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Abstract

Postural Tachycardia Syndrome (POTS) is a chronic disorder characterized by symptoms of 

orthostatic intolerance such as fatigue, lightheadedness, dizziness, palpitations, dyspnea, chest 

discomfort and remarkable tachycardia upon standing.

Non-invasive transdermal vagal stimulators have been applied for the treatment of 

epilepsy, anxiety, depression, headache, and chronic pain syndromes. Anti-inflammatory and 

immunomodulating effects after transdermal vagal stimulation raised interest for applications in 

other diseases. Patients with sympathetic overactivity, reduced cardiac vagal drive and presence of 

systemic inflammation like POTS may benefit from tVNS.

This article will address crucial methodological aspects of tVNS and provide preliminary results 

of its acute and chronic use in POTS, with regards to its potential effectiveness on autonomic 

symptoms reduction and heart rate modulation.
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Introduction

Postural Tachycardia Syndrome

Postural Tachycardia Syndrome (POTS) is a chronic disorder characterized by symptoms 

of orthostatic intolerance such as fatigue, lightheadedness, dizziness, palpitations, dyspnea, 

chest discomfort and remarkable tachycardia upon standing. Positional symptoms occur 

without concomitant orthostatic hypotension (Freeman et al., 2011; Furlan et al., 1998; 

Jacob et al., 2000; Mar and Raj, 2020; Raj, 2013; Robertson, 1999). Patients affected 

by POTS have pronounced orthostatic distress which affects their daily living, eventually 

resulting in poor quality of life (Dipaola et al., 2020) and reduced work ability (Barbic et al., 

2020).

Notably, a subtype of POTS patients, defined as hyperadrenergic, may display a sympathetic 

over-activity and a concomitant vagal impairment when supine (Furlan et al., 1998). 

This results in the presence of excessive catecholamine plasma titers and related signs 

and symptoms, such as palpitations, dyspnea, chest discomfort and tremors mostly upon 

standing. Such a hyperadrenergic profile along with low parasympathetic activity, leads to 

the hypothesis that any intervention resulting in an enhancement of the parasympathetic 

modulation and/or a decrease of the cardiovascular sympathetic modulation, might diminish 

symptom intensity. Additionally, it is likely that an increase in parasympathetic activity or 

modulation might also promote an anti-inflammatory effect in POTS. In this syndrome, 

chronic and inappropriate sympathetic activation was associated with elevated plasma titers 

of the systemic inflammatory marker Interleukin- 6 (IL-6) compared to healthy individuals, 

although a causal relationship between inflammation and POTS symptoms has not yet been 

elucidated (Furlan et al., 2000; Okamoto et al., 2015).

Vagal Stimulation

The idea of applying controlled electrical currents to specific human body locations with 

therapeutic aims has fascinated physicians and researchers since the first report of surgically 

implantable devices enabling the stimulation of the vagus nerves in canines (Zabara, 1992). 

Early clinical trials investigating the use of implanted Vagus Nerve Stimulation (iVNS) 

devices in pharmaco-resistant epilepsy (Penry and Dean, 1990; Uthman et al., 1993) showed 

the efficacy of that methodology in humans, as assessed by a remarkable reduction in 

seizure frequency. However, the invasiveness of that technique, clinical side effects related 

to direct electrical nerve stimulation, late complications due to surgery and significant 

costs associated with the implantable stimulator restricted its application to otherwise 

untreatable Central Nervous System disorders. More recently, a non-invasive technique 

based on transdermal electrical vagus nerve stimulation (tVNS) was developed (Yuan and 

Silberstein, 2016). Briefly, tVNS treatment involves the application of low-voltage electrical 

currents to readily accessible anatomical regions innervated by vagus nerve afferents, i.e., 

outer-ear cymba conchae (Figure 1) or the neck, resulting in their activation.

Several devices were approved by American and European Regulatory Agencies for the 

treatment of various conditions, including epilepsy (Ardesch et al., 2007), anxiety and 
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depression (Hein et al., 2013), primary chronic headache (Garcia et al., 2017) and chronic 

pain syndromes (Kirchner et al., 2000).

