies should assess sAA levels during active stimulation to avoid measuring 

the effects of tVNS at moments when the effects has already tapered off.   



32 
 

 

Table 5. Overview of studies on the effects of tVNS on sAA. 

First author 
(year of 

publication) 

tVNS 
stimulation 

location 

Sham  
control 

condition 

N* Stimulation 
duty cycle 
(on/off) 

Stimulation 
parameters 

(intensity, pulse 
width, frequency) 

Saliva 
collection 
method  

Total 
stimulation 

time 

Effect of tVNS on sAA  

Ventura-Bort 
(2018) 

Left cymba 
conchae 

Left ear 
lobe 

20 
 

Continuous 1.3 mA 
(0.4–3.3 mA), 
200–300 μs 

25 Hz 
 

Salivettes (60 s) 35 min sAA increased only in 
tVNS in a post-hoc 
analysis 
 

? 

D’Agostini 
(unpublished)  

Left cymba 
conchae 

Left ear 
lobe  

67 (32 
tVNS, 35 

sham) 
 
 

30s /30 s 0.5 mA 
200–300 μs 

25 Hz   
 
 

Salivettes 
(60 s) 

40 min No effect of tVNS on 
sAA. 

0 

Warren 
(2019) 
experiment 
1A&2 

Left cymba 
conchae 

Left ear 
lobe 

25 30s /30 s 0.5 mA 
200–300 μs  

25 Hz 

Spitting method 
(3 mins) 

80 min sAA increased only in 
tVNS in a post-hoc 
analysis  

? 

Note.*Total number of participants in study. For studies utilizing a between-subjects design, participants per experimental condition are reported between 
brackets. 
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4. General Discussion 

The stimulation of the vagus has received renewed attention in recent years, due to recent 

technological advances and commercializing of devices allowing for transcutaneous VNS. Indeed, a 

myriad of promising potential effects of tVNS can be found in recent literature, and tVNS has been 

proposed as a potential treatment for a broad spectrum of neurological and psychiatric disorders, 

including but not limited to depression, anxiety, epilepsy, pain, chronic cluster headache, coronary 

artery disease and atrial fibrillation (Groves & Brown, 2005; Stavrakis et al., 2015). These promising 

tentative findings are in stark contrast with the lack of evidence showing that tVNS actually increases 

vagus nerve activity or augments activity in the LC-NA network. Finding a biomarker is imperative for 

tVNS research going forward, as it can help guide research on clinical applications, and can inform 

researchers on optimal stimulation sites and parameters to further optimize treatment efficacy.  

As this review clearly demonstrates, none of the potential biomarkers that have been 

discussed here provide clear and definitive indications that tVNS can increase vagal activation or 

augments central activity in the LC-NA network (see figure 1 for a graphical overview). We would argue 

that this may be due at least partly to suboptimal experimental assessment standards and large 

heterogeneity in experimental designs. In the following section, we would like to discuss several 

recommendations to tackle some of the challenges and opportunities for future research on the topic 

of biomarkers for tVNS. 
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4.1. Recommendations and challenges for future research 

1. Many of the reviewed studies seem statistically underpowered, which is an important source for the 

large number of mixed effects found in studies on tVNS. It is imperative that researchers perform 

power analyses to guide their decisions on required sample sizes for their studies, and that they 

justify their sample size based on these power analyses. Although recruiting large samples is costly in 

terms of both time and money, studies that include small sample sizes run a real risk of being 

“scientifically useless, and hence unethical in its use of subjects and other resources” (Moher, 1994). 

Specifically, statistical analyses of studies with small samples sizes are oftentimes underpowered, 

thereby increasing the risk of false negative findings. In the case of the studies that were discussed in 

this review, the median sample size was n = 20 for within-subjects designs, and n = 33 per condition 

for between-subjects designs. In a hypothetical scenario where tVNS would be compared using a t-

Figure 1. Schematic overview of results in humans. 

: Number of studies that reported significant effects of stimulation on biomarker.  

: Number of studies that reported mixed or post-hoc findings of stimulation on biomarker. 

: Number of studies that reported no significant effects of stimulation on biomarker.  
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test, and given an alpha of .05 and a desired power of .80, this would allow researchers to reliably 

detect effect sizes of roughly Cohen’s d = 0.7 in either design. True effect sizes of this magnitude are 

very rare in experimental clinical research (Schäfer & Schwarz, 2019), and from a theoretical and 

clinical point of view researchers should also be interested in detecting smaller effects. What’s more, 

given that this reflects the reliably detectable effect size for the median sample size, this indicates that 

half of the experiments that were included in this review were powered to only detect effect sizes that 

were even larger than d = 0.7, making null results in these studies relatively meaningless. We urge 

researchers to determine beforehand what effect sizes are theoretically or clinically meaningful, and 

subsequently perform power analyses to determine the sample size needed to reliably detect these 

effects.  

2. To improve transparency in sample calculations and research questions, we urge researchers to 

adopt more open science practices in their research. First and foremost, preregistering studies is an 

important step in study preparation that we believe should become common practice within 

psychological science. Not only does it increase research transparency and reduces researcher degrees 

of freedom, it also helps researchers initiate and foster collaborations with other researchers in their 

field. Moreover, sharing materials, analysis code and experimental data can help other researchers 

interpret your results, and can invite cross-lab attempts at exact replication projects. This is especially 

pertinent for biomarkers such as the P3 and pupil diameter, for which there are no standard 

preprocessing guidelines. To help researchers get started with their open science initiatives, we have 

created a general folder on the Open Science Framework, where researchers can report on their 

projects. To visit the ‘tVNS biomarkers’ folder and contribute your own preregistrations or materials, 

please go to https://osf.io/sn7wt/.  

3. Whereas some studies did not include any control condition and compared active stimulation to a 

pre-stimulation baseline, other studies included either a passive ‘stimulation OFF’ control, or an active 

sham condition (e.g. stimulation of the earlobe). To account for possible placebo effects of tVNS, 

https://osf.io/sn7wt/
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researchers should include an active and credible control condition. We would argue that both pre-

stimulation baseline and passive control conditions suffer from serious limitations. Active tVNS elicits 

clear sensations in the ear, and thus participants are not blind to when the stimulation is on or off. As 

such, active tVNS can be expected to elicit stronger placebo effects than passive control conditions or 

pre-stimulation baselines. Indeed, similar transcutaneous stimulation protocols using TENS devices 

have been shown to elicit pronounced placebo effects (Thorsteinsson, Stonnington, Stillwell, & 

Elveback, 1978). These placebo effects cannot be disentangled from actual effects of vagal activation 

without an active placebo condition that elicits similar physiological sensations.  

Even though active sham stimulation is preferable to pre-stimulation baseline or passive 

control conditions, the optimal use of active control conditions is still under debate (Keute, Ruhnau, & 

Zaehle, 2018; Rangon, 2018). Active sham stimulation in tVNS studies is usually applied to the earlobe 

or the scapha, both of which are innervated only by the great auricular nerve, and not by the ABVN 

(Peuker & Filler, 2002). Neuroimaging studies showed that the brain activation pattern after earlobe 

stimulation is somewhat comparable to stimulation of the ABVN (e.g. deactivation of limbic areas, 

including the hippocampus and the poster cingulate gyrus), which could suggest that stimulation of 

the great auricular nerve is not solely a placebo condition but may actually have therapeutic 

properties. It should be noted, however, that brain areas proposed to be central to the working 

mechanisms of tVNS, including the NTS and the LC, are not affected by earlobe stimulation (Frangos 

et al., 2014; Yakunina et al., 2016). Further research is necessary to disentangle whether the central 

effects of earlobe stimulation are due to stimulation of the great auricular nerve or are simply due to 

a placebo effect. Additionally, further research is warranted to study whether stimulation of the 

scapha, or possibly a location further away from the auricle, can be a more suitable sham stimulation 

condition than earlobe stimulation.  

