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Abstract

Non-invasive vagus nerve stimulation (VNS) may be administered via a novel, emerging 

neuromodulatory technique known as transcutaneous auricular vagus nerve stimulation (taVNS). 

Unlike cervically-implanted VNS, taVNS is an inexpensive and non-surgical method used to 

modulate the vagus system. taVNS is appealing as it allows for rapid translation of basic VNS 

research and serves as a safe, inexpensive, and portable neurostimulation system for the future 

treatment of central and peripheral disease. The background and rationale for taVNS is described, 

along with electrical and parametric considerations, proper ear targeting and attachment of 

stimulation electrodes, individual dosing via determination of perception threshold (PT), and safe 

administration of taVNS.
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Introduction

Cranial nerve X, better known as the vagus nerve, is a large nerve tract that originates in the 

brainstem of the central nervous system and travels throughout the periphery, targeting every 

major organ in the thorax and abdomen (Figure 1)1. Vagus nerve stimulation (VNS) involves 

surgical implantation of bipolar electrodes around the left cervical branch of the vagus 

nerve. Electrical pulses are delivered to the vagus nerve via an implanted pulse generator 

(IPG) surgically implanted in the chest2. Although VNS is currently FDA-approved for 

epilepsy, refractory depression, and chronic obesity, it is a costly procedure requiring a 

hospital visit and surgery. Long-term safety of VNS is well established, and the majority of 

safety considerations regard current intensity related side effects (hoarse voice, throat pain) 

without serious stimulation-related adverse effects over the past 25 years of its clinical use3.

Recently, a noninvasive form of VNS known as transcutaneous auricular vagus nerve 

stimulation (taVNS) has emerged4. taVNS delivers electrical stimulation to the auricular 

branch of the vagus nerve (ABVN), an easily accessible target that innervates the human 

ear5. Over the last decade, several groups have demonstrated the safety and tolerability of 

this method6,7,8, including central and peripheral nervous system effects9,10, and behavioral 

effects7,11,12,13 in neuropsychiatric populations. taVNS is also being explored in individuals 

as a promising enhancer of cognitive14,15 and social functioning16,17,18. As taVNS is 

becoming established, it offers the ability for researchers and clinicians to rapidly translate 

the promising VNS research that has been described in various disorders ranging from 

neurological and psychological trauma19,20,21, addiction22, inflammation23, and 

tinnitus24,25.

In principle, taVNS is methodologically similar to conventionally administered 

transcutaneous electrical nerve stimulation (TENS) used to treat musculoskeletal pain 

disorders26. The difference is that taVNS is delivered to specific anatomical ear targets that 

are believed to be innervated by the ABVN5. The field is still determining optimal 

stimulation targets27, although the two most common placements are the anterior wall of the 

outer ear canal (tragus) and the cymba conchae. Sham stimulation may be conducted by 

stimulating the earlobe of the ear, an area believed to have minimal ABVN innervation 

(Figure 2). Alternatively, sham may be delivered via a passive control method in which 

electrodes are attached to active sites, but no stimulation is delivered. Stimulation parameters 

may vary between groups, however according to the literature, stimulation is delivered in a 

pulsatile fashion (pulse width: 250–500 μs, frequency: 10–25 Hz) and delivered at an 

individualized constant current (<5 mA). Stimulation current varies by individual and 

experimental protocol, with many groups exploring various intensities as a function of an 

individual perceptual threshold (PT). The PT is defined as the minimum amount of current 

eliciting a perceived sensation at the target site and is usually determined via parametric 

estimation by customized sequential testing (PEST) software described in this report.

taVNS is a safe technique that may be administered in the laboratory or clinical setting. 

Side-effects of taVNS are minimal, with skin irritation or redness being the most common 

side-effect. Most taVNS studies explore stimulation of the left ear, as it is believed to be 

safer, although data in a large trial (Badran et al. 2018) reveal that right-sided stimulation 
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has no increases in the risk of adverse events. Due to the wealth of literature in unilateral-left 

side stimulation, we will illustrate the typical taVNS set-up for laboratory studies 

investigating the use of left-sided taVNS as an intervention.

