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Abstract Whether in the West or the East, the connection

between the ear and the rest of the body has been explored

for a long time. Especially in the past century or more, the

relevant theoretical and applied research on the ear has

greatly promoted the development of ear therapy, and

finally the concept of transcutaneous auricular vagus nerve

stimulation (taVNS) has been proposed. The purpose of

taVNS is to treat a disease non-invasively by applying

electrical current to the cutaneous receptive field formed by

the auricular branch of the vagus nerve in the outer ear. In

the past two decades, taVNS has been a topic of basic,

clinical, and transformation research. It has been applied as

an alternative to drug treatment for a variety of diseases.

Based on the rapid understanding of the application of

taVNS to human health and disease, some limitations in the

development of this field have also been gradually exposed.

Here, we comprehensively review the origin and research

status of the field.
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Introduction

In recent years, the development of neuroscience has given

birth to a new treatment strategy, namely neuromodulation

therapy, which refers to a wide range of interventional

techniques that attempt to change the nervous system and

achieve therapeutic effects [1]. Current approaches to

neuromodulation may be direct or indirect, and interven-

tions can also be invasive or non-invasive. For example,

stimulation of the vagus nerve (VN) mainly includes

invasive VN stimulation (iVNS) and transcutaneous VN

stimulation (tVNS). In view of the non-invasive nature of

the latter, transcutaneous auricular VN stimulation

(taVNS), the main tVNS therapy, has received special

interest in basic, clinical, and translational studies, due to

its having benefits comparable to iVNS, ease of operation,

greater accessibility, and a reduced side-effect profile

[2, 3]. Techniques for taVNS depend on the clinical

context, precisely targeted areas, and parameters, as well as

the desired effect. With the current rapid growth in taVNS

technology and application, it is time to review the genesis

and state-of-the-art in this area.

The Evolution of taVNS

Although it is generally known that the ear is the auditory

organ, there is a long history of exploring its connection

with the rest of the body and treating diseases by

stimulating the external ear, both in the Eastern and

Western medicine. The auricle’s importance was noted in

Huang Di Nei Jing (Internal Classic of the Yellow

Emperor), a classic in traditional Chinese medicine com-

piled around 500 BC. In this book, the ear is closely

associated with the meridians [4, 5]. Hippocrates used the
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method of pricking the dorsal auricular vein to treat

impotence in the 4th century BC. [6]. The Egyptologist

Alexandre Varille (1909–1951) recorded that ancient

Egyptian women would insert needles or cause heat burns

to the outer ear if they did not want to have any more

children [7]. In the subsequent two thousand years, with the

exchange between Eastern and Western civilizations, more

and more diseases were treated by traumatic stimulation of

the outer ear, such as cauterization, cutting, and pricking.

However, there was no systematic theoretical explanation

for this treatment until 1832, when Friedrich Arnold first

described the Arnold reflex. Since then, researchers have

reported various reflexes and phenomena of a connection

between the external ear and the viscera [4], and gradually

opened up discussion of the connection between the

external ear and the VN.

Anatomical research shows that the only branch of the

VN that reaches the body surface is the auricular branch of

the VN (ABVN) [8, 9]. The ABVN is mainly distributed in

the concha (cymba conchae and cavum conchae), and the

cymba conchae is supplied exclusively by the ABVN [10].

The afferent fibers of the ABVN enter the vagal trunk

through the jugular ganglion and project to the nucleus of

the solitary tract (NTS) [9], where the central integration of

autonomic neurons occurs. It collects afferent information

and activates the caudal ventrolateral medulla and dorsal

motor nucleus to regulate central autonomic activity [11].

It is precisely because of this direct anatomical pathway

that the conchae have the possibility of regulating bodily

functions [12]. And because of the importance of electricity

in the therapeutic armamentarium of clinicians in the past

2000 years [13], the use of electrical stimulation has

become the best way to carry out non-invasive or

minimally-invasive stimulation of the outer ear [14]. In

2000, inspired by VNS, auricular acupuncture to treat

epilepsy, and the distribution of the ABVN in the concha,

Enrique Ventureyra formally proposed the concept of

transcutaneous VNS for the first time [15]. This concept

opened a new chapter in the field of neuromodulation

therapy, although there was no reliable standard and

abbreviated nomenclature for the method at that time.