Recently, anti-inflammatory and immunomodulating properties of tVNS have raised interest 

for its possible applications in autoimmune diseases, such as Rheumatoid Arthritis and 

Crohn’s disease (Drewes et al., 2021; Koopman et al., 2016; Tracey, 2007). In this context, 

the cholinergic anti-inflammatory reflex model was hypothesized based on evidence that 

a potent anti-inflammatory action of acetylcholine exists and it depends on 1) activation 

of central cholinergic projections 2) integrity of the vagus nerve 3) effective peripheral 

nicotinic receptors functions (Bernik et al., 2002; Borovikova et al., 2000; Pavlov et 

al., 2006) 4) and intact spleen (Huston et al., 2006). The unifying model suggested that 

vagal activation can decrease proinflammatory cytokine production by activating nicotinic 

receptors present on splenic macrophages. However, consensus regarding the precise 

mechanism is far from being reached as evidence of vagal splenic innervation is scarce 

(Rosas-Ballina et al., 2008), and the hypothesis of di-synaptic connections involving vagal 

efferent fibers and postganglionic sympathetic fibers located in the celiac ganglion has been 

challenged by Bratton (Bratton et al., 2012) and colleagues’ experiments. The same research 

group postulated that the efferent arm of the anti-inflammatory reflex might be composed 

by the sympathetic nervous system alone (Martelli et al., 2019, 2014), challenging the 

traditional view of a direct correlation between sympathetic activity and inflammation (Cervi 

et al., 2014; Furlan et al., 2006). In light of these considerations, the effects of directly 

stimulating the vagus (iVNS) or stimulating vagal afferents (tVNS) may result in profound 

differences in anti-inflammatory effects (Figure 2).

An additional effect of vagal stimulation might be the modulation of persistent cardiac 

sympathetic overactivity. Previous studies documented that a persistent prevalence of 

cardiac sympathetic modulation is a relevant maladaptive mechanism resulting in increased 

cardiovascular morbidity and mortality (Barretto et al., 2009; De Ferrari et al., 2011; 

Malliani and Montano, 2004; Zoccali et al., 2002). Indeed, well-known and documented 

associations exist between excessive cardiovascular sympathetic tone and essential 

hypertension (Mancia and Grassi, 2014), persistent atrial fibrillation (Chen et al., 2014), 

ischemic heart disease (Malliani and Montano, 2004) and heart failure (Florea and Cohn, 

2014). In this context, disorders potentially characterized by sympathetic overactivity, 

reduced cardiac vagal drive and presence of systemic inflammation, including POTS (Furlan 

et al., 2006; Okamoto et al., 2015), may theoretically benefit from tVNS as illustrated in 

Figure 2.

Many detailed reviews about the mechanism and application of vagal stimulation in patients 

with epilepsy, chronic pain, and other diseases are available (Beekwilder and Beems, 2010; 

Ellrich, 2011; Farmer et al., 2021; He et al., 2012; Johnson and Wilson, 2018; Kaniusas et 

al., 2019b, 2019a; Yap et al., 2020). In this article, we will address crucial methodological 

aspects of tVNS and provide preliminary results of its acute and chronic use in POTS, 

with regards to its potential effectiveness on autonomic symptoms reduction and heart rate 

modulation.
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Meta Research

We reviewed current literature on the topic using the main scientific research engines: 

PubMed, UpToDate, Google Scholar, CiteSeer, GetCITED, Microsoft Academic Research, 

Bioline International, Directory of Open Access Journals, PLOS ONE, BioOne, Science and 

Technology of Advanced Material.

The following keywords were used: vagal nerve stimulation (VNS), VNS effects on 

cardiovascular system, VNS effects on heart rate and VNS effects on blood pressure. The 

initial search revealed 1103 papers.

After reviewing the abstracts, we used exclusion parameters such as duplicate articles, 

review articles, abstract only papers, animal model studies and non-English language 

published studies, to reduce the number of articles to 169.

During our analysis of those 169 original works, we ultimately focused on those 

presenting data on heart rate, blood pressure, heart rate variability, vagal, sympathetic, and 

inflammatory markers. These papers concerning the effects of VNS (26 in total) contained 

information on both tVNS and invasive VNS (iVNS) delivery. Results are summarized in 

tables 1 (iVNS) and table 2 (tVNS).

Invasive Vagus Nerve Stimulation

Among the 9 articles exploring the iVNS technique, only 7 focused on the effects on heart 

rate (Barone et al., 2007; De Ferrari, 2014; Kamath et al., 1992; Nearing et al., 2021; 

Ronkainen et al., 2006; Setty et al., 1998; Sperling et al., 2010). Out of these, 3 articles 

successfully provided evidence of mean heart rate decrease after stimulation (De Ferrari, 

2014; Nearing et al., 2021; Sperling et al., 2010) while the remaining 4 studies described no 

changes in mean heart rate after iVNS (Barone et al., 2007; Kamath et al., 1992; Ronkainen 

et al., 2006; Setty et al., 1998). It is important to emphasize that all three studies with 

evidence of decreased heart rate during stimulation included patients with heart failure or 

depression, whereas the negative studies dealt with subjects affected by epilepsy. Moreover, 

only one article investigated the effect of VNS on blood pressure (De Ferrari, 2014): no 

changes in blood pressure following iVNS were observed. We could not find studies on the 

effects of iVNS on muscle sympathetic nerve activity (MSNA).