Protocol

This experimental protocol illustrates a typical taVNS set-up for use in a laboratory or 

clinical setting in which we target stimulating the anterior wall of the auditory canal (tragus) 

in a supine posture with an 8mm diameter round metal electrode. These methods can be 

mimicked for alternative active treatment sites by simply changing electrode position to the 

cymba concha. All methods and procedures have been IRB approved by the Human 

Research Protection Program (HRPP) at City College New York.

1. Materials

1. Ensure all materials required to administer taVNS are prepared (Figure 3). The 

taVNS stimulator may be either a battery driven device that meets local safety 

regulations or powered from a conventional electrical outlet with built-in safety 

mechanisms that prevent unintended electrical surges. A constant current 

(current controlled) stimulator with a maximum output of 5 mA is required.

2. For taVNS, use stimulation electrodes made of a round conductive metal (tin, 

Ag/AgCl, gold) combined with a conductive medium such as electrolyte gel or 

conductive paste (see table of materials). Alternatively, use conductive electrodes 

made with flexible conductive carbon electrodes and conductive gel that may or 

may not be adhesive. Never place electrodes directly on the skin without a 

conductive medium, as this may pose unnecessary risk to the participant and can 

cause discomfort or pain.

3. Use computer running script software (see Table of Materials) that is 

programmed and used to control the stimulator and initiate stimulation with 

specific parameters. These parameters include current intensity (mA), pulse 

width (μs), frequency (Hz), duty cycle (On/Off time, s), session duration (min).

4. Use alcohol preparation pads (70% isopropyl alcohol) to prepare the skin surface 

before attaching electrodes to the ear. This removes surface oils from the skin 

surface and reduces the resistance of the skin, ensuring stimulation is delivered at 

safe power levels.

2. Ear Targeting and Skin Preparation

1. Use the following general inclusion criteria for conducting taVNS in the research 

setting: Age 18–70, no facial or ear pain, no recent ear trauma, no metal implants 

including pacemakers, not pregnant.

2. In the experiments involving healthy participants in a laboratory setting, use the 

following exclusion criteria: personal or family history of seizure, mood, or 

cardiovascular disorders, dependence on alcohol or recent illicit drug use, on any 

pharmacological agents known to increase seizure risk.
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3. Seat the participant on a comfortable bed or chair in a supine or other relaxed 

position with legs elevated and head supported.

4. Inspect the left ear of the participant. Ensure no jewelry is attached and all make-

up and lotion are removed. Confirm there are no skin-related contraindications at 

the site of stimulation, including sun burn, cuts, lesions, open sores.

5. Find the stimulation target, landmarked by the anterior wall of the outer ear canal 

externally by finding the tragus. Stimulation will be delivered to the portion of 

the ear canal directly behind the tragus (Figure 4).

6. Use an alcohol prep pad to gently scrub the target site, both internally and 

externally, to decrease skin resistance and increase conductance.

3. Electrode Preparation and Placement

1. If using non-disposable electrodes, visually inspect electrodes to ensure clean, 

corrosion-free surface is exposed. Ensure that electrodes are disinfected to 

prevent spread of bacteria between subjects. This can be done using alcohol or 

sterilization wipes to scrub the electrodes. If using disposable electrodes, skip to 

step 3.2.

2. Spread a thin layer of conductive paste to the surface of the electrode evenly. 

This will distribute electricity to the stimulation site. For an 8 mm diameter 

round electrode, a pea-sized amount of paste is sufficient. Spread the paste using 

a narrow wooden applicator to form a thin layer <1 mm of paste on both 

electrodes.

3. Connect electrode cables to the stimulation device while the device is turned off 

and verify the polarity of the electrodes (red/positive electrode: anode, black/

negative electrode: cathode). This is an important detail as targeting is polarity 

specific — the anode (red/positive terminal) is the electrode placed inside the ear 

canal and targeting the anterior wall of the outer ear canal. The cathode (black/

negative terminal) sits on the outside of the ear attached to the tragus. For sham 

stimulation, the anode is placed on the anterior side of the ear.

4. Clip the spring electrode onto the tragus with the anode making contact with the 

anterior wall of the outer ear canal and the cathode contacting the anterior part of 

the tragus.