4. It was remarkable that when measuring the biomarkers, not all studies relied on state-of-the-art 

assessments or indices. We believe tVNS research would benefit from studies that adhere to 
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assessment standards for the respective biomarkers. For example, a limitation in the sAA limitation 

is the assessments of alpha-amylase using a cotton swab that participants have to chew. This 

assessment of ‘stimulated saliva’ has been demonstrated to increase noise, as inter- and intra-

individual differences in the mastication process directly affect the involvement of the parotid glands 

in determining the levels of sAA in saliva, independent of central noradrenergic involvement. Several 

guideline papers have actively argued against the use of the assessment of stimulated saliva for the 

assessment of sAA as a noradrenergic marker (e.g. Bosch et al., 2011). 

More so than biomarkers of central noradrenergic activity discussed above, comparison of HRV 

findings is thwarted by the large variety of HRV indices that can be derived from the raw ECG signal. 

Not every index of HRV is a good representation of efferent vagal activity, and we would urge 

researchers to focus their attention specifically on those indices of HRV that have been recommended 

by the psychophysiological guidelines on ECG as reflections of cardiac vagal tone (i.e. RMSSD, pNNx, 

RSA, or HF HRV; Laborde et al., 2017; Task Force of The European Society of Cardiology & The North 

American Society of Pacing and Electrophysiology, 1996). Other indices, including the LF/HF ratio which 

was found to be influenced by tragus stimulation in some studies (Antonino et al., 2017; Clancy et al., 

2014; Weise et al., 2015) but not in others (Couck et al., 2017; Gancheva et al., 2018), are influenced 

by other factors than vagal activity, and thus should not be interpreted as a definite sign that the vagus 

nerve is activated.  

5. Apart from the methodological quality of individual research papers, we would also like to advocate 

the need for clear reporting guidelines. Although stimulation amplitude and frequency are commonly 

reported, other stimulation parameters are often left out. We would like to propose that future 

studies adhere to reporting on at least some elementary components of the electrical stimulation 

that is applied, namely the location and laterality, applied current or voltage, frequency, pulse width, 

duty cycle, and the skin cleaning (see table 6). This will increase the replicability of our research, and 

facilitate comparisons between studies.   
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Table 6. Reporting checklist for stimulation parameters. 

1. Target Site and Stimulation Devicea 

2. Stimulation Current or Voltageb 

3. Frequency 

4. Pulse width 

5. Duty cycle 

6. Skin cleaning & electrode attachment 

Note. 

 a: depending on whether a constant current or constant voltage device was used.  

b: In case of custom-made electrodes, also report their size.  

Example report:  

“Auricular electrical stimulation was conducted using a bipolar constant current 

stimulator (DS5 stimulator, Welwyn Garden City, UK) connected to two titan 

electrodes (NEMOS®, Cerbomed, Erlangen, Germany). During active tVNS, the 

electrodes were attached to the cymba concha of the left ear. During sham 

stimulation, the electrodes are connected to the center of the earlobe instead (1). 

Stimulation intensity was individually calibrated to be 0.1mA below pain threshold 

(2). The cymba concha was stimulated at 25Hz (3) with a pulse width of 250μs (4). A 

30s ON, 30s OFF duty cycle of tVNS was applied (5). Prior to attaching the electrodes, 

the surface of the stimulation area was cleaned for 15 seconds with an alcohol wipe. 

The electrode was put in place and secured with a piece of medical tape (6).”  

 

6. Studies that assessed potential biomarkers of tVNS have predominantly focused on healthy 

individuals. We would argue that establishing the validity of certain biomarkers in healthy 

persons prior to incorporating these measurements in clinical studies is sensible, as it avoids 

placing an unnecessary burden on vulnerable populations. However, if a reliable biomarker 

of tVNS is found in the future, incorporating it in clinical tVNS studies could provide 

important information on the extent to which this marker relates to clinical outcomes. As 

an example, invasive VNS was found to increase the P300 magnitude only in epilepsy patients 

who responded favorably to VNS, and did not affect the P300 magnitude in non-responders 

(De Taeye et al., 2014; Wostyn et al., 2016). It remains unknown whether the P300 can be 

used to identify patients who will respond to VNS. If biomarkers could be used to prospectively 

identify potential responders to tVNS, this would greatly increase the clinical applicability of 

tVNS.  

 

4.2 Summary 
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In contrast to the animal literature, in which the effects of invasive VNS on both a central (in the form 

of increased LC activation and higher NA concentrations) and cardiac (increased vagally mediated HRV) 

level have been clearly demonstrated, neither invasive nor transcutaneous VNS in humans has so far 

produced robust effects on any of the reviewed biomarkers. The mixed findings that pervade 

throughout the human VNS literature highlight the necessity for larger sample sizes, more stringent 

methodology, and the formulation of and adherence to clear reporting guidelines in these future 

projects. We have attempted to provide future researchers with recommendations on how to handle 

these potential challenges and pitfalls when studying potential biomarkers of tVNS. Given the 

promising preliminary effects of tVNS that have been reported on a variety of clinical and cognitive 

processes, we would argue that it is worthwhile to continue searching for a biomarker for tVNS.  

 

 

5. Declaration of interest 

None. 

 

6. Acknowledgements 

This work was supported by the following research grants: the Asthenes long-term structural funding 

(METH/15/011) - Methusalem grant by the Flemish Government (AB, IVD); the FWO Strategic basic 

research PhD fellowship (194599) (MdA); a Veni Grant (451- 14-013) from NWO, the Netherlands (BV); 

research project G071918N funded by the Research Foundation–Flanders, Belgium (IVD); a sabbatical 

grant K802117N of the Research Foundation– Flanders, Belgium (IVD). 

  



40 
 

7. References 

Antonino, D., Teixeira, A. L., Maia-Lopes, P. M., Souza, M. C., Sabino-Carvalho, J. L., Murray, A. R., … 
Vianna, L. C. (2017). Non-invasive vagus nerve stimulation acutely improves spontaneous 
cardiac baroreflex sensitivity in healthy young men: A randomized placebo-controlled trial. 
Brain Stimulation, 10(5), 875–881. https://doi.org/10.1016/j.brs.2017.05.006 

Ardell, J. L., & Randall, W. C. (1986). Selective vagal innervation of sinoatrial and atrioventricular 
nodes in canine heart. American Journal of Physiology-Heart and Circulatory Physiology, 251(4), 
H764–H773. https://doi.org/10.1152/ajpheart.1986.251.4.h764 

Aston-Jones, G., & Cohen, J. D. (2005). An integrative theory of locus coeruleus-norepinephrine 
function: adaptive gain and optimal performance. Annual Review of Neuroscience, 28, 403–450. 
https://doi.org/10.1146/annurev.neuro.28.061604.135709 

Aston-Jones, G., Rajkowski, J., Kubiak, P., & Alexinsky, T. (1994). Locus Coeruleus Neurons in Monkey 
Are Selectively Activated by Attended Cues in a Vigilance Task. The Journal of Neuroscience, 
14(July), 4467–4480. 

