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Abstract: Repetitive transcranial magnetic stimulation (rTMS) is a non-invasive, neuromodulating
technique for brain hyperexcitability disorders. The objective of this paper is to discuss the mecha-
nism of action of rTMS as well as to investigate the literature involving the application of rTMS in
the treatment of tinnitus. The reviewed aspects of the protocols included baseline evaluation, the
total number of sessions, frequency and the total number of stimuli, the location of treatment, and
the outcome measures. Even with heterogeneous protocols, most studies utilized validated tinnitus
questionnaires as baseline and outcome measures. Low frequency (1 Hz) stimulation throughout 10
consecutive sessions was the most widely used frequency and treatment duration; however, there
was no consensus on the total number of stimuli necessary to achieve significant results. The audi-
tory cortex (AC) was the most targeted location, with most studies supporting changes in neural
activity with multi-site stimulation to areas in the frontal cortex (FC), particularly the dorsolateral
prefrontal cortex (DLPFC). The overall efficacy across most of the reviewed trials reveals positive
statistically significant results. Though rTMS has proven to impact neuroplasticity at the micro-
scopic and clinical level, further studies are warranted to demonstrate and support the clinical use
of rTMS in tinnitus treatment with a standardized protocol.

Keywords: TMS; tinnitus; neuromodulation; auditory cortex; synaptic plasticity; non-invasive

1. Introduction

Repetitive magnetic transcranial stimulation (rTMS) is a non-invasive neuromodula-
tion modality that has been utilized within the neurological and psychiatric communities
[1-4]. Since its development as a therapeutic tool in 1985 [5], rTMS has been shown to
provide various degrees of symptomatic relief for conditions such as depressive disor-
ders, pain, aphasia, movement disorders, motor stroke, multiple sclerosis, epilepsy, dis-
orders of consciousness, Alzheimer’s disease, schizophrenia, substance abuse, and addic-
tion [6-9]. Considering the beneficial effects, there has been an emerging interest in utiliz-
ing rTMS for auditory disorders such as tinnitus [10-13].

Tinnitus is the perception of sound in the absence of an external auditory stimulus
[14]. It can be caused by several different underlying conditions that affect a wide range
of structures between the ear and the brain itself, leading to variability in clinical mani-
festations. It has been suggested that damage to structures such as the auditory nerve or
hair cells within the cochlea can lead to changes in plasticity that enhance the activity in
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the auditory cortex (AC), as well as other non-auditory areas of the brain, leading to this
perceived sound [15,16]. There are also ototoxic medications such as aspirin, cisplatin,
aminoglycosides, and loop diuretics that have been associated with tinnitus [17,18]. It is
known that around 10-15% of the United States population has reported experiencing
tinnitus to varying degrees [19], with many reporting a significant impact on their quality
of life. With many individuals affected by this debilitating condition, there have been var-
ious treatments utilized in an attempt to ameliorate tinnitus symptoms. These treatments
include pharmacotherapies (e.g., antidepressants), ear-level devices (e.g., hearing aids),
sound generators, behavioral therapy, and even cochlear implants [20,21]. Among the
most recent treatment methods is the utilization of non-invasive techniques that focus on
the electrical or magnetic stimulation of specific brain regions that are known to be asso-
ciated with tinnitus [14]. Though a newer therapy, many studies have examined the utili-
zation of rTMS as a novel therapeutic tool for tinnitus [10-13].

In this scoping review article, we will first examine the proposed mechanisms by
which rTMS modulates neural connections. We will then discuss the most recent clinical
trials and meta-analyses as well as potential roadblocks with rTMS in order to generate
potential further steps that can be taken to include rTMS as a future treatment modality
for tinnitus.

2. Background on rTMS and Tinnitus
2.1. Technology Overview of rTMS

The therapy provided by rTMS is non-invasive and delivered through the use of a
wire coil connected to a magnetic stimulator that generates an electromagnetic current [9]
(Figure 1). This electromagnetic field is then applied closely to the scalp of patients at the
location of interest with multiple pulses, ultimately modulating the excitability of the neu-
rons within the cortex (Figure 1). The pulses generated by this magnetic field can be either
excitatory, with a frequency greater than 5 hertz (Hz), or inhibitory, with a lower fre-
quency, that is usually <1 Hz. The application of either frequency depends on the specific
treatment goals [9].
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Figure 1. Components of repetitive magnetic transcranial stimulation (rTMS): rTMS is a non-in-
vasive therapy that utilizes a wire coil connected to a magnetic stimulator. The electromagnetic cur-
rent generated by the coil is applied to the scalp of patients directed at the area of interest, modulat-
ing neuronal excitability. The dorsolateral prefrontal cortex (DLPFC) is a common target of rTMS
utilization in tinnitus.
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The varying frequencies of rTMS can be subsequently stratified into more precise
protocols for a therapeutic use called theta burst stimulation (TBS). Further classification
leads to either continuous theta burst stimulation (cTBS) or intermittent theta burst stim-
ulation (iTBS), each applied with varying frequencies and time frames. In cTBS, three
pulses are given at 50 Hz, with a 5 Hz inter-burst pulse delivered for either 20 or 40 s [22].
iTBS consists of 20 bursts every 2 s at 0.1 Hz (Figure 2). The difference between these two
modalities is that iTBS produces an excitatory response, while ¢cTBS produces an inhibi-
tory response [23].
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Figure 2. Continuous, repetitive, and intermittent TMS: The various protocols can be classified into continuous theta
burst stimulation (cTBS) and intermittent theta burst stimulation (iTBS). In ¢TBS, three pulses are given at 50 Hz with an
inner frequency of 5 Hz for either 20 or 40 s. iTBS consists of 20 bursts every 2 s at 0.1 Hz. iTBS is considered to be excitatory,
while cTBS is considered to be inhibitory. Adapted from Klomjai et al. [24].

Whether excitatory or inhibitory, the stimulation generated by rTMS ultimately in-
duces a depolarization within the cell membrane of neurons. This depolarization results
in an alteration in neuronal connections called synaptic plasticity, which can last beyond
the actual therapy for an uncertain period of time [25,26]. The resultant synaptic plasticity
can be attributed to the long-term depression (LTD) or long-term potentiation (LTP) be-
tween existing synapses elicited by the inhibitory or excitatory frequencies generated by
r'TMS, respectively [23].

LTP leads to the amplification of certain neuronal connections, while LTD weakens
such connections [27]. In a clinical trial setting, this variation in synaptic plasticity is meas-
ured by the motor-evoked potentials (MEPs), correlating with whether or not the pro-
posed stimulus elicited the expected excitatory or inhibitory response. MEPs are usually
measured by the intrinsic hand muscle movement, or the lack thereof, which correlates to
the stimulated cortical region of interest [28]. The MEPs for iTBS have been described to
be elevated, while the MEPs for cTBS are dampened, defining the excitatory and inhibi-
tory effects of rTMS [23].