The effects of iVNS on heart rate variability were addressed in 6 articles (Barone et al., 

2007; Bonaz et al., 2016; Kamath et al., 1992; Nearing et al., 2021; Ronkainen et al., 2006; 

Setty et al., 1998). Only one showed changes in heart rate variability parameters, namely 

a decrease in ratio of low and high frequency power (LF/HF) of heart rate variability after 

iVNS (Kamath et al., 1992).

The possible effect of iVNS on inflammation has been investigated in 3 studies (Barone et 

al., 2007; Bonaz et al., 2016; Koopman et al., 2016). Two of them showed a decrease in the 

inflammatory markers (Bonaz et al., 2016; Koopman et al., 2016) while in the remaining one 

no effects were observed (Barone et al., 2007).
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From the clinical standpoint, 5 articles focused on potential symptoms changes after 

iVNS (Barone et al., 2007; Bonaz et al., 2016; De Ferrari, 2014; Koopman et al., 2016; 

Sperling et al., 2010). Out of those, 4 studies showed a decrease in symptoms intensity 

(Barone et al., 2007; Bonaz et al., 2016; De Ferrari, 2014; Koopman et al., 2016), whereas 

one investigation showed no change in disease-related symptoms (Sperling et al., 2010). 

Importantly, symptoms changes refer to the different diseases taken into account in each 

single study.

In two case reports patients with POTS underwent implantation of a vagal stimulator for the 

treatment of epilepsy (Early and Stankovic, 2018; von Wrede et al., 2019). Results of iVNS 

concerning the chronic effects of vagal stimulation are provided below.

Transdermal Vagus Nerve Stimulation

Review of the literature about the effects of tVNS on heart rate showed a decrease in 

heart rate in 10 articles (Antonino et al., 2017; Badran et al., 2018; Clancy et al., 2014; 

Colzato et al., 2018; Gauthey et al., 2020; Paleczny et al., 2021; Stavrakis et al., 2015; 

Tobaldini et al., 2019; Zamotrinsky et al., 2001). In studies demonstrating a reduction in 

mean heart rate after tVNS, the stimulation frequency was set around 25–30Hz. Only 5 

papers presented data dealing with potential effects of tVNS on blood pressure (Antonino et 

al., 2017; Gauthey et al., 2020; Paleczny et al., 2021; Tobaldini et al., 2019; Zamotrinsky et 

al., 2001). Out of them, four studies demonstrated a clear effect of tVNS on blood pressure 

(Antonino et al., 2017; Gauthey et al., 2020; Paleczny et al., 2021; Tobaldini et al., 2019) 

while one showed a decrease in blood pressure (Zamotrinsky et al., 2001).

The effects of tVNS on heart rate variability were studied in 8 different investigations 

(Antonino et al., 2017; Clancy et al., 2014; De Couck et al., 2017; Gauthey et al., 2020; 

Paleczny et al., 2021; Rong et al., 2012; Tobaldini et al., 2019; Wang et al., 2014). Out 

of these, two studies showed no change under electrical stimulation (Paleczny et al., 2021; 

Tobaldini et al., 2019), two studies showed an increase in parameters reflecting cardiac 

vagal modulation (De Couck et al., 2017; Gauthey et al., 2020) whereas the remaining four 

studies showed a decrease in the same vagal related indices (Antonino et al., 2017; Clancy 

et al., 2014; Rong et al., 2012; Wang et al., 2014). Furthermore, tVNS was associated with 

a decrease in the LF/HF ratio in two different studies when the electrical stimulation was 

applied on the tragus (Antonino et al., 2017; Clancy et al., 2014), while two studies showed 

an increase in the LF/HF ratio when the electrical stimulus was delivered at the cymba site 

(De Couck et al., 2017; Gauthey et al., 2020).

tVNS and direct recordings of muscle sympathetic nerve activity (MSNA) were investigated 

in two studies only. Both found a decrease in MSNA (Clancy et al., 2014; Gauthey et al., 

2020).

The effects of tVNS on inflammatory marker plasma titers were addressed in three studies. 

One study observed no effects (Aranow et al., 2021). The other two investigation showed a 

decrease of inflammatory markers (Drewes et al., 202; Stravrakis et al., 2015)

Diedrich et al. Page 5

Auton Neurosci. Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Regarding the potential changes induced by tVNS on pain and related symptoms intensity, 

five studies found a significant decrease of symptomatology after tVNS (Zaotrinsky et al., 

1997; Zamotrinsky, Kondratiev and de Jong, 2001; Aranow et al., 2021; Drewes et al., 
2021).

In summary, our meta research suggests that vagal stimulation may have beneficial effects 

on symptom intensity and may reduce mean heart rate and plasma titers of systemic 

inflammation biochemical markers in different disorders. Presently, these aspects have never 

been considered in a unitary and systematic manner in POTS.

