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Introduction
Subjective tinnitus is the perception of sound in 
the absence of external stimulation, with a 
reported prevalence of about 10–20% in adults.1 
Severe tinnitus can bring about a range of psycho-
logical comorbidities such as depression, anxiety, 
and insomnia and can seriously affect the quality 
of life.2–4 According to a cross-sectional study in 
the United States, 26.1% and 25.6% of patients 
with tinnitus had anxiety and depression, respec-
tively, with shorter sleep duration at night.5 Many 
approaches have been developed over the years to 
treat tinnitus encompassing pharmacotherapy, 
acoustic therapy, cognitive behavioral therapy 
(CBT), and surgical intervention. However, no 
consensus has been reached on the optimal thera-
peutic approach. Ginkgo biloba extract, steroids, 
and glutamate antagonists are the most applied 
agents to treat tinnitus. Interestingly, a review 
that included four randomized controlled trials 
(RCTs) found no benefit of ginkgo biloba extract 

in patients with tinnitus.6 Negative results were 
also found with steroids and glutamate antago-
nists.7,8 Acoustic therapy includes customized 
and non-customized sound, such as masking 
therapy, Heidelberg neuromusic therapy, and 
tailor-made notched music training (TMNMT).9 
Although some patients experienced tinnitus sup-
pression, strong evidence is still lacking.10,11 CBT 
has shown promising results in many studies, but 
due to the heterogeneity between studies, no 
definitive recommendation can be made at this 
time.12–14 Cochlear implants have also shown pos-
itive results on tinnitus suppression but limited 
efficacy for patients with severe hearing loss.15–17

Tinnitus is often related to hearing loss. Peripheral 
hearing loss causes decreased input from the coch-
lea to the auditory cortex (AC), resulting in 
increased firing rate and neuron synchronization. 
Moreover, this leads to changes in the state of 
excitement and inhibition, which is called thalamic 
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cortical rhythm disorder. Studies in tinnitus 
patients without any hearing abnormalities suggest 
that the non-auditory brain network also plays a 
specific role in the occurrence and development of 
tinnitus. These networks include attention, sali-
ence, distress, and memory function. The activa-
tion of these non-auditory networks also leads to 
comorbidities, such as sleep disorder, anxiety, and 
depression. In general, tinnitus occurs due to 
changes in the neuroplasticity of the auditory and 
non-auditory systems. Given that functional 
changes in neuronal activity cause tinnitus, it could 
theoretically be suppressed through the corre-
sponding neuromodulation mode.

Invasive and non-invasive neuromodulation tech-
niques have been studied for tinnitus relief.18,19 
Invasive techniques such as deep brain stimula-
tion and epidural stimulation are limited,20–22 
while non-invasive techniques are portable, cost-
effective, easy-to-use, and highly acceptable. 
Transcranial magnetic stimulation (TMS) uses 
the magnetic field generated by a coil in contact 
with the scalp to affect the activity of neurons 
through the skull and resulting in depolariza-
tion.23,24 In recent years, many studies have 
reviewed the development and application of 
TMS in tinnitus.25,26 The remaining non-invasive 
technologies harness electric current to stimulate 
the cerebral cortex inducing changes in cortical 
excitability.27 Considering the rapid pace at which 
the research in this field is moving forward, it is 
important to summarize the state of the art. 
Several excellent related narrative or systematic 
reviews have recently been published.28–33 
However, these reviews inevitably lose some 
information of this theme due to exclusion of 
unqualified studies or the limited scope. 
Therefore, this review sought to bring together 
the continuous work from the literature and sum-
marize the existing types of non-invasive electrical 
stimulation (NIES) and their application value in 
tinnitus treatment without excluding studies 
based on their quality.

Methods
A review was undertaken in September 2021. All 
studies that fulfill inclusion criteria were included 
as long as they addressed the topic. The eligibility 
criteria were as follows: (1) participants: adult 
patients with subjective chronic tinnitus 
(>3 months); (2) interventions: NIES; (3) com-
parison: sham or no treatment or other treatment 

methods; and (4) outcome: tinnitus distress and 
loudness measured with validated questionnaires 
or visual analog scales (VASs). The exclusion cri-
teria included animal studies, non-English arti-
cles, case reports or series, and conference and 
opinion papers.

Our search strategy consisted of two steps. In the 
first step, we identified relevant studies in 
PubMed, Embase, and Cochrane (CENTRAL). 
The retrieval strategy included medical subject 
headings, keywords, and free words. The search 
strategy used the following words: ‘transcutane-
ous electric nerve stimulation’ OR ‘TENS’ OR 
‘non-invasive brain stimulation’ OR ‘transcranial 
direct current stimulation’ OR ‘tDCS’ OR ‘tran-
scranial alternating current stimulation’ OR 
‘tACS’ OR ‘transcranial random noise stimula-
tion’ OR ‘tRNS’ OR ‘transcutaneous vagal nerve 
stimulation’ OR ‘tVNS’ AND ‘tinnitus’. In the 
second step, we manually searched the list of ref-
erences for articles to identify more eligible litera-
ture. Two investigators (S.C. and M.D.) 
independently reviewed the abstracts and the full 
text of all articles retrieved. They made decisions 
about including or excluding them. Discrepancies 
in eligibility were discussed until agreement was 
achieved. The literature search and flow diagram 
of study selection are depicted in Supplementary 
Figure 1.

