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a b s t r a c t 

While noninvasive brain stimulation is convenient and cost effective, its utility is limited by the sub- 

stantial distance between scalp electrodes and their intended neural targets in the head. The tympanic 

membrane, or eardrum, is a thin flap of skin deep in an orifice of the head that may serve as a port 

for improved efficiency of noninvasive stimulation. Here we chose the cochlea as a target because it re- 

sides in the densest bone of the skull and is adjacent to many deep-brain-stimulation structures. We also 

tested the hypothesis that noninvasive electric stimulation of the cochlea may restore neural activities 

that are missing in acoustic stimulation. We placed an electrode in the ear canal or on the tympanic 

membrane in 25 human adults (10 females) and compared their stimulation efficiency by characterizing 

the electrically-evoked auditory sensation. Relative to ear canal stimulation, tympanic membrane stim- 

ulation was four times more likely to produce an auditory percept, required eight times lower electric 

current to reach the threshold and produced two-to-four times more linear suprathreshold responses. 

We further measured tinnitus suppression in 14 of the 25 subjects who had chronic tinnitus. Compared 

with ear canal stimulation, tympanic membrane stimulation doubled both the probability (22% vs. 55%) 

and the amount ( −15% vs. −34%) of tinnitus suppression. These findings extended previous work com- 

paring evoked perception and tinnitus suppression between electrodes placed in the ear canal and on 

the scalp. Together, the previous and present results suggest that the efficiency of conventional scalp- 

based noninvasive electric stimulation can be improved by at least one order of magnitude via tympanic 

membrane stimulation. This increased efficiency is most likely due to the shortened distance between 

the electrode placed on the tympanic membrane and the targeted cochlea. The present findings have 

implications for the management of tinnitus by offering a potential alternative to interventions using in- 

vasive electrical stimulation such as cochlear implantation, or other non-invasive transcranial electrical 

stimulation methods. 

© 2022 Elsevier B.V. All rights reserved. 

1

t

i

c

b

I

c

v

t

n

a

c

h

0

. Introduction 

Electric stimulation of the nervous system has generally taken 

wo approaches for treating a variety of neurological disorders 

n humans. The invasive approach surgically places electrodes as 

losely as possible to a neural target, such as the thalamus for deep 

rain stimulation ( Benabid et al., 2009 ) or the auditory nerve in 
∗ Corresponding author at: Center for Hearing Research, University of California 

rvine, 110 Medical Science E, Irvine, California 92697, United States. 

E-mail address: fzeng@uci.edu (F.-G. Zeng). 
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ochlear implant stimulation ( Zeng et al., 2008 ). A significant ad- 

antage of the invasive approach is that the proximity of the elec- 

rodes to the target minimizes electric current spread to nearby 

on-targeted structure, thus reducing undesired side-effects. A dis- 

dvantage of the invasive approach is that surgeries carry risks of 

omplications and the device can be costly. 

Alternatively, the noninvasive approach delivers electric cur- 

ent to a neural target via electrodes on the skin surface. Un- 

er normal operation, noninvasive stimulation has minimal risk 

f complications and is usually low cost. However, the noninva- 

ive approach lacks focal stimulation, especially to deep neural tar- 

ets, due to diffuse current flow from the electrodes to the target 

https://doi.org/10.1016/j.heares.2022.108431
http://www.ScienceDirect.com
http://www.elsevier.com/locate/heares
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heares.2022.108431&domain=pdf
mailto:fzeng@uci.edu
https://doi.org/10.1016/j.heares.2022.108431
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Fig. 1. Tympanic membrane or eardrum as a port for noninvasive electric stimu- 

lation of deep structures in the human skull. For a tympanic membrane electrode 

(red curve), the distance to the cochlea is the shortest or 0.5 cm (red line), followed 

by 2 cm for an ear canal electrode (blue line and blue earplug), and the furthest or 

5 cm for a scalp electrode placed on the mastoid skin (gray line and gray plate be- 

hind the ear). The cochlea is close to the brainstem and other deep brain structures. 
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 Bortoletto et al., 2016 ). To improve the focality of noninvasive 

timulation, recent research has manipulated either spatial or tem- 

oral patterns of multi-electrode stimulation, which may tune sev- 

ral broad electric fields into a relatively narrowly-focused field 

eep in the head ( Dmochowski et al., 2011 ; Grossman et al., 

017 ; Minhas et al., 2010 ). However, these multi-electrode tech- 

iques are difficult to implement on the head of a living hu- 

an with non-homogeneous electric properties ( Cao et al., 2020 ; 

ampersad et al., 2019 ). Focal and deep noninvasive electric stim- 

lation remains a highly desirable yet challenging task in neuro- 

ngineering. 

This invasive versus noninvasive dilemma is also exemplified by 

 lack of effective treatment for tinnitus. For example, cochlear im- 

lants have been known since their inception to be able to sup- 

ress tinnitus ( Chang and Zeng, 2012; House, 1984 ; Yuen et al., 

021 ). Because most individuals with tinnitus have considerable 

esidual or even normal hearing ( Bainbridge et al., 2014 ; Nicolas- 

uel et al., 2006 ), they are not candidates for invasive cochlear 

mplantation. On the other hand, traditional noninvasive elec- 

ric stimulation with scalp-based electrodes cannot provide tar- 

eted activation of cochlear structures such as detached auditory 

erve fibers that may be needed for effective tinnitus suppression 

 Zeng et al., 2015 ). Ideally, safe and precise noninvasive electric 

timulation of the cochlea can be developed for a large group of 

ndividuals who still have significant hearing but poor speech in 

oise understanding, ringing in the ears, or both. We hypothesized 

hat electric stimulation of the cochlea may either enhance nerve 

esponses in cases of preserved hair cells with impaired synaptic 

ransmission or restore activities in auditory nerve fibers that are 

etached from the hair cells. 