Badran, B. W., Dowdle, L. T., Mithoefer, O. J., LaBate, N. T., Coatsworth, J., Brown, J. C., … George, M. 
S. (2018a). Neurophysiologic effects of transcutaneous auricular vagus nerve stimulation 
(taVNS) via electrical stimulation of the tragus: A concurrent taVNS/fMRI study and review. 
Brain Stimulation. https://doi.org/10.1016/j.brs.2017.12.009 

Badran, B. W., Dowdle, L. T., Mithoefer, O. J., LaBate, N. T., Coatsworth, J., Brown, J. C., … George, M. 
S. (2018b). Neurophysiologic effects of transcutaneous auricular vagus nerve stimulation 
(taVNS) via electrical stimulation of the tragus: A concurrent taVNS/fMRI study and review. 
Brain Stimulation, 11(3), 492–500. https://doi.org/10.1016/j.brs.2017.12.009 

Badran, B. W., Mithoefer, O. J., Summer, C. E., LaBate, N. T., Glusman, C. E., Badran, A. W., … George, 
M. S. (2018). Short trains of transcutaneous auricular vagus nerve stimulation (taVNS) have 
parameter-specific effects on heart rate. Brain Stimulation, 11(4), 699–708. 
https://doi.org/10.1016/j.brs.2018.04.004 

Barone, L., Colicchio, G., Policicchio, D., Di Clemente, F., Di Monaco, A., Meglio, M., … Crea, F. (2007). 
Effect of vagal nerve stimulation on systemic inflammation and cardiac autonomic function in 
patients with refractory epilepsy. NeuroImmunoModulation, 14(6), 331–336. 
https://doi.org/10.1159/000127360 

Berntson, G., Bigger, T., Eckberg, D., Grossman, P., Kaufmann, P., Malik, M., … Van der Molen, M. 
(1997). Heart rate variability: Origins, methods, and interpretive caveats. Psychophysiology, 
34(6), 623–648. https://doi.org/10.1111/j.1469-8986.1997.tb02140.x 

Berntson, G., Quigley, K., & & Lozano, D. (2007). Cardiovascular Psychophysiology. In J. Cacioppo, L. 
Tassinary, & G. Berntson (Eds.), Handbook of Psychophysiology (pp. 182–210). Cambridge: 
Cambridge University Press. 

Bianca, R., & Komisaruk, B. R. (2007). Pupil dilatation in response to vagal afferent electrical 
stimulation is mediated by inhibition of parasympathetic outflow in the rat. Brain Research, 
1177(1), 29–36. https://doi.org/10.1016/j.brainres.2007.06.104 

Bosch, J. A., Veerman, E. C. I., de Geus, E. J., & Proctor, G. B. (2011). Α-Amylase As A Reliable And 
Convenient Measure Of Sympathetic Activity: Don’t start salivating just yet! 
Psychoneuroendocrinology, 36(4), 449–453. https://doi.org/10.1016/j.psyneuen.2010.12.019 

Brázdil, M., Chadim, P., Daniel, P., Kuba, R., Rektor, I., Novák, Z., & Chrastina, J. (2001). Effect of vagal 



41 
 

nerve stimulation on auditory and visual event-related potentials. European Journal of 
Neurology : The Official Journal of the European Federation of Neurological Societies, 8(5), 457–
461. https://doi.org/ene262 [pii] 

Bretherton, B., Atkinson, L., Murray, A., Clancy, J., Deuchars, S., & Deuchars, J. (2019). Effects of 
transcutaneous vagus nerve stimulation in individuals aged 55 years or above: Potential 
benefits of daily stimulation. Aging, 11(14), 4836–4857. https://doi.org/10.18632/aging.102074 

Breton-Provencher, V., & Sur, M. (2019). Active control of arousal by a locus coeruleus GABAergic 
circuit. Nature Neuroscience, 22(2), 218–228. https://doi.org/10.1038/s41593-018-0305-z 

Burger, A. M., Van der Does, W., Brosschot, J. F., & Verkuil, B. (2020). From ear to eye? No effect of 
transcutaneous vagus nerve stimulation on human pupil dilation: A report of three studies. 
Biological Psychology, 152, 107863. https://doi.org/10.1016/j.biopsycho.2020.107863 

Burger, A., Van der Does, W., Thayer, J., Brosschot, J., & Verkuil, B. (2019). Transcutaneous vagus 
nerve stimulation reduces spontaneous but not induced negative thought intrusions in high 
worriers. Biological Psychology, 142, 80–89. https://doi.org/10.1016/j.biopsycho.2019.01.014 

Burger, A., Van Diest, I., Van der Does, W., Korbee, J., Waziri, N., Brosschot, J., & Verkuil, B. (2019). 
The effect of transcutaneous vagus nerve stimulation on fear generalization and subsequent 
fear extinction. Neurobiology of Learning and Memory, 161, 192–201. 
https://doi.org/10.1016/j.nlm.2019.04.006 

Burger, A., & Verkuil, B. (2018). Transcutaneous nerve stimulation via the tragus: are we really 
stimulating the vagus nerve? Brain Stimulation, 11(4), 945–946. 
https://doi.org/10.1016/j.brs.2018.03.018 

Cadeddu, C., Deidda, M., Mercuro, G., Tuveri, A., Muroni, A., Nocco, S., … Marrosu, F. (2010). 
Cardiovascular modulation during vagus nerve stimulation therapy in patients with refractory 
epilepsy. Epilepsy Research, 92(2–3), 145–152. 
https://doi.org/10.1016/j.eplepsyres.2010.08.012 

Chapleau, M. W., & Sabharwal, R. (2011). Methods of assessing vagus nerve activity and reflexes. 
Heart Failure Reviews, 16(2), 109–127. https://doi.org/10.1007/s10741-010-9174-6 

Chen, C. C., & Williams, C. L. (2012). Interactions between epinephrine, ascending vagal fibers, and 
central noradrenergic systems in modulating memory for emotionally arousing events. Frontiers 
in Behavioral Neuroscience, 6(June), 35. https://doi.org/10.3389/fnbeh.2012.00035 

Clancy, J., Mary, D., Witte, K., Greenwood, J., Deuchars, S., & Deuchars, J. (2014). Non-invasive Vagus 
Nerve Stimulation in Healthy Humans Reduces Sympathetic Nerve Activity. Brain Stimulation. 
https://doi.org/10.1016/j.brs.2014.07.031 

Couck, M. De, Cserjesi, R., Caers, R., Zijlstra, W. P., Widjaja, D., Wolf, N., … Gidron, Y. (2017). Effects 
of short and prolonged transcutaneous vagus nerve stimulation on heart rate variability in 
healthy subjects. Autonomic Neuroscience: Basic and Clinical, 203, 88–96. 
https://doi.org/10.1016/j.autneu.2016.11.003 

de Gee, J. W., Colizoli, O., Kloosterman, N. A., Knapen, T., Nieuwenhuis, S., & Donner, T. H. (2017). 
Dynamic modulation of decision biases by brainstem arousal systems. ELife, 6(Lc), 1–36. 
https://doi.org/10.7554/eLife.23232 

De Taeye, L., Vonck, K., van Bochove, M., Boon, P., Van Roost, D., Mollet, L., … Raedt, R. (2014). The 
P3 Event-Related Potential is a Biomarker for the Efficacy of Vagus Nerve Stimulation in Patients 
with Epilepsy. Neurotherapeutics, 11(3), 612–622. https://doi.org/10.1007/s13311-014-0272-3 

Desbeaumes Jodoin, V., Lespérance, P., Nguyen, D. K., Fournier-gosselin, M., Richer, F., Hospitalier, 



42 
 

C., & Université, D. (2015). Effects of vagus nerve stimulation on pupillary function. 
International Journal of Psychophysiology, 98(3), 455–459. 
https://doi.org/10.1016/j.ijpsycho.2015.10.001 

Dorr, A. E., & Debonnel, G. (2006). Effect of vagus nerve stimulation on serotonergic and 
noradrenergic transmission. The Journal of Pharmacology and Experimental Therapeutics, 
318(2), 890–898. https://doi.org/10.1124/jpet.106.104166.and 

Duncan, C. C., Barry, R. J., Connolly, J. F., Fischer, C., Michie, P. T., Näätänen, R., … Van Petten, C. 
(2009). Event-related potentials in clinical research: Guidelines for eliciting, recording, and 
quantifying mismatch negativity, P300, and N400. Clinical Neurophysiology. International 
Federation of Clinical Neurophysiology. https://doi.org/10.1016/j.clinph.2009.07.045 

Eckstein, M. K., Guerra-Carrillo, B., Miller Singley, A. T., & Bunge, S. A. (2017). Beyond eye gaze: What 
else can eyetracking reveal about cognition and cognitive development? Developmental 
Cognitive Neuroscience, 25, 69–91. https://doi.org/10.1016/j.dcn.2016.11.001 

Ehlert, U., Erni, K., Hebisch, G., & Nater, U. (2006). Salivary α-amylase levels after yohimbine 
challenge in healthy men. Journal of Clinical Endocrinology and Metabolism, 91(12), 5130–5133. 
https://doi.org/10.1210/jc.2006-0461 

Engel, D. (1979). The Gastroauricular Phenomenon and Related Vagus Reflexes. Archiv Für Psychiatrie 
Und Nervenkrankheiten, 277, 271–277. 