Results
NIES can be sorted into transcranial direct cur-
rent stimulation (tDCS), transcranial alternating 
current stimulation (tACS), transcranial random 
noise stimulation (tRNS), and transcutaneous 
auricular vagus nerve stimulation (taVNS). 
tDCS, tACS, and tRNS involve placing elec-
trodes on the surface of the skull to deliver cur-
rent for cortical modulation (Figure 1). taVNS 
stimulates the auricular branch of the vagus nerve 
(ABVN) for central modulation (Figure 2).28

Transcranial direct current stimulation
The tDCS has long been used as a neuromodula-
tion method and is now widely used to treat cog-
nitive, psychiatric, psychological, and other 
neurological disorders.34–36 The tDCS involves 
two electrode pads, one located in the brain area 
of interest and the other reference electrode at 
any position on the body surface. A relatively 
weak and constant current is applied and passed 
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through the cerebral cortex under the electrodes. 
The classical view is that the anode induces neu-
ral depolarization, which produces an excitation 
effect on the cerebral cortex, while the cathodal 
stimulation results in inhibitory effects by hyper-
polarization.37 However, this cannot be regarded 
as a general rule because the conclusion was 
drawn from motor cortex stimulation. Subsequent 

studies have confirmed that in addition to the 
stimulation polarity, intensity, geometry and elec-
tric properties of electrode pads, the distance to 
the electrode also affects the spatial distribution 
of the electric field.38,39 The effect of the electric 
field on the excitability of local neurons depends 
on the direction of the axon or somatic dendritic 
axis with respect to the electric field.40 Finally, in 

Figure 1. Simulation of electrode positioning and current flow of tDCS with Soterix HD-Explor (Soterix 
Medical): (a) dorsolateral prefrontal cortex (DLPFC), (b) auditory cortex (AC), and (c) left temporoparietal 
area (LTA). Each montage used 2 mA current and 5×5 cm electrode pads. Copyright © Soterix, Inc. used with 
permission.
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terms of clinical effect, the physiological perfor-
mance of stimulation also depends on whether 
the affected network of related neural disorders is 
inhibitory or excitatory. Demographic, clinical, 
and parameters details extracted from the studies 
are reported in Table 1.

Left temporoparietal area
The first application of tDCS in the treatment of 
tinnitus was documented in 2006 by Fregni 
et  al.41 They compared the inhibitory effect of 
anodal tDCS, cathodal tDCS, 10 Hz rTMS and 
sham control on tinnitus. Interestingly, 42% of 

Figure 2. Electrode position of transcutaneous auricular vagal nerve stimulation (taVNS). (Reprinted from 
Frangos E, Ellrich J, Komisaruk BR. Non-invasive Access to the Vagus Nerve Central Projections via Electrical 
Stimulation of the External Ear: fMRI Evidence in Humans. Brain Stimul. 2015;8(3):624–636. Copyright © 2015 
Elsevier, Inc. used with permission.)

Table 1. General data from studies of tDCS included in the review.

References Study type Intervention Sample 
size

Stimulation 
area

Intensity 
(mA)

Stimulation 
(min)

Anode location Cathode location Scheme Outcome

Fregni et al.41 RCT tDCS 7 LTA 1 3 LTA/RSO LTA/RSO 1 session Positive: 
anodal 
stimulation

(with sham control)

Garin et al.42 RCT tDCS 21 LTA 1 20 LTA/between 
T4 and F8

LTA/between T4 
and F8

3 sessions in 
2 weeks

Positive: 
anodal 
stimulation

(with sham control)

Shekhawat et al.43 RCT tDCS 25 LTA 1.5, 2.0 10, 15, 20 LTA Between T4 
and F8

6 sessions Positive

Shekhawat et al.44 RCT tDCS + HA 40 LTA 2 20 LTA Between T4 
and F8

1 session/day, 5 
sessions

Negative

(with sham control)

Shekhawat et al.45 RCT tDCS + RI 10 LTA 2 20 LTA Between T4 
and F8

1 session/day, 4 
sessions

Negative

(with sham control)

Forogh et al.46 RCT tDCS 22 LTA 2 20 LTA RSO 1 session/day, 5 
sessions

Negative

(with sham control)

(Continued)
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References Study type Intervention Sample 
size

Stimulation 
area

Intensity 
(mA)

Stimulation 
(min)

Anode location Cathode location Scheme Outcome

Souza et al.47 RCT tDCS 24 LTA 2 20 LTA Right DLPFC 1 session/day, 5 
sessions

Positive

(with sham control)

Hyvärinen et al.48 RCT tDCS 43 LTA 2 20 LTA Right frontal area 1 session/day, 10 
sessions