The overall goal of the present study was to find a location that 

llows targeted noninvasive electric stimulation of the cochlea for 

mproved auditory perception and tinnitus suppression. The most 

fficient means of targeted stimulation is to decrease the distance 

etween the electrode and the target ( Huang et al., 2019 ). For stim-

lation of the cochlea and other deep brain structures ( De Los 

eyes et al., 2010 ), the closest location one can place an electrode 

oninvasively is the tympanic membrane at the medial end of the 

ar canal. For comparison, the distance to the cochlea is about 

 cm for the closest scalp electrode placed on the mastoid and 

 cm for a cartilaginous ear canal electrode, but only 0.5 cm for 

n electrode on the tympanic membrane ( Fig. 1 ). 
2 
We already established that, compared to scalp electrodes, the 

ar canal electrode was six times more likely to evoke an auditory 

ercept while requiring only half of the electric current (see Fig. 1 d 

nd Fig. 3 a vs. 3b in F.G. Zeng et al., 2019 a). Here we first charac-

erized electric hearing evoked by an electrode placed on the tym- 

anic membrane compared to the ear canal in 25 human adults. 

e then evaluated tinnitus suppression by the ear canal and tym- 

anic membrane stimulation in 14 of these 25 subjects who had 

hronic tinnitus. If “the nearer the better” hypothesis holds, we 

ould predict that the tympanic membrane stimulation produces 

 stronger auditory percept and more effective tinnitus suppression 

han the ear canal stimulation. 

Insert Fig. 1 here 

. Methods 

Subjects 

Twenty-five human adults (10 females), aged between 20 and 

2 years (mean = 44 years), participated in the study. Fourteen sub- 

ects had normal hearing, four had mild-to-moderate hearing loss, 

nd seven had high-frequency, sloping hearing loss (with five of 

hem aged 58 and older). Fourteen of the 25 subjects reported hav- 

ng chronic tinnitus (mean duration = 9 years; range = 1 to 20 years) 

nd participated in tinnitus suppression portion of the study. Six 

f the 14 tinnitus subjects had unilateral tinnitus and the remain- 

ng had bilateral tinnitus, with an average score of 24 (out of 

00; range = 2 to 38) measured by the tinnitus functional index 

 Meikle et al., 2012 ) and corresponding to relatively “a small prob- 

em” ( Fackrell et al., 2018 ). The University of California Irvine Insti- 

utional Research Board approved the protocol and methods in ac- 

ordance with principles set forth in the Belmont Report and Dec- 

aration of Helsinki. The present study has been registered in Clin- 

calTrials.gov (NCT03511807). All subjects gave written informed 

onsent to participate in the study. 

Stimuli 

The stimuli were based on a previous study ( F.G. Zeng et al., 

019 a), which are briefly described here. All stimuli were charge- 

alanced, alternating-current sinusoids to avoid skin irritation 

 Anderson et al., 1951 ), hearing loss ( Early et al., 2018 ), or other

dverse effects ( Bikson et al., 2016 ). The stimulus duration was 

00 ms for the electric hearing characterization experiment. The 

timulus duration was 3 min or longer for the tinnitus suppression 

xperiment. All stimuli included a 100-ms linear onset and offset 

amp. The inter-stimulus interval was at least 1 s, depending on 

he subject’s response time. Six stimulus frequencies were tested: 

.01, 0.1, 0.5, 1, 2, and 10 kHz. The stimulus level was systemat- 

cally increased from 0 mA until either the upper limit of 2 mA 

as reached or the subject reported any intolerable sensation. The 

efault stimulus level step size was 0.1 mA for ear canal stimula- 

ion and 0.002 mA for tympanic membrane stimulation. The stim- 

li were digitally generated using Matlab on a personal computer. 

 constant-current source (STMISOLA, Biopac Systems, Inc., Goleta, 

A, USA) converted the voltage stimulus to a current stimulus. An 

scilloscope (TDS 2014, Tektronix, Beaverton, OR, USA) was used 

o calibrate the equipment and to monitor the input voltage be- 

ween the two stimulating electrodes during the experiment. Prior 

o testing a subject, a 1-kOhm resistor was connected to the out- 

ut of the constant-current source to calibrate the maximum cur- 

ent output to be 2 mA in peak amplitude. The resistor was discon- 

ected during the test session. For safety, an isolation transformer 

ower supply (IS500, Tripp Lite, Chicago, IL, USA) was used to iso- 

ate the subject and equipment from the mains. 
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Fig. 2. Ear canal and tympanic membrane stimulation. A. Top panel: A gold-plated 

foam tiptrode connected by an alligator clamp connector (red). Bottom panel: The 

gold-plated tiptrode inserted in a subject’s ear canal. B. Top panel: A cotton wick 

electrode (white tip at the right end). Middle panel: The wick electrode attached 

to the tympanic membrane. Bottom panel: The wick electrode fixed by an ear hook 

and mold (black) and an alligator clamp (white). 
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.1. Ear electrode placement 

A stimulating electrode was placed either in the ear canal or on 

he tympanic membrane. Prior to the experiment, an ear surgeon 

xamined the ear canal and tympanic membrane to ensure both 

ere free of infection or excessive cerumen, which would be re- 

oved to avoid blockage of the electrode ( Schwartz et al., 2017 ). 

he ear canal electrode was a gold-plated foam tiptrode (top panel 

n Fig. 2 A , radius = 0.65 cm, length = 1.30 cm, Etymotic ER3–26A, Elk

rove Village, IL, USA). The tiptrode was covered in conductive gel 

SignaGel, Parker Laboratories, Inc., Fairfield, NJ, USA) and squeezed 

or easy insertion into the ear canal. The tiptrode was pushed gen- 

ly to reach an insertion depth of about 1.5 cm. The foam expanded 

o seal the ear canal and the gold foil was connected electrically to 

he current source by an alligator clamp connector (bottom panel 

n Fig. 2 A ). The tympanic membrane electrode was a cotton wick 

lectrode (top panel in Fig. 2 B , wick tip area ≈0.13 cm 

2 , Lilly TM-

ick Electrode, Intelligent Hearing Systems, Miami, FL, USA). Two 

ours before testing, the cotton wick was soaked in a conductive 

el (Parker Laboratories, Fairfield, NJ, USA) mixed with saline in a 

:2 vol ratio ( Simpson et al., 2020 ). While inserting the wick elec-

rode, the depth was monitored with an endoscope to ensure gen- 

le attachment of the cotton wick to the tympanic membrane (mid 

anel in Fig. 2 B ). The wick electrode was held in place by a silicon

adio ear mold placed in the concha, an earpiece behind the auri- 

le, and an alligator clamp attached to the earpiece (bottom panel 

n Fig. 2 B ). Such a setup minimized electrode movement that may 

ause uncomfortable sensation during experiment. Direct current 

mpedance < 200 kOhms usually indicated reliable and stable con- 

act between the wick electrode and the tympanic membrane. The 

eturn electrode was a rectangular plate electrode (2.2 × 3.0 cm, 

elly Tab Sensors, Natus, Seattle, WA, USA) adhered to the subject’s 

orehead. The forehead skin was cleaned using an electrode skin 

rep pad and gel (Dynarex Corp., Orangeburg, NY, USA and Nuprep, 

eaver and Company, Aurora, CO, USA). 