The Nomenclature of taVNS

The term of transcutaneous VN stimulation was coined 20

years ago, and research on this method has gradually

increased (Fig. 1). Interestingly, we have found that this

nomenclature was not immutable in the literature after

2000. Although the different nomenclatures to some extent

reflect the evolution of transcutaneous VN stimulation

since it was proposed, an in-depth discussion of the

inconsistencies in future will not only help to improve the

terminology, but also have a positive influence on reaching

a consensus in this field. To investigate the cause of the

inconsistency in the nomenclature, we carried out a

systematic search of, using the bibliographic search engine

PubMed for articles published before December 2019.

By sorting the 209 articles retrieved, we extracted 9

common important terms that are the same or similar to

tVNS in the description of stimulus methods (Table 1).

They are auricular VNS (aVNS or AVNS), auricular

transcutaneous vagus stimulation (atVNS), low-level tragus

nerve stimulation (LL-TNS), low-level tragus electrical

stimulation (LLTS), percutaneous auricular VN stimulation

(PVNS), respiratory-gated auricular vagal afferent nerve

stimulation (RAVANS), transcutaneous auricular VN

stimulation (taVNS or ta-VNS), transcutaneous tragus

nerve stimulation (TNS), and transcutaneous VN stimula-

tion (tVNS or TVNS). Among the above terms, taVNS and

tVNS account for the majority.

We also noted the emergence of transcutaneous cervical

VN stimulation in recent years [16–18]. The term of

transcutaneous VN stimulation is a bit out of date, due to

the fact that transcutaneous cervical VN stimulation is not

only abbreviated to tcVNS [19–21], but also often

described or abbreviated as tVNS [22–24]. This leads to

a confusion between two different forms of transcutaneous

VN stimulation. For the sake of a more accurate descrip-

tion of ABVN stimuli, the stimulation target is the key to

distinguish the two treatments, and taVNS seem to be more

reasonable and are recommended.

TaVNS techniques

In principle, taVNS is similar to conventional transcuta-

neous electrical nerve stimulation (TENS). They have in

common that the stimulation targets and parameters are the

main components of these two techniques. The difference

is that the stimulus target of taVNS appears to be clearer

than that of TENS.

Stimulation Target

In the debate on the best stimulation target of taVNS, the

current research is based primarily on considerations of

safety and effectiveness. For example, in the choice of

unilateral stimulation, the counts of Ab fibers in the left

and right ABVN are similar [25]. Since it is traditionally

believed that the VN efferent fibers leading to the heart are

usually located on the right side [9, 26], most studies

believe that it is safe to perform taVNS only in the left ear

[27]. However, it has also been pointed out that right-sided

stimulation does not increase the risk of adverse events
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[27]. Based on increased sensory input to the brainstem,

activation of both the left and right ABVN potentially

enhances the stimulation effect [12]. Although systematic

reviews have shown that tVNS is safe and well tolerated

[28], we should recognize that the studies in this field are

still insufficient. A great deal of supplementary evidence is

required, including controversial issues of unilateral or

bilateral and left or right stimulation.

Anatomically, the ABVN is composed of myelinated Ab
fibers, myelinated Ad fibers, and unmyelinated C fibers

[29]. Nerve fibers in the auricle, including the ABVN, are

roughly located in the 1 mm–1.5 mm gap between the

auricular cartilage and the skin [30]. In addition to the fact

that the cymba concha is 100% dominated by the ABVN,

other auricle areas are also dominated by the ABVN to

varying degrees. The antihelix, cavum conchae, tragus,

crus of helix, and crura of anthelix are 73%, 45%, 45%,

20%, and 9% dominated by the ABVN, respectively [8].

When these different areas of the ABVN distribution are

stimulated, there are varying degrees of activation along

the VN pathway. It is worth emphasizing that this

stimulation should be performed on the premise of

ensuring accurate stimulation. Based on this, studies have

shown that tVNS can activate the VN pathway properly

and lead to the strongest activation, so the cymba concha

may be the best position for tVNS in the auricle [31].

