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Abstract

Background: This paper is a review of the literature on electrical stimulation of the ear to treat tinnitus. This method of treatment
has been used since the 1970s and different techniques have been explored. The primary aim of this work was to review the litera-
ture on electrical stimulation of the ear to suppress tinnitus, with a specific focus on the methods and stimulation parameters used so far
and the efficacy of the different methods. A secondary aim was to formulate recommendations on electrical ear stimulation parame-
ters that suppress tinnitus.

Material and methods: Four databases were searched: PubMed, Ovid Embase, Web of Science, and Science Direct. Database searches were
conducted during November 2018 using the search terms: tinnitus and electrical stimulation. Inclusion criteria: All research articles on inva-
sive and non-invasive electrical stimulation of the ear for suppressing tinnitus were included. Other inclusion criteria were records in English
and involving adult human participants. Exclusion criteria: Studies on intracochlear stimulation using cochlear implants and studies where
stimulation extended beyond the ear (e.g. transcutaneous electrical nerve stimulation, TENS) were excluded.

Results: Twenty publications met the inclusion criteria and were analysed in this review. A comparison was made between invasive and
non-invasive electrical ear stimulation in terms of efficacy, type of current used, laterality of stimulation, intensity and frequency of the
current, duration of tinnitus suppression, and adverse effects. Due to the non-standardised methodology of the studies, there was only a low
level of evidence available in terms of the advantages of a particular technique or stimulation parameter. The difficulties in comparing the
effectiveness of the studies were related to many factors, and these are discussed. One factor is the variability in outcome measures, including
different definitions of treatment success and limited use of standardised or validated outcome measures.

Conclusions: Based on the reviewed literature, it is concluded there is no clear advantage of one stimulation condition over the oth-
er in terms of method, stimulation parameter, or effectiveness. This leads us to conclusion that the present body of evidence is insufficient to for-
mulate definite recommendations for electrical ear stimulation.
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COMPARACION DE LA ESTIMULACION ELECTRICA INVASIVA Y NO INVASIVA
DEL OIDO EN EL TRATAMIENTO DEL TINNITUS.
REVISION DE LA LITERATURA

Resumen

Introduccion: Este articulo es una revision de las publicaciones disponibles sobre la estimulacion eléctrica del oido en el tratamiento del tin-
nitus subjetivo. El objetivo principal de la revisién es analizar las técnicas de estimulacion utilizadas hasta ahora, teniendo en cuenta los pa-
rametros utilizados y su efectividad. El segundo objetivo es intentar formular recomendaciones sobre técnicas y parametros de estimulacion
eléctrica del oido en el tratamiento del tinnitus.

Material y métodos: Bases de datos utilizadas: PubMed, Ovid Embase, Web of Science y Science Direct. La busqueda en las bases de da-
tos se realiz6 en noviembre de 2018 utilizando las palabras clave: tinnitus y electroestimulacion.
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Criterios de inclusion: se incluyeron los trabajos que tratan sobre la estimulacion eléctrica invasiva y no invasiva del oido en el tratamiento
del tinnitus, en grupos de pacientes adultos, publicados en inglés.

Criterios de exclusion: se excluyeron los estudios sobre la estimulacion coclear con implantes cocleares y los estudios en los que la estimula-
cion fue mas alla del oido (por ejemplo, la estimulacion nerviosa eléctrica transcutdnea - ENET).

Resultados: De todas las publicaciones obtenidas, veinte cumplieron los criterios de inclusion y en base a estos se realiz el analisis. La com-
paracion de la estimulacion eléctrica del oido invasiva y no invasiva se realizé en términos de técnica de estimulacion, efectividad del méto-
do, tipo de corriente utilizada, su intensidad y frecuencia, duracion de la estimulacion, asi como efectos terapéuticos y efectos secundarios.

Debido a que la gran mayoria de estudios siguen una metodologia de investigacion no estandar, no hay mucha evidencia para demostrar las
ventajas claras de las técnicas o parametros de estimulacion especificos. Son muchos factores que influyen en la dificultad de comparar la efec-
tividad de los métodos individuales. Uno de ellos es la variedad de métodos para medir los resultados del tratamiento, incluidas las diferen-
cias en la definicion de la efectividad de la terapia utilizada o el uso limitado de métodos de medicién estandarizados.

Resumen: En base a la literatura analizada, no se puede evidenciar superioridad en la efectividad en ninguno de los métodos de estimula-
cién en comparacion con los otros. Esto lleva a la conclusién adicional de que los datos de la literatura actual no son suficientes para formu-
lar recomendaciones sobre técnicas y parametros de estimulacion eléctrica del oido en el tratamiento del tinnitus.

Palabras clave: tinnitus « estimulacién eléctrica del oido « corriente continua e corriente alterna e revision de literatura

CPABHUTEJ/IBHBIN AHAJIN3 THBA3SMBHOWM I HEMHBA3VIBHOM
SEKTPOCTUMYJ/ISALINU YXA IIPU JIEHEHUU VIIHBIX IIYMOB.
OB30OP JIUTEPATYPbHI

AHHOTaIUA

Brepnenne: CraTbs NpefcTaBiAeT co60ii 0630p JOCTYIHBIX ITy6IMKAIIMIA IO TeMe 7IeKTPUYECKON CTUMY/IALMY yXa IIPY TeYeHNN Cy6D-
€KTUBHOrO yInHoro myma. OCHOBHasA Iielb 0630pa COCTOsANMA B TOM, YTOObI IPOAHAIM3MPOBATh JOCTYITHbIE METOAbI CTUMY/IALINN C
Y4YEeTOM MCIIONb3yeMBIX TapaMeTpoB U uX 3¢ deKTUBHOCTH. BTOpOIi Iie/bIo AB/IATACH IONbITKA CGOPMYINPOBATh PEKOMEH/JALINN OT-
HOCUTE/IbHO METOJIOB ¥ IIapaMeTPOB 37IEKTPUYECKON CTUMY/IALMM C/TyXa Iy JIeYeHNY YIIHOTO HIyMa.

Marepuansl ¥ METOABI: CITONb3yeMble 6a3bl fanHbIX: PubMed, Ovid Embase, Web of Science u Science Direct. ITonck B 6a3e gaHHBIX
npoBoOAWIICS B HOsIOpe 2018 rofa 1o K/II0YEBBIM CI0BAM: YLIHOM LIYM U 9I€KTPOCTUMYIISILVSL.

Kpurepun BKI04eHNA: pabOTHI IO MHBA3VMBHOI M HEMHBA3UBHOI 3/IEKTPUYECKON CTUMYIALMYN yXa HPY JIe4eHUN YIIHOTO IIyMa, B
IpyIIIie B3POCTIbIX MAlMeHTOB, A3bIK MyOMMKAIMIA - aHITUIICKIIA.

Kpurepnn ncKIoOUeHNs: 0630p MCKI0YaeT UCCIENOBAHMsI, KACAIOLIMeCs CTUMY/ISIINY YIUTKYU C HOMOIIBIO KOX/T€apHBIX MMIUIAH-
TaTOB, ¥ MCCIEJOBAHN, B KOTOPBIX CTUMY/ISIMS BBIXOAWIA 3a Ipefenbl yXxa (HapuMmep, 9/leKTpudecKasi CTUMY/ISLVS HepBa de-
pe3 koxy - TENS).

Pesynbrarhl: VI3 BCeX JOCTYIHBIX MyO/IMKALMIl IBAILATh COOTBETCTBOBAIM KPUTePysIM BKIodeHrs. Ha nx ocHOBe GbUI IpoBeneH
aHanmus. CpaBHeHMe VHBA3VBHOI U HEMHBA3MBHOI 9/IEKTPOCTUMYILALNI YXa MPOBOAMIOCH C TOYKY 3PEHNS TeXHUKM CTHUMY/IALININ,
9 eKTUBHOCTU METOJIA, THIIA UCIO/IB3YEMOr0 TOKA, €r0 MHTEHCUBHOCTH ¥ YaCTOTBI, POJO/DKUTENBHOCTY CTUMY/IALINY, @ TAK)XKe Te-
paneBTudeckoro apdexra n m06049HbIX 3¢pPeKToB.