Insert Fig. 2 here - 
3 
.2. Characterization of electric hearing 

There were typically two test sessions with each session last- 

ng about 4 h. The subject sat in a double-walled, sound-proof 

ooth. The subject could terminate the test at any time. Electri- 

ally evoked thresholds were determined by increasing the stim- 

lus level until the subject heard an auditory percept. Loudness 

rowth function was measured as a function of the stimulus level 

y asking the subject to estimate its magnitude on a 0–10 scale, 

ith 0 representing inaudible and 10 uncomfortably loud. The 

rial ended when the subjective magnitude reached the maximum 

olerable loudness or the 2-mA maximum stimulation level. The 

ethod of adjustment was used to match the frequency of a pure 

one to the electrically evoked pitch. The subject listened to the 

lectrically evoked sound for as long and as often as needed, then 

djusted the frequency of the pure tone, via an insert earphone, to 

rst make its pitch noticeably higher than the electric pitch, then 

oticeably lower than the electric pitch, and finally arrive at a fre- 

uency that best matched the electric pitch ( Zeng, 2002 ). 

.3. Tinnitus suppression 

The effect of electric stimulation on tinnitus was characterized 

imilarly to a previous study ( Zeng et al., 2019 ). The stimulus fre-

uency varied from 0.01 to 10 kHz. The stimulus current was set 

ndividually to evoke the maximum comfortable loudness or the 2- 

A level even if it did not reach the maximum comfortable loud- 

ess. Three-minute stimulation was delivered to the tinnitus ear 

n unilateral cases, or the ear with more severe tinnitus in bilat- 

ral cases. Prior to stimulation, the subject reported the baseline 

innitus loudness on the same 0–10 loudness scale. During stimu- 

ation, the subject reported their tinnitus loudness every 30 s. The 

ubject continued to report tinnitus loudness at the offset of stim- 

lation and every 30 s after that until the tinnitus returned to the 

aseline level. Tinnitus loudness typically returned to the baseline, 

n 3–5 min but occasionally much longer (10 min to hours) after 

he stimulation offset. 

.4. Sham electric stimulation 

Sham stimulation was delivered to estimate the degree of a 

lacebo effect on tinnitus suppression. The participant was not told 

bout the sham stimulation, in which either no electric stimulation 

passive sham) or 10-second (active sham) electric stimulation was 

elivered at the onset of the trial. Because of rapid adaptation of 

he tactile sensation, the 10-second stimulation could simulate tac- 

ile sensation produced by its three-minute counterpart at least in 

he transient portion. However, the 10-second simulation could not 

imulate the audible percept of the three-minute counterpart. All 

ther aspects of the sham stimulation followed the actual tinnitus 

uppression procedure. 

.5. Quantifying tinnitus suppression 

To average across subjects, a relative change in tinnitus loud- 

ess was calculated by removing the individual difference in its 

re-stimulation baseline ( Tang et al., 2006 ) 

 innituschange (%) = 

T innitusloudnessestimate − Baseline 

Baseline 
∗ 100 

here 0% indicates no effect of electric stimulation on tinnitus 

aseline, a negative value indicates a decrease in tinnitus loudness, 

nd a positive value indicates an increase in tinnitus loudness. 

The maximum amount and time course of tinnitus suppression 

as described by an exponential decay function: 

 innitus change (%) = s (1 − e −
t 
τ ) 
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Fig. 3. Characteristics of electric hearing evoked by tympanic membrane (red) and 

ear canal (blue) stimulation. A. Probability of auditory sensation as a function of 

electric stimulus frequency. Solid and dashed horizontal lines represent the proba- 

bility of auditory sensation from the total number of conditions across subjects in 

the tympanic membrane and ear canal stimulation, respectively. B. Hearing thresh- 

old as a function of stimulus frequency. Solid and dashed lines represent a first- 

order Butterworth low-pass filter best fit to the data. C. Loudness growth as a func- 

tion of stimulus level. Solid and dashed lines represent a best-fit power function 

with its exponent, or slope on a log-log scale being displayed next to the data. D. 

Pitch matches between acoustic and electric hearing. The solid red diagonal line 

represents 1:1 match between electric stimulus frequency and acoustic puretone 

frequency whereas the dashed blue line represents 1:2 match. Error bars represent 

±one standard deviation. 
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here s is the maximum amount of tinnitus suppression and τ is 

ime constant in minutes. 

.6. Adverse events 

Subjects were instructed to report any adverse or unexpected 

vents, including but not limited to electric shocks, hearing loss, 

kin irritation or infection, during and after the experiment. How- 

ver, concurrent tactile sensation and occasionally visual sensa- 

ion, which could be sometimes annoying ( Fertonani et al., 2015 ; 

.G. Zeng et al., 2019 a), were not reported as adverse events in the

resent study. 

.7. Statistical analysis 

The Chi-square test was used to determine significant differ- 

nce in the probability and frequency of evoked electric hearing. 

he student t -test was used to compare hearing threshold between 

lectrode locations. In tinnitus suppression, the normality of the 

innitus change histograms was evaluated using the Kolmogorov- 

mirnov test. Tinnitus change between the three treatment groups 

sham, ear canal and tympanic stimulation) was compared using 

he student t -test for normal distribution or the Mann-Whitney 

 test for non-normal distribution. Bonferroni correction was ap- 

lied for the three group comparisons with a difference being 

onsidered significant for p < 0.017. The effect size was calculated 

s either the relative risk, RR ( Citrome, 2010 ) or the Cohen’s d’

 Sullivan et al., 2012 ). 

. Results 

.1. Electric hearing 

The 25 adults responded to a total of 257 conditions for stim- 

lus frequencies from 0.01 to 10 kHz and levels from 0.001 to 

 mA. No adverse events were observed within this stimulus para- 

etric space. Compared with the ear canal stimulation, the tym- 

anic membrane stimulation was four times more likely to pro- 

uce an auditory percept (48% vs. 12%, X 

2 (1, n = 200) = 31.28,

 < 0.001, RR = 3.88; Fig. 3 A ), while requiring eight-fold lower cur-

ent level to reach the hearing threshold (0.1 vs. 0.8 mA; t (51) = 

9.81, p < 0.001, d = 1.72; Fig. 3 B ). The tympanic membrane stim-

lation also produced more linear loudness and pitch responses 

han the ear canal stimulation. The loudness of electric hearing 

ncreases as a power function of electric level for both stimula- 

ion types, but the slope of the power function was nearly twice 

s steep for the ear canal stimulation (1.38 vs. 2.39; Fig. 3 C ). Nev-

rtheless, the slope of loudness growth in both types of stimula- 

ion is steeper than the 0.3 slope of loudness growth in normal 

coustic hearing ( Stevens, 1961 ). In matching the frequency of a 

ure tone to the pitch of a corresponding electric stimulus, the 

ympanic membrane stimulation produced four times more linear 

r 1:1 match in frequency than the ear canal stimulation (75% vs. 