Fallgatter, A., Ehlis, A.-C., Ringel, T., & Herrmann, M. (2005). Age effect on far field potentials from 
the brain stem after transcutaneous vagus nerve stimulation. International Journal of 
Psychophysiology : Official Journal of the International Organization of Psychophysiology, 56(1), 
37–43. https://doi.org/10.1016/j.ijpsycho.2004.09.007 

Fallgatter, A., Neuhauser, B., Herrmann, M., Ehlis, A.-C., Wagener, A., Scheuerpflug, P., … Riederer, P. 
(2003). Far field potentials from the brain stem after transcutaneous vagus nerve stimulation. 
Journal of Neural Transmission (Vienna, Austria : 1996), 110(12), 1437–1443. 
https://doi.org/10.1007/s00702-003-0087-6 

Fay, T. (1927). Observations and results from intracranial section of the glossopharyngeus and vagus 
nerves in man. Journal of Neurology, Neurosurgery and Psychiatry, S1-8(30), 110–123. 
https://doi.org/10.1136/jnnp.s1-8.30.110 

Fischer, R., Ventura-Bort, C., Hamm, A., & Weymar, M. (2018). Transcutaneous vagus nerve 
stimulation (tVNS) enhances conflict-triggered adjustment of cognitive control. Cognitive, 
Affective and Behavioral Neuroscience, 1–14. https://doi.org/10.3758/s13415-018-0596-2 

Follesa, P., Biggio, F., Gorini, G., Caria, S., Talani, G., Dazzi, L., … Biggio, G. (2007). Vagus nerve 
stimulation increases norepinephrine concentration and the gene expression of BDNF and bFGF 
in the rat brain. Brain Research, 1179, 28–34. https://doi.org/10.1016/j.brainres.2007.08.045 

Frangos, E., Ellrich, J., & Komisaruk, B. R. (2014). Non-invasive Access to the Vagus Nerve Central 
Projections via Electrical Stimulation of the External Ear: fMRI Evidence in Humans. Brain 
Stimulation, 8(3), 624–636. https://doi.org/10.1016/j.brs.2014.11.018 

Galli, R., Limbruno, U., Pizzanelli, C., Giorgi, F. S., Lutzemberger, L., Strata, G., … Murri, L. (2003). 
Analysis of RR variability in drug-resistant epilepsy patients chronically treated with vagus nerve 
stimulation. Autonomic Neuroscience: Basic and Clinical, 107(1), 52–59. 
https://doi.org/10.1016/S1566-0702(03)00081-X 

Gancheva, S., Bierwagen, A., Markgraf, D. F., Bönhof, G. J., Murphy, K. G., Hatziagelaki, E., … Roden, 
M. (2018). Constant hepatic ATP concentrations during prolonged fasting and absence of effects 
of Cerbomed Nemos®on parasympathetic tone and hepatic energy metabolism. Molecular 



43 
 

Metabolism, 7(October 2017), 71–79. https://doi.org/10.1016/j.molmet.2017.10.002 

Garamendi, I., Acera, M., Agundez, M., Galbarriatu, L., Marinas, A., Pomposo, I., … Gomez-Esteban, J. 
C. (2017). Cardiovascular autonomic and hemodynamic responses to vagus nerve stimulation in 
drug-resistant epilepsy. Seizure, 45, 56–60. https://doi.org/10.1016/j.seizure.2016.11.018 

Gidron, Y., Deschepper, R., De Couck, M., Thayer, J., & Velkeniers, B. (2018). The Vagus Nerve Can 
Predict and Possibly Modulate Non-Communicable Chronic Diseases: Introducing a 
Neuroimmunological Paradigm to Public Health. Journal of Clinical Medicine, 7(10), 371. 
https://doi.org/10.3390/jcm7100371 

Gilzenrat, M. S., Nieuwenhuis, S., Jepma, M., & Cohen, J. D. (2010). Pupil diameter tracks changes in 
control state predicted by the adaptive gain theory of locus coeruleus function. Cognitive, 
Affective, & Behavioral Neuroscience, 10(2), 252–269. https://doi.org/10.3758/CABN.10.2.252 

Goadsby, P. J., de Coo, I. F., Silver, N., Tyagi, A., Ahmed, F., Gaul, C., … ACT2 Study Group. (2017). 
Non-invasive vagus nerve stimulation for the acute treatment of episodic and chronic cluster 
headache: A randomized, double-blind, sham-controlled ACT2 study. Cephalalgia : An 
International Journal of Headache, 0(0), 333102417744362. 
https://doi.org/10.1177/0333102417744362 

Grassi, G., & Esler, M. (1999). How to assess sympathetic activity in humans. Journal of Hypertension, 
17, 719–734. https://doi.org/10.1097/00004872-199917060-00001 

Grimonprez, A., Raedt, R., Baeken, C., Boon, P., & Vonck, K. (2015). The antidepressant mechanism of 
action of vagus nerve stimulation: Evidence from preclinical studies. Neuroscience & 
Biobehavioral Reviews, 56, 26–34. https://doi.org/10.1016/j.neubiorev.2015.06.019 

Groves, D. A., Bowman, E. M., & Brown, V. J. (2005). Recordings from the rat locus coeruleus during 
acute vagal nerve stimulation in the anaesthetised rat. Neuroscience Letters, 379(3), 174–179. 
https://doi.org/10.1016/j.neulet.2004.12.055 

Groves, D. A., & Brown, V. J. (2005). Vagal nerve stimulation: A review of its applications and 
potential mechanisms that mediate its clinical effects. Neuroscience and Biobehavioral Reviews, 
29(3), 493–500. https://doi.org/10.1016/j.neubiorev.2005.01.004 

Gupta, D., Verma, S., & Vishwakarma, S. K. (1986). Anatomic basis of Arnold’s ear-cough reflex. 
Surgical and Radiologic Anatomy, 8(4), 217–220. https://doi.org/10.1007/BF02425070 

Hagen, K., Ehlis, A. C., Haeussinger, F. B., Beeretz, S., Kromer, G. V., Heinzel, S., … Metzger, F. G. 
(2015). The relation of SMI and the VSEP in a risk sample for neurodegenerative disorders. 
Journal of Neural Transmission, 122(8), 1167–1174. https://doi.org/10.1007/s00702-014-1351-
7 

Hainsworth, R. (1995). The control and physiological importance of heart rate. In M. Malik & A. J. 
Camm (Eds.), Heart Rate Variability (pp. 3–19). Armonk, NY: Futura Publishing Company, Inc. 