Negative

(with sham control) DLPFC Left frontal 
area

Right frontal area

Teismann et al.49 RCT tDCS + TMNMT 34 AC 2 30 Left AC/RSO Left AC/RSO 1 session/day, 5 
sessions

Negative

(with sham control)

Joos et al.50 Cohort tDCS 175 AC 1.5, 2.0 20 Left/Right AC Left/Right AC 1 session Positive: 
2.0 mA

Pal et al.51 RCT tDCS 42 AC 2 20 PFC Bilateral AC 1 session/day, 5 
sessions

Negative

(with sham control)

Minami et al.52 Cohort tDCS 9 AC 1 10 Right AC Left AC 1 session Negative

Henin et al.53 RCT HD-tDCS 14 AC 2 20 Bilateral AC Bilateral PFC 2 sessions Negative

(with sham control) HD-
tDCS + CAS

Abtahi et al.54 RCT tDCS 51 AC 2 20 Left/Right AC Left/Right AC 1 session Positive: 
anode

(with sham control)

Vanneste et al.55 RCT tACS 111 AC 1.5 20 Left/Right AC Left/Right AC 1 session Negative

tDCS

tRNS

Vanneste et al.56 Cohort tDCS 543 DLPFC 1.5 20 Left/Right 
DLPFC

Left/Right DLPFC 1 session Positive: 
right anode

Negative: 
left anode

Frank et al.57 Cohort tDCS 32 DLPFC 1,5 30 Right DLPFC Left DLPFC 2 sessions/week, 
6 sessions

Positive: 
VAS

Faber et al.58 RCT tDCS 15 DLPFC 1.5 20 Left/Right 
DLPFC

Left/Right DLPFC 6 sessions in 
2 weeks

Positive

(with sham control)

De Ridder and 
Vanneste59

Cohort tDCS 675 DLPFC NA NA Right DLPFC Left DLPFC NA Positive: 
DLPFC

EEG-driven 
location

Highest theta 
band FC

Highest gamma 
band FC

Negative: 
EEG-driven 
location

Vanneste et al.60 RCT tDCS, tACS 50 DLPFC 2 20 Right DLPFC Left DLPFC 1 session Positive

(with sham control)

Table 1. (Continued)

(Continued)
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References Study type Intervention Sample 
size

Stimulation 
area

Intensity 
(mA)

Stimulation 
(min)

Anode location Cathode location Scheme Outcome

Shekhawat et al.61 RCT HD-tDCS 27 DLPFC 1, 2 10, 20 Right DLPFC F2, FC4, F6, AF4 2 sessions Positive

LTA LTA C5, TP7, CP3, P5

Lee et al.62 Cohort tDCS + TMNMT 14 DLPFC 1.5 20 Right DLPFC Left DLPFC 4 sessions in 
2 weeks

Positive

Rabau et al.63 RCT tDCS 65 DLPFC 2 20 Right DLPFC Left DLPFC/
Shoulder

2 sessions/week, 
8 sessions

Negative

To et al.64 RCT tDCS 40 DLPFC 
(tDCS)

tDCS: 1.5 tDCS: 20 Right DLPFC Left DLPFC 2 sessions/week, 
8 sessions

Positive: TQ, 
VAS

tDCS + tRNS AC (tRNS) tRNS: 2 tRNS: 20 Negative: 
THI

Shekhawat and 
Vanneste65

RCT tDCS 111 DLPFC 1.5, 2.0 20, 30 Right DLPFC Left DLPFC 2, 4, 6, 8, 10 
sessions, 
respectively

Positive

Shekhawat and 
Vanneste66

RCT HD-tDCS 13 DLPFC 2 20 Right DLPFC F2, FC4, F6, AF4 1 session Positive

(with sham control)

Jacquemin et al.67 Cohort tDCS 117 DLPFC/LTA 2 20 Right DLPFC/
RSO

Left DLPFC/LTA 2 sessions/week, 
8 sessions

Positive: TFI

HD-tDCS Right DLPFC F2, FC4, F6, AF4

Lee68 Cohort tDCS +  
Conventional

70 DLPFC 1.5 20 Right DLPFC Left DLPFC 1–6 sessions Positive

Jacquemin et al.69 Cohort HD-tDCS 22 DLPFC 2 20 Right DLPFC F2, FC4, F6, AF4 2 sessions/week, 
8 sessions

Positive

Bae et al.70 RCT tDCS 80 DLPFC 1.5 20 Left DLPFC Right DLPFC 1 session Positive

tDCS + TMS

Jacquemin et al.71 Cohort HD-tDCS 117 DLPFC 2 20 Right DLPFC F2, FC4, F6, AF4 2 sessions/week, 
6 sessions

Positive: 
TFI, TQ

Negative: 
HQ, HADS, 
VAS

Bae et al.72 Cohort tDCS 70 DLPFC 1 10 Right DLPFC Left DLPFC 1 session/day, 5 
sessions