NOTE: If conducting sham stimulation, clip the electrode onto the earlobe 

(active control). Alternatively, sham stimulation may be delivered by attaching 

stimulation clips to active site and delivering no electrical current (passive 

control).

5. As subjects will feel the pressure of the electrodes clipped to their ear, ensure this 

pressure is not uncomfortable or disruptive to regional blood flow as 

demonstrated by pale white skin at clip site or physical pain sensed by the 

subject. After this point, determine perceptual threshold (PT) which will be 

described in the next procedural step.
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4. Determination of Perceptual Threshold (PT)

NOTE: Perceptual threshold is a critical value used to determine the power of taVNS 

stimulation. This value is defined as the minimum amount of electricity required to perceive 

electrical stimulation on the skin described as a pricking or tingling sensation.

1. Determine the PT using a simple step-up and step-down binary parametric 

search. First turn on the stimulator and set the output to 3 mA. Deliver a 1 second 

train of taVNS stimulation at desired pulse width (typically 250–500 μs) and 

frequency (25 Hz, can vary based on application).

2. Ask the subject whether they felt the stimulation. Sensation is generally reported 

as a “tickle” or “pricking” sensation.

1. If YES, turn down stimulation intensity by 50% and repeat step 4.2. If 

NO, increase stimulation intensity by 50% and repeat step 4.2.

3. Repeat the process described in step 4.2 until recording a minimum of 4 “YES” 

responses in which the 4th YES response must come after a NO. The intensity (in 

mA) of the PT will the value at which the subject says their fourth YES response 

to.

4. Use the example PT threshold finding is listed in Table 1 to assist in PT 

determination.

5. Delivering Stimulation

1. Once the subject is comfortable stimulation electrodes with properly attached to 

the desired target, and the perceptual threshold determined at the desired pulse 

width and frequency, begin the stimulation.

2. Use a computer running a pulse generating GUI (e.g., stimDesigner, freeware 

included with this manuscript) connected to a data acquisition unit (DAQ) to 

drive the stimulation system. The software should output TTL pulses as 

programmable settings (Figure 5). The TTL pulses will be sent via a BNC cable 

to the stimulator “trigger in” port. This interface software/stimulator interface 

allows modulation of frequency, duty cycle (on/off time), and session duration 

(Figure 6). The GUI used is attached as a free, open-source resource with this 

manuscript.

1. Ensure that stimulation is delivered at super-threshold levels, such as 

200% of PT8,9. For example, if the PT was determined to be 0.8 mA, 

stimulation will be delivered at 1.6 mA.

2. Ensure that the guidelines for duty cycles are followed when conducting 

long stimulation sessions. Typical duty cycles have 30–60 s “on” 

periods and 60–120 s “off” periods, or 20–50% duty cycles.

3. Vary the length of stimulation session (total time). Studies suggest that 

30–60 min stimulation sessions at a 25% duty cycle is safe and free of 

any acute side effects or adverse events. These sessions can be repeated 

with 12–24 h between sessions safely.
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NOTE: taVNS safety is unclear for longer periods of stimulation 

sessions, larger percentage duty cycles (>40%), accelerated paradigms, 

and higher stimulation current doses.

6. After taVNS

1. When stimulation is completed, record objective data regarding the stimulation 

discomfort and side effects. Although taVNS, like implantable VNS, has limited 

safety concerns8,28, monitor and record sensation, discomfort, and any adverse 

events on a rating from 0–1029.

2. Remove the stimulation electrode from the ear and clean residual conductive 

paste from the subject’s ear using an alcohol prep pad.

3. Use alcohol to clean and disinfect the stimulation electrode immediately upon 

removing from the subject’s ear.

4. Inspect the ear for redness or irritation at the stimulation site and record any 

observations.