Hammond, E. J., Uthman, B. M., Reid, S. A., & Wilder, B. J. (1992). Electrophysiologic Studies of 
Cervical Vagus Nerve-Stimulation in Humans .2. Evoked-Potentials. Epilepsia, 33(6), 1021–1028. 
https://doi.org/10.1111/j.1528-1157.1992.tb01753.x 

Hassert, D. L., Miyashita, T., & Williams, C. L. (2004). The effects of peripheral vagal nerve stimulation 
at a memory-modulating intensity on norepinephrine output in the basolateral amygdala. 
Behavioral Neuroscience, 118(1), 79–88. https://doi.org/10.1037/0735-7044.118.1.79 

He, W., Jing, X.-H., Zhu, B., Zhu, X.-L., Li, L., Bai, W.-Z., & Ben, H. (2013). The auriculo-vagal afferent 
pathway and its role in seizure suppression in rats. BMC Neuroscience, 14, 1. 
https://doi.org/10.1186/1471-2202-14-85 



44 
 

Helmers, S. L., Begnaud, J., Cowley, A., Corwin, H. M., Edwards, J. C., Holder, D. L., … Labiner, D. M. 
(2012). Application of a computational model of vagus nerve stimulation. Acta Neurologica 
Scandinavica, 126(5), 336–343. https://doi.org/10.1111/j.1600-0404.2012.01656.x 

Hill, L., Siebenbrock, A., Sollers, J., & Thayer, J. (2009). Are all measures created equal? Heart rate 
variability and respiration. Biomedical Sciences Instrumentation, 45(August), 71–76. Retrieved 
from http://www.ncbi.nlm.nih.gov/pubmed/19369742 

Hirfanoglu, T., Serdaroglu, A., Cetin, I., Kurt, G., Capraz, I. Y., Ekici, F., … Bilir, E. (2018). Effects of 
vagus nerve stimulation on heart rate variability in children with epilepsy. Epilepsy and 
Behavior, 81, 33–40. https://doi.org/10.1016/j.yebeh.2018.01.036 

Hou, R. H., Freeman, C., Langley, R. W., Szabadi, E., & Bradshaw, C. M. (2005). Does modafinil 
activate the locus coeruleus in man? Comparison of modafinil and clonidine on arousal and 
autonomic functions in human volunteers. Psychopharmacology, 181(3), 537–549. 
https://doi.org/10.1007/s00213-005-0013-8 

Hou, R. H., Langley, R. W., Szabadi, E., & Bradshaw, C. M. (2007). Comparison of diphenhydramine 
and modafinil on arousal and autonomic functions in healthy volunteers. Journal of 
Psychopharmacology, 21(6), 567–578. https://doi.org/10.1177/0269881106071022 

Huang, J., Wang, Y., Jiang, D., Zhou, J., & Huang, X. (2010). The sympathetic-vagal balance against 
endotoxemia. Journal of Neural Transmission, 117(6), 729–735. 
https://doi.org/10.1007/s00702-010-0407-6 

Hulsey, D. R., Riley, J. R., Loerwald, K. W., Rennaker, R. L., Kilgard, M. P., & Hays, S. A. (2017). 
Parametric characterization of neural activity in the locus coeruleus in response to vagus nerve 
stimulation. Experimental Neurology, 289, 21–30. 
https://doi.org/10.1016/j.expneurol.2016.12.005 

Jacobs, H. I. L., Riphagen, J. M., Razat, C. M., Wiese, S., & Sack, A. T. (2015). Transcutaneous vagus 
nerve stimulation boosts associative memory in older individuals. Neurobiology of Aging, 36(5), 
1860–1867. https://doi.org/10.1016/j.neurobiolaging.2015.02.023 

Jansen, K., Vandeput, S., Milosevic, M., Ceulemans, B., Van Huffel, S., Brown, L., … Lagae, L. (2011). 
Autonomic effects of refractory epilepsy on heart rate variability in children: Influence of 
intermittent vagus nerve stimulation. Developmental Medicine and Child Neurology, 53(12), 
1143–1149. https://doi.org/10.1111/j.1469-8749.2011.04103.x 

Jepma, M., & Nieuwenhuis, S. (2011). Pupil diameter predicts changes in the exploration-exploitation 
trade-off: evidence for the adaptive gain theory. Journal of Cognitive Neuroscience, 23(7), 
1587–1596. https://doi.org/10.1162/jocn.2010.21548 

Jin, H., Guo, J., Liu, J., Lyu, B., Foreman, R. D., Yin, J., … Chen, J. D. Z. (2017). Anti-inflammatory effects 
and mechanisms of vagal nerve stimulation combined with electroacupuncture in a rodent 
model of TNBS-induced colitis. American Journal of Physiology-Gastrointestinal and Liver 
Physiology, 313(3), G192–G202. https://doi.org/10.1152/ajpgi.00254.2016 

Joshi, S., Li, Y., Kalwani, R. M., & Gold, J. I. (2016). Relationships between Pupil Diameter and 
Neuronal Activity in the Locus Coeruleus, Colliculi, and Cingulate Cortex. Neuron, 89(1), 221–
234. https://doi.org/10.1016/j.neuron.2015.11.028 

Kemp, A. H., Pe Benito, L., Quintana, D. S., Clark, C. R., McFarlane, A., Mayur, P., … Williams, L. M. 
(2010). Impact of depression heterogeneity on attention: An auditory oddball event related 
potential study. Journal of Affective Disorders, 123(1–3), 202–207. 
https://doi.org/10.1016/j.jad.2009.08.010 

Keute, M., Demirezen, M., Graf, A., Mueller, N. G., & Zaehle, T. (2019). No modulation of pupil size 



45 
 

and event-related pupil response by transcutaneous auricular vagus nerve stimulation (taVNS). 
Scientific Reports, 9(1), 11452. https://doi.org/10.1038/s41598-019-47961-4 

Keute, M., Ruhnau, P., & Zaehle, T. (2018). Reply to “Reconsidering Sham in Transcutaneous Vagus 
Nerve Stimulation studies.” Clinical Neurophysiology, 129(11), 2503–2504. 
https://doi.org/10.1016/j.clinph.2018.09.001 

Kozasa, Y., Nakashima, N., Ito, M., Ishikawa, T., Kimoto, H., Ushijima, K., … Takano, M. (2018). HCN4 
pacemaker channels attenuate the parasympathetic response and stabilize the spontaneous 
firing of the sinoatrial node. Journal of Physiology, 596(5), 809–825. 
https://doi.org/10.1113/JP275303 

Krahl, S. E., Senanayake, S. S., & Handforth, A. (2001). Destruction of peripheral C-fibers does not 
alter subsequent vagus nerve stimulation-induced seizure suppression in rats. Epilepsia, 42(5), 
586–589. https://doi.org/10.1046/j.1528-1157.2001.09700.x 

Laborde, S., Mosley, E., & Thayer, J. F. (2017). Heart rate variability and cardiac vagal tone in 
psychophysiological research - Recommendations for experiment planning, data analysis, and 
data reporting. Frontiers in Psychology, 8(FEB), 1–18. https://doi.org/10.3389/fpsyg.2017.00213 

Lamb, D. G., Porges, E. C., Lewis, G. F., & Williamson, J. B. (2017). Non-invasive Vagal Nerve 
Stimulation Effects on Hyperarousal and Autonomic State in Patients with Posttraumatic Stress 
Disorder and History of Mild Traumatic Brain Injury: Preliminary Evidence. Frontiers in Medicine, 
4(July), 1–9. https://doi.org/10.3389/fmed.2017.00124 

Lee, S. W., Anderson, A., Guzman, P. A., Nakano, A., Tolkacheva, E. G., & Wickman, K. (2018). Atrial 
GIRK channels mediate the effects of vagus nerve stimulation on heart rate dynamics and 
arrhythmogenesis. Frontiers in Physiology, 9(JUL), 1–10. 
https://doi.org/10.3389/fphys.2018.00943 

Lee, S. W., Kulkarni, K., Annoni, E. M., Libbus, I., KenKnight, B. H., & Tolkacheva, E. G. (2018). 
Stochastic vagus nerve stimulation affects acute heart rate dynamics in rats. PLoS ONE, 13(3), 
1–17. https://doi.org/10.1371/journal.pone.0194910 

Leutzow, B., Lange, J., Gibb, A., Schroeder, H., Nowak, A., Wendt, M., & Usichenko, T. I. (2013). Vagal 
sensory evoked potentials disappear under the neuromuscular block - An experimental study. 
Brain Stimulation, 6(5), 812–816. https://doi.org/10.1016/j.brs.2013.03.005 

Leutzow, B., Nowak, A., & Usichenko, T. I. (2014). On the Origin of Scalp Responses – A Comment on 
the Letter of Polak et al. Brain Stimulation, 7(4), 625–626. 
https://doi.org/10.1016/j.brs.2014.05.006 