Positive: 
VAS

Negative: 
THI

AC, auditory cortex; CAS, compensatory auditory stimulation; DLPFC, dorsolateral prefrontal cortex; EEG, electroencephalogram; HA, hearing aid; 
HADS, hospital anxiety and depression scale; HD-tDCS, high-definition transcranial direct current stimulation; HQ, hyperacusis questionnaire; 
LTA, left temporoparietal area; PFC, prefrontal cortex; RCT, randomized controlled trial; RI, residual inhibition; RSO, right supraorbital area; tACS, 
transcranial alternating current stimulation; tDCS, transcranial direct current stimulation; TFI, tinnitus functional index; THI, tinnitus handicap 
inventory; TMNMT, tailor-made notched music training; TMS, transcranial magnetic stimulation; TQ, tinnitus questionnaire; tRNS, transcranial 
random noise stimulation; VAS, visual analog scale.
Electrode location according to the 10–20 system of EEG.

Table 1. (Continued)

patients experienced a significant reduction in 
tinnitus distress after anodal tDCS of left tempo-
roparietal area (LTA), but the effect lasted only 
for a few minutes. Garin et al.42 investigated the 

differences between anodal and cathodal stimula-
tion on tinnitus suppression in setting up a sham 
control. Consistent with the above results, anodal 
tDCS yielded a significant suppressive effect on 
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tinnitus intensity immediately after stimulation. 
Shekhawat et  al.43 conducted a dose-response 
trial for the parameters of the stimulus. Currents 
of 1 and 2 mA for 10, 15, and 20 min were used, 
and all subjects received the six resultant settings 
of a two-by-two sum of the above current inten-
sity and stimulation time parameters, with a 
10 min washout time between each stimulus. The 
final results showed that a current of 2 mA for 
20 min was the most effective stimulus parameter 
for anodal tDCS of LTA. It is important to note 
that interpretation of these results requires cau-
tion because it is uncertain that the wash-time is 
enough to eliminate the accumulation effects of 
multiple stimulations. Contradicting results were 
reported by Forogh et  al.,46 Hyvärinen et  al.,48 
and Souza et  al.,47 who used effective stimulus 
parameter settings, anodal LTA stimulation, 
2 mA current intensity, and 20 min stimulation 
time. Shekhawat et  al.45 combined tDCS and 
acoustic therapy to explore the joint effects of tin-
nitus suppression and found that tDCS with 
residual inhibition yielded no significant effect on 
tinnitus minimum masking level. The tDCS com-
bined with hearing aids showed a significant 
reduction in the overall tinnitus functional index 
score with time, but no significant difference was 
observed between sham tDCS and tDCS 
groups.44 Therefore, this trial could only prove 
the inhibitory effect of hearing aids on tinnitus, 
and the effects were independent of tDCS.

Auditory cortex
A total of seven studies discussed the effect of  
AC stimulation on tinnitus suppression using 
anode stimulation (n = 1),53 cathode stimulation 
(n = 2),51,52 and both (n = 4).49,50,54,55 Joos et al.50 
and Abtahi et al.54 reported positive results, while 
other experiments did not observe the positive 
effect of AC stimulation on tinnitus regulation, 
irrespective of anode or cathode regulation. 
Although positive results were documented by 
Joos et al.,50 there was no sham-control group in 
the study. The positive results were limited to a 
current of 2.0 mA, while a current of 1.5 mA was 
not effective for tinnitus treatment. Although a 
sham-control group was set up in the study of 
Abtahi et al.,54 from the description in the original 
text, it remains unclear whether the study fol-
lowed the general paradigm of sham-tDCS set-
ting. Interestingly, in these two positive studies, 
the researchers placed the reference electrode on 
the opposite upper limb of the subject, unlike in 

other studies where it was placed on the head. 
Rabau et  al.63 found that placing the reference 
electrode on the shoulder did not affect the stim-
ulation effect of dorsolateral prefrontal cortex 
(DLPFC). We hypothesize that the location of 
the reference electrode outside the skull may not 
affect the stimulation electrode on the AC. 
However, the relationship between the tinnitus 
suppressive effect and the location of the refer-
ence electrode remains largely understudied, and 
its impact warrants further exploration by rigor-
ous experiments.

Teismann et  al.49 and Pal et  al.51 conducted an 
RCT study with a sham control and adopted the 
design scheme of 2 mA current intensity and five 
sessions. The former only reported the positive 
effect of TMNMT and did not observe any inhi-
bition effect by AC stimulation on tinnitus. Pul 
et  al.51 used cathodic stimulation but did not 
observe any positive effect.

Dorsolateral prefrontal cortex
A total of 18 studies involving DLPFC were 
found.48,56–72 Vanneste et al.60 showed that single 
bilateral DLPFC stimulation significantly inhib-
ited tinnitus loudness and annoyance. Faber 
et al.58 reported that multiple sessions of tDCS of 
DLPFC only yielded benefits in improving tinni-
tus distress, while Shekhawat and Vanneste66 
found that DLPFC was effective for improving 
tinnitus loudness. Although the degree of distress 
of subjects after stimulation improved, the differ-
ence was not statistically significant.