Methodology of Transdermal Vagus Nerve Stimulation

Site of stimulation

Although cardiac parasympathetic innervation seems to be equally distributed between the 

right and left vagus nerves, experiments performed on conscious dogs (Ardell and Randall, 

1986) showed that low-voltage electrical stimulation of the right vagus nerve produced a 

greater degree of bradycardia (Randall et al., 1986).

These findings were later supported by human studies reporting that 1) neuro-cardiovascular 

sympathetic interactions are predominantly modulated by the right cerebral hemisphere and 

2) the expression of peripheral vascular sympathetic activity exhibits right predominance, at 

least in right-handed healthy individuals (Diedrich et al., 2009). Evidence suggesting right-

sided lateralization of autonomic functions is crucial, as the choice of a specific stimulation 

site may be necessary to achieve specific therapeutic effects.

In addition, the finding of diverging changes in the indices of autonomic activity observed 

in previous studies may highlight the importance of the site of stimulation, for example the 

cymba conchae versus the tragus (Antonino et al., 2017; Clancy et al., 2014; De Couck et 

al., 2017; Gauthey et al., 2020). This suggests that site specificity must be taken into account 

when planning the stimulation procedure. However, a systematic methodological study of 

this issue is still lacking.

Stimulation mode

Frequency and pulse width are important variables of vagal stimulation on brain activation. 

Mu et al. (Mu et al., 2004) found that a short pulse width of 130μs produced significantly 

less overall activation in the human brain than longer pulse widths of 250μs and 500μs. 

Several authors used transdermal stimulation at frequencies from 1 to 30Hz and pulse width 

from 250 to 1000μs. The strength of stimulation (current in mA) also plays an important role 

(Table 1 and 2). Stimulation can be delivered at subsensory level, sensory level, or maximal 

tolerance. Stimulation at 25Hz, 250μs pulse width, 30 seconds on/30 seconds off, for 4 hours 

a day are typically applied to reduce the number of seizures in patients with epilepsy (Hamer 

and Bauer, 2019). It is unknown what stimulation mode might be optimal for patients with 

POTS.
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Optimal stimulation frequency to enhance cardiac vagal modulation

Diedrich et al. systematically studied the response to stimulation with different frequencies 

on heart rate variability using randomized transdermal electrical stimulation of the right 

auricular branch of the vagus nerve at subsensory levels in 14 patients with POTS (age 

31±12 years, BMI 22.6±3.9 kg/m2) (Diedrich et al., 2018). The sensory threshold was 

determined by increasing the current intensity (starting from 0 up to 4.5mA) until the 

subject sensed a tingling sensation without pain and discomfort. This process was repeated 

to validate the threshold value. The sub-sensory threshold was determined by lowering the 

current until the stimulation was not felt by the subject. The threshold was verified when 

the subject could no longer distinguish between no stimulation (sham) and a sub-sensory 

stimulation. A protocol consisting of 5-minute recording blocks of subsensory stimulations 

at stimulation frequencies between 1 and 100Hz (rectangular waveform, pulse width 300µs, 

length 1ms) was performed in randomized order in the supine resting position. This 

approach allowed us to control for any placebo and time effects of stimulation. Figure 

3 shows that the high frequency band (HF, 0.15–0.4Hz) of heart rate variability (HRV) 

obtained by power spectrum analysis increased with stimulation frequency. There was a 

non-significant prolongation of mean R-R interval. Blood pressure did not change. This pilot 

study showed that it is possible to increase cardiac vagal modulation, as assessed by the HF 

component of RR variability, during transdermal stimulation in POTS.

Safety and adverse effects

Early et al. reported a case of a 58-year-old female patient who experienced sensorineural 

hearing loss (SNHL) after prolonged application of vagal transdermal stimulation. SNHL 

reversed to normal hearing after discontinuing the use of the vagal stimulator. This adverse 

effect could be caused by comorbidities of preexisting nonfluctuating SNHL. It was also 

discussed that SNHL was caused by a small current imbalance of the bipolar stimulation 

(Early and Stankovic, 2018). Other data obtained in patients without a history of cardiac 

disease and suffering from tinnitus suggest that long-term tVNS application of up to 6 

months may be considered safe (Kreuzer et al., 2014).

Comparison between Invasive Vagal Stimulation and Transdermal Vagal Stimulation

Common invasive vagal nerve stimulation (iVNS) therapy requires the surgical implantation 

of electrodes, which seems safe and well tolerated. However, adverse events such as 

infection and dysrhythmias during the surgical procedure or dysrhythmias, voice alteration, 

paresthesia, cough, headache, dyspnea, pharyngitis and pain during stimulation have been 

reported (Beekwilder and Beems, 2010; Ben-Menachem, 2001; Ben-Menachem et al., 

1994). Non-invasive transdermal vagal stimulation (tVNS) is an alternative delivery option 

that eliminates the need for surgical implantation and its associated risks. tVNS eliminates 

the adverse effects related to on−off stimulation cycles of implantable devices (Goadsby 

et al., 2014; Jürgens and Leone, 2013) and is a less expensive procedure. tVNS could 

be an alternative treatment in patients with comorbidities that exclude them from surgical 

procedures.
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The vagal nerve consists of 80% afferent and 20% efferent fibers (Grimonprez et al., 2015). 