2.2. Proposed Mechanism of Action

The mechanism of action of rTMS has been widely studied since it was first theorized
to be used for the management of neurological and psychiatric disorders; however, it is
still not completely understood. As previously mentioned, the target activity of rTMS is
its ultimate effect on synaptic plasticity and neural circuits (Figure 3).
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Figure 3. Mechanism of action of TMS: To quantify the strength and confirm the activity of the
TMS, MEPs are used. Once the TMS coil is fired, cortical neurons signal via the corticospinal tract
to the stimulated targeted muscle activity. These MEPs can be quantified as excitatory or inhibitory
depending on the muscle’s movement or lack thereof. Adapted from Klomjai et al. [24].

Peng et al. [29] used both animal and biological models to evaluate the variations in
gene and protein expression resulting from rTMS. Recently, a study by Thomson et al. [30]
was successful in using human-like neuron models to examine similar in vitro parameters
of the resulting plasticity. Imaging with various modalities, such as functional magnetic
resonance imaging (fMRI) and positron emission tomography (PET), has also been intro-
duced to visually analyze the effect rTMS has on the neuronal networks during treatment
[31].

At a molecular level, findings from studies that utilized animal models have shown
that rTMS with excitatory frequencies alters the expression of both the N-methyl-D-aspar-
tate (NMDA) receptor and the brain-derived neurotrophic factor (BDNF) genes and pro-
teins, which are excitatory neurotransmitters. This supports the idea that rTMS plays a
role in altering neuronal plasticity based on gene expression [26,29,30]. Additionally, the
release of intracellular calcium stores has been observed, further supporting this hypoth-
esis [30]. Other genes found to be affected in rat models include C-FOS, a marker for exci-
tation in cells, and Early Growth Response 1 (EGR1), which is postulated to be a marker
for the induction of LTD and LTP [30]. Additionally, increased gamma-aminobutyric acid
(GABA) neurotransmission has been implicated as a principal change associated with in-
hibitory stimulation [26]. To examine the effects on a larger scale, Noh et al. [26] investi-
gated the effect that inhibitory ¢TBS has on cortical oscillations between varying regions
of the brain. They found that a decrease in low beta brain rhythms was observed shortly
after ¢TBS stimulation, demonstrating a decrease in interhemispheric connectivity [26].
There is also evidence that suggests that excitatory stimulation regulates inhibitory inter-
neurons, leading to a dampening effect on neural activity on target cortical regions [29].

A study by Thomson et al. [30] sought to reproduce the results of previous investiga-
tions by examining the variations in the BDNF-TrkB (Tropomyosin receptor kinase B)
gene expression in animal models through utilizing SH-SY5Y neuroblastoma cells as a
human-like neuron model. Following iTBS sessions, the following genes within the
BDNF-TrkB pathway were analyzed: Mitogen-Activated Protein Kinase 9 (MAPKDY), Neu-
rotrophic Regulator Tyrosine Kinase 2 (NTRK2), B-cell lymphoma 2 (BCL2), Tubulin Beta
Class I1I (TUBB3), cAMP Responsive Element Binding Protein 1 (CREB1), and EGR1. The
results of this study demonstrated an increased expression of NTRK2, MAPK9, and BCL2
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after 24 h, supporting previous evidence of increased BDNF expression and therefore syn-
aptic plasticity. EGR1 was transiently elevated within 10 min to 2 h of stimulation, sup-
porting its role in initiating plasticity [30].

A limitation with animal and human-like neuron models is the lack of visualization
of how these treatments impact the intact human brain in real-time. With the propulsion
of rTMS into clinical medicine as a promising treatment for a multitude of neurological
conditions, studies have developed the technology itself to be used along with fMRI and
PET to view the activity of targeted locations of the brain [31]. Utilizing imaging before
and after treatment may give more insight into the areas activated by rTMS that are not
well known. A study was successful in revealing “propagation pathways,” as well as de-
tecting activation in distant cortical locations beyond the stimulation site [31]. With the
addition of fMRI and PET to the protocol, preset parameters of treatment can be finely
manipulated to achieve the desired location of activity in an individualized manner. The
current literature on this topic describes multiple application designs, each with its own
set of advantages and disadvantages. Further research is warranted to bridge the gap be-
tween the experimental and clinical use of r'TMS and imaging modalities.

2.3. Pathophysiology of Tinnitus

The causes of tinnitus, though variable, ultimately affect structures within the ear and
brain associated with the AC, leading to the perception of sound without an actual stim-
ulus. The most common cause of tinnitus is related to the loss of peripheral hearing; how-
ever, many patients with tinnitus present with normal hearing sensitivity. This suggests
the involvement of non-auditory centers of the brain [32].

There are various hypotheses that describe the mechanism of action of tinnitus in the
presence of hearing loss. A decreased sensorineural hearing input due to damage to coch-
lear hair cells and/or the auditory nerve leads to the downregulation of GABA inhibition
This inhibition can subsequently lead to increased neural activity in other structures in-
volved in the auditory pathway that are functionally unimpaired [33].

While there is agreement that the AC in the temporal lobe plays a role in the percep-
tion of tinnitus, a study [34] identified other possible non-auditory locations within the
brain that have been implicated in its pathogenesis. These alternative areas are character-
ized by their roles in factors beyond actual noise perception such as attention direction,
salience attribution, emotional processing, and memory function [32]. The dorsomedial
prefrontal cortex (DMPFC) and anterior cingulate cortex (ACC) are responsible for the
individual’s cognizance of tinnitus. Other central structures such as the amygdala, ante-
rior insula, and hippocampus play a role in the manifestation of agitation, anxiety, and
emotional stress related to tinnitus [32].

Some of these structures have been associated with increased activity and neural
plasticity resulting in tinnitus pathogenesis, and have thus become the targets of neuro-
modulation treatment in various rTMS trials. In the remainder of this paper, we review
and discuss studies that have targeted these various locations and outline the most up-to-
date conclusions on rTMS as a treatment modality for tinnitus.

2.4. Questionnaires for Evaluating Tinnitus

Several validated questionnaires are used clinically to assess the nature and impact
of tinnitus. The Tinnitus Handicap Inventory (THI), Tinnitus Questionnaire (TQ), Tinnitus
Severity Scale (TSS), and Visual Analog Scale (VAS), which are described below, were
used alone or in varying combinations in the studies we examined. Other scales have been
developed that were not used in any of the studies reviewed; these include: the Tinnitus
Handicap Questionnaire, the Subjective Tinnitus Severity Scale, Tinnitus Reaction Ques-
tionnaire, Tinnitus Severity Grading, Tinnitus Severity Index, and the Intake Interview for
Tinnitus Retraining Therapy [35].

The THI is a 25-question survey where each question can be answered with “yes, no,
or sometimes”, with each response counting for 4, 0, or 2 points, respectively. The score is
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totaled and used to grade the impact of tinnitus on daily life on a scale from slight (score
of 0-16) to catastrophic (score of 78-100). The survey is self-reported and has very strong
internal consistency reliability while also being correlated with other mood scales [36].

The TQ is a 52-item questionnaire that assesses the impact of tinnitus across five do-
mains: emotional distress, auditory perceptual difficulties, intrusiveness, sleep disturb-
ances, and somatic complaints. The questions are answered with the response options
“true”, “partly true”, or “not true”, which are weighted as 2 points, 1 point, or 0 points,
respectively, with a higher score indicating a greater impact [37]. The scale has been
shown to be sensitive enough to detect significant changes after treating patients with
cognitive behavioral therapy and is best used to separate patients who have tinnitus as
their primary complaint from those who report tinnitus as more of a secondary disturb-
ance [38].