Lewine, J. D., Paulson, K., Bangera, N., & Simon, B. J. (2018). Exploration of the Impact of Brief 
Noninvasive Vagal Nerve Stimulation on EEG and Event-Related Potentials. Neuromodulation, 
2018. https://doi.org/10.1111/ner.12864 

Li, H., & Wang, Y. P. (2013). Effect of auricular acupuncture on gastrointestinal motility and its 
relationship with vagal activity. Acupuncture in Medicine, 31(1), 57–64. 
https://doi.org/10.1136/acupmed-2012-010173 

Libbus, I., Nearing, B. D., Amurthur, B., KenKnight, B. H., & Verrier, R. L. (2016). Autonomic regulation 
therapy suppresses quantitative T-wave alternans and improves baroreflex sensitivity in 
patients with heart failure enrolled in the ANTHEM-HF study. Heart Rhythm, 13(3), 721–728. 
https://doi.org/10.1016/j.hrthm.2015.11.030 

Liu, H., Yang, Z., Meng, F., Huang, L., Qu, W., Hao, H., … Li, L. (2018). Chronic vagus nerve stimulation 
reverses heart rhythm complexity in patients with drug-resistant epilepsy: An assessment with 
multiscale entropy analysis. Epilepsy and Behavior, 83, 168–174. 



46 
 

https://doi.org/10.1016/j.yebeh.2018.03.035 

Manta, S., Dong, J., Debonnel, G., & Blier, P. (2009). Enhancement of the function of rat serotonin 
and norepinephrine neurons by sustained vagus nerve stimulation. Journal of Psychiatry and 
Neuroscience, 34(4), 272–280. 

Manta, S., El Mansari, M., Debonnel, G., & Blier, P. (2013). Electrophysiological and neurochemical 
effects of long-term vagus nerve stimulation on the rat monoaminergic systems. International 
Journal of Neuropsychopharmacology, 16(2), 459–470. 
https://doi.org/10.1017/S1461145712000387 

Martlé, V., Bavegems, V., Van Ham, L., Boon, P., Vonck, K., Raedt, R., … Bhatti, S. (2014). Evaluation of 
heart rate variability in dogs during standard and microburst vagus nerve stimulation: A pilot 
study. Veterinary Journal, 202(3), 651–653. https://doi.org/10.1016/j.tvjl.2014.09.009 

Metzger, F. G., Polak, T., Aghazadeh, Y., Ehlis, A. C., Hagen, K., & Fallgatter, A. J. (2012). Vagus 
somatosensory evoked potentials - A possibility for diagnostic improvement in patients with 
mild cognitive impairment? Dementia and Geriatric Cognitive Disorders, 33(5), 289–296. 
https://doi.org/10.1159/000339359 

Miyashita, T., & Williams, C. (2006). Epinephrine administration increases neural impulses 
propagated along the vagus nerve: Role of peripheral β-adrenergic receptors. Neurobiology of 
Learning and Memory, 85(2), 116–124. https://doi.org/10.1016/j.nlm.2005.08.013 

Moher, D. (1994). Statistical Power, Sample Size, and Their Reporting in Randomized Controlled 
Trials. JAMA: The Journal of the American Medical Association, 272(2), 122. 
https://doi.org/10.1001/jama.1994.03520020048013 

Mridha, Z., De Gee, J., Shi, Y., Alkashgari, R., Williams, J., Suminski, A., … McGinley, M. (2019). Graded 
recruitment of pupil-linked neuromodulation by parametric stimulation of the vagus nerve. 
BioRxiv. https://doi.org/10.1101/2019.12.28.890111 

Murphy, P. R., Robertson, I. H., Balsters, J. H., & O’connell, R. G. (2011). Pupillometry and P3 index 
the locus coeruleus-noradrenergic arousal function in humans. Psychophysiology, 48(11), 1532–
1543. https://doi.org/10.1111/j.1469-8986.2011.01226.x 

Murray, A. R., Atkinson, L., Mahadi, M. K., Deuchars, S. A., & Deuchars, J. (2016). The strange case of 
the ear and the heart: The auricular vagus nerve and its influence on cardiac control. Autonomic 
Neuroscience: Basic and Clinical, 199, 48–53. https://doi.org/10.1016/j.autneu.2016.06.004 

Nearing, B. D., Libbus, I., Amurthur, B., Kenknight, B. H., & Verrier, R. L. (2016). Acute Autonomic 
Engagement Assessed by Heart Rate Dynamics During Vagus Nerve Stimulation in Patients With 
Heart Failure in the ANTHEM-HF Trial. Journal of Cardiovascular Electrophysiology, 27(9), 1072–
1077. https://doi.org/10.1111/jce.13017 

Neuhaus, A. H., Luborzewski, A., Rentzsch, J., Brakemeier, E. L., Opgen-Rhein, C., Gallinat, J., & 
Bajbouj, M. (2007). P300 is enhanced in responders to vagus nerve stimulation for treatment of 
major depressive disorder. Journal of Affective Disorders, 100(1–3), 123–128. 
https://doi.org/10.1016/j.jad.2006.10.005 

Ng, G. A., Brack, K. E., & Coote, J. H. (2001). Effects of Direct Sympathetic and Vagus Nerve 
Stimulation on the Physiology of the Whole Heart - A Novel Model of Isolated Langendorff 
Perfused Rabbit Heart with Intact Dual Autonomic Innervation. Experimental Physiology, 86(3), 
319–329. https://doi.org/10.1113/eph8602146 

Nieuwenhuis, S., Aston-Jones, G., & Cohen, J. D. (2005). Decision making, the P3, and the locus 
coeruleus-norepinephrine system. Psychological Bulletin, 131(4), 510–532. 
https://doi.org/10.1037/0033-2909.131.4.510 



47 
 

Nomura, S., & Mizuno, N. (1984). Central distribution of primary afferent fibers in the Arnold’s nerve 
(the auricular branch of the vagus nerve): A transganglionic HRP study in the cat. Brain 
Research, 292(2), 199–205. https://doi.org/10.1016/0006-8993(84)90756-X 

Nonis, R., D’Ostilio, K., Schoenen, J., & Magis, D. (2017). Evidence of activation of vagal afferents by 
non-invasive vagus nerve stimulation: An electrophysiological study in healthy volunteers. 
Cephalalgia, 37(13), 1285–1293. https://doi.org/10.1177/0333102417717470 

Penry, J. K., & Dean, J. C. (1990). Prevention of Intractable Partial Seizures by Intermittent Vagal 
Stimulation in Humans: Preliminary Results. Epilepsia, 31(1), S40–S43. 
https://doi.org/10.1111/j.1528-1157.1990.tb05848.x 

Penttila, J., Helminen, A., Jartti, T., & Kuusela, T. (2001). Time domain, geometrical and frequency 
domain analysis of cardiac vagal outflow: effects of various {…}. Clinical Physiology, 1, 365–376. 
Retrieved from http://www.blackwell-synergy.com/doi/abs/10.1046/j.1365-2281.2001.00337.x 

Peuker, E. T., & Filler, T. J. (2002). The nerve supply of the human auricle. Clinical Anatomy, 15(1), 
35–37. https://doi.org/10.1002/ca.1089 

Phillips, M. A., Szabadi, E., & Bradshaw, C. M. (2000). Comparison of the effects of clonidine and 
yohimbine on pupillary diameter at different illumination levels. British Journal of Clinical 
Pharmacology, 50(1), 65–68. https://doi.org/10.1046/j.1365-2125.2000.00225.x 

Polak, T., Dresler, T., Zeller, J., Warrings, B., Scheuerpflug, P., Fallgatter, A., … Metzger, F. (2014). 
Vagus somatosensory evoked potentials are delayed in Alzheimer’s disease, but not in major 
depression. European Archives of Psychiatry and Clinical Neuroscience, 264(3), 263–267. 
https://doi.org/10.1007/s00406-013-0415-2 