B cBsa3u ¢ HeCTaH}IaPTHof/‘I MeTOHOIIOI‘I/IeIZ uccnenoBaHms, HET JOCTATOYHOI'O KOJINYECTBA JOKA3aTENbCTB, CBUAETEIbCTBYIOIINX O
SABHBIX IIPEMMYIIECTBAX KOHKPETHBIX METOJOB M/IM ITAPaMETPOB CTUMY/IALIVIN. CnoXHO CpPaBHUTDH 3(1)(1)8KTI/IBHOCTI) OTHAEC/TbHBIX ME-
TOAOB IO MHOTUM IIpMYMHAM. OI[HOﬁ VI3 HUX SABNIAETCA pa31—1006pa3me METOAOB OoNl€peNeNeHNs pe3y/IbTaTOB JI€Y€HNA, BKIO4Yasd
pasnmn4umsa B OIIpEeNeIeHNN 3(1)(1)6KTI/IBHOCTI/I MCHOHbByeMOﬁ Tepanny VI OTPAaHNYEHHOE VMCIIONIb30BaHME CTAaHAAPTU3IVMIPOBAHHBIX
METOAO0B N3MEPEHNMA.

BriBopbr: Ha ocHOBaHMY IIpOaHa/IN3MPOBAaHHON IMTEPATYPhI ObUI Cie/IaH BBIBOJ 06 OTCYTCTBUM SBHOTO ITPEMMYILECTBA OfHOTO U3 VIC-
TIOTTb3yeMBIX METOJ[OB CTUMY/IALIUY [0 CPABHEHNIO C APYTMM. DTO IPUBOANT K FAaTbHENIINM BbIBOJIaM O TOM, 9YTO B COBPEMEHHOIA /N~
TepaType He JOCTaTOYHO JAHHBIX JI/IA MOCTAHOBKM PEKOMEH/AINIA IT0 METOJMKAM M IapaMeTpaM 3/IeKTPOCTUMYIALMA yXa IpH JIe-
YEeHUY YITHOTO IIyMa.

KiroueBbie CI0Ba: YLUIHON LIYM o 9IEKTPOCTUMY/IALMA yXa o IOCTOSHHBII TOK o IEPEMEHHBI TOK « 0030p TMTEPaTyPhIL.

POROWNANIE INWAZYJNEJ I NIEINWAZYJNE]J STYMULAC]I ELEKTRYCZNE]
UCHA W LECZENIU SZUMOW USZNYCH. PRZEGLAD LITERATURY

Streszczenie

Wstep: Artykul stanowi przeglad dostgpnych publikacji na temat stymulacji elektrycznych ucha w leczeniu subiektywnych szuméw usznych.
Gléwnym celem przegladu byla analiza stosowanych dotychczas technik stymulacji, z uwzglednieniem wykorzystywanych parametréw,
oraz ich skutecznoéci. Drugim celem bylo podjecie proby sformutowania rekomendacji dotyczacych technik i parametrow elektrycznej sty-
mulacji ucha w terapii szuméw usznych.

Material i metody: Wykorzystane bazy danych: PubMed, Ovid Embase, Web of Science i Science Direct. Wyszukiwanie w bazach danych prze-
prowadzono w listopadzie 2018 r. z uzyciem stéw kluczowych: szumy uszne i elektrostymulacja.
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Kryteria wigczenia: prace dotyczace inwazyjnej i nieinwazyjnej elektrycznej stymulacji ucha w leczeniu szuméw usznych, w grupie doro-
stych pacjentdw, jezyk publikacji — angielski.

Kryteria wykluczenia: z przegladu zostaly wylaczone badania dotyczace stymulacji $limaka za pomocg implantéw §limakowych oraz badania,
w ktorych stymulacja wykraczata poza ucho (np. przezskorna elektryczna stymulacja nerwow — TENS).

Whioski: Sposréd wszystkich uzyskanych publikacji, dwadziescia spelnito kryteria wiaczenia i na ich podstawie zostala przeprowadzona ana-
liza. Poré6wnanie inwazyjnej i nieinwazyjnej stymulacji elektrycznej ucha przeprowadzono pod wzgledem techniki prowadzonej stymula-
¢ji, skuteczno$ci metody, rodzaju zastosowanego pradu, jego natezenia i czestotliwosci, czasu trwania stymulacji oraz efektu terapeutyczne-
go i dzialan niepozadanych.

Ze wzgledu na niestandardowa metodologi¢ badan nie ma wielu dowodow $wiadczacych o wyraznych zaletach konkretnych technik lub pa-
rametréw stymulacji. Na trudnoéci w poréwnywaniu skutecznoéci poszczegdlnych metod wplywa wiele czynnikéw. Jednym z nich jest réz-
norodnos¢ metod pomiaru wynikéw leczenia, w tym réznice w definiowaniu skutecznosci zastosowanej terapii czy ograniczone stosowa-
nie standaryzowanych metod pomiardw.

Podsumowanie: Na podstawie analizowanej literatury postawiono wniosek o braku wyraznej przewagi skutecznosci jednej ze stosowanych me-
tod stymulacji wzgledem innych. Prowadzi to do dalszych konkluzji, ze obecne dane literaturowe nie sg wystarczajace do sformulowania re-

komendacji dotyczacych technik i parametréw stymulacji elektrycznej ucha w leczeniu szuméw usznych.

Stowa kluczowe: szumy uszne « stymulacja elektryczna ucha e prad staly « prad przemienny « przeglad literatury

Abbreviations

ES - electrical stimulation

AC - alternating current

DC - direct current

VAS - visual analogue scale

THI - Tinnitus Handicap Inventory
TQ - Tinnitus Questionnaire

Background

Tinnitus is the phantom perception of sound in the ab-
sence of any corresponding external source [1]. Studies
have shown that tinnitus is a common symptom, affect-
ing about 10-15% of the adult population [2,3]. Many pa-
tients habituate to this phantom sound; nevertheless, in
around 1-2% of tinnitus patients it has a major impact on
the quality of life [4,5]. Those significantly affected by tin-
nitus are reported to suffer from psychological disorders
such as anxiety and depression [6] and can face debilitat-
ing difficulties in activities of daily living [7].

Multiple factors are known to contribute to tinnitus genera-
tion and defining them is considered fundamental for a com-
plete cure of tinnitus. Understanding the exact pathophys-
iological process of tinnitus generation is still a challenge;
however, primary central pathology is increasingly suspect-
ed [8]. Spontaneous neural activity in the auditory cortex has
been examined in the tinnitus population and compared to
healthy individuals; it appears that hyperactivity at the cen-
tral level (auditory cortex, brainstem, posteroventral coch-
lear nucleus, inferior colliculus) may have a direct causal
relationship to tinnitus generation [9,10]. In most cases, tin-
nitus is associated with auditory dysfunction, in which there
is deprivation of the auditory cortex from normal stimula-
tion. This leads to an activation of sodium/potassium cur-
rents and hyperpolarization of neuronal cells in the audito-
ry cortex. This is followed by dominance of delta (< 4 Hz)
over alpha (8-12 Hz) waves [11].

Electrical stimulations (ES) of the head, ear, cranial
nerves, or auditory cortex are possible methods of tin-
nitus treatment. Neurostimulation therapies like tran-
scranial direct or alternating current stimulation (tDCS,
tACS) target abnormal neuronal activity at the central
level to suppress tinnitus, while electrical stimulation
of the ear may work by targeting the peripheral hearing
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system pathology which secondarily triggers changes at
the central level [12].

