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Preface

Tinnitus is a fascinating topic in behavioral neuroscience. At face value, tinnitus, the false
perception of sound, would appear a very specific and punctate topic. But the reality is
that tinnitus is a very heterogenous experience and a complex research field. The tinnitus
sound is best explained to occur from a cascade of neuropathophysiological events, often
commencing with an injury to the peripheral and/or central auditory systems that
eventually leads to the perception of a false sound. The disorder of tinnitus is far more
than hearing a sound that is not there, it is an unpleasant and aversive experience that is
also associated with anxiety, depression, sleep disruption, sometimes with catastrophic
effects on quality of life.

Professor Abe Shulman coined the term “Tinnitology” for the science of tinnitus;
although this label has not received widespread adoption, the concept behind it – that
tinnitus is its own subspecialty of behavioral neuroscience – is strongly supported by
this book. To understand such a complex disorder, multiple disciplines need to come
together to share knowledge and come up with solutions. This volume is an
illustration of efforts to bridge the knowledge of a number of fields including sensory
neurophysiology, neuropsychiatry, genetics, neuropharmacology, neuromodulation,
psychology, and audiology. Such efforts are not new (for example, early
multidisciplinary efforts include the First International Tinnitus Seminar (New
York, 1979) [1] and the Ciba Foundation (London 1981) [2]). However, the pace
of research has accelerated in the last decade with exciting new discoveries and with
the hope for more effective treatments. While some of the chapters in this new book
have similar titles to those in earlier publications, the depth of knowledge and
understanding of tinnitus have advanced tremendously in the intervening 40 years.
New advancements in genetics, biomarkers, big data, functional brain measures, and
assessment of behavior have enabled more detailed and conclusive answers than
ever before.

The purpose of this book is to provide the most up-to-date and forward looking
knowledge about the behavioral neuroscience of tinnitus. If the readers question is:
“is there anything new in tinnitus?,” this book provides a resounding answer of yes!
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Seventeen chapters provide comprehensive up-to-date summaries of the tinnitus
experience and scientific methods from benchtop for fundamental mechanisms,
clinical diagnoses and treatments, to population studies. In the Epidemiology of
Tinnitus (Biswas and Hall), the current understanding of the distribution and deter-
minants of tinnitus are reviewed, while the genetics of tinnitus is the focus ofGenetic
Inheritance and Its Contribution to Tinnitus (Amant, Gallego-Martinez, Lopez-
Escamez). Pharmacological Evaluation of Drugs in Animal Models of Tinnitus
(Zheng, McTavish, Smith) summarizes and compares studies on pharmacological
evaluation of tinnitus treatment in different animal models. Modeling electrical
sensory and brain stimulation effects on tinnitus in animals is the focus of Animal
Models of Cochlear and Brain Stimulation Effects on Tinnitus (Zhang, Firestone,
Elattma). The development of different forms of biomarkers and mechanisms for
tinnitus are reviewed in Functional Neuroanatomy of Salicylate- and Noise-Induced
Tinnitus and Hyperacusis (Salvi and colleagues), Neuroinflammation and Tinnitus
(Shulman and colleagues), and through use of large data sets Using Big Data to
Guide Therapy Development (Schlee and colleagues). Pharmacotherapy and
neuromodulation for tinnitus are described and reviewed in chapters on the Phar-
macotherapy of Tinnitus (Kleinjung and Langguth), sound therapy and its mecha-
nisms Sense and Sensibility (Searchfield), invasive and non-invasive Brain
Stimulation (De Ridder, Adhia, Langguth), and combined use of somatosensory
and auditory bimodal stimulation Bimodal Auditory-Electrical Stimulation for the
Treatment of Tinnitus: Pre-Clinical and Clinical Studies (Riffle and colleagues).
Cognitive and affective aspects of tinnitus form another theme within the book: the
Neurobiology of Stress Induced Tinnitus reviews stress-induced tinnitus and its
modulation (Szczepek and Mazurek), the behavioral correlates of tinnitus are sum-
marized in Psychological Comorbidities of Tinnitus (Hébert), and a systematic
review investigates the Psychosocial Variables That Predict Chronic and Disabling
Tinnitus (Kleinstäuber and Weise). Various aspects of the clinical assessment of
tinnitus are reviewed including the emerging knowledge of the use of momentary
evaluation, Momentary Analysis of Tinnitus: Considering the Patient (Deutsch and
Piccirillo), Tinnitus Questionnaires for Research and Clinical Use (Theodoroff), and
the psychoacoustic matching of tinnitus, Principles and Methods for Psychoacoustic
Evaluation of Tinnitus (Vajsakovic, Maslin, Searchfield). The closing chapter is a
collaborative effort to describe some of the exciting new developments in tinnitus on
the horizon, and has an optimistic message for tinnitus sufferers: more effective and
targeted therapies are coming.