Therefore, iVNS has direct efferent effects on end organs (i.e.., heart) and direct afferent 

effects to the brain. Auricular tVNS has mainly direct afferent effects to the brain.

Efficacy cannot be compared between the two modalities of VNS stimulation at the 

current time as the delivery systems are in different stages of development. One common 

observation for implanted VNS is a consistent improvement over a period of about 18 

months (Ben-Menachem, 2001; Morris et al., 2013; Nahas et al., 2005, 2005; Ryzí et al., 

2013; Siddiqui et al., 2010). No long-term efficacy data are available for tVNS.

Clinical Studies with tVNS in POTS

Presently, the following three clinical trials exploiting tVNS in POTS have been registered at 

clincaltrials.gov.

1. Transdermal Vagal Stimulation for POTS (NCT02281097, PI Diedrich, 

Vanderbilt University, Nashville, TN). This is a pilot study. In a randomized 

order, tVNS and sham stimulations are acutely applied. (Diedrich et al., 2018). 

Outcomes: Heart rate, heart rate variability and symptom intensity changes 

during graded stepwise 15° head-up tilt after tVNS or sham stimulation.

2. Vagal Stimulation in POTS: The Autonomic Inflammatory Reflex (Pilot 3) 

(NCT03124355, PI Biaggioni, Vanderbilt University, Nashville, TN). This 

clinical trial applies tVNS with placebo or in combination with two medications 

(galantamine and pyridostigmine) acutely in POTS. Outcomes: The effect on 

orthostatic response on symptoms and inflammatory markers plasma titers are 

studied. Modification in the high frequency component of heart rate variability 

during head-up tilt, before and after intervention.

3. Long-term Effects of Transcutaneous Vagus Nerve Stimulation on Postural 

Orthostatic Tachycardia Syndrome (POTS-VAG) (NCT04632134 Study Director 

Raffaello Furlan, PI Dana Shiffer, Humanitas Research Hospital, Rozzano, Italy). 

This clinical trial aims to apply tVNS chronically, i.e. for 4 hours a day for 14 

days, in POTS. The modifications induced by tVNS in the response of heart rate, 

blood pressure and MSNA to a gravitational challenge (15° stepwise head-up tilt, 

up to 75°) are under investigation.

Outcomes: changes in symptom intensity, in the hemodynamic and in the 

autonomic profile (i.e., in heart rate variability, plasma catecholamines titers and 

MSNA).

Acute Stimulation in POTS

While most researchers focus on the hyperadrenergic features of POTS, there is evidence 

of parasympathetic cardiovagal impairment in these patients. For instance, a diminished 

vagal marker of heart rate variability and abnormalities in the cardiovagal component of 

the Composite Autonomic Scoring Scale (CASS) have been previously reported (Diedrich 

et al., 2018; Jacob et al., 2019; Okamoto et al., 2015) A rational hypothesis would be that 
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transdermal electrical stimulation of the auricular branch of the vagus nerve will enhance 

cardio-vagal modulation, reduce heart rate and upright symptoms, and improve orthostatic 

tolerance in POTS.

Diedrich et al. studied 14 patients with POTS (Diedrich et al., 2018). Sham or transdermal 

electrical vagal stimulation below perception threshold was applied in random order to 

the auricular branch in the right ear while supine and during a graded tilt. Patients with 

low vagal modulation (high frequency HFRR < 200ms2) responded to vagal stimulation 

(Kruskal Wallis p=0.01, n=7) with significant increase in HF power where the most 

consistent effect was found at 50Hz (Figure 2, stimulation at 50Hz, delta: +51±10 ms2, 

p=0.0032). Vagal stimulation during upright tilt tended to reduce orthostatic tachycardia 

and the overall orthostatic symptom score. tVNS improved tilt time significantly (delta: 

+5.3±2.6 min, p=0.0156) and there was a tendency toward blunted heart rate increase during 

standing (Figure 4). Patients with higher baseline vagal modulation (HF ≥ 200 ms2) did 

not respond to vagal stimulation (interaction p=0.41). This proof-of-concept study indicates 

that auricular transdermal vagal stimulation improves supine cardio-vagal function in POTS 

patients with low vagal modulation. Further research will determine if this approach can be 

used therapeutically, alone or in combination with other therapies.