The TSS is a 15-item questionnaire which assesses the impact of tinnitus in five do-
mains, including intrusiveness, distress, hearing loss, sleep disturbance, and medication.
Responses range in score from 1 (no impact) to 4 (most impact). Each item is weighted
from 1 to 3 points. The score is totaled, and a higher score indicates more tinnitus disturb-
ance [39].

The VAS utilizes a 100-point visual scale to quantify the psychometric characteristics
of their tinnitus, including loudness (VAS-L), annoyance (VAS-A), distress (VAS-D), and
coping (VAS-C), on a 100-point visual analog scale from 0 (no symptoms) and 100 (maxi-
mum symptoms) for each scale. It allows the patients to give a detailed description of their
tinnitus with relatively few questions and can be translated simply into multiple lan-
guages. The correlations between the VAS-L, VAS-A, and VAS-D are the strongest and
most reliable, while the VAS-C has a slightly weaker correlation, changing frequently de-
pending on how the patient is coping that day [40].

3. Protocols for rTMS and Tinnitus

A review of the most recent trials and meta-analyses reveals that varying protocols
are used in determining the current status of efficacy of rTMS treatment for tinnitus. A
literature search was conducted utilizing the PubMed and Cochrane Library databases.
The terms used in the search were “repetitive transcranial magnetic stimulation” and “tin-
nitus.” The resulting articles were then further filtered by year (2016-2021) and article type
(clinical trial, meta-analysis, randomized-controlled trial (RCT), and systematic review).
Of the 30 results in the PubMed search, 16 were included due to the relevance to our re-
view. Others were excluded if they compared rTMS to other non-invasive neuromodula-
tion techniques, targeted other conditions such as epilepsy or depression, or evaluated
aspects of r'TMS other than efficacy. In the Cochrane Library search, the same parameters
were given. Out of the 34 results, three additional RCTs were found beyond what was
already established from the PubMed search. Those not relevant to our review were also
excluded. Subsequently, four non-randomized studies, 11 RCTSs, one systematic review,
and three meta-analyses were included in our review. Following the review of the studies,
we found discrepancies in the protocol parameters, including the location of treatment,
number of sites targeted, number of pulses delivered, frequency of the pulses, duration of
treatment and follow-up, and outcome measures. Many aspects of each of the protocols
overlapped among the studies. However, even amongst similar protocols, the outcomes
varied. A summary of the studies including the frequencies used, the time frame of the
trials, the total sessions, the location of the treatments, and the outcome measures are pre-
sented in the tables below (Tables 1-3).



J. Clin. Med. 2021, 10, 5422 7 of 26

Table 1. Non-randomized studies: Summary of characteristics, protocols, results, and conclusions in 4 studies utilizing rTMS on patients with tinnitus without randomization.

rTMS Protocol

Subject Primary Baseline (Session Number, Location of  Primary Evalua- .
Author Year . . Results Conclusions
Number Evaluation Frequency, Amount Treatment tion of Outcome
of Stimuli)
-Underwent
repetitive
magnetic
transcranial -rTMS showed an effect
stimulation (rTMS) in 138 of the patients
-Tinnitus loudness over the left tem- (47.8%) and no effect in
determined poroparietal cortex 151 patients (52.2%) in ~ -r'TMS resulted in
289 patients by visual analog scale region. the active group. a S{gnlflca?t re-
. . (VAS) duction in tinnitus
with chronic ; i ; -Left tem- -VAS average prior was loudness
Wang et al. tinnitus . ) -Stimuli consisted of . -VAS score after sep
[41] 2016 -Hearing level with 1000 stimuli at 1 poroparietal last treatment 5.5 and 2.7 after
30 health audiometer hertz (Hz) daily and cortex -Study states im-
control Y 110% of the motor -Significant tinnitus aging would help
-Tinnitus loudness cortex threshold for suppression found in  determine the best
evaluated with Tin- 5 consecutive days patients with shorter site of treatment
niTest audiometer per week for 2 tinnitus duration, nor-
weeks (10 sessions mal hearing, and with-
total). out sleep disturbance.
-Control received
same treatment
-Und t1 - -Left dorso-
-60 patients -MRI immediately be- faerwern 0 con et corso -Magnetic reso-  -Assessed for longitudi-  -Results support
. . secutive days with lateral pre- . .
Poeppl et with chronic fore treatment 10 sessions frontal cortex  ance imaging nal gray matter changes the role of non-au-
al. 2018 tinnitus (DLPFC) and (MRI) after last and structural connec- ditory brain re-
[34] -Tinnitus Question- Patients received left temporal treatment tivity gions in tinnitus
-0 control naire (TQ) P

rTMS of the left

cortex (TC)

and as possible
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DLPFC (40 trains
with 50 stimuli; 25 s
intertrain interval;
20 Hz; 110% resting
motor threshold
(RMT)), followed by
low-frequency
rTMS (2000 Stimuli;
1 Hz; 110% RMT) of
the left temporal
cortex.

-Responders
classified as
scoring 5 points
fewer on tinni-
tus question-
naire

-Longitudinal
mesoscopic gray
matter changes of
DLPEFC, left operculo-
insular, and right infe-
rior temporal Cortex
(ITC) in responders (n =
22) but not in non-re-
sponders (1 = 38)

-Increased connectivity
in DLPFC-insula and
insula-ITC in respond-
ers. Weak DLPFC—in-
sula connectivity and
no insula—-ITC connec-
tivity in non-respond-
ers.

therapeutic targets
in rTMS.

-Tinnitus handicap in-
ventory (THI) and

VAS
-11 patients
with idiopathic . -
Kan et al tinnitus -Positron emission to-
[42] T 2019 mography (PET)

scans before treat-

- 11 healthy . .
ment for regions of in-

controls

creased activity in idi-
opathic tinnitus com-
pared to controls

-1000 TMS pulses at

a frequency of 1 Hz

for a total of 30 min
for 10 consecutive
days, once a day

-Left tem-
poroparietal
cortex

- Tinnitus handi-
cap inventory
(THI) score
-VAS score
-PET scan

-All after last
treatment

-No significant statisti-
cal difference before
and after treatment re-
garding THI score (t =
1.019, p =0.342 > 0.05)
and VAS (t=0.00, p =
1.0 > 0.05).

-Posttreatment PET
scan showed increased
activities in the right
parahippocampal gy-
rus, right superior tem-
poral gyrus, right supe-
rior frontal

-Noted limitations
by small sample
size

-Left temporopari-
etal cortex alone
may not be suffi-

cient
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gyrus, anterior insula,
left inferior parietal lob-
ule, and left precentral

gyrus.

-Decreased activities
were noted in the left
postcentral gyrus and
left inferior temporal
gyrus (ITG)

Yang et al.
[13]

-199 patients
with tinnitus
identified in a
retrospective
review

2021 -THI and VAS

-Each patient under-
went 10 sessions, 5
sessions a week for

2 weeks
-2000 stimuli per
session of 1 Hz

- 62.3% of all patients
responded based on
THI scores and 66.3%

- At 3-month fol-
low-up THI and

VAS reevalu- based on VAS score.
ated.