Extracochlear electric stimulation can suppress tinnitus by
affecting the polarization of the outer hair cells (OHC) and
changing their length, causing wave-like movements of the
basilar membrane [13,14]. This activation at the peripheral
level may lead to changes in electric potentials at the cen-
tral level resulting in tinnitus suppression [14].

Electrical ear stimulation can be performed using either
invasive or non-invasive approaches. Invasive electrical ear
stimulation involves incision or puncture of the tympan-
ic membrane in order to directly stimulate the cochlea by
placing the stimulating electrode on the promontory or
the round window [15-17]. In non-invasive ES, the hear-
ing organ is stimulated from a relatively far field by plac-
ing the stimulating electrode in the external ear canal or
on the tympanic membrane [18].

Although studies on electrical ear stimulation have shown
promising results in tinnitus treatment, not much work
has been done to investigate the optimal parameters and
techniques. What is more, most of the studies done in
the past used non-standard devices, making replication
of results difficult.

The primary aim of this work was to review the litera-
ture on electrical ear stimulation in suppression of tin-
nitus with a specific focus on the methods and stimula-
tion parameters used so far and the efficacy of different
methods of stimulation. A secondary goal was to formu-
late some recommendations for electrical ear stimulation
parameters for suppression of tinnitus.

Material and methods

Inclusion criteria: All research articles on invasive and
non-invasive electrical stimulation of the ear for tinni-
tus suppression were included in this review. Records in
English and involving adult human participants were oth-
er inclusion criteria.

Exclusion criteria: Studies on intracochlear stimulation
with the use of cochlear implants and studies where the
site of stimulation was beyond the ear (e.g. transcutane-
ous electrical nerve stimulation, TENS) were excluded.

n
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Table 1. Inclusion and exclusion criteria for selection
of articles

- Intervention: Invasive and non-in-
vasive ear electrical stimulation for
tinnitus suppression

- Language of published article: English

- Human studies

- Adult participants

Inclusion criteria

- Studies of intracochlear stimulation
using cochlear implants or studies
where stimulation extended beyond
the ear (e.g. transcutaneous electrical
nerve stimulation, TENS)

Exclusion criteria

Search strategy: Studies were identified from the results of
electronic database searches. Four databases were searched:
PubMed, Ovid Embase, Web of Science, and Science Di-
rect. Database searches were conducted during Novem-
ber 2018 using the search terms Tinnitus AND Electrical
Stimulation. Manual scans of the reference lists of the re-
trieved records were performed.

Selecting relevant records. Three authors (SSp, SSc, and MS)
independently screened all titles and abstracts to deter-
mine eligibility for inclusion in the review. Records were
carried forward for full text screening if at least one au-
thor requested it. Two authors (SSp, MS) independently
screened full texts for inclusion in the review; disagree-
ments were discussed until consensus was reached.

Data extraction: Data were extracted using a data extrac-
tion form which was designed specifically for the review,
piloted on a subset of records, and revised before formal
data extraction was undertaken. Data were extracted on
study design, population, intervention, comparator, type
of stimulation (invasive vs non-invasive), electrode place-
ment, type of current used, current intensity, current fre-
quency, duration of treatment, adverse effects, and main
efficacy outcomes for tinnitus. Two authors (SSp, MS)
independently extracted the data and any disagreements
were discussed until consensus was reached.

Results

The searches identified 2114 records in the four databases:
PubMed (n = 417), Ovid Embase (n = 223), Science Di-
rect (n = 1156), and Web of Science (n = 318).

Duplicate records (n = 419) were removed, leaving 1695 re-
cords for title/abstract screening; 84 articles were retrieved
for full text screening. From those, 64 records were ex-
cluded. Reasons for exclusion were: language other than
English (n = 22), studies using transcranial stimulation
(n=18), reviews (n = 7), abstract only was available (n = 6),
methods did not state the site of stimulation/electrode
placement (n = 2), no measure of tinnitus included (n = 2),
intracochlear stimulation (n = 2), conference workshop re-
port (n = 2), electromagnetic nerve stimulation (n = 1), va-
gal nerve stimulation (n = 1), and hand stimulation (n = 1).
This left 20 articles for data extraction. No additional re-
cords were identified from manual searches of reference
lists in included articles.

12

Of 20 publications that met our inclusion criteria, the ma-
jority (n = 13) were uncontrolled before-and-after stud-
ies [15,17,19-29], 3 were controlled before-and-after stud-
ies [30-32], 2 were a series of case studies [16,33], 1 was
a prospective cohort study [34], and 1 was a quasi-ran-
domised placebo controlled trial [35].

Of the 20 identified studies, 14 used invasive methods for
electrical ear stimulation [15-17,19,20,22-24,26-29,33,34]
and 6 used non-invasive methods [21,25,30-32,35]

Invasive ear stimulation

Characteristics of the invasive studies, including stim-
ulation parameters and main efficacy data, are includ-
ed in Table 2.

Among the 14 studies, 12 used equipment that was spe-
cifically designed for transtympanic electrical ear stimula-
tion [15-17,19,20,22,23,26-28,33,34] and 2 studies provid-
ed stimulation via a cochlear implant system using round
window or extracochlear electrode [24,29]. One study in-
cluded both: participants with cochlear implants (electrode
inserted into the cochlea) and participants receiving tran-
stympanic electrical stimulation [29]. For that study, only
data from participants receiving transtympanic stimula-
tion were analysed for this review.

A majority (n = 8) of the studies investigated the effects
of stimulation to the promontory [16,17,22,23,26-28,34],
while 3 studies investigated the effects of both promontory
and round window stimulation [15,19,33] and 3 studies in-
vestigated the effects of round window stimulation [20,24,29].

There were 5 studies which investigated the effects of di-
rect current [19,20,22,33,34], 8 investigated the effects of
alternating current [16,17,23,24,26-29], and 1 study inves-
tigated the effect of both direct and alternating currents
[15]. Of the studies that investigated the effects of direct
current, 4 used current with a positive polarity and 2 used
both positive and negative polarity. A wide range of cur-
rent intensities was used in the different studies, ranging
from 1 pA to 1 mA. The frequency of the current used
varied between 50 Hz and 10 kHz.

There were 10 studies which used only a single session
for tinnitus suppression [15,17,19,20,22,23,28,29,33,34].
Di Nardo et al. [22] and Konopka et al. [34] reported a sin-
gle session of 1 minute duration. Watanabe et al. [28] re-
ported a single session: 10 seconds in 15 patients, 30 sec-
onds in 24 patients, and 60 seconds in 17 patients. Perez
et al. [27] reported 3 consecutive 30-minute sessions eve-
ry other day. Matsushima et al. [16] reported individual
differences in duration of stimulation: Case 1, 30 mins,
twice per day; Case 2, around 1 hour up to 4 times a day;
Case 3, twice a day; Case 4, 60 min twice per day.