7%, X 

2 (1, n = 44) = 12.29, p < 0.001, RR = 4.50; Fig. 3 D ). Conversely,

oubling acoustic frequency was required to match the electric fre- 

uency 25% of the times for the tympanic membrane stimulation, 

ut 75% for the ear canal stimulation. In one condition of the ear 

anal stimulation (the filled triangle in Fig. 3 D ), a much lower 

.1-kHz acoustic frequency was matched to an electric stimulus of 

.6 kHz. 

-Insert Fig. 3 here - 

.2. Tinnitus suppression 

Fourteen subjects with chronic tinnitus participated in 96 tri- 

ls, which measured changes in tinnitus loudness in response to 
4 
ither tympanic membrane or ear canal stimulation (see four rep- 

esentative examples in Fig. 4 A ). Subject #19 (first panel) reported 

hat ear canal stimulation (0.5-kHz, 2-mA and 3-minute sinusoid, 

haded area) produced no change in tinnitus (or 0%), which re- 

ained at the baseline level (blue triangles) before, during and af- 

er the stimulation. Subject #18 experienced a reduction in tinni- 

us loudness from 3.5 at baseline to 3 immediately after the on- 

et of ear canal stimulation and a further reduction to 2.5 two 

inutes into the stimulation, resulting in −29% decrease in tin- 

itus loudness (see arrowed line in the second panel). Similarly, 

ubject #22 perceived a − 40% decrease in tinnitus loudness (red 

ircles) in response to tympanic membrane stimulation, except for 

 small rebound at the offset of the stimulation. Subject #07 had 

he most desirable outcome, namely complete suppression of tin- 

itus ( −100%) two minutes into tympanic membrane stimulation, 

nd even 10 min after the stimulation was turned off (only two 

ata points were shown here). 

Fig. 4 B shows histograms of tinnitus change in response to 

ham (top panel), ear canal (middle) and tympanic membrane 

bottom) stimulation. The sham stimulation produced a 7 ± 37% 

ncrease in tinnitus loudness (dashed vertical line), which was 

ot significantly different from no change or 0% ( t (10) = 0.59, 

 = 0.567). Compared with the sham stimulation, the ear canal 

timulation did not produce significantly different tinnitus sup- 

ression ( −5 ± 11%; Mann Whitney U = 226, p = 0.242) but tym- 

anic membrane stimulation did ( −22 ±27%; U = 93.5, p = 0.015). 

ote that only 22% subjects reported tinnitus suppression (a neg- 

tive value) using the ear canal stimulation, compared to 55% 
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Fig. 4. Tinnitus suppression in response to electric stimulation. A. Representative examples of tinnitus loudness estimates (y-axis) in response to three-minute electric 

stimulation (shaded area). The first two examples are tinnitus loudness measures in response to ear canal stimulation (blue triangles), while the last two examples are 

the same measures in response to tympanic membrane stimulation (red circles). The stimulus parameters are displayed on top of each panel. The maximum percentage of 

change in tinnitus loudness is displayed near the end of the three-minute stimulation. B. Histograms of tinnitus change for all 96 trials, including 10 for sham stimulation 

(top), 58 for ear canal stimulation (mid) and 38 for tympanic membrane stimulation (bottom). The vertical dashed line represents the mean value from the sham stimulation. 

The solid bell-shaped lines represent the best-fit normal distribution. C. Average tinnitus loudness change for ear canal (blue triangles) and tympanic membrane stimulation 

(red circles) in those who showed suppression in response to three-minute electric stimulation (shaded area). Error bars represent standard deviation. Curved lines represent 

a best-fit exponential function with two free parameters, maximum suppression or saturation ( s ) and a time constant ( τ , see Methods). 
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f subjects using the tympanic membrane stimulation (2.5 times 

ore likely, z (97) = −3.3, p < 0.001). 

Fig. 4 C shows average changes in tinnitus as a function of stim- 

lus duration from the subjects who reported tinnitus suppression 

i.e., 22% subjects using ear canal stimulation and 55% using tym- 

anic membrane stimulation). At the end of 3-minute stimulation, 

n average, tympanic membrane stimulation produced two times 

ore tinnitus suppression than ear canal stimulation ( −34 ±28% 

s. −15 ±11%; t (32) = −2.36, p = 0.025, d = 0.90). An exponen-

ial decay model was fitted to the present data (blue and red 

ines), showing that tympanic membrane stimulation took about 

alf time (1 min) to reach the maximum suppression level pro- 

uced by ear canal stimulation ( −15%). 

-Insert Fig. 4 here - 

. Discussion 

We have placed a noninvasive electrode in either the ear canal 

r on the tympanic membrane to deliver electric stimulation to 

he cochlea, where the auditory nerve is attached and has close 

roximity to other cranial nerves and deep brain structures. The 

resent result confirmed the “the nearer the better” hypothesis 

hat stimulation of the tympanic membrane, which is four times 

loser to the cochlea than the ear canal ( Fig. 1 ), was also four

imes more likely to evoke an auditory percept. In addition, the 

ympanic membrane stimulation produced eight times lower hear- 
5 
ng thresholds and two-to-four times more linear loudness growth 

nd pitch matches ( Fig. 3 ). As a result, the tympanic membrane 

timulation was twice more likely than the ear canal stimulation 

o suppress tinnitus and if suppressed, doubled the amount of tin- 

itus suppression ( Fig. 4 ). 

Using the same experimental protocol, we previously showed 

hat ear canal stimulation was six times more likely than scalp 

lectrodes to evoke an auditory percept and if evoked, required 

alf of the current level to reach the threshold ( F.G. Zeng et al., 

019 a). Therefore, we could infer from the previous and present 

esults that comparing with electric stimulation on the scalp, the 

ympanic membrane stimulation not only requires 16 times lower 

urrent level to reach the hearing threshold, but also is 24 times 

ore likely to evoke an auditory percept. Lower current levels are 

enerally preferred in both invasive and noninvasive electric stim- 

lation because they save power and improve safety. More impor- 

antly, lower thresholds are indicative of more targeted stimula- 

ion as in the case of intraneural stimulation against the standard 

ochlear implant stimulation ( Middlebrooks et al., 2007 ). 