Left tem- - A reduction in -Patients with shorter
poral cortex THI score by duration of illness (1
and left pre- more than 6 week) responded the

points and VAS  best to treatment with a

frontal cortex
rate of 82.8% versus

57.6%, 53.5%, and
line result was 67.2% for patients of 1-
considered effec- week to 1-month, 1-
tive month to 1-year, and
over l-year duration

by 1 or more
from the base-

-rTMS is effective
in treating tinni-
tus, but the effi-

cacy is dependent

on the duration of
symptoms prior to
treatment
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Table 2. Randomized-controlled trials: Summary of characteristics protocols, results, and conclusions in 11 RCTs utilizing r'TMS on patients with tinnitus.

Subijects per ¥TMS Protocol Primary
Primary Base- Group 1 (Session Protocol
Author Year  Group and Blind- y Bas pll Evaluation Results Conclusion
. line Evaluation Number, Frequency, Group 2
ing . of Outcomes
Amount of Stimuli)
- Group 1 (experi- .
-Group 1: Active -Concluded both a lack of
mental): 16 pa- .
. . . treatment was deliv- symptom change and neu-
tients with non- -Resting state -rs-fcMRI fol- - . .
o . ered at 1 Hz at 110% . -No statistically sig- ral connectivity changes
pulsatile tinnitus ~ functional con- -Group 2 lowing treat- e
.. of RMT at the tem- nificant changes
Roland et nectivity MRI oroparietal junction (sham): same - ment for 2 or found between pre  -Suggest they may not have
2016 -Group 2 (Sham): (rs-fcMRI) porop . J protocol 4 weeks . P 88 .. y y .
al. [43] . . for 42.5 min (2500 . and post interven- had sufficient stimulation
14 patients with e with placebo . .
nonpulsatile tinni THI stimuli) with interval FTMS THI follow tion in both the rs- to the area of interest or
P stimulation for 2 or 4 . fcMRI and THI should consider non-audi-
tus Ing treatment . . .
weeks. tory brain regions associ-
ated with tinnitus
-Double-blinded
-Group 1 (single
site): 3000 pulses/da
-Group 1: 24 pa- ) P /day
. o of the left temporo-
tients with tinni- . . Group 3 (pla- . .
. . parietal cortex with . -Both the single site . . D
tus (Single site) cebo): sham -8 tinnitus . ) -Study did not find signifi-
low-frequency (1 Hz) . . and triple site .
coil was lo- question- . cant differences between
rTMS of the left tem- . . showed statistically ..
-Group 2: 25 pa- . calized at the naires on the . one or multi-site rTMS
. e . .. poroparietal cortex . significant reduc-
tients with tinni- -8 various tinni- auditory cor-  last day of N treatment
Lehner et 2016 tus (triple site) tus question tex by usin, treatment tions n HANItUs se-
i - i
al. [44] P o -Group 2 (triple site): y & verity, but the dif-
naires a PET- (day 12), day -More work needed on ex-
1000 pulses/day of . ference between the
-Group 3: 25 pa- . guided neu- 90 and day . C act protocols for a more ef-
. . o high-frequency 20 . two is not signifi- : o R
tients with tinni- . . ronavigation 180 follow- . fective and individualized
tus (placebo) Hz stimulation of the svstem ine treatment cant besides at day treatment
P left DLPEC, followed 8 9.
by 1000 pulses/day

-Double-blinded

of low-frequency (1
Hz) to both the left
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and right temporo-
parietal cortex (3000
pulses total)

-Ten sessions total
for each group

-Group 1: 9 pa-
tients with tinni-
tus

-Group 1: Auditory
cortex (AC) and
frontal cortex (FC)
determined by 10-20
EEG system

-r'TMS was adminis-
tered at a frequency

-Group 2:
coil
navigated to
the primary

-THI weeks
1, 4, and 8 af-

-Both groups had a
significant reduc-
tion in THI scores

-Group 1 effect
lasted 8 weeks and
group 2 effect lasted
4 weeks, but the dif-
ferences were not

-THI score of 1 Hz with an in- AC and FC ter baseline  statistically different  -Localizing technique for
Noh et al. 2017 -Group 2: 13 pa- tensity of 110% RMT by a MRI treatment target not a cru-
[45] tients with tinni- -VAS score neuronaviga- -VAS at -VAS score reduc- cial factor in the rTMS out-
tus 40's on and 20 s off tion system  weeks 1,4, 8, ti.0n .n.ot sta.tistically come of the same locations
“Total of 12.000 and 12 after  significant in group
-Blinding not pos- ’ -Same rTMS baseline 1 but statistically
sible pulsezzviz()&gulses treatment as significant in group
AC, and 1000 pulses group 1 2 up to 12 weeks
over the FC daily for post treatment
4 days. -AVAS between the
groups was not sta-
tistically significant
Group 1: Low fre- Group 2: -THI, VAS, -Group 1 showed - Targeting both the AC
. —GrouP 1:9 pba- ~THI score quenC}Pf) (1 Hz) treat- Low ?re— STAI PSQI signifilsc)ant reduc-  and DI%PFCghad better out-
Noh et al. tients with chronic A .
[46] 2017 tinnitus (dual-site) VAS score . ments quency (1 at weeks 1, 2, tions in THI and co.mes. in all area}s of evcjﬂu—
with 2000 pulses ap- Hz) treat- 4, and 12 af- VAS scores at all ation in comparison to just
plied to the AC and ments with  ter treatment weeks of evaluation, targeting the DLPFC
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-Group 2: 8 pa- -State-Trait 1000 pulses applied 3000 pulses whereas group 2
tients with chronic ~ Anxiety Inven- to the DLPFC for 4 applied to did not -Non-auditory cortex stim-
tinnitus (single- tory (STAI) days (total of 12,000 the DLPFC ulation only is not suffi-
site) pulses) for 4 days -Group 1 showed cient to impact tinnitus
-Beck’s Depres- (total of significant improve-
-Double blinded sion Inventory 12,000 ments in STAI at 12
(BDI) pulses). weeks, and PSQI
scores at 4 weeks.
-Pittsburgh
Sleep Quality -Group 2 showed a
Index (PSQI) significant improve-
ment only in STAI
at 12 weeks.
-Both 1 Hz and 10
Hz rTMS stimula-
tion showed
changes in tinnitus
-12 total partici- -Both groups re- b:;ﬁf:::;;(:; d
pants in a crosso- ceived: Sham, 1 Hz, -fMRI after -Using 1 Hz and 10 Hz can
. to sham ..
ver study and 10 Hz for four final treat- lead to similar results, even
-fMRI sessions per arm, -Groups ment though they lead to inverse
) -All three measures o
James et al, -Half started at 1 -Vlsgal Analog 1800 . CI'O.SSQd over of the VAR (aware- effects on ne.ural excitabil-
[47] 2017  Hz, the other half Rating (VAR) pulses per session, with a 21- -VAR after ness. loudness. and ity
at 10 Hz, with a delivered at 110% of ~ day washout final treat- anrioyance) V\/Iere
sham in between RMT over the poste- period ment ) . - The role of DLPFC plays a
. . improved with 1 .
crossover rior superior tem- Hy. role in tinnitus and rTMS
poral gyrus (STG) responsiveness
-Double-blinded ‘Higher DLPFC ac-