Polak, T., Ehlis, A., Langer, J., Plichta, M., Metzger, F., Ringel, T., & Fallgatter, A. (2007). Non-invasive 
measurement of vagus activity in the brainstem - A methodological progress towards earlier 
diagnosis of dementias? Journal of Neural Transmission, 114(5), 613–619. 
https://doi.org/10.1007/s00702-007-0625-8 

Polak, T., Markulin, F., Ehlis, A., Metzger, F., Langer, J., Ringel, T., & Fallgatter, A. (2009). Auricular 
vagus somatosensory evoked potentials in vascular dementia. Journal of Neural Transmission, 
116(4), 473–477. https://doi.org/10.1007/s00702-009-0202-4 

Polak, T., Zeller, D., Fallgatter, A., & Metzger, F. (2013). Vagus somatosensory-evoked potentials are 
prolonged in patients with multiple sclerosis with brainstem involvement. NeuroReport, 24(5), 
251–253. https://doi.org/10.1097/WNR.0b013e32835f00a3 

Polich, J. (2007). Updating P300: An integrative theory of P3a and P3b. Clinical Neurophysiology, 
118(10), 2128–2148. https://doi.org/10.1016/j.clinph.2007.04.019 

Premchand, R. K., Sharma, K., Mittal, S., Monteiro, R., Dixit, S., Libbus, I., … Anand, I. S. (2014). 
Autonomic regulation therapy via left or right cervical vagus nerve stimulation in patients with 
chronic heart failure: Results of the ANTHEM-HF trial. Journal of Cardiac Failure, 20(11), 808–
816. https://doi.org/10.1016/j.cardfail.2014.08.009 

Proctor, G. B. (2016). The physiology of salivary secretion. Periodontology 2000, 70(1), 11–25. 
https://doi.org/10.1111/prd.12116 

Pruvost, M., Zaaimi, B., Grebe, R., Wallois, F., Berquin, P., & Perlitz, V. (2006). Cardiorespiratory 
effects induced by vagus nerve stimulation in epileptic children. Medical and Biological 
Engineering and Computing, 44(4), 338–347. https://doi.org/10.1007/s11517-006-0041-5 

Raedt, R., Clinckers, R., Mollet, L., Vonck, K., El Tahry, R., Wyckhuys, T., … Meurs, A. (2011). Increased 
hippocampal noradrenaline is a biomarker for efficacy of vagus nerve stimulation in a limbic 



48 
 

seizure model. Journal of Neurochemistry, 117(3), 461–469. https://doi.org/10.1111/j.1471-
4159.2011.07214.x 

Rajkowski, J., Kubiak, P., & Aston-Jones, G. (1993). Correlations between locus coeruleus (LC) neural 
activity, pupil diameter and behavior in monkey support a role of LC in attention. Soc. Neurosc. 
Abstr., 19, 974. 

Randall, W. C., Ardell, J. L., & Becker, D. M. (1985). Differential responses accompanying sequential 
stimulation and ablation of vagal branches to dog heart. American Journal of Physiology-Heart 
and Circulatory Physiology, 249(1), H133–H140. 
https://doi.org/10.1152/ajpheart.1985.249.1.H133 

Rangon, C.-M. (2018). Reconsidering Sham in Transcutaneous Vagus Nerve Stimulation studies. 
Clinical Neurophysiology, 129(11), 2501–2502. https://doi.org/10.1016/j.clinph.2018.08.027 

Reimer, J., McGinley, M. J., Liu, Y., Rodenkirch, C., Wang, Q., McCormick, D. A., & Tolias, A. S. (2016). 
Pupil fluctuations track rapid changes in adrenergic and cholinergic activity in cortex. Nature 
Communications, 7(May), 1–7. https://doi.org/10.1038/ncomms13289 

Roosevelt, R. W., Smith, D. C., Clough, R. W., Jensen, R. A., & Browning, R. A. (2006). Increased 
extracellular concentrations of norepinephrine in cortex and hippocampus following vagus 
nerve stimulation in the rat. Brain Research, 1119(1), 124–132. 
https://doi.org/10.1016/j.brainres.2006.08.048 

Rufener, K. S., Geyer, U., Janitzky, K., Heinze, H. J., & Zaehle, T. (2018). Modulating auditory selective 
attention by non-invasive brain stimulation: Differential effects of transcutaneous vagal nerve 
stimulation and transcranial random noise stimulation. European Journal of Neuroscience, 
48(6), 2301–2309. https://doi.org/10.1111/ejn.14128 

Safi, S., Ellrich, J., & Neuhuber, W. (2016). Myelinated Axons in the Auricular Branch of the Human 
Vagus Nerve. Anatomical Record, 299(9), 1184–1191. https://doi.org/10.1002/ar.23391 

Samniang, B., Shinlapawittayatorn, K., Chunchai, T., Pongkan, W., Kumfu, S., Chattipakorn, S. C., … 
Chattipakorn, N. (2016). Vagus Nerve Stimulation Improves Cardiac Function by Preventing 
Mitochondrial Dysfunction in Obese-Insulin Resistant Rats. Scientific Reports, 6(August 2015), 
1–11. https://doi.org/10.1038/srep19749 

Samuels, E., & Szabadi, E. (2008). Functional Neuroanatomy of the Noradrenergic Locus Coeruleus: 
Its Roles in the Regulation of Arousal and Autonomic Function Part II: Physiological and 
Pharmacological Manipulations and Pathological Alterations of Locus Coeruleus Activity in 
Humans. Current Neuropharmacology, 6(3), 254–285. 
https://doi.org/10.2174/157015908785777193 

Schäfer, T., & Schwarz, M. A. (2019). The meaningfulness of effect sizes in psychological research: 
Differences between sub-disciplines and the impact of potential biases. Frontiers in Psychology, 
10(APR), 1–13. https://doi.org/10.3389/fpsyg.2019.00813 

Schevernels, H., van Bochove, M. E., De Taeye, L., Bombeke, K., Vonck, K., Van Roost, D., … Boehler, 
C. N. (2016a). The effect of vagus nerve stimulation on response inhibition. Epilepsy & Behavior, 
64, 171–179. https://doi.org/10.1016/j.yebeh.2016.09.014 

Schevernels, H., van Bochove, M. E., De Taeye, L., Bombeke, K., Vonck, K., Van Roost, D., … Boehler, 
C. N. (2016b). The effect of vagus nerve stimulation on response inhibition. Epilepsy & Behavior, 
64, 171–179. https://doi.org/10.1016/j.yebeh.2016.09.014 

Schomer, A. C., Nearing, B. D., Schachter, S. C., & Verrier, R. L. (2014). Vagus nerve stimulation 
reduces cardiac electrical instability assessed by quantitative T-wave alternans analysis in 
patients with drug-resistant focal epilepsy. Epilepsia, 55(12), 1996–2002. 



49 
 

https://doi.org/10.1111/epi.12855 

Shaffer, F., McCraty, R., & Zerr, C. L. (2014). A healthy heart is not a metronome: an integrative 
review of the heart’s anatomy and heart rate variability. Frontiers in Psychology, 5(September), 
1–19. https://doi.org/10.3389/fpsyg.2014.01040 

Sherrington, C. S. (1897). Experiments in examination of the peripheral distribution of the fibres of 
the posterior roots of some spinal nerves. - Part II. Philosophical Transactions of the Royal 
Society of London. Series B, Containing Papers of a Biological Character. 