Efficacy of invasive ear stimulation: Success rates of electri-
cal stimulation varied, between 22% [23] and 86% of pa-
tients [19,34] reporting improvement in tinnitus. No-
tably, the definition of improvement differed between
the studies. In the majority, improvement meant sup-
pression of tinnitus (i.e. reduction in loudness, includ-
ing disappearance of tinnitus). However, Konopka et
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Records returned (n=2114)

PubMed (n = 417)

Ovid Embase (n=223)
Science Direct (n = 1156)
Web of Science (n=318)

Title/Abstract screening

A4

Records retained after

title/abstract screening (n = 84)

Duplicates removed (n = 419)

. Records out of scope (n=1611)

Full text review

. language other than English (n =22)
. using transcranial stimulation (n = 18)
. review (n=7)

. only abstract available (n=6)

. methods did not state the site of

Full set of records for data charting

(n=20)

Invasive ear stimulation (n = 14)

Non-invasive ear stimulation (n = 6)

stimulation/electrode placement (n = 2)
. no measure of tinnitus included (n = 2)
. intracochlear stimulation (n =2)
. conference workshop reports (n=2)
. electromagnetic nerve stimulation (n=1)
. vagal nerve stimulation (n = 1)

. hand stimulation (n=1)

Figure 1. Flow diagram illustrating search strategy and scoping review stages

al. [34] also included ‘improved frequency characteris-
tics’ as well as disappearance or attenuation of tinnitus
as an improvement in tinnitus. Suppression of tinnitus
was assessed and classified in different ways in different
studies. A majority of studies relied on patient report.
Perez et al. [27] used a 10-point visual analogue scale
(VAS) to assess tinnitus loudness before and after the
intervention, and used a criterion of reduction in score

by 2 levels or more in order to classify it as an improve-
ment. In that study VAS scores were collected at multi-
ple time points between 24 hours and 4 weeks after treat-
ment, and meeting the above criterion at any time point
was reported as an improvement. Only two studies used
a validated questionnaire — the Tinnitus Handicap Inven-
tory (THI) - to measure improvement in tinnitus [22,27].
Di Nardo et al. [22] reported a reduction in THI scores

13
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Table 2. Characteristics of invasive studies including stimulation parameters and main efficacy data

No of .
Study Study design p'at:itc.ipa'r;ts stirsnltlela::on Hfi:: Current intensity Current frequency
with tinnitus
Promon-
. toryand/  DC: positive . -
Aran, 1981 Case studies 39 or‘r(zjund polarity 20-500 pA 50-1600 Hz
window
ACand DC
DC positive
Uncontrolled Promontory -
Aran & and negati- THA-30mA
before and 84 and round : ! 50-6400 Hz
Cazals, 1981 . ve polarity. (equipment range)
after window Square
waves
DC: positive 1 uAto 30 mA The stimulation frequencies
Cazals et al Uncontrolled Promontory  and negati- e u‘i'l ment range): were chosen at octave intervals;
1978 i before and 7 and round ve polarity. in?enfit was raigseci one participant was stimulated
after window Rectangular ro ¥essive| with the constant current with
pulses prog Y constant intensity
. Upto3V
DC: positive :
Cazals et al,, Round P increasedto 5V
1984 Case study 1 window polawngl,esme after 2 months Cut off frequency of 1000 Hz
(adjustable)
. 50, 100, 200, 400, 800, and
0-500 pA. Started with s e ey
Di Nardo Ugcfontrollgd 1 P DC: positive lowest and increased 16|00 Hz. Stag‘?d with Igwes@l
etal., 2009 € of!'te an romontory polarity until patient reported pu :.e re;te an tlndczfase Lfmtt'
after discomfort patient reported discomfor
Max 100 pA, increased
until one of three things
happened:
. the patient heard
ﬁ;azf‘;ﬂq 3‘77 Serﬁzgife(;ase 9 Promontory AC a sound, tinnitus Began with 100 Hz
! was suppressed,
vertigo or a somatic
sensation was felt
Uncontrolled . . .
Hazell et al., Round AC-sinusoi- Maximum current
1993 bef;)fr&fnd K window dal current intensity was 300 A 20-200 Hz
111 (43 with
noise-in-
. duced and . -, 20-600 pA (depen-
gfglogﬁn c%ﬁé?fsctt&\éey 68 with non-  Promontory D%sg;ltt;’ve ding on the individual 0.06-10 kHz
i —n%lsr:e—iju— tolerance)
ced hearing
loss)
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Spencer S. et al. - Invasive v. non-invasive electrical ear stimulation

Duration of treatment Adverse effects

Efficacy

Vertigo in 5 patients (with
both positive and negative
stimulation for 1 patient, and
with negative stimulation for
4 patients)

One session, suppression during
stimulation was investigated

Round window stimulation was more practical (lower current
needed) for suppressing tinnitus with positive pulses. Suppres-
sion of tinnitus was only achieved with ipsilateral stimulation. Only
positive current was effective for tinnitus suppression. Negative
current elicited auditory sensation. Frequencies efficient for
tinnitus suppression varied from 50 to 1600 Hz. Current intensity
effective for suppression of tinnitus varied from 15 to 500 pA

One session, suppression during Discomfort at certain frequ-

Tinnitus suppression only occurred during stimulation of the ipsi-
lateral ear. Suppression was only achieved with positive currents.
Suppression of tinnitus during round window stimulation was
observed in 60% of patients and was always total. During promon-
tory stimulation reduction in tinnitus was observed in 43% of pa-
tients but was total only in 25% of patients. The intensities of cur-
rents needed for tinnitus suppression varied across patients and
ranged from 5 to 300 pA

stimulation was investigated encies
One stimulation session;
suppression during stimulation
investigated Not reported

DC of negative polarity did not suppress tinnitus and produced
auditory sensations. DC of positive polarity suppressed tinni-
tus in 6 out of 7 participants. The site of stimulation of the cochlea
(promontory or round window) was not obviously related to the
intensity of the pulses necessary to suppress tinnitus. The inten-
sities of currents needed for suppression of tinnitus varied from
20 to 300 pA. Frequencies effective for suppression of tinnitus
varied between patients and ranged from >50 to >200 Hz. Sup-
pression occurred only during stimulation

Unpleasant effect in patient’s
head when maximum intensi-

Chronic stimulation, use at will ty was increased to 5V

A voltage of 2V started to diminish participant’s tinnitus and 5V
was necessary to suppress it totally. Some tinnitus relief was repor-
ted by the patient when the stimulator was on

- . Discomfort at higher stimu-
At least 60 seconds of stimula lation intensities — ranging

tion at the frequency that caused )
the best tinnitus suppression from 6(3;3 2?]op"ij/|\szr;gtgwen

Five patients (45.4%) reported complete suppression of tinnitus,

4 (36.4%) reported tinnitus attenuation, and 2 (18.2%) said it was
unchanged immediately after stimulation. After T month post
stimulation 5 patients reported that their tinnitus intensity was much
lower than before the treatment, while 6 reported no change or their
tinnitus loudness returned to pre-stimulation levels. No one
reported tinnitus worsening. Overall, 9 of the 11 patients (82%) had
immediate tinnitus benefit from the stimulation. Most effective
frequencies for tinnitus suppression or reduction were 50 and 100 Hz.
Current intensities effective for tinnitus suppression ranged from
60 to 440 pA. Three patients reported tinnitus attenuation with
subthreshold stimulation (i.e. not eliciting sound). The THI scores
1 month after stimulation were reduced in 5 patients (reduction from
16 to 52 points) and remained unchanged in 6 patients (reduction
from 0 to 2 points)

Pressure in the ear (4 pa-
tients), numbness, vibra-
tion, or tingling in the thro-
at or cheek (6), pain in the ear
(3), tickling in the ear (1)

1 session

In 2 of 9 patients (22%) tinnitus was suppressed by stimula-
tion. In the first case effective stimulation parameters were
30 Hz and 80 pA; tinnitus returned soon after stimulation. In the
second case effective stimulation parameters were 10 Hz and
20 pA, applied for 30 s. The suppression lasted 4 h.

In one patient tinnitus increased with stimula-
tion at 100 Hz and 5 pA.

In 9 out of 13 participants (with and without tinnitus) the sensa-
tion of sound was evoked by the stimulation

Acute transtympanic stimulation
was tested, as well as chronic
stimulation with extracochlear
implant

Not reported

In 7/9 patients (78%), total suppression of tinnitus was obta-
ined by a sinusoidal current above hearing threshold and below
auditory discomfort. Tinnitus suppression was not observed for
subthreshold stimulation. In 2 patients, no tinnitus suppression

was obtained at any tested frequency.

The frequencies most effective for tinnitus suppression were

20 and 50 Hz.