tivity at baseline
may predict a
poorer response to
rTMS
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-THI forinclu- - Active rTMS: 1 Hz S
) -Significant decrease
sion and at a power set- in the loudness of
ting of 110% of RMT tinnitus
-Audiogram over the left AC .
- -Audiogram
25 total partici- atday 5 Significant reduc Perceptual, psychoacous
pants with chronic  -Tinnitus Hand- -20-min sessions -Sham treat- Y . & . . prial, psy .
L . . . . tion in THQ score tic, and neurochemical
Cacace et tinnitus icap Question- with a total of 1200 ment with .
2017 . - . -THQ at day analysis of r-TMS treatment
al. [48] naire (THQ) stimuli same time .. . .
. . . 5 -Down regulationin ~ showed improvement in
-Single-blinded -Participants re- frame . L
. . -MRS atday  the glutamate (excit- tinnitus
crossover -Metabolite lev-  ceived 5 days of ac- .
. . 5 atory) seen in the
els using mag- tive rTMS and then .
. left and not the right
netic resonance 5 days of sham rTMS )
. . hemisphere
spectroscopy stimulation, sequen-
(MRS) tially
-163 patients with
chronic tinnitus
-Group 1: 75 pa- -Tmmtl,ls Ques- -Group 1: 10 sessions -NO, statlst%cally S16” -No effect found in the
. . tionnaire (TQ) . -Group 2: nificant difference . .
tients (experi- active 1-Hz-rTMS Sham rTMS in outcome largest trial testing rTMS of
Landgrebe mental) (2000 stimuli, 110% . -TQ, THI, the left AC alone
2017 -THI with the measures between
et al. [49] RMT) to the left tem- . TSS at day 12 .
same time the active and the .
-Group 2: 78 pa- - poral cortex (AC). -Larger trials of other pro-
. -Tinnitus Sever- frame sham group .
tients (sham) . tocols should be carried out
ity Scale (TSS)
-Patient and rater
blinded
39 pa’Fleths Ymth -Group 1: 10 sessions -THI, VAS —.Slgr.uﬁcant redu?- .
chronic tinnitus -THI tion in THI score in  -Improvement in both VAS
over 2 weeks of 4000 after 10 days, .
-Group 2: both groups but not and THI in the whole study
Sahlsten et pulses at 1 Hz to the at 1 month
2017 -Group 1: 19 pa- -VAS . Placebo between groups group but not between
al. [50] . . left superior tem- and at 3
tients (experi- rTMS groups
mental) -Audiogram poral gyrus (STG) at months post -Significant decrease
& 100% of RMT treatment &

in mean intensity,
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-Group 2: 20 pa-
tients (placebo)

-Single-blinded

annoyance and dis-
tress VAS scores at 3
months post-treat-
ment but not signifi-
cant over time

-No changes in
hearing in both
groups

-May be attributed to too
many pulses or placebo ef-
fect

-Best protocol of rTMS re-
mains uncertain

-Group 1 (experi-
mental group): Each
session of 10 Hz

-A significant differ-
ence of 11.53 in THI
(95% confidence in-

stimulation applied -Group 2
onapp oup -THI and terval [CI]:
. 3000 pulses to each (sham) re-
-Group 1 (Experi- . . VASscoreat  -23.12 to 0.06; p =
DMPEC for 15 min ceived the
mental): 15 pa- . weeks 1, 2, 0.05)
. . each side (6000 same proto-
tients with tinni- -THI score . and 4 of
pulses total). col but with .
tus treatment -VAS difference of .
s a placebo - -Results show a benefit in
Ciminelli et -VAS score . and 16 weeks  0.80 not statistically
2020 -5son and coil . o 2/3 parameters used to
al. [51] -Group 2 (Sham): after baseline  significant (95% CI, ..
. . L 10 s off were used, evaluate tinnitus
14 patients with -Tinnitus loud- . . -2.21 to 0.61)
.. for a total time of 30 -Coil pro- L
tinnitus ness . -Tinnitus
min duced the L
loudness fol-  -Tinnitus loudness
. . same sound . .
-Single-blinded lowing treat-  score reduction of
-Treatment was 5 and sensa-
. . ment 4.46 dB was border-
times a week for 4 tion . s
weeks (20 total ses line significant (95%
sions) CI: -9.60 to 0.68 dB;
i
p=0.09).
-Explorator n -“High-fre- -Primar
ploratory ope -Primary base- -“Standard triple” gh-re aty -Change in TQ from .
label study . . quency tri-  outcome: TQ . -Due to the pilot nature of
line: TQ protocol: 20 Hz stim- . baseline to week 12 o
Kreuzer et . ple” proto- assessed at o the study, clinical relevance
2021 . ulation of the DLPFC ) was significant (P = .
al. [52] -Randomized, par- col: 20 Hz to baseline, remains unknown
. followed by 1 Hz to 0.016).
allel-group design the loft and rieht the left week 2, week
with 80 patients & DLPFCand 4, week 12
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-32 received
“standard triple
protocol” (Group
1)

-38 received
“high-frequency
triple protocol”

(Group 2)

temporoparietal cor-
tex with 1000 stimuli
for 4 weeks

- Total of 3000 stim-
uli per session

-6 patients were
treated for only 2
weeks

the left and
right tem-
poroparietal
junction area
with 1000
stimuli for 4
weeks

-Total of
3000 stimuli
per session

-5 patients
were treated
for only 2
weeks

-No significant in-
teraction effect be-
tween measurement
time point (2 vs. 4
weeks) and group
(standard vs. high-
frequency)

-4 weeks is a feasible treat-
ment time, but not superior
to 2 weeks
-High frequency not supe-
rior or inferior to the stand-
ard therapy

Carter et al.
[12]

2021

-Double-blinded,
sham-controlled

-19 patients in
crossover study

-All patients re-
ceived Sham
(Group 1)

-All patients re-
ceived treatment
(Group 2)

-Electro-en-
cephalography
(EEG)

-VAS and line
mark (LM) rat-

ing of loudness,

annoyance,
awareness

-THQ

-Group 1: All partici-
pants received sham
rTMS first

-Three 4-day courses
of participants re-
ceived 1800 pulses at
a 110% motor thresh-
old targeted over the
posterior, superior
temporal gyrus.

-Group 2:
Participants
were ran-
domized to
either the 1
Hz and 10
Hz and then
crossed over
to second
frequency af-
ter complet-
ing the first

-Three 4-day
courses of
rTMS partici-
pants re-
ceived 1800

-VAR/LM
and EEG
evaluation at
baseline, the
end of each
treatment
week and 2
months fol-
lowing treat-
ment

-No significant
change in VAS com-
pared to before and
immediately follow-
ing treatment, dur-
ing sham, or active

10-Hz treatment

-1-Hz treatment led
to a significant de-
crease in both the
LM and VAS aware-
ness ratings at days
1-3 with loudness (p
=0.0447), annoyance
(p =0.0195), and
awareness (p =
0.0430)

-No immediate effect of
rTMS on tinnitus during a
single rTMS session

-1 Hz was associated with a
decrease in tinnitus aware-
ness and was associated
with an increase in beta co-
herence

-EEG changes noted in
treatment responders but
absent in non-responders

and sham treatment

-Beta coherence is a possi-
ble biomarker of the rTMS
effect
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pulses tar- -No changes in any
geted over EEG frequency
the posterior, band between base-
superior line and sham
temporal gy-
rus -EEG after 1 Hz: sig-

nificant increase in
beta and delta co-
herence

-EEG after 10 Hz:
increase in theta
and beta coherence
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Table 3. Meta-analyses and systematic reviews: Summary of characteristics, results, and conclusions of 1 systematic review and 3 meta-analyses of RCTs regarding the efficacy of r-TMS
for the treatment of Tinnitus.