We are extremely grateful to the world-leading tinnitus researchers who have
contributed very comprehensive and authoritative reviews. While in many ways
tinnitus remains an enigma, the chapters in this volume illustrate the tremendous
progress that has been made in understanding its sensory and
neuropathophysiological underpinnings, its assessment and management. Although
the heterogenous nature of tinnitus is a challenge to research, it is a test that has been
taken on by the authors.
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We believe this book will be of interest to students, researchers, and clinicians
with a general interest in neuro-sensory disorders, and in particular tinnitus.

Auckland, New Zealand Grant D. Searchfield
Detroit, MI, USA Jinsheng Zhang
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Abstract How many people are affected by tinnitus? Is the risk of developing
tinnitus on the rise or has it been declining over time? What modifiable lifestyle
factors could help to prevent tinnitus? These population-based questions can be
addressed through epidemiological research. Epidemiology refers to the underlying
and basic science of public health. It describes the study of the distribution and
determinants of health-related states or events in specified populations and the
application of this study to the control of health problems. There are two key
concepts in epidemiology: (1) measures of frequency and (2) measures of effect.
In this chapter, we introduce the two main measures of frequency, prevalence and
incidence. We also introduce the notion of risk factors, critical for understanding
measures of effect concerning the risk of developing a health condition. In both
sections, we provide illustrative examples from the published literature on tinnitus.
We end by offering a critical evaluation of the current status of epidemiological
research on tinnitus and point to some promising future directions.

Keywords Adults · Epidemiology · Measures of effects · Population · Tinnitus

1 Measures of Frequency

Measures of frequency describe how common a condition is, in reference to the size
of the population (i.e., the population at risk of developing the condition) and some
defined measure of time.

1.1 Prevalence

Prevalence considers all cases of tinnitus, i.e., both new and preexisting cases (Fig. 1).

Percent prevalence ¼ All cases new and preexistingð Þ at a given period of time
Total population at the same time period

� 100

For example, in a sample of 100,000 people studies, 5,000 report tinnitus. This
gives a prevalence of 5% in the sample, and when calculated for a nationally
representative population, this number can be extrapolated to estimate prevalence
in the overall country population. It is to be noted that when calculating prevalence,
the numerator is a subset of the denominator. Prevalence values are influenced by
incidence (rate of new cases) and duration of the condition. Higher prevalence can be
attributed to increased number of new cases and/or increased survival of cases
without any cure and vice versa. This is particularly important for chronic

4 R. Biswas and D. A. Hall



conditions, such as tinnitus, where there is no cure and also where it is difficult to
pinpoint the date of onset due to the long-standing insidious nature of the condition.
Prevalence is often chosen to measure occurrence for chronic conditions, and percent
prevalence can be estimated in three different ways, as follows:

1. Point prevalence refers to the number of cases of tinnitus at a specific time point.
This could be measured using a survey asking individuals if they are currently
experiencing tinnitus. The major advantage of assessing point prevalence is that it
provides a snapshot of the disease burden. A large sample size can be included,
and the one-time assessment method is convenient. In chronic conditions like
tinnitus, it is useful for capturing individuals who experience the symptoms most
of the time or all of the time.

Ideally, point prevalence would be data collected at one specific point in time,
for example, if patients presenting at a clinic appointment were asked if they were
experiencing tinnitus at that particular moment. However, it is usually difficult to
assess prevalence of a condition in the entire sample population at one instant,
and some amount of flexibility is acceptable in defining time. For all practical
purposes, point in time can be defined as an event rather than a distinct calendar
date. Therefore, it is appropriate to consider point prevalence as the number of
individuals affected by tinnitus at the time of survey, even though the actual data
collection maybe conducted on different calendar dates for different participants.

In a population-based cross-sectional study conducted on adults aged 18 years
and above living in the city of Sao Paulo, Brazil, between April and October
2012, the point prevalence of tinnitus was reported to be 22%. This 22% included
study participants who responded “yes” to the question “Do you have ringing in
your ears?” with binary response options (“yes” or “no”) (Oiticica and Bittar
2015). Since the question is not bound by a defined time frame and asks about the
presence of the symptom in the current context, we can assume that the preva-
lence thus measured is an estimate of point prevalence. The authors of the above
study acknowledged a prevalence rate that was higher than that reported by some

Fig. 1 Graphical representation of prevalence and incidence in a population
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other studies. The authors attributed their (relatively) higher prevalence to the
lack of a defined time frame, pattern, and severity in their assessment method. The
unrestricted nature of the question used and the simplified (“yes” or “no”)
response options could have led to inclusion of individuals who were experienc-
ing a rare and transient occurrence of tinnitus. For example, individuals having a
single acute episode of transient tinnitus following recent exposure to loud noise
could be included, thereby biasing the result toward an overestimate. Alterna-
tively, there is the possibility that people with chronic intermittent tinnitus who
were experiencing a tinnitus-free phase (i.e., intermittent tinnitus) respond “no,”
thereby biasing the result toward an underestimate. In the above example, a
follow-up question found that two thirds of the affected population had intermit-
tent tinnitus (Oiticica and Bittar 2015). Therefore, when relying on point preva-
lence estimates, it is important to consider the impact of the waxing and waning
nature of chronic symptoms which can bias the prevalence estimate.