2/111 patients noted dete-
rioration in their tinnitus;
1/111 patient claimed
loudness had increased after
electrostimulation

Average time of stimulation was
60 s. If a beneficial response was
achieved stimulation continu-
ed on a twice weekly basis (three
sessions)

Tinnitus was suppressed during stimulation in all patients. After
stimulation, 96 patients (86%) reported tinnitus suppression which
was maintained from several hours to 1 week. After 90 days tinni-
tus was improved in 42% of patients with noise-induced hearing
loss and 50% of patients with non-noise-induced hearing loss. Im-
provements included disappearance of tinnitus, improved tinnitus
frequency characteristics, and reduced tinnitus loudness.
Parameters of electrical impulses were individually different and
depended on tinnitus parameters and patient’s sensation.
Analysis of tinnitus suppression as a function of current intensity
and frequency showed that better results were obtained by using
frequencies below 1 kHz (but not statistically significant)
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No of .
. . Site of Type of : .
Study Study design participants _,. 5 Current intensity Current frequency
with tinnitus stimulation current
Matsushi- Uncontrolled . e . 10 kHz modulated at 1 kHz
maetal., before and 1r11i1(1152ega:;r)]- Promontory Adca'|s\l,\r,‘:vsgsl- 0to70 pA in the form of charge-balanced
1994 after sinusoidal waves
Maximum stimulus
intensity:
Matsushima . AC: sinuso- Case 1,70 A 10 kHz sinusoidal wave
et al.,, 1996 Case studies 4 Promontory idal wave Case 2,200 pA modulated at 100 Hz
Case 3,300 pA
Case 4, 100 pA
The maximum intensity . .
Okusa et al, Uncontrolled 65 (68_ea|js was limited to less than Fourfrequenaeg of.electnc
before and with tinni-  Promontory ; ) pulses were applied: 50, 100,
1993 after tus) 100 YA in order to avoid 200, and 400 Hz
cochlear damage '
0-1 mA (equipment ran-
Perez et al., Uncontrolled AC: rectan-  9& optimal stimulation
2015 before and 10 Promontory ular pulses level was set 20-30% 100 Hz and 1800 Hz
after 9 P lower than the discom-
fort level)
Maximum to avoid pain,
Rubinstein Uggfc:)r;ggﬂgd 1 Round typically 300-400 pA. 4800 Hz (4800 pps), pulse dura-
et al.,, 2003 after window Maximum current was tions were 25, 50, or 80 s
1.1 mA
Mean intensity of the
Uncontrolled s
Watanabe AC: square electric stimulus was
etal.,, 1997 before and 56 Promontory waves 38 YA (SD 26), and ran- 400 Hz

after

ged from 5 to 160 pA

(1 month after stimulation) in 5 of 11 patients (reduc-
tion from 16 to 52 points), while the scores remained un-
changed in 6 of 11 patients (reduction from 0 to 2 points).
No statistical analysis was performed on those scores. Perez
etal. [27] reported that THI scores to be significantly low-
er 4 weeks after treatment (reduction from 65.2 (SD 16.6)
to 50.2 (SD 18.7), p = 0.0039).

Type of current: Reduction of tinnitus was reported only
when positive direct current stimulation was used (or
alternating current). Negative currents usually elicit-
ed auditory sensations and did not result in improve-
ment of tinnitus [15,19,33]. Aran [33] concluded that
round window stimulation was more practical since a
lower current intensity was required for suppressing
tinnitus than with promontory stimulation. Aran and
Cazals [15] reported more participants experienced
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tinnitus suppression (60%) when the round window
was stimulated with direct positive current in com-
parison with 43% when stimulation was applied to the
promontory. They also reported that suppression with
round window stimulation was always total, while to-
tal suppression was achieved in only 25% of the partic-
ipants with promontory stimulation. In another study,
Cazals et al. [19] concluded that the site of stimulation
of the cochlea (promontory or round window) was not
obviously related to the intensity of the pulses neces-
sary to suppress the tinnitus. There did not seem to be
an obvious pattern of success rates associated with the
stimulation site (promontory vs round window) in the
remaining studies.

Laterality of stimulation: Two studies specifically reported
that tinnitus suppression occurred only when ipsilateral
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Spencer S. et al. - Invasive v. non-invasive electrical ear stimulation

Duration of treatment Adverse effects

Efficacy

Stimulation was performed up to
3 times a week at 3-week in-
tervals on the ipsilateral ear.

Stimulation was maintained for
60 sat70 pA

Not reported

Electrical promontory stimulation relieved tinni-
tus in 74 (57.4%) of 129 ears (112 patients). There
was no significant difference in etiology of tinnitus, age, ave-
rage audiogram, or tinnitus frequency between patients who
responded to electrical stimulation and those who did not. Most
patients who did not respond to the initial stimulation trial did
not respond to subsequent trials, suggesting that the initial
response to treatment predicts the subsequent response

Patients were able to use the
stimulation at home whenever
they needed treatment. Case 1,

30 min, twice per day
Case 2, around 1 hour up to
4 times a day
Case 3, twice a day
Case 4, 60 min twice per day

Perforated ear drum in case 4,
healed within 1 month

All patients reported improvement in sleep and tinnitus
after the stimulation. 2 patients did not experience tinnitus
throughout the day after the stimulation, and in 2 tinnitus was
weaker after the stimulation.

The effect on tinnitus suppression were not stable in all cases.
When patients got cold or tired, tinnitus often worsened. Hearing
sensation was not perceived during electrical stimulation

Side-effects of the stimulation
occurred in 17 patients.

7 patients reported dizziness,
5 discomfort of the throat,
3 discomfort of the nose,

1 facial spasms, and 1 a feel-
ing of numbness in the face.
These side-effects dis-
appeared soon after
cessation of stimulation.
Perforation of the tympanic
membrane was not
seen in any case

Single session, bursts of biphasic
pulses of 0.1 ms duration were
used, each lasting 500 ms

Reduction in tinnitus loudness was reported in 46 out of 68 ears
(67.6%). Stimulation was most effective in cases of noise-induced
hearing loss (100%; 3/3), followed by idiopathic sudden deafness
(88%; 14/16), Meniere’s disease (83%; 5/6), labyrinthitis (75%; 6/8),

ototoxicity (67%; 4/6), and unknown origin (76%; 13/17). The treat-
ment had no effect on patients with acoustic neuroma except for
one (8%; 1/12). An electric pulse of 50 Hz was the most effective
followed by one of 100 Hz

Three consecutive sessions were
conducted every other day. Total
duration of each session was
30 min: 15 min at 100 Hz and
15 min at 1800 Hz

None observed

Maximum decrease in tinnitus loudness as measured with visual
analog scale of 2 levels or more was observed in 5 out of 10 pa-
tients (50%) at one of the time points between 24 h and 4 weeks
after treatment. Loudness scores returned to baseline level
4 weeks after treatment. THI score was significantly lower at 4 we-
eks post-treatment (reduction from 65.2 + 16.6 to 50.2 + 18.7,
p =0.0039).
Tinnitus pitch, minimum masking levels, and matched tinnitus
loudness did not differ significantly before and after treatment

Pain evoked by stimulation

1 testing session, lasting 2-3 h above 300-400 pA

5/11 (45%) patients reported significant or complete tinnitus
suppression with either no perception or only a transient percep-
tion of the stimulus. 3 patients (28%) perceived tinnitus sup-
pression only in association with the perception of the stimulus.
3 patients (28%) reported no effects on tinnitus

Developed in 6 patients.
discomfort of the pharynx (3),
discomfort of the nose
(1), discomfort of the
oral cavity (1), cough (1),
discomfort of the lips and oral
cavity (1)

Single session. Different
duration of stimuli was used:
10 secin
15 patients, 30 sec in 24 patients,
and 60 sec in 17 patients

29 patients (52%) said their tinnitus was suppressed after sti-
mulation. Tinnitus became inaudible in 2 cases and temporarily
worse in 1 patient. The duration of post-stimulus suppression va-
ried from less than 1 h to over a month. There were no significant
effect of stimulus duration on tinnitus suppression

stimulation was applied and was not effective for contralat-
eral or central tinnitus [15,33].