Number of Stud-

Main Out-

L i lati H i
Author Year ies Analyzed and ocation Neuromodu.atlon come As- eterogene'lty Results Conclusions
Target(s) Frequencies (I Analysis)
Years of Interest sessment
-Meta-analysis would
h i 1 f a di-
-Higher efficacy in active avegiven fess ota ci
chotomized result
-Temporal rTMS compared to sham
C g cortex . rTMS
-55 significant -Chi- -There are many factors
(n=329) . .
study arms from squared . . that go into rTMS effi-
. -Lower stimulation inten- . . o
2005 to 2017 o analysis of . . i . cacy in treating tinnitus
- -Inhibitory: 1 Hz, reported sity associated with sig-
. e Temporopari ~ cTBS (n =49, 18) repor -Not applicable, nificance
Schoisswo -18 insignificant significant . -The prefrontal cortex
2019 etal cortex (n only a systematic .
het al. [53] study arms from . and not ; may not be significant
=23,9) -Excitatory: 10 Hz, L review performed  -Lower number of pulses .
2007 to 2017 significant . . due to the addition of
25Hz (n=6, 0) increased significance
. results of more pulses
. -Prefrontal in
-Randomized con- .\ study arms . .
. addition to -Adding prefrontal corti-
trolled trials . . -r'TMS protocols need
AC(n=97) cal areas did not contrib-
te to sienificance to be more standard-
" & @ ized for a definitive
analysis
-Auditory -1 Hz (n =20) “THI (n = -Sample slz.e: 34 + 29 par-
cortex (n = 20) ticipants
-28 studies from 16) -10 Hz -r'TMS is an effective
-moderate total . .
Lefebvre- 2004 to 2019 (n=1), Tinnitus heterogencit -Tinnitus outcomes: Pre- treatment option for
Demers et 2020 - -50 Hz cTBS (n =4) Questionna G 4gg<y) y to post-rTMS Hedges g-  tinnitus based on the ef-
al. [54] -Randomized con- Temporopari ire (TQ) (n o value of 0.45 (CI = 0.66; fect on standardized
trolled trials etalarea (n=  -27,12 MHz (n 14 - 6) 0.24; p <0.0001), showing questionnaires
17) 1) a moderate effect
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-DLPFCand - 21 frequency (20 -Tinnitus -Active rTMS showed a
left AC (n = Hzand 1Hz,n=  Functional statistically significant
3) 1;25Hz and 1 Hz, Index mean change in question-
n=1) (TFI) (n=1) naire scores of 7.60
- DLPFC and
both AC (n= -Tinnitus -Location: rTMS
1) Severity In- targeting the AC signifi-
dex (TSI) (n cantly reduced symptoms
-Frontal cor- =1) compared
tex to other sites
(n=1)
-A pooled analysis
showed that active rTMS
“THI only had no significant effect
- 1) on THI scores compared
(n with sham in the short
-Temporal term, medium term, or
-T 1
cortex/audi- Q_Olll)y (n long term -The review showed no
tory cortex significant improve-
. only (n=7) -1Hzwith100%  -VAS only -A poolec'l arTa'ly51s ment of tmm.tus symp-
-10 studies from . showed no significant ef-  toms following rTMS
or 110% RMT with n=1) .
2010 to 2019 -Temporopa- . fect of active rTMS on the  treatment compared to
Dong et al. . varying pulses of .
2020 rietal cortex -No heterogeneity loudness assessed by sham
[55] . 1000, 1020, 1500, -THI and .
-Randomized con-  only (1 =2) VAS in the short term,
. 2000, 3000, and TQ (n=1) . . .
trolled trials 4000) medium term, or long -Inconsistent with pre-
-Temporal term vious studies and may
. -THI and o
with the be limited to a small
VAS (n=1) . .
frontal re- -A pooled analysis sample size
gions (n=1) “THI, TQ, showed no significant im-
provement of the severity
and VAS (n .
~2) assessed by TQ in the

short term, medium term,
or long term
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Liang et al.
[56]

-29 studies from
2010 to 2019
2020
-Randomized con-
trolled trials

-Auditory
cortex (n =
27)

-Motor
cortex (n=1)

-Not speci-
fied (n=1)

-1 Hz most fre-
quently used
(93.1%)

-THI and
TQ scores
at 1 week, 2
weeks, 1
month, and
6 months
post treat-
ment

-0% at 1 week

-0% at 1 month

-21% at 6 months

-Significant difference in
THI scores at 1 week, 1
month, and 6 months
compared to sham

-Significant difference in
TQ scores 1-week post
treatment compared to

sham

-Efficacy of active rTMS
compared to sham
proven in the analysis

-More studies needed
for further confirmation
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3.1. Frequency, Amount, and Location of Pulses
3.1.1. Frequency

The frequency utilized in rTMS depends on the intended treatment. Low-frequency
rTMS has been correlated with a dampening effect on neuroplasticity [9]. Most of the stud-
ies assessing r'TMS as a treatment for tinnitus that are included in our review used low
frequency stimulation aimed at reducing the neural activity in the non-auditory areas re-
lated to the pathogenesis of tinnitus. The studies demonstrated a variability in minimum
effective stimulation. The level at which overstimulation is reached is also unclear. Of the
test parameters examined, the location and combination of locations targeted within rTMS
are amongst the most consistent aspects of the protocol. However, there was no consensus
on the exact combination of these locations. Given the high variability in testing methods
and outcomes, an ideal protocol has yet to be defined.

All four of the studies in Table 1 utilized 1 Hz of frequency for a treatment length of
10 days; however, the total amount of pulses per session varied between 1000 and 2000,
with varying results in their respective questionnaires used to evaluate patients post-treat-
ment [13,34,41,42]. Wang et al. [41], the largest experimental study in this group, found
that rTMS was successful in nearly half of the patients when treated with 1 Hz directed
over the left temporoparietal cortex for 10 days, as evident by a statistically significant
improvement in the VAS-L scores in participants used to characterize tinnitus loudness
in participants. Negative predictors of treatment success were identified, such as the
length of symptoms, presence of hearing loss, and presence of sleep disturbance [41]. In a
retrospective study of 199 patients, Yang et al. [13] noted significant results in a total of
62.3% of patients following treatment with 2000 pulses at 1 Hz. They noted the most pro-
nounced improvement, of 82.8%, in the group that only had symptoms for 1 week, com-
pared to 67.2% of patients who had symptoms longer than a year [13]. Kan et al. [42] fol-
lowed the above-mentioned protocol at the temporoparietal junction (TPJ), noting no sig-
nificant difference in their patients’ symptoms based on the THI and VAS scores. This lack
of improvement may be attributed to the low sample size (11 subjects) or the use of a poor
therapeutic target (TPJ). Interestingly, despite not having significant changes in clinical
symptoms, anatomical differences in the post-treatment PET scans were identified [42].
These PET scan findings were like those seen in an earlier study by Poeppl et al. [34].
Similarly to the previous two studies mentioned, Poeppl et al. [34] applied rTMS at 1 Hz
to the left temporal cortex as well as a high dose of 20 Hz to the left DLPFC. Although
they did not have a large number of patients improve clinically, they found that those
individuals who responded significantly with a reduction in their TQ score of at least 5
had increased connectivity between the non-auditory brain regions. Because of this, they
concluded that there are additional mechanisms and anatomy that are poorly understood
in the pathophysiology of tinnitus and should be considered as therapeutic targets [34].