Representative Results

When proper skin preparation is conducted, perceptual thresholds are inversely correlated 

with stimulation pulse width. As pulse width increases, the perceptual threshold decreases 

(Figure 7). Initial studies by this group exploring the effect of pulse width on PT in healthy 

individuals (meeting inclusion/exclusion criteria listed above), determined that the combined 

overall (n=15, 7 female, mean age 26.5 ± 4.99) PT at 100 μs =3.92 ± 1.1 mA; 200 μs = 2.24 

± 0.74 mA; 500 μs = 1.24 ± 0.41 mA. These thresholds suggest that a constant current 

stimulator with capacity of delivering up to 5 mA of current is required for stimulation of 

500 μs pulse width parameters, and a minimum of a 10mA stimulator is required for lower 

pulse widths (Table 2). Fine tuning of the current is required, with increments of 0.1 mA are 

necessary for precise stimulation.

Delivering stimulation at 200% PT is tolerable and relatively pain free as demonstrated by 

pain numerical rating scales (NRS) scales9,30. The NRS scale is a rating system for pain 

from 0–10 in which individuals report pain or discomfort29. Both Active and Sham 

stimulation rate similarly low pain levels (NRS <3 for all stimulation pulse widths. More 

specifically, the biologically-active pulse width of 500 μs delivered at 25 Hz is reported on 

average to rate as Active = 1.98 ± 0.83, Sham = 2.17 ± 1.27 (n=25, 9 female, mean age 

25.16 ± 4.16 years) (Table 3). Pain ratings for other parameters are no more painful than the 

25 Hz parameter and the details can be found in the groups’ prior work30.

Safety and tolerability of 30 min to 1 hour sessions at a 20–50% duty cycle has been widely 

reported in the literature with some studies delivering multiple sessions in the same day 

spread 12–15 h apart12,31. No serious adverse events have been reported from 60 subjects 

participating in several series of experiments with subjects participating from 1 to 8 repeated 

visits spread a minimum of 24 hours apart.
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taVNS, when administered as reported in this manuscript, has been demonstrated to 

modulate the autonomic nervous system, induce functional brain activity changes as 

measured by fMRI BOLD, and piloted to treat neuropsychiatric disorders and aid in 

rehabilitation.

Discussion

As in all novel modalities, all the described steps are critical in the safe administration of 

taVNS. Of ultimate concern is subject safety, which includes not only mitigating risks before 

taVNS via proper screening, but also monitoring subjects during stimulation for discomfort, 

pain, or adverse events. Here are the three most important consideration for administering 

taVNS. Screening for taVNS contraindications - contraindications are as follows: any 

current or past history of cardiovascular disorders, facial or ear pain, recent ear trauma, 

metal implants above the level of the neck. For proper subject skin preparation, removing 

any surface oils, dirt, or makeup from the surface of the skin with alcohol helps with 

conductivity of the electrodes, reduces stimulation voltage required to drive the stimulator, 

and ultimately results in a more tolerable and safe stimulation session. It is encouraged to 

use a stimulator and electrodes meeting Low Output Transcranial Electrical Stimulation 

(LOTES) guidelines32. LOTES sets guidelines and industry standards for electrical 

stimulators that are built for stimulation of the head and neck and it is encouraged for groups 

to read this document before building their own systems. It is recommended to use either a 

FDA-cleared plug-in stimulator (see Table of Materials), or a low voltage (<50 V), battery 

powered, constant current stimulator with appropriate safety measures built-in to avoid 

unintended over-delivery of current to the stimulation site. Ensure that electrodes are 

manufactured and assembled for specific use in taVNS. Ensure that the current 

manufacturing and engineering guidelines are followed as a reference if lab-made 

customized systems are used.

One consideration for taVNS is to ensure that the voltage output of the constant current 

stimulator can surmount the resistance of the skin and deliver the current required for 

stimulation. Ohm’s law (V=IR) demonstrates the relationship between current (I) and skin 

resistance (R). A minimum of a 20 V tabletop stimulator is recommended to avoid an 

underpowered system. Heat generated from the scalp or environment may degrade the 

conductive paste. If this occurs, it is recommended to stop stimulation and re-prep skin and 

electrodes with new conductive paste.

A limitation of taVNS is the vast parameter space. It is unknown as to which is more 

important — pulse width or frequency. There is a lacking data in recent taVNS trials that 

answer such questions. The various behavioral effects are derived from a variety of pulse 

widths, frequencies and stimulation currents13,33,34,35,36,37,38,39.