Vanneste et al.56 conducted a tDCS trial focusing 
on the bilateral DLPFC with a large sample of 
543 participants. A significant reduction in tinni-
tus intensity and distress was observed in 29.9% 
of patients with anodal right/cathodal left tDCS, 
while reversed location stimulation showed no 
effect. In a large retrospective study including 675 
participants, De Ridder and Vanneste59 com-
pared the effects of bilateral DLPFC stimulation 
with electroencephalogram (EEG)-driven tDCS. 
The rationale is that, based on the pathophysiol-
ogy of tinnitus and the polarity-dependent effects 
of tDCS, the cathode in the area of tinnitus-
related gamma energy band activity or the area of 
gamma energy band functional connectivity may 
be more effective for tinnitus suppression since 
functional connectivity determines the tinnitus 
network. It was found that both bifrontal tDCS 
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and EEG-driven tDCS could significantly sup-
press tinnitus loudness, and distress, but no 
advantage was observed with the latter.

Shekhawat and Vanneste65 conducted a dose-
response trial to explore the optimal stimulation 
parameters for DLPFC. This study discussed the 
current intensities of 1.5 and 2.0 mA, the stimula-
tion time of 20 and 30 min, and the effects of dif-
ferent stimulation sessions on tinnitus perception. 
Tinnitus loudness decreased significantly after 
tDCS with DLPFC. There was no significant dif-
ference between stimulus intensity and duration. 
The tinnitus loudness reached a nadir after six 
treatment sessions. Finally, the author recom-
mended six sessions with a current of 1.5 mA for 
20 min over 3 weeks with a washout period of 
3–4 days to apply tDCS stimulation by DLPFC.

In the study by Rabau et  al.,63 a cathode was 
placed on the left DLPFC and the left shoulder, 
respectively, and the anode on the right DLPFC. 
The former stimulated the DLPFC and hip-
pocampus, while the latter stimulated the cingu-
late cortex, right hippocampus, and temporal 
lobe. However, there was no significant difference 
in VAS and TFI scores between the two groups. 
Other studies on tDCS stimulation of DLPFC 
validated its inhibitory effect on tinnitus 
perception

High-definition tDCS
The spatial resolution of tDCS is limited because 
of the low current conductivity of the skull. It has 
been found that the rectangular pad configuration 
peak–induced electric field magnitude was not 
directly under the pads but at an intermediate 
lobe, which brings difficulties to the anatomical 
interpretation of the tinnitus inhibitory effect.73 
HD-tDCS, including the 4×1 ring configuration, 
results in enhanced spatial focus, with peak 
induced electric field magnitude directly under-
neath the active electrode.74,75 At present, six 
studies have explored the effect of HD-tDCS in 
chronic tinnitus relief,53,61,66,67,69,71 Three studies 
of DLPFC stimulation by Jacquemin et al.67,69,71 
found that tinnitus improved in 47%, 36%, and 
31% of patients. The RCT study by Shekhawat 
et al.61 found that 77.8% of subjects responded to 
HD-tDCS, with no difference between DLPFC 
and LTA stimulation effects. The most effective 
inhibition was achieved after 15 min stimulation 

with a current of 2 mA. Henin et al.53 did not clar-
ify the effect of tDCS due to the small sample 
size.

Taken together, the above findings suggest that 
HD-tDCS stimulation at the right DLPFC with a 
2 mA current intensity for 20 min yielded promis-
ing results.

Transcranial alternating current stimulation
The tACS uses alternating currents with specified 
frequency to affect cortical oscillation to regulate 
the neuronal activity of the target brain area. 
Therefore, tACS is suitable for regulating the 
functions closely related to brain oscillation at a 
specific frequency.76,77 Recent studies have sub-
stantiated that tACS at alpha frequency leads to 
an elevation of alpha power, and the coupling in 
alpha- and gamma-phase synchronization 
between frontal, parietal, and cingulate brain 
areas is reportedly related to tinnitus distress.78–81 
Only three clinical studies have assessed tACS in 
tinnitus treatment using alpha-modulated tACS 
(6–13 Hz), but no significant results were found 
irrespective of whether AC or DLPFC was stimu-
lated.55,60,82 Demographic, clinical, and parame-
ters details extracted from the studies are reported 
in Table 2.

Transcranial random noise stimulation
The tRNS is a non-invasive brain stimulation 
method using alternating currents with random 
frequencies to interfere with oscillatory neural 
activity.83 This technology can be applied in the 
low frequency (0.1–100 Hz) or the high-frequency 
range (101–640 Hz). One proposed mechanism is 
that tRNS may induce repeated opening of Na(+) 
channels, which shortens the hyperpolarization 
phase and causes an inward sodium current, 
resulting in a depolarization of the neural mem-
brane.84 Direct evidence of tRNS interfering with 
the auditory-evoked activity of the AC was pro-
vided by an EEG study.85 Claes et  al.82 and 
Vanneste et  al.55 found that tRNS induced the 
most significant suppressive effect on tinnitus 
loudness compared with tDCS and tACS. 
However, another prospective study on tRNS 
yielded the opposite results. Joos et al.86 reported 
that low-frequency tRNS and high-frequency 
tRNS could significantly reduce tinnitus loudness 
and distress, whereas whole-frequency tRNS 
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Table 2. General data from studies of tACS included in the review.