Chronic Stimulation in POTS

Previous studies reported that acute stimulation could improve orthostatic tolerance in POTS 

(Diedrich et al., 2018; Shiffer et al., 2019). However, it is still unestablished whether such 

a positive outcome persists for a longer time period and if chronic application would be 

effective without the occurrence of major side effects. Initial attempts evaluating the clinical 

effectiveness of chronic stimulation in POTS were based on the use of implanted Vagus 
nerve stimulators. In this context, Lankford et al. (Lankford et al., 2015) reported the case of 

a nine-year-old female with history of intractable epilepsy, dysautonomia and developmental 

delay related to confirmed genetic abnormalities. The patient underwent implant of the 

vagus stimulator for treating epilepsy. An improvement in dysautonomia symptoms with 

the stimulator switched on was found. Importantly, these beneficial effects were abolished 

when the stimulator was turned off (Lankford et al., 2015). Gazde and colleagues (Petelin 

Gadze et al., 2018) reported the case of a patient with resistant epilepsy, who was referred 

for the iVNS procedure. As part of pre-operative workup, a head-up tilt was performed 

showing orthostatic symptoms and excessive tachycardia consistent with a possible POTS 

diagnosis. A second tilt test, performed after Vagus nerve stimulator implantation, showed 

disappearance of orthostatic intolerance symptoms. These case reports indicate the potential 

effectiveness of Vagus stimulation in improving orthostatic intolerance symptoms.

After evaluating the acute effects of tVNS on orthostatic tolerance and mean heart rate 

increment during orthostatic stress (Shiffer et al., 2019), Shiffer et al. expanded their study 

to evaluate the effects of a chronic right Vagus nerve stimulation in patients affected by 

the hyperadrenergic type of POTS. They studied 9 patients undergoing chronic electrical 

tVNS of the right cymba conchae by means of the Nemos© device (Cerbomed, Germany). 

Subjects were enrolled and evaluated at baseline (PRE) by continuously recording the ECG, 

non-invasive beat-by-beat blood pressure, respiratory activity both at rest and during a 75° 
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head-up tilt test. Thereafter, patients underwent a stimulation protocol consisting of 1-hour 

stimulation blocks, 4 times a day, for 14 days. After completion, they came back for a 

follow-up evaluation (POST) identical to PRE.

Notably, stimulation was applied using a pulse width of 200μs and a squared impulse 

waveform with the stimulator switched on for 30 seconds and off for 30 seconds. The 

stimulation frequency was 25Hz and the electrical current was set to the highest intensity 

without causing patient discomfort (population mean 1.8mA±0.2).

A strength of this study is that the authors objectively quantified the whole spectrum of 

dysautonomia symptoms POST vs PRE using the validated Composite Autonomic Symptom 

Score (COMPASS-31) tool. Briefly, the COMPASS-31 scoring system yields individual 

autonomic domains symptoms burden and a total score, which is considered as a general 

summary index. Single domains and total score are expressed as a percentage from 0 to 

100, the lowest indicating symptom absence and the highest indicating the greatest symptom 

intensity.

Analysis of POST vs PRE questionnaires revealed a statistically significant reduction 

(P<0.05) of orthostatic intolerance and gastrointestinal symptom domains percentages and 

of total COMPASS score, after chronic tVNS. Figure 5 shows individual and mean values 

of COMPASS-31 domains and total score before and after treatment. In addition, the effects 

of vagal stimulation on heart rate were assessed as mean heart rate difference between the 

75° head-up tilt and the supine position. Of note, after 14 days stimulation, gastrointestinal, 

orthostatic and total scores were lower than those observed at baseline condition, suggesting 

the efficacy of chronic tVNS in decreasing symptoms intensity. Moreover, the magnitude of 

increase in heart rate induced by the upright posture tended to be blunted after chronic tVNS 

compared to baseline, although this finding was not statistically significant. These results are 

encouraging but will need to be validated by randomized controlled studies.

SUMMARY

In this paper, we performed a systematic review that addressed the topic of non-invasive 

tVNS as an emerging tool targeting the vagal impairment and hyperadrenergic state 

occurring in POTS (Furlan et al., 2000; Okamoto et al., 2015). In addition, activation of 

the vagus nerve may theoretically decrease the concomitant chronic inflammatory state by 

activating the cholinergic anti-inflammatory pathway (Bonaz et al., 2016; Drewes et al., 

2021; Furlan et al., 2006; Koopman et al., 2016; Tracey, 2007). We highlighted that several 

variables such as stimulation site, pulse width, frequency and amplitude of the electric 

current are believed to critically influence efferent parasympathetic activation and therefore 

tVNS efficacy. In addition, preliminary results from studies evaluating acute stimulation in 

POTS (Diedrich et al., 2018; Shiffer et al., 2019) suggest that tVNS may effectively increase 

cardiac vagal modulation in patients characterized by cardiovagal impairment. Of note, these 

findings are coupled with an increase in tilt tolerance time and an improvement in orthostatic 

intolerance symptoms.
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Similarly, initial observations from an ongoing chronic tVNS study confirmed the 

cardiovascular modifications induced by acute tVNS. The study also showed that stimulation 

for 4 hours/day for 14 days was associated with a reduction of overall dysautonomia 

symptoms. Chronic tVNS was well tolerated and it was not associated with significant side 

effects.