. Mechanisms of electric hearing 

Earlier studies applied electric signals to a metal plate electrode 

n dry skin, which serves as a microphone that converts electric 

ignals into mechanical vibrations to evoke hearing through the 

sual auditory pathway ( Flottorp, 1953 ; Mallinckrodt et al., 1953 ). 
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his direct electrical-to-mechanical conversion is unlikely to occur 

n the present study because we placed the electrode on a wet sur- 

ace (see Methods). Furthermore, had such direct conversion oc- 

urred, one would expect similar sensation to that caused by nor- 

al acoustic stimulation. Instead, we observed abnormally steep 

oudness growth and pitch distortion, suggesting alternative mech- 

nisms. 

The first mechanism is via activation of the cochlear outer hair 

ells, which in turn move the inner hair cells to produce an au- 

itory percept. The outer hair cells are highly nonlinear mechan- 

cal amplifiers that provide as much as 10 0 0-fold gain for low- 

evel sounds but no gain for high-level sounds ( Ruggero, 1992 ). The 

uter hair cells can respond to electric stimulation ( Le Prell et al., 

006 ; Ren et al., 1995 ) and their nonlinearity is likely responsible 

or the pitch distortion, especially by the ear canal stimulation in 

he present study. 

The second mechanism is via activation of the cochlear inner 

air cells, which are sensory transducers that convert mechani- 

al vibrations into action potentials in the auditory nerve fibers 

 Glowatzki et al., 2002 ). Electric currents may activate the inner 

air cells via an electric tuning mechanism, particularly in the 

ase of tympanic membrane stimulation ( Crawford et al., 1981 ; 

ewis et al., 1983 ). To differentiate between the outer and inner 

air cell activation mechanisms, future studies may need to mea- 

ure the masking pattern between acoustic and electric stimula- 

ion, with a linear and single-peak pattern favoring the inner hair 

ell activation ( Le Prell et al., 2006 ; Lin et al., 2011 ). 

The third mechanism is direct activation of the auditory nerve. 

n subjects with severe-to-profound hearing loss, broad-band or 

oise-like auditory percepts had been observed with noninvasive 

lectric stimulation ( F.G. Zeng et al., 2019 a). However, in subjects 

ith normal or sufficient residual hearing, direct activation of the 

uditory nerve may be mixed with both the inner and outer hair 

ell activation ( Sato et al., 2016 ). Human perception for such mixed 

ctivation is unknown. 

.1. Limitations and applications 

The present study has several limitations, including a small 

ize for tinnitus subjects, their relatively mild symptoms that may 

ot be representative of those who look for relief, and a lack 

f true sham stimulation. Furthermore, the present study does 

ot explicitly address the hearing mechanisms of electric stimu- 

ation. Future studies need to test at least totally deafened indi- 

iduals so that the auditory nerve activation hypothesis can be 

ested. It is not clear how to differentiate activation between hair 

ells and auditory nerve fibers or between the inner and outer 

air cells. Finally, several technical advances need to be made to 

ranslate the present study into a safe and effective product. First, 

he whole system needs to be miniaturized to fit inside the ear 

anal. Second, new electrodes need to be developed for easy and 

ong-term attachment to the tympanic membrane. The electrode 

evelopment should not be technically challenging as transtym- 

anic tubes are routinely used for treatment of middle ear disease 

 Aazh et al., 2017 ). Third, the presence of concurrent tactile sensa- 

ion, and occasionally visual sensation, can sometimes be annoying 

n essentially all forms of noninvasive transcranial electric stim- 

lation ( Fertonani et al., 2015 ; F.G. Zeng et al., 2019 a). Electrode

nd stimulus control may be used to minimize tactile sensation 

 Voroslakos et al., 2018 ). 

.2. Broader implications for neuromodulation 

As a deep orifice in the head, the ear canal or tympanic mem- 

rane may serve as a port for general-purpose, noninvasive elec- 

ric stimulation of other cranial nerves and deep brain struc- 
6 
ures ( Adair et al., 2020 ). Using the tympanic membrane as ei- 

her a stimulation or reference location, we can manipulate other 

lectrode positions and stimulating waveforms to potentially im- 

rove the depth and focality of noninvasive deep brain stimula- 

ion ( Foutz et al., 2010 ; Grossman et al., 2017 ; McIntyre et al.,

0 0 0 ; Mehta et al., 2015 ; Tran et al., 2019 ). The closest target

s the vestibule, with its stimulation being able to not only po- 

entially treat Meniere’s disease, vestibular migraine, or vestibu- 

opathy ( Beh, 2020 ; Helmchen et al., 2019 ), but also potentially 

revent falls in the elderly ( Serrador et al., 2018 ) or even en-

ance immersive experience in augmented and virtual realities 

 Byrne et al., 2016 ). Other potential targets include vagus nerve, 

rigeminal nerve, thalamus, the limbic system and other brain 

tructures. Such an integrated system may lead to cost-effective al- 

ernatives to the current invasive and expensive neural stimulation 

or not only treating depression, epilepsy or tremor ( George et al., 

0 0 0 ; Lee et al., 2019 ) but enhancing normal perceptual and cog-

itive performance ( Keshavarzi et al., 2020 ; Ketz et al., 2018 ; 

iecke et al., 2018 ). 

. Author contributions 

MS and PT contributed to experimental design, data collection 

nd analysis, and writing manuscript. MR, SS, YX, HD and HL con- 

ributed to experimental design and data collection. FGZ oversaw 

he study from experimental conception to manuscript prepara- 

ion. All authors commented and approved the final version of the 

anuscript. 

eclaration of Competing Interest 

FGZ owns stock in Axonics, DiaNavi, Nurotron, Syntiant, Velox 

nd Xense. HRD has equity interest in Cactus Medical, Mind:Set 

echnologies, and is a consultant to NXT Biomedical and Alcon. The 

ther authors declare no competing interests. 

ata availability 

Although only representative examples of individual results and 

he average data were presented in the paper, full data are avail- 

ble upon request by contacting the corresponding author. 

cknowledgments 

We thank the subjects for their spirited and cooperative partic- 

pation in the present study, Katherine Heejung Ko for assistance 

n data collection, Katie Turner and three anonymous reviewers for 

omments on the manuscript. This work was supported in part by 

IH 5R01 DC015587. 