3.1.2. rTMS Pulse Rate

Most RCTs in Table 2 focused on a single-site use of rTMS, targeted at either the
DMPEFC, AC alone, or temporoparietal region at 1 Hz of stimulation, suggesting the low-
frequency model of rTMS as the most widely used protocol [43,45,48-50]. Protocols after
this point vary quite significantly. In addition to the 1-Hz stimulation, Lehner et al. [44]
also used 1000 pulses/day of high-frequency (20 Hz) stimulation applied to the left
DLPEFC, followed by 1000 pulses/day of low-frequency (1 Hz) stimulation, suggesting the
use of a combination of frequencies. Cimenelli et al. [51] utilized a mid-frequency, 10 Hz,
directed to the bilateral DMPFC. Kreuzer et al. [52] explored the use of a “standard triple
protocol” of 20 Hz stimulation to the DLPFC followed by 1 Hz to the left and right tem-
poroparietal cortex with 1000 pulses compared to the “high-frequency triple” protocol of
20 Hz of the same pulse rate to the same locations. The researchers in the reviewed studies
targeted either the temporoparietal region alone, the regions within the frontal lobe alone,
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or both regions within the same protocol. Noh et al. [45] sought to compare targeting both
the AC and DLPFC, as opposed to the studies targeting the DLPFC with the same number
of total pulses. Most studies used between 1000 and 3000 total pulses. However, when
comparing all studies the highest range is 12,000. Sahlsten et al. [50], who used 4000
pulses, postulated that excessive pulses may have been a factor in producing insignificant
changes in the psychometric properties, given that stimulation can lead to the depression
or the excitement of the neurons, and that too many pulses may lead to the opposite of the
desired effect.

3.1.3. Location of Treatment

As the neural anatomy for tinnitus is poorly understood, many studies investigating
rTMS as a treatment for this symptom may vary on the region(s) of the brain targeted.
Broadly speaking, it is mainly the temporal and frontal lobes that have been target either
alone or in combination. Seven of the studies included in this review limited their treat-
ment to a single site [12,41-43,47-50)], while two studies investigated triple-site therapy
[44,52].

Two studies evaluated treating the TPJ as a single site, though neither showed signif-
icant clinical findings [42,43]. While Kan et al. [42] showed identifiable differences in the
neuronal metabolic activity on the PET scans, Roland et al. [43] did not identify clinically
significant functional connectivity changes on resting state functional connectivity MRI
(rs-fcMRI). Of note, the two studies discussed treated patients for different lengths of time
and with different pulse rates (Tables 1 and 2). Although further evaluation is needed to
form a conclusion, it seems that treating the TPJ as the single treatment site may not lead
to a significant symptom improvement, despite the dose and duration of treatment [42,43].

Two studies evaluated the AC as the sole target for rTMS therapy and had opposite
results. Cacace et al. [48] found a significant improvement in symptoms, shown by the
THQ and magnetic resonance spectroscopy (MRS) in 25 subjects following 5 days of rTMS
to the AC. Landgrebe et al. [49] studied a much larger population (163 patients) and were
unable to identify any significant difference between the placebo and active rTMS groups.
Of note, the patients in the Landgrebe et al. [49] study were treated for a total of 10 days
with almost double the number of stimulations as that used in the Cacace study [48].
Sahlsten et al. [50] hypothesized that excessive amounts of pulses can negate any of the
positive effects of the treatment, which might have been seen if the data had been collected
earlier or their protocol shortened. It is also possible that the significant improvement in
symptoms observed by Cacace et al. [48] was due in part to their small cohort of subjects
and unclear if similar findings would be observed in a larger population [48-50].

Three studies evaluated treatment outcomes with the stimulation of the posterior su-
perior temporal gyrus (STG). James et al. [47] observed significant improvements in tin-
nitus with 1 Hz stimulation and 10 Hz stimulation, whereas Carter et al. [12] found sig-
nificant improvements with only 1 Hz stimulation, compared to 10 Hz. Sahlsten et al. [50]
studied the effect of 1 Hz stimulation with nearly twice the number of stimulations to the
treatment area. They found no difference when comparing the outcomes of their experi-
mental groups to those of their control groups, but both groups reported improved symp-
toms. This needs to be taken into consideration, as James et al. [47] had no control arm to
their study and may have been reporting the placebo effect that Sahlsten et al. [45] found.
Carter et al. [12] utilized one group throughout the study, but incorporated sham treat-
ment prior to active treatment [12,47,50].

Lehner et al.’s study [44] was the only one to assess the efficacy of triple-site therapy
compared to single-site. They compared the stimulation of the left temporoparietal cortex
with the stimulation of both the left DLPFC and bilateral temporoparietal cortices. Patients
who received either single-site treatment or triple-site treatment reported a significant
benefit in TQ scores, and the magnitude of the improvement was only different at day 90
of the study. The study concluded that multi-site therapy may not be any more beneficial,
or harmful, than the treatment of the left temporoparietal cortex alone. However, both
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groups reported a significant benefit compared to the placebo group, supporting rTMS’
potential use in tinnitus treatment [44].

The remaining studies in Tables 1 and 2 evaluated dual-site therapy against single-
site treatment or placebo. The sites and combinations thereof also varied from study to
study. Poeppl et al. [34] and Noh et al. [46] evaluated the stimulation of the TC in addition
to the DLPFC. Both reported a significant improvement in symptoms. When Noh et al.
[46] compared it to single-site DLPFC alone, they found that dual-site therapy was more
effective in reducing tinnitus symptoms at nearly every time point of the study. Both of
these studies concluded that the stimulation of non-auditory parts of the brain produces
a better therapeutic response based on the VAS and THI scores. Cimenelli et al. [51] com-
pared bilateral DMPFC stimulation to placebo and concluded that their patients had a
significant decrease in their symptoms. Although their findings are not generalizable,
given their relatively small sample sizes, further studies are necessary to elucidate the
efficacy of stimulating these areas of the frontal cortex [34,46,51].