References Study type Intervention Sample size Stimulation area Intensity (mA) Stimulation (min) Frequency (Hz) Scheme Outcome

Claes et al.82 Cohort tACS, tRNS 228 AC 2 20 tACS (6–13) 8 sessions Negative

tRNS (0.1–100)

Vanneste et al.55 RCT tACS 111 AC 1.5 20 tACS (6–13)
tRNS (0.1–100)

1 session Negative

tDCS

tRNS

Vanneste et al.60 RCT tDCS, tACS 50 DLPFC 2 20 tACS (6–13) 1 session Negative

(with sham 
control)

AC, auditory cortex; DLPFC, dorsolateral prefrontal cortex; RCT, randomized controlled trial; tACS, transcranial alternating current stimulation; 
tDCS, transcranial direct current stimulation; tRNS, transcranial random noise stimulation.

yielded no effect on tinnitus in a single-session 
scheme. Mohsen et al.87 investigated the effect of 
multiple-sessions treatment regimens on tinnitus 
suppression and showed significant suppression of 
tinnitus loudness and annoyance compared with 
the single-session scheme. However, the study by 
Kreuzer et al.88 reported negative results for tRNS 
in the treatment of tinnitus. Demographic, clini-
cal, and parameters details extracted from the 
studies are reported in Table 3.

Transcutaneous auricular vagal  
nerve stimulation
The vagus nerve is the tenth pair of cranial nerves 
consisting of approximately 80% sensory afferent 
fibers and 20% motor afferent fibers.89 Stimulation 
of the vagus nerve modulates the release of nor-
epinephrine and acetylcholine.90,91 These neuro-
modulators enhance neuroplasticity by 
modulating the cortex, hippocampus, and amyg-
dala. It has also been demonstrated that norepi-
nephrine and acetylcholine can affect the selective 
plasticity of auditory cortical neurons.92–94 
Engineer et al.95 used VNS paired with tones that 
exclude the tinnitus frequency to successfully 
eliminate the behavioral and physiologic manifes-
tations of tinnitus in a rat model. The follow-up 
pilot clinical trials achieved significant results in 
about half of tinnitus patients.96 Despite the high 
acceptability of patients with implanted VNS,97 
invasive intervention is inevitably accompanied 
by potential risks. Acute side effects include infec-
tion, vocal cord paralysis, lower facial weakness, 
and so on. Long-term risks include voice changes, 

hoarseness, and sore throat.98 Anatomy and imag-
ing studies have confirmed that stimulation of 
ABVN can also activate the central nerve path-
way, similar to implanted VNS.99–101 Therefore, 
taVNS has huge prospects and exploration value 
in treating tinnitus.

Four clinical studies reported meaningful results 
for applying taVNS combined with sound therapy 
(ST) in tinnitus relief.102–105 The taVNS + TRT 
alleviated tinnitus stress in 76% of patients at 
1-year follow-up.105 Half of the patients in the 
study by Shim et  al.102 reported symptom relief 
after taVNS plus notched music therapy. 
Lehtimӓki et al.103 demonstrated the neuromodu-
latory effect of taVNS and tailored ST on evoked 
auditory cortical response. There was significant 
heterogeneity in parameter settings, follow-up 
time, and the types of ST used in these studies. 
Three studies used taVNS only as an intervention 
to clarify the effect of taVNS on tinnitus inhibi-
tion.106–108 In the cohort study by Kreuzer et al.,106 
phase I was terminated prematurely due to car-
diac side effects, with a slight significant decrease 
in TQ score reported. Although there were no 
adverse events in the second phase, the difference 
observed before and after treatment was not sig-
nificant. Suk et al.107 reported a positive outcome 
after 2 weeks of taVNS treatment. Importantly, 
the results of this study were collected 1 month 
after the end of stimulation, suggesting the possi-
ble long-term after-effects of taVNS. A recent 
RCT study found that taVNS had a significant 
inhibitory effect on unilateral and bilateral tinni-
tus.108 Although the control group also showed a 
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significant decrease in tinnitus handicap inven-
tory (THI) score, further analysis showed that the 
decreased THI score of taVNS was significantly 
higher than the control group.

The pre-clinical research obtained promising 
results using implanted VNS combined with 
acoustic stimulation. The effect of taVNS on AC 
was observed in functional magnetic resonance 
imaging (fMRI) studies. However, significant 
heterogeneity is found in current clinical reports, 
and the quality of trials is not high. The results of 
three studies using taVNS alone are inconsistent, 
making it difficult to evaluate the clinical effect of 
taVNS. Demographic, clinical, and parameters 
details extracted from the studies are reported in 
Table 4.