Intensity of current: The intensities of current that were
most effective for tinnitus varied between studies and be-
tween individual patients and ranged from 5 to 500 pA.
Perez et al. [27] reported that the optimal stimulation lev-
el was one set about 20-30% lower than the discomfort
level. Konopka et al. [34] performed an analysis of tinni-
tus suppression as a function of current intensity and did
not find a statistically significant relationship.

Frequency of stimulation: Different studies tested stimula-
tion frequencies ranging from 10 Hz to 10 kHz. The fre-
quency of the current which was the most effective for
tinnitus suppression varied between studies and ranged
from 10 to 1600 Hz. While Aran [33] found the whole
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range of frequencies between 50 and 1600 Hz effective for
different participants, most studies found lower frequen-
cies more effective than higher frequencies. The most effec-
tive frequencies found by different studies were 50-200 Hz
[19], 50100 Hz [22], 10 and 30 Hz [23], 20 and 50 Hz
[24], and 50 Hz [17]. Konopka et al. [34] analysed tinnitus
suppression as a function of current frequency and showed
that better results were obtained by using frequencies be-
low 1 kHz, but this result was not statistically significant.

Duration of tinnitus suppression: The reported duration
of tinnitus suppression ranged from suppression report-
ed only during the ear stimulation to lasting for over
a month. Five studies described tinnitus suppression
occurring during or immediately after the stimulation
[15,19,20,24,33]. In the study by Graham and Hazell
[23], for one of the participants in which stimulation
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Table 3. Characteristics of non-invasive studies including stimulation parameters and main efficacy data

No of .
Study Study design p.:uitl:itc_ipa.rtlts Ad:‘l': c:':::;‘:de lel')ree:: Currentintensity  Current frequency
with tinnitus
Surface tympa-
. Uncontrolled nic membrane
2Dg(r)15esh| etal, before and after 52 electrode inserted Asv(asggsa)re 60 to 500 pA 600 Hz
study through external
ear canal
Uncontrolled tﬁac n(s 'LTIE’ .
Kuk et al., 1989 before and after 10 Eardrum and s?quaré 2 mA (maximum) 62-800 Hz
study waves)
Ranged from
Immersed in the gtﬂrgtjlc;t“clr? g?:;'_
external ear canal ted at maximum Ranged from
. Controlled filled with 0.9% sa- . . . 250 to 8000 Hz and
Mielczarek et al., X . " DC(positive current intensity and
2013 before and after 80 .||r.1e solution, avo olarity) continued if well was chosen for each
study iding contact with P Y tolerated or redu- patient to match their
the sck;r;;:vlfthe ced if pain or unple- tinnitus frequency
asant sensation was
reported
Ranged from
Immersed in the gtﬂrgljlc;t“clr? g?:;'_
A double-blind external ear canal ted at maximum Ranged from
. i- i ith 0.9% sa- - ; ) 250 to 8000 Hz and
Mielczarek et al., quasi f!lled W'th. 0.9% - DC (positive  current intensity and
2014 randomized pla- 120 I|r]e solution, avoi- olarity) continued if well was chosen for each
cebo co_ntrolled ding contact with P Y tolerated or redu- patient to match their
trial the sckalr;;fthe ced if pain or unple- tinnitus frequency
asant sensation was
reported
Immersed in the
external ear canal
. Controlled filled with 0.9% sa- ;
g/lolv]elgzarek etal, before and after 12 line solution, avo- b ((;}ggi?t;ve 0.14-1.08 mA 250 Hz
pilot study iding contact with P Y
the skin of the
canal
Immersed in the
external ear canal - Amplitude ran-
N " DC (positive
. Controlled filled with 0.9% sa- . ge of 0.01-2.24 mA,
g/loltflsczarek etal, before and after 49 line solution, avo- 32d gﬁagrﬁt')_ started with maxi- 0.25,1, é’ljjé" 56,7,
study iding contact with P Y) mum well-tolerated

the skin of the
canal

current intensity

was effective, tinnitus returned soon after stimulation
and for another the suppression lasted for 4 hours after
the stimulation. Okusa et al. [17] reported tinnitus sup-
pression lasting from a few minutes to more than 3 days
in different participants. Rubinstein et al. [29] report-
ed the duration of tinnitus suppression in some patients
lasting from 45 minutes to 72 hours after stimulation.
Di Nardo et al. [22] reported that for some patients re-
duction in tinnitus loudness and reduction in THI score
was still present 1 month after the stimulation. Konop-
ka et al. [34] reported tinnitus suppression in all par-
ticipants during stimulation, for 86% of participants
tinnitus suppression was maintained for several hours
to 1 week, and in 42% positive effects on tinnitus were
still present 90 days after stimulation. Watanabe et al. [28]
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reported that post-stimulus suppression lasted from less
than 1 hour to over a month.

In the study by Perez et al. [27], the loudness of tinnitus as
measured by VAS returned to baseline levels 4 weeks after
stimulation; however, the reduction in THI score was sta-
tistically significant 4 weeks post stimulation.

Adverse effects: Three studies did not observe any pain or
unpleasant sensation during or after electrical stimulation
[19,26,27]. The other 10 studies reported different levels
of adverse effects: pressure, pain, and tickling sensations
in the ear; unpleasant sensations in the head; deteriora-
tion of tinnitus and increase in tinnitus loudness; dizzi-
ness; and discomfort in the pharynx, oral cavity, and nose.
Aran [33] reported that with higher current intensities an
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Spencer S. et al. - Invasive v. non-invasive electrical ear stimulation

Duration of treatment Adverse effects

Efficacy

7 sessions of 30 min Not reported

There was significant reduction of TQ scores from
50.7 (5D 19.3) to 39.0 (SD 20.4), p = 0.001 (paired t-test).

20 of 32 patients (62.5%) indicated their tinnitus was suppressed after

ES. There was no significant change in tinnitus pitch in patients who
experienced tinnitus suppression nor in those whose tinnitus was not
suppressed (t-test, p > 0.05)

Feelings of ‘pressure; ‘warmth;
‘blockage; and ‘tingles’ during

Single session of 10 min the screening phase

5/10 patients who reported change in tinnitus went on to the tre-
atment phase after screening. Those patients then reported decre-

ase in annoyance (33-100%) and loudness (36-100%) of tinnitus after
treatment. Effects lasted 40 s to 4 h. Triangular and square wave stimuli
were more effective than sine waves. Optimal current level ranged from

410 900 pA depending on stimulus frequency. Stimulus frequencies
showing an effect ranged from 62 to 8000 Hz

The modified THI scores were reduced in 25 ears in the ear stimulation

Pain or unpleasant sensa-
tion at maximum current inten-
sity in some patients (1.15 mA)

Total of 15 sessions. Each
stimulation session lasted
4 min

only group (43.1%) and in 20 ears in the ear stimulation with kinesi-
therapy group (32.8%). Further reduction of modified THI scores was
observed in both groups 30 days after treatment (56.9 and 45.9%
respectively, p < 0.05).
After treatment, the number of ears with permanent tinnitus decre-
ased in both groups

No harmful effects on the
hearing organ were observed.
Pain or unpleasant sensa-
tion at maximum current inten-
sity in some patients (1.15 mA)

15 sessions of 4 min applied
3-4 times a week

The modified THI scores were reduced directly after treatment; inte-
rvention group showed improvement in 45 ears (37.8%) and placebo
group in 20 ears (30.8%).