eferences 

azh, H. , Moore, B.C.J , 2017. Incidence of Discomfort During Pure-Tone Audiome- 
try and Measurement of Uncomfortable Loudness Levels Among People Seeking 

Help for Tinnitus and/or Hyperacusis. Am. J. Audiol. 26, 226–232 . 

dair, D. , Truong, D. , Esmaeilpour, Z. , Gebodh, N. , Borges, H. , Ho, L. , Bremner, J.D. ,
Badran, B.W. , Napadow, V. , Clark, V.P. , Bikson, M. , 2020. Electrical stimulation of

cranial nerves in cognition and disease. Brain stimulation 13, 717–750 . 
nderson, A.B. , Munson, W. , 1951. Electrical excitation of nerves in the skin at au-

diofrequencies. J. Acoust. Soc. Am. 23, 155–159 . 
ainbridge, K.E. , Wallhagen, M.I , 2014. Hearing loss in an aging American popula-

tion: extent, impact, and management. Annu. Rev. Public Health 35, 139–152 . 
eh, S.C. , 2020. Emerging evidence for noninvasive vagus nerve stimulation for the 

treatment of vestibular migraine. Expert. Rev. Neurother. 20, 991–993 . 

enabid, A.L. , Chabardes, S. , Mitrofanis, J. , Pollak, P. , 2009. Deep brain stimulation of
the subthalamic nucleus for the treatment of Parkinson’s disease. Lancet Neurol. 

8, 67–81 . 
ikson, M. , Grossman, P. , Thomas, C. , Zannou, A.L. , Jiang, J. , Adnan, T. , Mour-

doukoutas, A.P. , Kronberg, G. , Truong, D. , Boggio, P. , Brunoni, A.R. , Charvet, L. ,

http://dx.doi.org/10.13039/100000002
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0001
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0001
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0001
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0002
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0002
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0002
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0002
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0002
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0002
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0002
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0002
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0002
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0002
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0002
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0002
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0003
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0003
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0003
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0004
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0004
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0004
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0005
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0005
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0006
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0006
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0006
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0006
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0006
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0007
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0007
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0007
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0007
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0007
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0007
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0007
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0007
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0007
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0007
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0007
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0007


M.-W. Suh, P. Tran, M. Richardson et al. Hearing Research 415 (2022) 108431 

 

 

 

B  

B  

C

C

C  

C

D  

D

E

F  

F  

F

F  

G  

 

G  

G  

 

H  

H  

H  

K

K  

L  

L  

L

L  

M  

M  

M  

M  

 

 

M

M  

N  

R  

R

R  

R

S  

S  

 

S  

S

S  

S  

T  

T  

V  

 

Y  

Z
Z  

Z  

Z  

Z  
Fregni, F. , Fritsch, B. , Gillick, B. , Hamilton, R.H. , Hampstead, B.M. , Jankord, R. , Kir-
ton, A. , Knotkova, H. , Liebetanz, D. , Liu, A. , Loo, C. , Nitsche, M.A. , Reis, J. , Richard-

son, J.D. , Rotenberg, A. , Turkeltaub, P.E. , Woods, A.J , 2016. Safety of Transcranial
Direct Current Stimulation: Evidence Based Update 2016. Brain stimulation 9, 

641–661 . 
ortoletto, M. , Rodella, C. , Salvador, R. , Miranda, P. , Miniussi, C. , 2016. Reduced cur-

rent spread by concentric electrodes in transcranial electrical stimulation (tES). 
Brain stimulation 9, 525–528 . 

yrne, R. , Marshall, J. , Mueller, F. , 2016. Balance Ninja: Towards the Design of Digital

Vertigo Games via Galvanic Vestibular Stimulation. In: Chi Play 2016: Proceed- 
ings of the 2016 Annual Symposium on Computer-Human Interaction in Play, 

pp. 159–170 . 
ao, J. , Grover, P. , 2020. STIMULUS: Noninvasive Dynamic Patterns of Neurostimula- 

tion Using Spatio-Temporal Interference. IEEE Trans. Biomed. Eng. 67, 726–737 . 
hang, JE, Zeng, FG, 2012. Tinnitus suppression by electric stimulation of the audi- 

tory nerve. Front. Syst. Neurosci. doi: 10.3389/fnsys.2012.0 0 019 . 

itrome, L. , 2010. Relative vs. absolute measures of benefit and risk: what’s the dif-
ference? Acta Psychiatr. Scand. 121, 94–102 . 

rawford, A.C. , Fettiplace, R. , 1981. An electrical tuning mechanism in turtle cochlear 
hair cells. J. Physiol. 312, 377–412 . 

e Los Reyes, K. , Chandrasekhar, S.S. , Tagliati, M. , Alterman, R. , 2010. Successful im-
plantation of a deep brain stimulator for essential tremor in a patient with a 

preexisting cochlear implant: surgical technique: technical case report. Neuro- 

surgery 66, 372 discussion 372 . 
mochowski, J.P. , Datta, A. , Bikson, M. , Su, Y. , Parra, L.C , 2011. Optimized multi–

electrode stimulation increases focality and intensity at target. J. Neural Eng. 8, 
046011 . 

arly, S. , Stankovic, K.M , 2018. Reversible Sensorineural Hearing Loss Associated 
with Off-Label Use of Transcutaneous Vagal Nerve Stimulator. Otolaryngology—

head and neck surgery: official journal of American Academy of Otolaryngolo- 

gy-Head and Neck Surgery 159, 802–804 . 
ackrell, K. , Hall, D.A. , Barry, J.G. , Hoare, D.J , 2018. Performance of the Tinnitus Func-

tional Index as a diagnostic instrument in a UK clinical population. Hear. Res. 
358, 74–85 . 

ertonani, A. , Ferrari, C. , Miniussi, C. , 2015. What do you feel if I apply transcra-
nial electric stimulation? Safety, sensations and secondary induced effects. Clin. 

Neurophysiol. 126, 2181–2188 . 

lottorp, G. , 1953. Effect of Different Types of Electrodes in Electrophonic Hearing. 
J. Acoust. Soc. Am. 25, 236–245 . 

outz, T.J. , McIntyre, C.C , 2010. Evaluation of novel stimulus waveforms for deep
brain stimulation. J. Neural Eng. 7, 066008 . 

eorge, M.S. , Sackeim, H.A. , Rush, A.J. , Marangell, L.B. , Nahas, Z. , Husain, M.M. ,
Lisanby, S. , Burt, T. , Goldman, J. , Ballenger, J.C , 20 0 0. Vagus nerve stimulation: a

new tool for brain research and therapy. Biol. Psychiatry 47, 287–295 . 

lowatzki, E. , Fuchs, P.A , 2002. Transmitter release at the hair cell ribbon synapse.
Nat. Neurosci. 5, 147–154 . 

rossman, N. , Bono, D. , Dedic, N. , Kodandaramaiah, S.B. , Rudenko, A. , Suk, H.J. , Cas-
sara, A.M. , Neufeld, E. , Kuster, N. , Tsai, L.H. , Pascual-Leone, A. , Boyden, E.S. , 2017.