The protocols used in the meta-analyses in Table 3 are consistent with what was
found in other studies. The inhibitory frequency of 1 Hz was utilized most frequently with
the temporal cortex, temporoparietal area, and regions in the frontal cortex amongst the
most commonly targeted regions [53-56]. Schoisswoh et al. [53] concluded that rTMS ther-
apy is effective in treating tinnitus, that lower-frequency stimulation and a lower dose
was associated with significance, and that also treating the prefrontal cortical areas did
not significantly change outcomes. Lefebvre-Demers et al. [54] found that there was a sig-
nificant efficacy in treating tinnitus with rTMS based on a statistically significant decrease
in questionnaire scores in their treated patients. They also reported that the treatments
targeted at the AC had better outcomes than those targeted at other sites. Liang et al. [56]
found that patients had a significant improvement in their tinnitus symptoms at 1 week,
1 month, and 6 months, with a low heterogeneity across studies (12 = 0%, 0%, 21%, respec-
tively) when compared to those who received the placebo treatment. They concluded that
rTMS is an efficacious treatment for tinnitus; however, given the dearth of large studies
and the lack of standardized protocols, there needs to be further research to verify this
treatment. Dong et al. [55] looked at studies that utilized 1 Hz rTMS. Their analysis
showed that rTMS had no significant effect, as measured by any questionnaire, in the short
or long term. However, they also expressed that rTMS has been shown to be a safe proce-
dure, and therefore further study poses little risk. It was concluded that this analysis was
inconsistent with many of the previous studies and may have been limited, given the
small sample size and the lack of a standardized protocol.

3.2. Duration of Treatment and Follow-Up

The duration of treatment also varied widely amongst recent studies. The duration
of treatment in all the clinical trials in Table 1 was 10 days. The treatment was adminis-
tered on 5 consecutive days, twice over a 2-week period [13,34,41] or on 10 consecutive
days [42]. Yang et al. [13] evaluated patients 3 months following treatment, but there was
no additional follow-up period after treatment in any of the other three studies.

The studies in Table 2 described a larger range of the length of treatments. A 4- and
5-day period of active treatment was utilized by Noh et al. [45,46] and Cacace et al. [48],
respectively. Multiple studies utilized a 10-day period of treatment, similar to the trials in
Table 1 [44,49,50]. James et al. [47] performed a crossover study where participants re-
ceived an active treatment of either 1 Hz or 10 Hz for 4 days, and then received sham
treatment. This was followed by a 21-day washout period in which they received no treat-
ment, and was then crossed over to a 1-Hz or 10-Hz stimulation, depending on what their
initial treatment was, for an additional 4 days. Carter et al. [12] carried out their trial in
three different courses of 4 days for each of their treatment periods, leading to 4 days of
sham and 8 days of active treatment. Ciminelli et al. [51] and Kreuzer et al. [52] had the
longest lengths of treatment, with a 4-week trial and five sessions per week, resulting in
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20 sessions total. However, Kreuzer et al. [52] reported that 11 of the 80 patients under-
went only 2 weeks of treatment (10 sessions).

Some studies in Table 2 utilized follow-up periods beyond the end of the treatment
period to evaluate the efficacy of the rTMS treatment in the long term. The length of the
long-term follow-up varied from study to study. The longest follow-up in a study was at
day 180. In others, the follow-up was extended for 3 or 4 months [12,44-46,50-52]. With
heterogeneous results within these differing time frames, the most appropriate interval,
and therefore the timeline of lasting effects of rTMS, cannot be deduced.

3.3. Primary Baseline and Outcome Measurement Tools

With the variation in patient experience and symptom tolerance, evaluating the out-
comes of rTMS has been widely standardized with the use of validated questionnaires
that are used in clinical practice to characterize the severity of a patient’s tinnitus. Each
study in Table 1 evaluated the tinnitus at baseline and post-treatment with these varying
questionnaires, including the TQ [34], the VAS [13,41,42], or the THI [13,42]. Imaging with
MRI or PET was used for baseline and outcome evaluation by Poeppl et al. [34] and Kan
et al. [42] in order to show functional and metabolic changes in neurons, respectively.

The studies in Table 2 also used a combination of similar techniques for evaluating
the effectiveness of rTMS. These included the THI, VAS, TQ, and TSS (Table 2). Imaging
techniques such as fMRI and MRS were also used in conjunction with questionnaires to
further map neural activity and detect changes in neural metabolism at baseline and the
following treatment in some trials [43,48]. Carter et al. [12] also utilized electroenceph-
alography (EEG) to correlate changes in VAS scores and brain wave frequencies.

Similarly to the experimental and RCTs, the meta-analyses in Table 3 also reported
the utilization of validated tools such as the THI, VAS, TQ, and TSS across the studies
analyzed. No mention of imaging was used throughout the studies. (Table 3).

3.4. Efficacy of rTMS in the Treatment of Tinnitus

There have been varying results regarding the efficacy of rTMS for the treatment of
tinnitus. Two experimental studies in Table 1 reported significant benefits, suggesting
rTMS’s role as a possible treatment modality for tinnitus [34,41]. However, Kan et al. [42]
did not observe rTMS to significantly improve tinnitus, attributing the lack of significant
results to either the small sample size or limitations associated with targeting the left tem-
poroparietal lobe alone. Yang et al. [13] performed a retrospective study on one group,
but reported a significant improvement in a large percentage of patients. With a lack of
control groups in the studies in Table 1, it is also necessary to evaluate the efficacy of rTMS
in RCT.

Nine out of the eleven RCTs in Table 2 reported significant improvements in tinnitus
following treatment with rTMS. Lehner et al. [44] demonstrated significant improvements
in tinnitus but with no additional improvements when targeting both the temporoparietal
cortex and the DLPFC together, compared to just the left temporoparietal cortex. How-
ever, Noh et al. [46] did achieve significance in their trial when comparing targeting both
the AC and DLPFC and targeting the AC alone. With the largest trial to date determining
the efficacy of rTMS to the AC alone, Landgrebe et al. [49] did not observe significant
results. Roland et al. [43] also targeted only the temporoparietal junction and did not re-
port significant results. This suggests the possibility that the efficacy of multi-site therapy
depends on the other parameters of the protocols [44,46].

Three out of the four reviews in Table 3 observed significant improvements in tinni-
tus with rTMS treatment compared to the outcomes observed in those receiving sham
treatment. However, the heterogeneity among the current treatment protocols may limit
the understanding of the effect of r'TMS on tinnitus [53,54,56]. Finally, Dong et al. [55]
suspected that their small sample size was not large enough to demonstrate a significant
benefit.
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4. Conclusions and Future Directions

With the ability to impact both neural connections between regions of the brain and
the gene expression of particular neurons, rTMS can influence neuroplasticity on both the
macro- and the microscopic level. A review of the current literature revealed significant
improvements in the perceptual properties of tinnitus, including intensity, annoyance,
and distress, as well as its impact on the quality of life, following treatment with rTMS. A
significant obstacle to the clinical application of rTMS in the treatment of tinnitus is a lack
of standardized treatment parameters. The protocols used in the studies reviewed in this
analysis vary most widely in terms of the dose of pulses, duration of treatment, and inter-
val of follow-up. Though it remains unclear which specific testing parameters, and in
what combination, would result in the greatest improvement in tinnitus perception and
reaction, the studies examined in this review suggest that rTMS may be an effective treat-
ment modality for tinnitus. Further evaluation could help define a standardized clinical
protocol and establish a path to the clinical application of rTMS in the treatment of tinni-
tus.
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