However, in terms of the convenience of stimulating the

ABVN through electrodes, it is easier to apply current to

the anterior wall of the external ear canal by clipping onto

the tragus rather than inserting and holing an electrode

against the conchae [32]. In addition, in practical applica-

tion, a large surface electrode or poor contact often

produces a diffuse electrical field, which may stimulate

the non-VN in the ear, thus affecting activation of the VN

pathway. More consideration needs to be given to ensure

accurate stimulation of the ABVN.

Stimulus Parameters

Due to the inevitable influence of stimulation devices and

stimulation target, the stimulus parameters of taVNS have a

large range of variation. This variation results in many

combinations among pulse width, frequency, and stimulus

Fig. 1 Numbers of publications on taVNS from 2000 to 2019.

Table 1 The taVNS nomencla-

tures in publications
Full nomenclature Abbreviated nomenclature

Auricular vagus nerve stimulation aVNS/AVNS

Auricular transcutaneous vagus stimulation atVNS

Low-level tragus nerve stimulation LL-TNS

Low-level tragus electrical stimulation LLTS

Percutaneous auricular vagus nerve stimulation PVNS

Respiratory-gated auricular vagal afferent nerve stimulation RAVANS

Transcutaneous auricular vagus nerve stimulation taVNS/ta-VNS

Transcutaneous tragus nerve stimulation TNS

Transcutaneous vagal nerve stimulation tVNS/TVNS
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intensity (amplitude; mA or V). Of course, whether the

combination of these parameters can be effective is also

influenced by different diseases. In particular, the current

literature lacks a clear consensus on whether the brain

regions activated by taVNS depend on specific parameters

[33]. According to the current clinical research, the

common frequency is 25 Hz or 20 Hz (range, 0.5 Hz–

120 Hz) [28]. Although few animal experiments have

focused on stimulus frequency, a recent study has shown

that 20 Hz intervention has a better antidepressant-like

effect on rat models of depression [34]. In reports on pulse

width, it is usually 1 ms or 0.25 ms (range 0.02–1) [28]; it

has also been suggested that a pulse width of 500 ls is the

most biologically active [35]. Another important parameter

is intensity, which is not usually specified, as it is adjusted

or set by the subjects according to their own tolerance

[2, 28]. However, most studies do not disclose details of the

stimulus intensity.

Although in every year many studies supplement the

parameter data of taVNS, we still do not know which

combination of parameters is more important [27]. In

addition, due to the diversity of data sources from current

parameter studies, and the small sample size included in

many studies, the guidance of these data for the clinical

application of taVNS is still limited.

Clinical Application of taVNS

Brain Diseases

Epilepsy

Since the concept of taVNS was formally put forward [15],

much attention has been paid to the treatment of epilepsy

by taVNS. Usually, patients show epileptic discharges

during specific ictal periods on the electroencephalogram.

In two early studies with small sample sizes (10 and 14

cases), taVNS treatment lasting 6–9 months effectively

reduced the frequency of seizure and was well tolerated

[36, 37]. Since then, 4 studies with relatively large sample

sizes once again showed the effectiveness of taVNS in the

treatment of epilepsy [38–41]. A randomized clinical trial

conducted on 47 patients suffering from epilepsy showed

that after 24 weeks of treatment, 16% of patients were

seizure-free, and 38% had reduced seizure frequency [38].

Another controlled clinical trial in 30 epilepsy patients

showed that after 12 months of treatment, *40% had a

reduced seizure frequency [39]. A placebo-controlled

clinical trial in 27 patients confirmed that taVNS decreased

the frequency of seizures after 20 weeks of treatment [40].

A recent, randomized, double-blind controlled trial in 39

patients corroborated that after 20 weeks of treatment, the

seizure frequency was significantly reduced [41]. Based on

the above studies, taVNS is effective in the treatment of

epilepsy, and a recent meta-analysis also supports this view

and concludes that taVNS may be an appropriate alterna-

tive therapy for epileptic patients who do not want a

surgical procedure [42]. Nevertheless, larger-scale and

higher-quality clinical trials are still necessary to provide

evidence for (or against) the effectiveness of tVNS in the

treatment of epilepsy.