There was a significant decrease in the number of ears with tinnitus
directly after ES (from 119 to 79, disappearance of tinnitus in 40 ears)
and placebo stimulation (from 65 to 61, disappearance of tinni-

tus in 4 ears; p < 0.05). Decrease in the number of ears with tinnitus was

significant at 30 and 90 days after stimulation in the intervention group

(p < 0.05) but not significant in the placebo group (p > 0.05)

In group with unilateral tinnitus, improvement (reduction in loudness

measured with VAS) was observed in 5/6 ears (83.3%; p = 0.013). Tinni-

4 min None observed

tus disappeared in 2/6 ears (33.3%).
In group with bilateral tinnitus, reduction in loudness measured with
VAS was observed in 7/12 ears (58.3%; p = 0.006); tinnitus disappe-
ared in 2/12 ears. There was no significant difference between the
two groups in terms of reduction of tinnitus loudness measured with
VAS (p = 0.699)

During stimulation tem-
porary pain was repor-
ted by people in both groups:
25 (51%) in the tinnitus group
and 14 (41%) in the healthy
subjects group. In all cases this
disappeared as soon as the
current intensity was reduced

One session of multiple
stimulation periods with
different parameters

Reduction of tinnitus loudness measured with VAS was
observed in 75% of stimulated ears. The reduction, from
5.5 (SD 1.7) to 3.3 (SD 2.4) after stimulation,
was statistically significant (p < 0.001).

Directly after electrical stimulation, there was improvement in 21 ears
(75%), no change in 5 ears (18%), and worsening in 2 ears
(7%). In 10 ears, (22%) tinnitus disappeared

uncomfortable non-auditory sensation appeared (e.g. nau-
sea, dizziness). Adverse effects related to the surgical place-
ment of electrodes were only reported by Matsushima et
al. [16] where perforation of the tympanic membrane was
reported by 1 patient, however, it healed within 1 month.

Non-invasive ear stimulation

Demographic and baseline characteristics of studies in-
vestigating non-invasive ear stimulation are included in
Table 3.

Among the 6 studies investigating non-invasive electri-
cal stimulation, 4 used an electrode immersed inside the
external ear canal filled with 0.9% saline solution, avoid-
ing contact with the skin of the canal [30-32,35], while

in 2 remaining studies the electrode was placed on the
tympanic membrane [21,25].

There were 4 studies investigating the effects of direct cur-
rent [30-32,35] and 2 of alternating current [21,25]. From
studies that investigated the effects of direct current, 2 used
current with positive polarity [30,35], 1 used negative po-
larity [31], and 1 used both positive and negative polari-
ty [32]. A wide range of current intensities were used in
different studies, ranging from 0.01 to 2.24 mA. Frequen-
cy of the current varied between 62 and 8000 Hz. There
were 2 studies which used a single session for tinnitus sup-
pression [25,31] and 4 multiple sessions [21,30,32,35]. Kuk
etal. [25] reported a single session of 10 minutes duration.
Mielczarek et al. [30,35] reported 15 sessions of 4 minutes
duration applied 3-4 times a week. Daneshi et al. [21]
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reported 7 sessions of 30 minutes duration. Mielczarek et
al. [32] did not specify the time of stimulation.

Efficacy of non-invasive ear stimulation: Of patients re-
porting improvement in their tinnitus, success of electri-
cal ear stimulation varied between 32.8% [30] and 83.3%
[31]. Similar to the studies using invasive ear stimulation,
the definition of improvement varied between the non-in-
vasive studies. There were 4 studies [21,25,31,32] which
defined improvement as suppression of tinnitus (i.e. re-
duction in tinnitus loudness, including the disappearance
of tinnitus). Kuk et al. [25] reported that only 50% of pa-
tients (5/10) who reported a reduction in tinnitus during
the screening phase moved to the treatment phase. Those
patients reported a reduction in tinnitus loudness and tin-
nitus annoyance of between 33% and 100%. Mielczarek et
al. [31] reported reduction in tinnitus loudness measured
with VAS in 5/6 participants who had unilateral tinnitus
when they received unilateral ear stimulation (83.3%, in
two ears tinnitus disappeared completely); in comparison,
they saw reductions in 7/12 ears of patients who had bilat-
eral tinnitus after bilateral stimulation was given (58.3%,
in two ears tinnitus disappeared completely). Mielczarek
et al. [32] reported a 75% success rate as indicated by re-
duction in tinnitus loudness measured with VAS. The re-
duction after stimulation, from 5.5 (SD 1.7) to 3.3 (SD 2.4),
was statistically significant (p < 0.001). Daneshi et al. [21]
reported tinnitus suppression in 62.5% of patients (20/32).

There were 3 studies which reported changes in tinni-
tus distress as measured with a multi-item questionnaire.
Daneshi et al. [21] reported a significant reduction in
Tinnitus Questionnaire (TQ) scores from 50.7 (SD 19.3)
to 39 (SD 20.4) after treatment (p = 0.001; paired ¢-test).
Mielczarek et al. [30] and Mielczarek et al. [35] used
a custom questionnaire designed by the authors, but
based on the THI, to measure treatment effects. In the
study by Mielczarek et al. [30] improvement in ques-
tionnaire scores was observed in 25 ears (43.1%) in the
group receiving electrical ear stimulation and in 20 ears
(32.8%) of ears receiving electrical ear stimulation com-
bined with kinesitherapy. This improvement was sta-
ble at 30 and 90 days post intervention. Mielczarek and
Olszewski [35] reported reduction of the questionnaire
scores in 45 ears (37.8%) in the intervention group and
in 20 ears (30.8%) in the placebo group. Further reduction
in questionnaire scores was observed at 30 and 90 days
post treatment (p < 0.05) in the intervention group.

It is worth noting that some studies also reported wors-
ening of tinnitus after electrical ear stimulation. Mielcza-
rek and Olszewski [35] reported deterioration of tinnitus
in 9 out of 119 ears in the intervention group and 1 out
of 65 ears in the placebo group. Mielczarek et al. [32] re-
ported worsening of tinnitus in 2 out of 38 ears. No deteri-
oration of tinnitus was observed in the remaining studies.

Type of current: All 6 studies reported reduction in tinnitus
loudness or distress in a proportion of patients regardless
of the type of current used. As different studies used differ-
ent criteria to define the success rate, it is difficult to com-
pare the effects of the different approaches. Studies using
positive currents reported success rates of between 32.8%
and 56.9%; those using negative current 58.3% to 83.3%;
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and 1 study using both approaches reported 75% success
rate. Kuk et al. [25] investigated sine, rectangular, and tri-
angular wave stimuli and concluded that triangular and
square wave stimuli were more effective than sine waves.

Laterality of stimulation: None of the studies specifically
looked at the effects of laterality of stimulation. However,
the study by Mielczarek et al. [31] compared electrical ear
stimulation in a group of patients with unilateral tinnitus
and a group of patients with bilateral tinnitus. Unilateral
stimulation was applied to the tinnitus ear for patients with
unilateral tinnitus and bilateral stimulation for patients
with bilateral tinnitus. No significant difference was ob-
served between the two groups in terms of improvements
in tinnitus loudness according to VAS scores (p = 0.7).

Intensity of the current: Mielczarek et al. [30], Mielcza-
rek and Olszewski [35], Mielczarek et al. [31], and Miel-
czarek et al. [32] adjusted the intensity of the current ac-
cording to the patients’ tolerance. The patients received
maximum well-tolerated intensity of the current. It
ranged from 0.15 to 1.15 mA [30,35], 0.14-1.08 mA [31],
and 0.01-2.24 mA [32]. There was no relation between
the intensity of current (on average 0.47 mA) used in ES
and changes in the cortical activity recorded in the alpha
band in the left central temporal and left frontal regions
(p > 0.05) [31]. Moreover, there was correlation between
the effectiveness of auditory system excitation (the pres-
ence of an auditory percept) and the current intensity in
the tinnitus group (ES required higher intensities of cur-
rent to evoke sound perception (p < 0.003) compared to
the healthy subject group). Moreover, there was no cor-
relation between hearing threshold and current intensi-
ty needed to evoke AP during electrical stimulation [32].
Daneshi et al. [21] performed stimulation using a current
range of 60 to 500 pA. Kuk et al. [25] found that an inten-
sity range of 4-900 pA, depending on stimulus frequen-
cy, was the optimal current level for tinnitus suppression.