At this time, it is suggested that the 500 μs pulse width to be the most biologically active9. 

With respect to frequency, it has been demonstrated that 25 Hz is an effective frequency, 

although current investigations into optimal such as higher frequencies (>25 Hz), bilateral 

stimulation (left and right ears), and investigational burst paradigms are being conducted. 
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Studies exploring different parameters of stimulation, alternative stimulation sites, and duty 

cycle optimization are needed to advance and refine the taVNS method.

taVNS is a promising non-invasive alternative to conventional VNS. taVNS provides an 

inexpensive (<$5,000 in the demonstrated experimental setup, cost heavily dependent on 

type of stimulator used) and straightforward method that can be used to translate positive 

findings in animal models exploring the use of VNS on a variety of disorders, noninvasively 

modulate the autonomic nervous system, and potentially miniaturized and optimized for at-

home neuromodulation for the treatment of neuropsychiatric and other disorders.

The future potential and possible applications of taVNS are vast. taVNS can serve as a 

promising adjunct or standalone treatment for neuropsychiatric disorders such as depression 

and epilepsy, taVNS-paired rehabilitation training to restore or accelerate learning of a 

behavior40, decrease inflammatory response41,42, and can potentially be used to enhance 

performance and autonomic function8,10.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Vagus Nerve Efferent Projections and Cross-section.
(A) Efferent projections of the vagus nerve target every major organ on the body with wide 

effects on bodily function (B) Cross-section of the vagus nerve, demonstrating the inside 

anatomy of the nerve as a series of bundles of nerves all contained within one major 

pathway.
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Figure 2: taVNS Ear Targets.
Targeting the ABVN can be accomplished by stimulating the anterior wall of the outer ear 

canal, landmarked notably by the tragus (A1), or cymba conchae (A2). Sham stimulation is 

administered to the earlobe (S).
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Figure 3: Key Components.
The minimum required components for proper administration of taVNS are the following 

(A) ear stimulation electrodes, (B) conductive gel and alcohol prep pads, (C) computer 

capable of sending and receiving TTL pulses to a (D) constant current stimulator to trigger 

stimulation.
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Figure 4: Example Setup.
This photo shows an individual receiving taVNS of the left ear while in position to undergo 

an experimental paradigm.
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Figure 5: 
Screenshot of the GUI used for stimulation.
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Figure 6: Electrical Stimulation Waveform Manipulations.
Direct square wave electrical current can be delivered at various parameters. This figure 

demonstrates key properties of the waveform that can be changed in order to achieve desired 

biologic effects.
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Figure 7: Perceptual Threshold Values at Increasing Pulse Widths.
As pulse width increases, perceptual threshold (PT) decreases. Most healthy individuals will 

have a PT within 2 standard deviations (SD) of these mean values.
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Table 1:
Example of How to Determine Perceptual Threshold (PT).

This table shows an example sequence of Yes/No responses used to parametrically determine PT.

Stimulation Current Setting 3 mA 1.5 mA 0.75 mA 1.1 mA 0.55 mA 0.825 mA

Response Yes Yes No Yes No Yes
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Table 2:
Stimulation Current Levels.

Values of stimulation current in mA (200% PT) for each pulse width (n=15).

Stim. Current ± SD(mA)

Pulse Width Tragus (Active) Earlobe (Control) Sig

100 μs 9.28 ± 2.56 6.57 ± 1.83 Yes

200 μs 5.32 ± 1.60 3.64 ± 1.26 Yes

500 μs 3 ± 0.93 1.97 ± 0.71 Yes
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Table 3:
PT, Stimulation Current, and Pain Values for Suggested Stimulation Parameters.

Values of stimulation current in mA (200% PT) for each pulse width (n=25).

PT ± SD (mA) Sig Stim. Current ± SD(mA) Sig Pain ± SD Sig

Active Control Active Control Active Control

500 μs 25 HZ 0.82 ± 10.41 0 99 ± 0.39 No 1.37 ± 0.68 1.83 ± 0.73 Yes 1 98 ± 0.83 2.17 ± 1.27 No
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