Depression

Regarding to the treatment of depression, there have been

many studies on iVNS. And a beneficial effect for iVNS in

this depressed population has been found through meta-

analysis [2]. Previous studies had shown that both taVNS

and iVNS stimulate the same neural pathway [43], a

placebo-controlled pilot study established the antidepres-

sant effect of taVNS for the first time [44]. Although some

small clinical trials had verified these results [45, 46], they

still needed to be repeated in a larger patients sample. Since

then, a study conducted by Rong et al. [47] has provided

more convincing evidence for the antidepressant effect of

taVNS, and the study using functional magnetic resonance

imaging (fMRI) suggested that this antidepressant effect is

mediated by the default network of the nucleus tractus

solitarius-limbic lobe [48]. In addition, no side-effects were

found in this study. It is worth mentioning that a recent

meta-analysis preliminarily demonstrated that taVNS ther-

apy effectively ameliorates the symptoms of depression

[49]. These studies provide evidence for the application of

taVNS in depression, but we should also be aware of the

complexity of the clinical manifestations of depression.

That is, it can be comorbid with many other diseases,

including chronic pain, cardiovascular disease, inflamma-

tory bowel disease, irritable bowel syndrome, and autism

[50]. Therefore, it is particularly important to guide the

application of taVNS in depression with the concept of

‘‘same treatment for different diseases’’ in the future.

Others

In addition to the above two diseases, taVNS also shows

great potential in the treatment of other brain diseases such

as disorders of consciousness (DOCs). Evidence-based

guidelines on the treatment of DOCs are rare, and the

neuroregulation technique is considered as a potential

treatment [51]. Recently, it has been reported that taVNS

can promote the recovery of consciousness in patients with

severe brain injury, and it is a safe and effective method

[52, 53]. In addition, one clinical case study analyzed by

fMRI has also shown that the effectiveness of taVNS

123

856 Neurosci. Bull. June, 2021, 37(6):853–862



therapy in insomnia is related to modulation of the default

mode network [54].

Cardiovascular Diseases

The autonomic nervous system maintains cardiovascular

variables in the steady state. In normal aging or patholog-

ical conditions such as heart failure, sympathetic activity is

dominant and may adversely affect cardiovascular func-

tion. Currently, the main purpose of pharmacological

interventions is to inhibit the over-excitation of the

sympathetic system, while vagal modulation has been

largely ignored [55]. Previous studies have found that VNS

influences autonomic activity. VN stimulation can affect

the cardiovascular system [56, 57]. Many studies have

shown that increased vagal activity reduces cardiovascular

risk factors in both animal models and patients [55], VNS

can reduce or terminate ventricular arrhythmias caused by

myocardial ischemia and increase the ventricular fibrilla-

tion threshold [58–62]. Yu et al. [63] found that chronic

low-intensity stimulation of the auricular branch of the VN

can reduce the induction of ventricular arrhythmia, left

stellate ganglion activity, and sympathetic nerve remodel-

ing in dogs after myocardial infarction. Clancy et al. [11]

confirmed that taVNS increases the ratio of low to high

frequency, improves heart rate variability, and decreases

skin sympathetic activity. Their study suggested that

taVNS can regulate the cardiac autonomic nervous system

and improve the sympathetic or parasympathetic balance in

healthy people.

Although taVNS shows some advantages in the treat-

ment of heart failure, arrhythmias, and other angiocar-

diopathy, due to the problem of insufficient sample sizes in

clinical studies, there are some errors in the results. In

addition, changes in hormone levels in the sexes and ages

also have an impact on cardiac autonomic nervous

regulation. In the future, consideration should be given to

adding a study of subjects with different clinical

characteristics.

Digestive system Diseases

As noted above, ABVN projects to the NTS, which

receives sensory afferents from the viscera and can

transmit the integrated information to the viscera. The

VN dominates the movements and secretions of the

gastrointestinal tract. Therefore, it is possible to regulate

the gastrointestinal tract by stimulating the ABVN. Bonaz

et al. [64] have shown that the intestinal nervous system

can be regulated by VNS or taVNS, so gastric function can

be affected. Lu et al. [65] showed that VNS in rats

accelerates gastric emptying, leads to greater relaxation or

dilation of the pyloric sphincter, and increases the

amplitude of anal contraction and peristaltic speed.