Frequency of stimulation: Different studies have tested stim-
ulation frequencies between 62 and 8000 Hz. Out of 6 stud-
ies, 3 investigated tinnitus suppression using a wide range
of current frequencies (250-8000 Hz) [30,32,35] However,
in the first 2, ES was performed using a frequency adapted
to the tinnitus pitch. In the third study, ES was performed
at each frequency from the given range, which had a good
therapeutic effect in 75% of the tinnitus ears. Kuk et al.
[25] used a wider range of frequencies (62-8000 Hz) with
a positive effect in 5 of 10 patients. Mielczarek et al. [31]
applied a single frequency of stimulation (250 Hz) and
obtained improvement in tinnitus (loudness reduction in
VAS) in 12 of 18 tinnitus ears. Daneshi et al. [21] report-
ed that, in general, a current frequency of less than 600 Hz
was more effective in giving tinnitus suppression than
higher frequency stimuli.

Duration of tinnitus suppression: Duration of tinnitus sup-
pression varied across the studies. There were 2 studies
assessing the long-term effect of ES [30,35]. These stud-
ies involved a sequence of 15 applications of ES as a treat-
ment and follow-ups after 30 and 90 days. Directly after
the treatment the improvement rate (based on question-
naires) ranged from 32.8% to 43.1% and increased af-
ter 30 days from the end of treatment to 56.9% [30]. There
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was a high percentage of tinnitus disappearance direct-
ly after an ES cycle (39.7%), which decreased with time
(90 days) to 15.5% [30]. In the study with a placebo group,
the percentage of tinnitus disappearance differed signifi-
cantly: 33.6% (study group) vs 6.1% (placebo group) after
the end of treatment [35]. In the study by Daneshi et al.
[21], 32 patients (62.5%) experienced tinnitus suppression,
however, this occurred only immediately after the electri-
cal stimulation was applied. Kuk et al. [25] report tinnitus
suppression lasting from 40 s to 4 h.

Adbverse effects: There were 3 of 6 studies which did not
report any adverse effects upon electrical stimulation
[21,31,35]; 3 studies did report adverse effects, mainly
pain or unpleasant sensations [25,31,32]. The studies fol-
lowed the same strategy of increasing the current inten-
sity to the maximum well-tolerated level (the level with-
out pain or unpleasant sensation). Mielczarek et al. [32]
reported temporary pain sensations in persons from both
groups: 25 patients (51%) in the tinnitus group and 14 in-
dividuals (41%) in the healthy subjects group. In all cas-
es, pain disappeared as soon as the current intensity was
smoothly decreased.

Discussion

This paper is a review of the literature on electrical ear
stimulation in tinnitus treatment. ES treatment has been
used since the 1970s and different techniques have been
explored. A low level of evidence is available in terms of
the advantages of a particular technique or stimulation pa-
rameter due to the non-standardised methodology of the
studies available. The difficulties in comparing the effec-
tiveness of the studies are related to many factors which
are discussed below. One of them is variability in out-
come measures, including different definitions of treat-
ment success and limited use of standardised and validat-
ed outcome measures.

Invasive vs non-invasive techniques

Different sites of the auditory structures have been stim-
ulated via two different approaches. Non-invasive stimu-
lation has been performed through the external ear canal
with the use of transmission methods (active electrode
dipped in saline in the external auditory canal or stimu-
lating the tympanic membrane). However, invasive stimu-
lations require a surgical procedure: tympanic membrane
incision or puncture in order to reach the round window
or promontory. This complication was probably the fac-
tor determining the limited number of invasive stimu-
lation studies which investigated the effects of multiple
stimulation sessions.

Considering the site of stimulation, round window stimu-
lation seems the most justified from an anatomical point
of view (it is the smallest distance from the desired effec-
tor, the cochlea). However, in terms of the reported effec-
tiveness and size of the study group, promontory stimula-
tion appears more effective (tinnitus suppression in 86%
of patients for treatment of a few hours to a week, based
on patients’ report) [34]. The effectiveness of non-invasive
methods appears to be about the same, with no clear in-
dication that one approach is more effective than another.

Journal of Hearing Science - 2019Vol.9 - No.3

However, one paper showed an effectiveness of 83.3% im-
provement based on VAS scores for loudness [31]. Impor-
tantly, the advantage of non-invasive techniques is the pos-
sibility of having multiple ES sessions without potential
harm to the tympanic membrane and the option of per-
forming the treatment as an outpatient procedure. Thus,
further research should include an investigation of non-
invasive techniques.

Stimulating parameters

Both DC and AC were used in the invasive and non-in-
vasive procedures. In the former, early papers showed
that tinnitus suppression was obtained for positive cur-
rents, whereas negative currents elicited auditory sensa-
tions [19]. Non-invasive stimulations showed similar re-
sults for both currents and one recent study using both
positive and negative currents reached an efficacy of 75%
[32]. Based on the analysed papers, there seems to be no
evidence for the higher effectiveness of a specific type of
current. Although research using DC stimulation has in-
dicated no harmful effects, and unchanged or even im-
proved hearing status in tinnitus patients [30,35], safety
issues — especially in case of prolonged DC stimulation
- need to be carefully investigated.

The choice of stimulating frequency differed across all stud-
ies. Some studies used low frequencies (e.g. 10 Hz) which
can be justified by the hypothesis that these frequencies
stimulate the whole of the hearing range (from the cochle-
ar base to the apex) evoking a travelling wave across the en-
tire cochlea with a maximum at a specific stimulating fre-
quency. Some other studies adapted a stimulating frequency
to the tinnitus pitch, or used a wide range of frequencies.
Based on the selected studies, low stimulating frequencies
(below 1000 Hz) were used most often and they appeared
to give better results than higher frequencies.

The intensity of the current differed according to the ap-
plied techniques (the invasive approach used lower in-
tensities) and the study. The reported unpleasant effects
of stimulation, such as pain, suggest that this parameter
might need adjustment based on the individual patient’s
feedback, rather than arbitrary values.

Duration of ES, like other parameters of stimulation, var-
ied. Most of the invasive studies used one session, due to
the need for repeated surgery to apply multiple sessions.
Nevertheless, comparing one-session studies with multi-
ple-session studies, there is still no obvious advantage of
one approach over the other. The exception is the Mielc-
zarek and Olszewski study [35] which showed improved
and consolidated effect of repeated sessions of ES ob-
served 1 month after the end of treatment.

Future directions

A major factor limiting assessment of the efficacy of elec-
trical ear stimulation in both techniques (invasive and
non-invasive) is outcome measure. Studies included in
this review differed between each other in terms of out-
come measures, which makes them difficult to compare
reliably. This was the major limitation of the present work,
which might be solved by the use of validated, world-wide
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recognised questionnaires to assess the results of inter-
ventions. The other is a lack of randomised, placebo con-
trolled trials (RCTs). In order to assess the true efficacy
of a given method, comparisons with shams are indispen-
sable, although there are some limitations and methodo-
logical difficulties highlighted when placebo groups for
ES are used (e.g. some skin sensations during ES [36,37]).

Given that studies to date have reported success in tinnitus
suppression with both invasive and non-invasive methods,
future research for ear ES in tinnitus treatment should in
the first instance focus on non-invasive methods that do
not require surgery. However, invasive methods might be
used for patients who do not respond to treatment with
non-invasive stimulation or have specific indications for
this type of treatment.

Conclusions

Based on the reviewed literature we can conclude that in
terms of different methods, stimulation parameters, and
effectiveness, there is no clear advantage of one stimu-
lation condition over the other. It leads to the further
conclusion that the present body of evidence is not suf-
ficient to formulate recommendations for ear ES pa-
rameters. This is due to (a) methodological limitations
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