Noninvasive Deep Brain Stimulation via Temporally Interfering Electric Fields. 
Cell 169, 1029–1041 e1016 . 

elmchen, C. , Rother, M. , Spliethoff, P. , Sprenger, A. , 2019. Increased brain responsiv-
ity to galvanic vestibular stimulation in bilateral vestibular failure. Neuroimage 

Clin 24, 101942 . 

ouse, J.W. , 1984. Effects of electrical stimulation on tinnitus. J. Laryngol. Otol. 98,
139–140 . 

uang, Y. , Parra, L.C , 2019. Can transcranial electric stimulation with multiple elec-
trodes reach deep targets? Brain stimulation 12, 30–40 . 

eshavarzi, M. , Reichenbach, T. , 2020. Transcranial Alternating Current Stimulation 
With the Theta-Band Portion of the Temporally-Aligned Speech Envelope Im- 

proves Speech-in-Noise Comprehension. Front. Hum. Neurosci. 14, 187 . 

etz, N. , Jones, A.P. , Bryant, N.B. , Clark, V.P. , Pilly, P.K. , 2018. Closed-Loop Slow-Wave
tACS Improves Sleep-Dependent Long-Term Memory Generalization by Modu- 

lating Endogenous Oscillations. J. Neurosci. 38, 7314–7326 . 
e Prell, C.G. , Kawamoto, K. , Raphael, Y. , Dolan, D.F , 2006. Electromotile hearing:

acoustic tones mask psychophysical response to high-frequency electrical stim- 
ulation of intact guinea pig cochleae. J. Acoust. Soc. Am. 120, 3889–3900 . 

ee, D.J. , Lozano, C.S. , Dallapiazza, R.F. , Lozano, A.M , 2019. Current and future di-

rections of deep brain stimulation for neurological and psychiatric disorders. J. 
Neurosurg. 131, 333–342 . 

ewis, R.S. , Hudspeth, A.J , 1983. Voltage- and ion-dependent conductances in soli- 
tary vertebrate hair cells. Nature 304, 538–541 . 

in, P. , Turner, C.W. , Gantz, B.J. , Djalilian, H.R. , Zeng, F.G. , 2011. Ipsilateral masking
between acoustic and electric stimulations. J. Acoust. Soc. Am. 130, 858–865 . 
7 
allinckrodt, E. , Hughes, A.L. , Sleator, W. , 1953. Perception by the skin of electrically
induced vibrations. Science 118, 277–278 . 

cIntyre, C.C. , Grill, W.M , 20 0 0. Selective microstimulation of central nervous sys-
tem neurons. Ann. Biomed. Eng. 28, 219–233 . 

ehta, A.R. , Pogosyan, A. , Brown, P. , Brittain, J.S , 2015. Montage matters: the in-
fluence of transcranial alternating current stimulation on human physiological 

tremor. Brain stimulation 8, 260–268 . 
eikle, M.B. , Henry, J.A. , Griest, S.E. , Stewart, B.J. , Abrams, H.B. , McArdle, R. , My-

ers, P.J. , Newman, C.W. , Sandridge, S. , Turk, D.C. , Folmer, R.L. , Frederick, E.J. ,

House, J.W. , Jacobson, G.P. , Kinney, S.E. , Martin, W.H. , Nagler, S.M. , Reich, G.E. ,
Searchfield, G. , Sweetow, R. , Vernon, J.A , 2012. The tinnitus functional index: 

development of a new clinical measure for chronic. intrusive tinnitus. Ear and 
hearing 33, 153–176 . 

iddlebrooks, J.C. , Snyder, R.L , 2007. Auditory prosthesis with a penetrating nerve 
array. J. Assoc. Res. Otolaryngol. 8, 258–279 . 

inhas, P. , Bansal, V. , Patel, J. , Ho, J.S. , Diaz, J. , Datta, A. , Bikson, M. , 2010. Electrodes

for high-definition transcutaneous DC stimulation for applications in drug de- 
livery and electrotherapy, including tDCS. J. Neurosci. Methods 190, 188–197 . 

icolas-Puel, C. , Akbaraly, T. , Lloyd, R. , Berr, C. , Uziel, A. , Rebillard, G. , Puel, J. , 2006.
Characteristics of tinnitus in a population of 555 patients: specificities of tinni- 

tus induced by noise trauma. Int. Tinnitus J. 12, 64 . 
ampersad, S. , Roig-Solvas, B. , Yarossi, M. , Kulkarni, P.P. , Santarnecchi, E. , Dor-

val, A.D. , Brooks, D.H , 2019. Prospects for transcranial temporal interference 

stimulation in humans: A computational study. Neuroimage 202, 116124 . 
en, T. , Nuttall, A.L , 1995. Extracochlear electrically evoked otoacoustic emissions: 

a model for in vivo assessment of outer hair cell electromotility. Hear. Res. 92, 
178–183 . 

iecke, L. , Formisano, E. , Sorger, B. , Baskent, D. , Gaudrain, E. , 2018. Neural Entrain-
ment to Speech Modulates Speech Intelligibility. Curr. Biol. 28, 161–169 e165 . 

uggero, M.A. , 1992. Responses to sound of the basilar membrane of the mam- 

malian cochlea. Curr. Opin. Neurobiol. 2, 449–456 . 
ato, M. , Baumhoff, P. , Kral, A. , 2016. Cochlear Implant Stimulation of a Hearing Ear

Generates Separate Electrophonic and Electroneural Responses. J. Neurosci. 36, 
54–64 . 

chwartz, S.R. , Magit, A.E. , Rosenfeld, R.M. , Ballachanda, B.B. , Hackell, J.M. ,
Krouse, H.J. , Lawlor, C.M. , Lin, K. , Parham, K. , Stutz, D.R. , Walsh, S. , Wood-

son, E.A. , Yanagisawa, K. , Cunningham, E.R. , 2017. Clinical Practice Guideline 

(Update): Earwax (Cerumen Impaction). Otolaryngol. Head Neck Surg. 156, 
S1–S29 . 