Frøkjaer et al. [66] stimulated healthy subjects with

taVNS, and found that taVNS could regulate the frequency

of gastrointestinal contraction, while the visceral pain

threshold was not affected, indicating that taVNS may

relieve pain. A preliminary study in a mouse model of

postoperative ileus (POI) showed that tVNS of the

auricular branch reduces intestinal inflammation and

relieves POI [67]. It has been reported that the effect of

taVNS on colon cancer induced by 1-dimethylhydrazine

(DMH) is the same as that of the cholinergic anti-

inflammatory pathway (CAP). TaVNS can restore the

autonomous functional morphology of cells, reduce oxida-

tive damage, and resist colon cancer induced by DMH [68].

Research on the Mechanism of taVNS

The VN is the 10th cranial nerve and is mainly sensory

[69]. Its afferent fibers transmit visceral, somatosensory

and taste information from receptors in the peripheral

organs to the central nervous system (CNS) [70]. A branch

of the VN, ABVN forms a cutaneous receptive field in the

pinna of the ear [14] (Fig. 2A). Stimulation of the ABVN is

directly connected to the NTS, which is the end point of the

afferent fibers of the VN and is recognized as a relay

station for visceral sensation, plays a relay role in receiving

signals from the ear, and adjusts the function of the body

[71]. The NTS can project directly or indirectly from

bottom to top to many nuclei such as the parabrachial

nucleus, dorsal raphe nucleus, locus ceruleus, hypothala-

mus, thalamus, amygdala, and hippocampus [72–74]

(Fig. 2B). In addition, efferent fibers in the VN can control

peripheral organs including the cardiovascular and diges-

tive systems. Therefore, as a way to stimulate the ABVN,

taVNS can be used in the treatment of the diseases

mentioned above.

As a relatively new field, research on taVNS is currently

focused on evaluating its clinical efficacy and safety in

treating diseases, as well as exploring some translational

studies. The research on its mechanism is so limited that

little is known about the mechanism of mediating the

taVNS effect. After reviewing the progress of taVNS

research in the past 20 years, we broadly classify the

research on the mechanism of taVNS into 3 types.

Type 1 Explaining the effect of taVNS activation of the

vagus pathway based on the anatomical and physiological

characteristics of the VN.

He et al. [75] first reported the afferent projections from

the ABVN to the NTS in the rat. The relations among the

ABVN, the autonomic nervous system, and the CNS is

referred to as the ‘‘auriculo-vagal afferent pathway’’

(AVAP), which strongly supports the concept that taVNS
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has the potential for suppressing epileptiform activity via

the AVAP in rats. Deuchars et al. [76] found that non-

invasive stimulation of the tragus of the ear increases

parasympathetic activity and reduces sympathetic activity.

The systemic effects of taVNS are likely to be mostly of

sympatho-inhibitory origin [12]. A recent study showed

that sensory afferents from the rat tragus project heavily to

the dorsal horn of the upper cervical spinal cord, and in the

brainstem to a lesser extent in the NTS. This challenges the

notion that tragal stimulation is mediated by the ABVN and

suggests that alternative mechanisms may be involved [77].

Type 2 Analyzing the effect of taVNS on the CNS by

electrophysiology or neuroimaging, or to provide an

explanation for the effectiveness of taVNS in the treatment

of brain diseases.

In earlier studies, electrophysiological methods usually

assessed VN function in the brainstem in healthy partic-

ipants, and several studies have also shown that taVNS can

evoke far-field brainstem potentials [78–80]. In recent

years, the neuroimaging method represented by fMRI has

been increasingly used in the study of taVNS. fMRI shows

specific regulation of various brain structures after taVNS,

including the brainstem, NTS, and spinal trigeminal

nucleus [81–84]. In addition, in studies of taVNS in the

treatment of some brain diseases, fMRI also showed that

taVNS can regulate the resting-state functional connectiv-

ity of the brain [48, 53, 54].