Discussion
Tinnitus is a disease with significant heterogene-
ity in terms of etiology, perception, and degree of 
severity, ranging from mild annoyance to disas-
trous impact on daily life.109 Our review of the 

literature identified four non-invasive electrical 
therapy themes. Most studies that focused on 
tDCS provided significant results. tACS and 
tRNS have also been applied as novel modulation 
technology, but the clinical research in tinnitus is 
still in its early stage. taVNS has demonstrated 
promising effects in tinnitus management, but 
there is a lack of high-quality research to exclude 
the placebo effect.

Although there is a rich literature on tDCS avail-
able, significant heterogeneity in scheme design 
and results prevail. In clinical studies that applied 
tDCS for tinnitus treatment, the stimulation sites 
included AC, LTA, and DLPFC. The selection 
of these areas depends on neuroimaging and elec-
trophysiological evidence of tinnitus.110–113 AC is 
a part of the classical auditory pathway, and the 
functional changes of DLPFC are considered to 
be a deficiency of the top–down inhibitory system 
in tinnitus patients.114 Plewnia et  al.115 docu-
mented that LTA is the most effective scalp posi-
tion for repeated TMS to inhibit tinnitus, 
validated in a subsequent tDCS study by  

Table 3. General data from studies of tRNS included in the review.

References Study type Intervention Sample 
size

Stimulation area Intensity 
(mA)

Stimulation 
(min)

Frequency 
(Hz)

Scheme Outcome

Joos et al.86 Cohort tRNS 154 AC 2 20 0.1–100 1 session Positive: 0.1–100, 
100–640 Hz

100–640 Negative: 0.1–640 
Hz

0.1–640  

Kreuzer et al.88 Cohort tRNS 30 AC 2 20 100–640 10 sessions Negative

Mohsen et al.87 RCT tRNS 29 AC + DLPFC 2 20 0.1–100 1 session/8 
sessions

Positive

100–640

To et al.64 RCT tDCS 40 DLPFC (tDCS) tDCS: 1.5 tDCS: 20 0.1–100 8 sessions Positive

tDCS + tRNS AC (tRNS) tRNS: 2 tRNS: 20

Claes et al.82 Cohort tACS, tRNS 228 AC 2 20 tACS (6–13) 8 sessions Positive

tRNS (0.1–100)

Vanneste et al.55 RCT tACS 111 AC 1.5 20 tACS (6–13)
tRNS (0.1–100)

1 session Positive

tDCS

tRNS

AC, auditory cortex; DLPFC, dorsolateral prefrontal cortex; RCT, randomized controlled trial; tACS, transcranial alternating current stimulation; 
tDCS, transcranial direct current stimulation; tRNS, transcranial random noise stimulation.
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Fregni et al.41 Many studies selected DLPFC as 
the stimulation area and reported significant 
improvement in tinnitus irrespective of the num-
ber of sessions. Moreover, there is no lack of 
high-quality RCT studies with sham control 
and some studies even observed the after-effects 
1 month after treatment. However, in the study 
with AC or LTA as the stimulation target area, 
the number of positive results is close to nega-
tive results. It is well-established that AC and 
LTA are very close stimulation areas, corre-
sponding to the halfway point between C3 and 
T5 and T3 (EEG 10/20 system), respectively. 
Applying 35 cm2 electrodes in these studies may 
activate additional cortical regions around the 
target area, which inevitably lead to partial over-
lap. This finding accounts for the comparable 
stimulation effects of AC and LTA on tinnitus. 
These findings suggest that DLPFC stimulation 
with tDCS seems to be more promising for tin-
nitus suppression.

The difference between tACS and tRNS lies in 
the difference in current frequency. tACS often 
adopts 6–13 Hz, while the tRNS frequency range 

is 0.1–640 Hz. In this review, no tACS studies 
reported significant effects on tinnitus perception. 
tRNS was found to significantly inhibit the loud-
ness and distress of tinnitus irrespective of the 
number of sessions, with superior effects com-
pared with tDCS. Interestingly, the study by To 
et  al.64 found an added value of tRNS to the 
DLPFC tDCS protocol for tinnitus relief. This 
finding brings hope for the joint application of 
two or even more neuromodulation modes in the 
later stage.

In addition to the stimulation area, the stimula-
tion parameters are also worthy of further explo-
ration. Stimulation with a current of 2 mA for 
20 min was adopted by most studies on tDCS. 
Simulation of electric field distribution has proven 
its safety in the human body.116,117 LTA stimula-
tion with a current intensity of 2 mA and 20 min 
duration was most effective for transient tinnitus 
suppression. However, the study did not attempt 
to optimize the number of sessions. The main 
adverse events of tDCS were itching, tingling, 
headache, discomfort, and burning sensation and 
were generally mild and disappeared soon after 

Table 4. General data from studies of taVNS included in the review.