errador, J.M. , Deegan, B.M. , Geraghty, M.C. , Wood, S.J , 2018. Enhancing vestibular
function in the elderly with imperceptible electrical stimulation. Sci. Rep. 8, 336 . 

impson, M.J. , Jennings, S.G. , Margolis, R.H , 2020. Techniques for Obtaining High- 
-quality Recordings in Electrocochleography. Front. Syst. Neurosci. 14, 18 . 

tevens, S.S. , 1961. To Honor Fechner and Repeal His Law: A power function, not a

log function, describes the operating characteristic of a sensory system. Science 
133, 80–86 . 

ullivan, G.M. , Feinn, R. , 2012. Using effect size—Or why the P value is not enough.
J. Grad. Med. Edu. 4, 279–282 . 

ang, Q. , Liu, S. , Zeng, F.G , 2006. Loudness adaptation in acoustic and electric hear-
ing. J. Assoc. Res. Otolaryngol. 7, 59–70 . 

ran, P. , Richardson, M.L. , Zeng, F.G , 2019. Input-Output Functions in Human Heads
Obtained With Cochlear Implant and Transcranial Electric Stimulation. Neuro- 

modulation . 

oroslakos, M. , Takeuchi, Y. , Brinyiczki, K. , Zombori, T. , Oliva, A . , Fernandez-Ruiz, A . ,
Kozak, G. , Kincses, Z.T. , Ivanyi, B. , Buzsaki, G. , Berenyi, A. , 2018. Direct effects

of transcranial electric stimulation on brain circuits in rats and humans. Nat. 
Commun. 9, 483 . 

uen, E. , Ma, C. , Nguyen, S.A. , Meyer, T.A. , Lambert, P.R , 2021. The Effect of Cochlear
Implantation on Tinnitus and Quality of Life: A Systematic Review and Meta–

analysis. Otol. Neurotol. 42, 1113–1122 . 

eng, F.G. , 2002. Temporal pitch in electric hearing. Hear. Res. 174, 101–106 . 
eng, F.G. , Djalilian, H. , Lin, H. , 2015. Tinnitus treatment with precise and optimal

electric stimulation: opportunities and challenges. Curr. Opin. Otolaryngol. Head 
Neck Surg. 23, 382–387 . 

eng, F.G. , Rebscher, S. , Harrison, W. , Sun, X. , Feng, H. , 2008. Cochlear implants: sys-
tem design, integration, and evaluation. IEEE Rev. Biomed. Eng. 1, 115–142 . 

eng, F.G. , Tran, P. , Richardson, M. , Sun, S. , Xu, Y. , 2019. Human Sensation of Tran-

scranial Electric Stimulation. Sci. Rep. 9, 15247 . 
eng, F.G. , Richardson, M. , Tran, P. , Lin, H. , Djalilian, H. , 2019. Tinnitus Treatment Us-

ing Noninvasive and Minimally Invasive Electric Stimulation: Experimental De- 
sign and Feasibility. Trends Hear 23, 2331216518821449 . 

http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0007
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0007
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0007
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0007
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0007
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0007
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0007
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0007
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0007
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0007
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0007
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0007
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0007
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0007
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0007
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0007
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0007
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0007
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0008
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0008
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0008
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0008
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0008
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0008
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0009
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0009
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0009
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0009
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0010
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0010
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0010
https://doi.org/10.3389/fnsys.2012.00019
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0011
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0011
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0012
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0012
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0012
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0013
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0013
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0013
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0013
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0013
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0014
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0014
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0014
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0014
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0014
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0014
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0015
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0015
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0015
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0016
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0016
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0016
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0016
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0016
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0017
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0017
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0017
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0017
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0018
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0018
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0019
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0019
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0019
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0020
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0020
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0020
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0020
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0020
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0020
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0020
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0020
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0020
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0020
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0020
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0021
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0021
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0021
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0022
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0022
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0022
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0022
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0022
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0022
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0022
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0022
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0022
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0022
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0022
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0022
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0022
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0023
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0023
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0023
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0023
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0023
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0024
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0024
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0025
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0025
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0025
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0026
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0026
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0026
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0027
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0027
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0027
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0027
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0027
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0027
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0028
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0028
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0028
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0028
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0028
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0029
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0029
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0029
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0029
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0029
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0030
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0030
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0030
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0031
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0031
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0031
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0031
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0031
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0031
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0032
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0032
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0032
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0032
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0033
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0033
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0033
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0034
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0034
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0034
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0034
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0034
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0035
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0035
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0035
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0035
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0035
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0035
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0035
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0035
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0035
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0035
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0035
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0035
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0035
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0035
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0035
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0035
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0035
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0035
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0035
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0035
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0035
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0035
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0036
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0036
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0036
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0037
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0037
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0037
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0037
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0037
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0037
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0037
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0037
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0038
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0038
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0038
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0038
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0038
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0038
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0038
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0038
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0039
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0039
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0039
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0039
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0039
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0039
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0039
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0039
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0040
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0040
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0040
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0041
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0041
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0041
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0041
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0041
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0041
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0042
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0042
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0043
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0043
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0043
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0043
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0044
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0044
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0044
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0044
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0044
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0044
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0044
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0044
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0044
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0044
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0044
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0044
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0044
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0044
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0044
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0045
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0045
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0045
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0045
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0045
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0046
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0046
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0046
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0046
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0047
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0047
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0048
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0048
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0048
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0049
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0049
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0049
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0049
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0050
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0050
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0050
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0050
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0051
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0051
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0051
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0051
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0051
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0051
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0051
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0051
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0051
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0051
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0051
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0051
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0052
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0052
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0052
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0052
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0052
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0052
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0053
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0053
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0054
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0054
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0054
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0054
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0055
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0055
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0055
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0055
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0055
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0055
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0056
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0056
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0056
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0056
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0056
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0056
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0057
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0057
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0057
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0057
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0057
http://refhub.elsevier.com/S0378-5955(22)00002-8/sbref0057

	Electric hearing and tinnitus suppression by noninvasive ear stimulation
	1 Introduction
	2 Methods
	2.1 Ear electrode placement
	2.2 Characterization of electric hearing
	2.3 Tinnitus suppression
	2.4 Sham electric stimulation
	2.5 Quantifying tinnitus suppression
	2.6 Adverse events
	2.7 Statistical analysis

	3 Results
	3.1 Electric hearing
	3.2 Tinnitus suppression

	4 Discussion
	5 Mechanisms of electric hearing
	5.1 Limitations and applications
	5.2 Broader implications for neuromodulation

	6 Author contributions
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	References