Fig. 2 Potential mechanism of taVNS. A The external ear and its

hypothesized cutaneous innervation by the ABVN. B Modulation of

brain networks mainly depends on the extensive fibrous connections

formed by ABVN projections to multiple brain regions through the

NTS to regulate neuroendocrine, emotional, and cognitive functions.

C The balance of the production of cytokines depends on the wiring

of CAP [87, 88]. CNS, central nervous system; CAP, cholinergic anti-

inflammatory pathway; VPM, ventralis posteromedialis nucleus;

MIDLINE, midline thalamic nuclei; ILN, intralaminar nuclei; LC,

locus coeruleus; RN, raphe nuclei; NTS, nucleus of the solitary tract;

ABVN, auricular branch of the vagus nerve; taVNS, transcutaneous

auricular vagus nerve stimulation; ACh, acetylcholine; a7nAChR, a7

nicotinic acetylcholine receptor; TNF, tumor necrosis factor; IL-1,

interleukin-1.
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Type 3 Exploring the intervention effect of taVNS based

on the hypothesis of CAP in animal models of some

diseases (Fig. 2C).

Advances in biomedical research often rely on the use of

animal models as the experimental basis to verify exper-

imental and clinical hypotheses. This is also the approach

to further study the mechanism of taVNS. However, at

present, there are few studies on taVNS based on animal

models, and most of them rely on the CAP hypothesis. For

instance, Zhao et al. [85] reported that the effect of taVNS

is similar to that of VNS, and taVNS can inhibit the

inflammatory response in the endotoxemic rat induced by

LPS through a7 nicotinic acetylcholine receptor

(a7nAChR)-mediated CAP. Jiang et al. [86] revealed that

taVNS can regulate the innate immune response and

activate the a7nAChR to inhibit the evolution of inflam-

mation and play a neuroprotective role, which has a

positive effect on the 6-OHDA model of Parkinson’s

disease. Rawat et al. [68] confirmed the efficacy of taVNS

on colon cancer induced by 1, 2-DMH, and concluded that

this effect is linked to the regulation of CAP by taVNS.

In general, the current research ideas and methods on the

mechanism of taVNS have great limitations, which may be

attributed to the research interest and knowledge back-

ground of practitioners in this field. There are still many

disputes about the mechanism of taVNS, such as the

projections of ABVN in the CNS, and whether there is a

cholinergic anti-inflammatory mechanism similar to CAP

in the CNS (Fig. 2), which deserve more attention in future.

Conclusion

Compared to iVNS, taVNS is a more promising neuroreg-

ulatory therapy. Based on the anatomical and physiological

characteristics of the ABVN, the effect of taVNS on the

human body is systematic and extensive. A variety of

potential therapeutic applications in clinical practice has

been shown. However, since taVNS transmission is not a

processing function, its actual stimulation path is very

indirect with respect to the peripheral organs [2]. This

characteristic of taVNS determines its different roles in

different diseases or different stages of diseases.

Based on the review, we believe that the current

development of taVNS is restricted by the following

factors: (1) Inconsistencies and irregularities in the nomen-

clature, often leading to different understandings of taVNS.

This is not conducive to the promotion of this therapy. (2)

The way to choose the appropriate stimulation method is

still an urgent problem to be solved, because different

stimulation targets and parameters often produce different

therapeutic effects. (3) Different subjects and different

diseases or stages have their unique clinical characteristics.

Clinicians should deal with them individually and person-

alize treatment for different functional conditions. (4) The

way to choose the appropriate evaluation method is also of

great importance. Reasonable evaluation methods and

appropriate evaluation times directly affect the judgment

of its curative effect by clinical researchers. (5) Rigorous

trial design is also a key factor. The design includes the

principle of random control, strict screening of subjects,

and the blind method. (6) The ambiguity of mechanism

research limits the development of taVNS.

Therefore, in the future, scientists need to further

standardize the stimulation methods of taVNS, combine

electrophysiological and imaging evaluation methods to

reduce the bias of the subjective scale, stick to follow-up

observations, and develop a more optimal scheme for

different diseases or functional conditions. In addition,

more studies should be done on the mechanism of taVNS at

the molecular, cellular, and neural circuit levels to provide

more evidence for clinical application.
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