References Study type Intervention Sample 
size

Stimulation area Intensity (mA) Stimulation 
(min)

Frequency 
(Hz)

Scheme Outcome

Lehtimäki et al.103 Cohort taVNS + tailored 
ST

10 Left tragus Suprathreshold 45–60 25 7 sessions 
in 10 days

Positive

Mei et al.104 RCT taVNS + sound 
masking

63 Concha 1 20 20 2 sessions/
day, 
8 weeks

Positive

Ylikoski et al.105 Cohort taVNS + TRT 78 Left tragus Suprathreshold 60–90 25 1 session/
day, 5 days/
week, 
1 year

Positive

Shim et al.102 Cohort taVNS + notched 
music

30 Left concha Suprathreshold 30 25 10 sessions Positive

Kreuzer et al.106 Cohort taVNS 50 Cymba conchae Suprathreshold phase 1: 6 h/
day

25 24 weeks Negative

phase 2: 4 h/
day

Suk et al.107 Cohort taVNS 24 Cavum, cymba, 
outer surface of 
the tragus

Suprathreshold 4 at each site 30 4 sessions Positive

Tutar et al.108 RCT taVNS 60 Cymba conchae Suprathreshold 30 200 10 sessions Positive

RCT, randomized controlled trial; ST, sound therapy; taVNS, transcutaneous vagal nerve stimulation; TRT, tinnitus-retraining therapy.

https://journals.sagepub.com/home/taj


Volume 14

12 journals.sagepub.com/home/taj

TherapeuTic advances in 
chronic disease

stimulation.118,119 No serious adverse events have 
been reported in existing studies about tDCS in 
tinnitus. The current tDCS parameters have been 
demonstrated to be relatively safe in tinnitus 
research, and further high-quality RCTs with 
sham control are needed to explore different 
parameter settings on tinnitus suppression. At 
present, tACS and tRNS are rarely used in tinni-
tus, and almost all of the studies adopted 2.0 mA 
intensity and 20 min duration. tACS has no 
inhibitory effect on tinnitus, but tRNS showed 
significant inhibition on tinnitus loudness and 
annoyance. The current tRNS studies suggest the 
effect of high and low frequencies on tinnitus 
inhibition, and the effect of multiple sessions 
seems to yield a more significant effect, but the 
number of studies on tRNS is significantly less 
than that on tDCS, with no RCT study to control 
placebo effect. Accordingly, double-blinded 
sham-controlled trials with different parameter 
settings are needed in future studies.

Over the years, taVNS has been widely used in 
the psychological fields of depression, epilepsy, 
migraine, pain, and tinnitus.120 Most taVNS stud-
ies reported a positive effect on tinnitus suppres-
sion, with taVNS intervention alone or in 
combination with ST. However, the lack of sham-
control design leads to an inevitable placebo 
effect. The body surface distribution map of 
ABVN depends on anatomical evidence, which 
has been limited due to the difficulty of nerve 
anatomy.99 According to anatomical evidence, 
ABVN is distributed in the external auditory 
meatus (EAM), especially in the posterior wall of 
the EAM. However, fMRI studies found that 
stimulation of the cymba concha, inner tragus, 
and anterior wall of the EAM could activate the 
vagal afferent pathway.121 The stimulation sites 
used in the clinical study of taVNS include the 
inner tragus, cymba concha, and cavum concha. 
The significant clinical effects can be mutually 
verified with the results of fMRI. Moreover, the 
research by Yakunina et al.122 further pointed out 
that the cymba concha may be a more suitable 
site because stimulating the cymba concha can 
result in the most robust activation of the vagal 
afferent pathway in the brainstem. Almost all 
taVNS studies adopted suprathreshold current 
intensity settings in this review. Current flow pat-
terns and intensity, and resulting regions of inter-
est influence, were highly specific to taVNS 
electric montage.123 Considering the substantial 

influence of electrode and tissue impedance, the 
amount or amplitude of energy delivered to the 
tissue remains largely unknown, suggesting that 
using suprathreshold is an alternative choice.124 
In this review, only the study by Kreuzer et al.106 
reported two cardiac events that were not related 
to the taVNS. Evidence substantiates that taVNS 
is a safe and well-tolerated technology.125 The 
most common side effects are local skin irritation 
caused by electrode placement, headache, and 
nasopharyngitis. No special therapies were 
required. However, the results of existing studies 
of pure taVNS application were inconsistent. 
Whether pairing of the vagus stimulation with 
non-tinnitus or tinnitus-matched sounds is essen-
tial is still to be determined.126 In conclusion, 
taVNS is a feasible and safe technique, but much 
heterogeneity surrounds the parameter settings 
making it challenging to summarize and repro-
duce. Further research should follow the recom-
mendations for reporting standards in research on 
taVNS to achieve transparency, completeness, 
and reproducibility.127

Conclusion
NIES broadens the therapeutic landscape for the 
treatment of subjective tinnitus. This approach is 
safe and with only a few relatively minor side 
effects. The variety of options (tDCS, tACS, 
tRNS, taVNS) and stimulation parameters opens 
up unlimited neuromodulation possibilities in 
tinnitus management. More high-quality studies 
are warranted to substantiate the robustness of 
our results.
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