These promising results suggest that tVNS might be a useful and safe treatment tool 

in POTS with reduced vagal activity. Additional studies are necessary to explore its 

combination with existing treatments and to define optimal stimulation parameters.
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Figure 1. 
Simplified schematic of the innervation of the ear. The Cymba Concha and Concha 

Cavum are innervated by the Auricular Branch of the Vagus Nerve and therefore preferred 

anatomical regions for transdermal vagal stimulation (tVNS). The tragus and fossa 

triangularis have also been proposed as sites for tVNS.
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Figure 2. 
Transdermal stimulation of the auricular branch of the vagal nerve of the ear modulates 

vagal afferent inputs which activate regions of the brain such as the locus coeruleus, the 

thalamus, the prefrontal cortex, the postcentral gyrus, the posterior cingulate gyrus and the 

insula cortex. This can modulate perception and mood (1). Projection via nucleus tractus 

solitary (NTS) increases activity of neurons in the caudal ventrolateral medulla (CVLM), 

increases inhibition of sympathetic pacemaker neurons in the rostral ventrolateral medulla 

(RVLM), and increases vagal activity in the nucleus ambiguous (NA). Increased vagal 

activity and reduced sympathetic neural activity (SNA) to the sinus atrial node reduces heart 

rate (2). Vagal stimulation mobilizes the cholinergic anti-inflammatory pathway through 

sympathetic axons supplying the spleen. It increases norepinephrine (NE) release in the 

spleen. NE activates beta2 receptors expressed in splenic macrophages and attenuates 

cytokine production when signaling through nicotinic acetylcholine receptor 7 subunit 

(alpha7nAchR) is present (3). All these effects are beneficial for patients with postural 

tachycardia syndrome (POTS).
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Figure 3. 
Frequency response of high frequency component of heart rate variability (HF RRI) and R-R 

intervals (RRI) to randomized transdermal stimulation of the right auricular branch of Vagus 

nerve at subsensory levels in patients with POTS and low resting HF component. Values are 

expressed as mean±SD.
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Figure 4. 
Improvement of orthostatic intolerance (Tilt Time, left panel) and tendency of reduction of 

heart rate response (ΔHR) after transdermal stimulation of the right auricular branch of the 

vagus nerve at subsensory levels in patients with POTS and low resting HF component.
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Fig. 5. 
Dysautonomia symptoms and HR changes (Delta) after chronic tVNS. Individual values of 

COMPASS-31 domains and delta HR after 14-day tVNS are shown together with their mean 

± SEM values. The reduction in dysautonomia symptom intensity is significant in Total 

Score and in Orthostatic Intolerance and Gastrointestinal symptom domains. The individual 

difference between supine and orthostatic heart rate was blunted, although not significantly, 

during POST evaluation. GI indicates gastrointestinal domain. OI, orthostatic intolerance. 

Delta HR, mean value of the individual differences between orthostatic and clinostatic heart 

rate. PRE, pre-treatment. POST, post-treatment.

*P < 0.05 POST vs PRE; data are expressed as mean ± SEM.
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Table 1

Reported effects of implanted vagal stimulators on autonomic cardiovascular parameters, inflammation, and 

symptoms in humans.

Author Sample Site & parameters Main outcomes

HR Vagal 
indices

LF/H
F

BP MSNA Infl Symp

Nearing et al. 
(2021)

Heart Failure
N= 21

Right vs left cervical impl.
10–50 Hz, 250 µs pw, 1.5–3 mA

↓ ↓ = • • • •

Bonaz et al. (2016) Chron disease
N = 7

Left cervical impl.
10 Hz, 500 µs pw, 0,25 mA

• ↑ = • • ↓ ↓

Koopman et al. 
(2016)

Rheumatoid arthritis
N= 17

Left cervical impl.
20 Hz, 500 µs pw, 0,25–2,0 mA

• • • • • ↓ ↓

De Ferrari et al. 
(2014)

Heart failure
N= 32

Right cervical impl.
1 pulse/hb, 5.5 mA

↓ ↑ • = • • ↓

Sperling et al. 
(2010)

Depression
N = 9

Left cervical impl. ↓ ↑ • • • • =

Barone et al. 
(2007)