Sowndhararajan, K., Kim, M., Deepa, P., Park, S. J., & Kim, S. (2018). Application of the p300 event-
related potential in the diagnosis of epilepsy disorder: A review. Scientia Pharmaceutica, 86(2). 
https://doi.org/10.3390/scipharm86020010 

Sperling, W., & Reulbach, U. (2010). Cardiac effects of vagus nerve stimulation in patients with major 
depression. Pharmacopsychiatry, 43, 7–11. Retrieved from https://www.thieme-
connect.com/products/ejournals/abstract/10.1055/s-0029-1237374 

Stavrakis, S., Humphrey, M. B., Scherlag, B. J., Hu, Y., Jackman, W. M., Nakagawa, H., … Po, S. S. 
(2015). Low-level transcutaneous electrical vagus nerve stimulation suppresses atrial 
fibrillation. Journal of the American College of Cardiology, 65(9), 867–875. 
https://doi.org/10.1016/j.jacc.2014.12.026 

Sun, P., Zhou, K., Wang, S., Li, P., Chen, S., Lin, G., … Wang, T. (2013). Involvement of MAPK/NF-κB 
Signaling in the Activation of the Cholinergic Anti-Inflammatory Pathway in Experimental Colitis 
by Chronic Vagus Nerve Stimulation. PLoS ONE, 8(8), 1–15. 
https://doi.org/10.1371/journal.pone.0069424 

Task Force of The European Society of Cardiology, & The North American Society of Pacing and 
Electrophysiology. (1996). Heart rate variability: Standards of measurement, physiological 
interpretation, and clinical use. Circulation, 17, 354–381. https://doi.org/10.1161/
01.CIR.93.5.1043 

Thireau, J., Zhang, B. L., Poisson, D., & Babuty, D. (2008). Heart rate variability in mice: A theoretical 
and practical guide. Experimental Physiology, 93(1), 83–94. 
https://doi.org/10.1113/expphysiol.2007.040733 

Thorsteinsson, G., Stonnington, H. H., Stillwell, G. K., & Elveback, L. R. (1978). The placebo effect of 
transcutaneous electrical stimulation. Pain, 5(1), 31–41. https://doi.org/10.1016/0304-
3959(78)90022-2 

Tran, N., Asad, Z., Elkholey, K., Scherlag, B. J., Po, S. S., & Stavrakis, S. (2018). Autonomic 
Neuromodulation Acutely Ameliorates Left Ventricular Strain in Humans. Journal of 
Cardiovascular Translational Research. https://doi.org/10.1007/s12265-018-9853-6 

Usami, K., Kawai, K., Sonoo, M., & Saito, N. (2013). Scalp-recorded evoked potentials as a marker for 
afferent nerve impulse in clinical vagus nerve stimulation. Brain Stimulation, 6(4), 615–623. 
https://doi.org/10.1016/j.brs.2012.09.007 

Ventura-Bort, C., Wirkner, J., Genheimer, H., Wendt, J., Hamm, A. O., & Weymar, M. (2018). Effects 
of transcutaneous vagus nerve stimulation (tVNS) on the P300 and alpha-amylase level: A pilot 
study. Frontiers in Human Neuroscience, 12(June), 202. 
https://doi.org/10.3389/FNHUM.2018.00202 

Verrier, R. L., Nearing, B. D., Olin, B., Boon, P., & Schachter, S. C. (2016). Baseline elevation and 
reduction in cardiac electrical instability assessed by quantitative T-wave alternans in patients 
with drug-resistant epilepsy treated with vagus nerve stimulation in the AspireSR E-36 trial. 
Epilepsy and Behavior, 62, 85–89. https://doi.org/10.1016/j.yebeh.2016.06.016 



50 
 

Vonck, K., Raedt, R., Naulaerts, J., De Vogelaere, F., Thiery, E., Van Roost, D., … Boon, P. (2014). Vagus 
nerve stimulation…25 years later! What do we know about the effects on cognition? 
Neuroscience and Biobehavioral Reviews, 45C, 63–71. 
https://doi.org/10.1016/j.neubiorev.2014.05.005 

Warren, C., Tona, K., Ouwerkerk, L., van Paridon, J., Poletiek, F., van Steenbergen, H., … Nieuwenhuis, 
S. (2019). The neuromodulatory and hormonal effects of transcutaneous vagus nerve 
stimulation as evidenced by salivary alpha amylase, salivary cortisol, pupil diameter, and the P3 
event-related potential. Brain Stimulation, 12(3), 635–642. 
https://doi.org/10.1016/j.brs.2018.12.224 

Warren, C., van den Brink, R., Nieuwenhuis, S., & Bosch, J. (2017). Norepinephrine transporter 
blocker atomoxetine increases salivary alpha amylase. Psychoneuroendocrinology, 78, 233–236. 
https://doi.org/10.1016/j.psyneuen.2017.01.029 

Weise, D., Adamidis, M., Pizzolato, F., Rumpf, J. J., Fricke, C., & Classen, J. (2015). Assessment of 
brainstem function with auricular branch of vagus nerve stimulation in Parkinson’s disease. 
PLoS ONE, 10(4), 1–13. https://doi.org/10.1371/journal.pone.0120786 

Wierda, S. M., van Rijn, H., Taatgen, N. A., & Martens, S. (2012). Pupil dilation deconvolution reveals 
the dynamics of attention at high temporal resolution. Proceedings of the National Academy of 
Sciences of the United States of America, 109(22), 8456–8460. 
https://doi.org/10.1073/pnas.1201858109 

Wostyn, S., Staljanssens, W., De Taeye, L., Strobbe, G., Gadeyne, S., Van Roost, D., … van Mierlo, P. 
(2016). EEG Derived Brain Activity Reflects Treatment Response from Vagus Nerve Stimulation 
in Patients with Epilepsy. International Journal of Neural Systems, 27(04), 1650048. 
https://doi.org/10.1142/s0129065716500489 

Yakunina, N., Kim, S. S., & Nam, E.-C. (2016). Optimization of Transcutaneous Vagus Nerve 
Stimulation Using Functional MRI. Neuromodulation: Technology at the Neural Interface, 2016. 
https://doi.org/10.1111/ner.12541 

Yoo, P. B., Liu, H., Hincapie, J. G., Ruble, S. B., Hamann, J. J., & Grill, W. M. (2016). Modulation of 
heart rate by temporally patterned vagus nerve stimulation in the anesthetized dog. 
Physiological Reports, 4(2), 1–10. https://doi.org/10.14814/phy2.12689 

Yoo, P. B., Lubock, N. B., Hincapie, J. G., Ruble, S. B., Hamann, J. J., & Grill, W. M. (2013). High-
resolution measurement of electrically-evoked vagus nerve activity in the anesthetized dog. 
Journal of Neural Engineering, 10(2), 026003. https://doi.org/10.1088/1741-2560/10/2/026003 

Yoshida, K., Saku, K., Kamada, K., Abe, K., Tanaka-Ishikawa, M., Tohyama, T., … Tsutsui, H. (2018). 
Electrical Vagal Nerve Stimulation Ameliorates Pulmonary Vascular Remodeling and Improves 
Survival in Rats With Severe Pulmonary Arterial Hypertension. JACC: Basic to Translational 
Science, 3(5), 657–671. https://doi.org/10.1016/j.jacbts.2018.07.007 

Yuan, H., & Silberstein, S. D. (2016). Vagus Nerve and Vagus Nerve Stimulation, a Comprehensive 
Review: Part I. Headache, 56(1), 71–78. https://doi.org/10.1111/head.12647 

Zannad, F., De Ferrari, G. M., Tuinenburg, A. E., Wright, D., Brugada, J., Butter, C., … Ruble, S. B. 
(2015). Chronic vagal stimulation for the treatment of low ejection fraction heart failure: 
Results of the NEural Cardiac TherApy for Heart Failure (NECTAR-HF) randomized controlled 
trial. European Heart Journal, 36(7), 425–433. https://doi.org/10.1093/eurheartj/ehu345 

Zhang, Y., Popović, Z. B., Bibevski, S., Fakhry, I., Sica, D. A., Van Wagoner, D. R., & Mazgalev, T. N. 
(2009). Chronic vagus nerve stimulation improves autonomic control and attenuates systemic 
inflammation and heart failure progression in a canine high-rate pacing model. Circulation: 



51 
 

Heart Failure, 2(6), 692–699. https://doi.org/10.1161/CIRCHEARTFAILURE.109.873968 

 