Epilepsy
N= 8

Left cervical impl.
30 Hz, 500 ms pw, 0.75–1.75 
mA

= = = • • = •

Ronkainen et al. 
(2006)

Epilepsy vs healthy
N= 14 vs 28

Impl. left cervical
30 Hz, 500 µs pw,

= = = • • • ↓

Setty et al. (1998) Epilepsy
N= 10

Impl. left cervical
30 Hz, 750 µs pw,

= = = • • • •

Kamath et al. 
(1992)

Epilepsy
N = 8

Impl. left cervical
30 Hz, 500 µs pw VS 2 Hz, 130 
µs pw

= ↑ ↓ • • • •

HR, heart rate; LF/HF, ratio between the low and high frequency components of heart rate variability; BP, blood pressure; MSNA, muscle 
sympathetic nerve activity; Infl, inflammation; Symp, symptoms; pw, pulse width; Impl, implant; ↑ increased; = unchanged; ↓ decreased.
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Table 2

Reported effects of transdermal vagal stimulation on autonomic cardiovascular parameters, inflammation, and 

symptoms in humans.

Author Sample Site & parameters Main outcomes

HR Vagal 
indices

LF/H
F

BP MSNA Infl Symp

Aranow et al. 
(2021)

SLE
N= 18

Left concha/posterior ear
30 Hz, 300 µs pw. max tolerated

• • • • • = ↓

Paleczny et al. 
(2021)

Healthy controls
N= 12

25 Hz, 1000 µs/phase, 30 µs 
interphase interval. 10 µA, 80% 
pain threshold

↓ = = = • • •

Drewes et al. 
(2021)

Rheumatoid arthritis
N = 36

Cervical vagus nerve
1 ms, 5 sine waves, 200us; 
1burst/40 ms, 25 Hz, 60 mA, 24 
V

• ↓ • • • ↓ ↓

Gauthey et al. 
(2020)

Healthy males
N = 23

Right cymba
5–20 Hz, 200 µs pw, sensory 
perception
Right Lobe (sham):
5 Hz, 200 µs pw, sensory 
perception

↓ = ↑ = ↓ • •

Borges et al. 
(2019)

Healthy controls
N = 61

Left cymba conchae
25 Hz, 200–300 µs, 0.1–1.0 
mA, on-off 30s cycle, different 
intensities

• ↑ • • • • •

Tobaklini et al. 
(2019)

Healthy controls
N = 13

Left cymba conchae
25 Hz, 200 µs pw, 1–6 mA

↓ = = = • • •

Badran et al. 
(2018)

Healthy controls
N= 15

Left tragus
1/10/25 Hz; 100/200/500 µs; 
60s; 200% pain threshold

↓ • • • • • •

Colzato et al. 
(2018)

Healthy males
N = 32

Left cymba conchae
0.5 mA 200–300 µs at 25 Hz, 30 
min

↓ • • • • • •

Antonino et al. 
(2017)

Healthy males
N = 13

Left tragus
30 Hz, 200 µs pw
10–50 mA

↓ = ↓ = • • •

De Couck et al. 
(2017)

Healthy controls
N = 30

Left cymba conchae vs right 
cymba conchae
25 Hz, 250 µs pw, ±1 mA
30s; 50% pain threshold

• ↑ ↑ • • • •

Wang et al. (2015) Myocardial Infarction
N = 42

Left tragus vs right tragus
30 Hz, 200 µs pw, 10–50 mA

• • ↓ • • • •

Stavrakis et al. 
(2015)

Atrial Fibrillation
N = 42

Right tragus
20 Hz; 250–200 ms/cyde

↓ • • • • ↓ •

Clancy et al. 
(2014)

Healthy controls
N = 4S

Tragus 30 Hz, 200 µs pw, 10–50 
mA

↓ = ↓ • ↓ • •

Popov et al. (2013) Coronary artery 
disease
N = 43

Bilateral cymba concha
3 Hz, 0.2– 1.5 mA, 1.5 ms,

↓ • • • • • ↓

Rong et al. (2012) Depression
N= 49

Cymba concha 20 Hz, 1 mA • • ↓ • • • •

Zamotrinsky et al. 
(2001)

Preoperative coronary 
artery disease
N = 38

Bilateral cymba concha
0.2–1.5 mA, 1.5 ms, 3 Hz

↓ • • ↓ • • ↓

Zamotrinsky et al. 
(2001)

Preoperative coronary 
artery disease
N = 20

Bilateral cymba concha
0.2–1.5 mA, 1.5 ms, 3 Hz

• • • • • • ↓
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HR, heart rate; LF/HF, ratio between the low and high frequency components of heart rate variability; BP, blood pressure; MSNA, muscle 
sympathetic nerve activity; lnflam, inflammation; Symp, symptoms; pw, pulse width; ↑ increased; — unchanged; ↓ decrease.
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