2. Period prevalence refers to the number of cases of tinnitus over a specific time
period. Often in the tinnitus literature, the distinction between point and period
prevalence has not been made clear by authors reporting their study. Perhaps the
reason is the practical difficulty in assessing all cases at the exact same instant
since surveys tend to have a data collection period that spans weeks or months.
Period prevalence is conceptually similar to point prevalence except that it
considers a wider time range. While point prevalence provides a single snapshot
of burden, period prevalence paints a picture over a longer period. For example,
this could be measured using a survey asking individuals if they have experienced
tinnitus during the past 12 months. Another difference is that, when calculating
period prevalence, the denominator is the average or the mid-interval population,
contrasted with point prevalence where the denominator is the population at the
same point in time.

In tinnitus research, some studies have measured tinnitus prevalence at spec-
ified time periods. The study by Bhatt et al. (2016), using the nationally repre-
sentative population-based data from the 2007 US National Health Interview
Survey to assess the prevalence of tinnitus, is such an example. This was a cross-
sectional study that measured tinnitus in the preceding 12 months on adults aged
18 years and above, using the question “In the past 12 months, have you been
bothered by ringing, roaring, or buzzing in your ears or head that lasts for
5 minutes or more?,” with the response options “yes” or “no.” The study reported
a prevalence estimate of 9.6% (Bhatt et al. 2016). Like point prevalence, the
potential to recruit a large sample and ease of administration are major advan-
tages. Although, unlike point prevalence, since a longer time period (e.g.,
12 months) is considered, individuals experiencing intermittent episodes are
less likely to be missed. However, there is a potential risk for overestimation as
individuals having had a single acute incident of transient tinnitus in the last
12 months may respond affirmatively. In such situations, it would be difficult to
distinguish between cases of chronic, long-term tinnitus and cases of acute or
transient tinnitus.

6 R. Biswas and D. A. Hall



3. Lifetime prevalence refers to the number of cases of tinnitus over an individual’s
lifetime. For example, this could be measured using a survey asking individuals if
they have ever experienced tinnitus. Cases of chronic tinnitus are distinctive from
cases of acute or transient tinnitus, and so this might be reflected in the form of the
question posed. Many cases of tinnitus tend to be chronic in nature, and so one
might expect lifetime and period prevalence to yield similar estimates. When
assessing tinnitus burden, the debilitating form of chronic tinnitus presents the
main public health concern. If a survey asks specifically about “ever” having
tinnitus, the resultant estimate would be a mix of acute, transient, and chronic
symptoms and not necessarily a true reflection of tinnitus that is bothersome to the
population.

To our knowledge, no tinnitus prevalence study has particularly assessed
lifetime prevalence. However, the result from the analysis of the UK Biobank
data collected between 2006 and 2010 might potentially include a mix of point
and lifetime prevalence (McCormack et al. 2014). The UK Biobank is a large
dataset that recruits representative middle-aged UK population from national
health registries (Allen et al. 2012). The question on current tinnitus used was
“Do you get or have you had noises (such as ringing or buzzing) in your head or
in one or both ears that lasts for more than five minutes at a time?” with the
response option “yes” or “no.” But by including both the “do you” and “have you
had” phrases, the question becomes somewhat ambiguous in its interpretation.
Respondents experiencing acute or transient or chronic symptoms could both
answer affirmatively, potentially leading to overestimation of percent prevalence.

1.2 Incidence

Incidence considers new (or newly diagnosed) cases of tinnitus. Specifically, inci-
dence rate calculates the frequency with which new tinnitus events occur over a
particular time frame (e.g., the number of new cases per year) (Fig. 1). Incidence rate
is calculated by dividing the number of new cases over a specified period either by
the average population (usually mid-period which is the population half-way
through the period being evaluated) or person-time which is a measure of the number
of persons at risk and the time they were at risk. For example, in a sample of 1,000
non-tinnitus persons, 100 developed tinnitus over 2 years of observation. The
incidence proportion is 100 cases per 1,000 persons, i.e., 10% over a 2-year period,
or 50 cases per 1,000 person-years (incidence rate), because the incidence proportion
(100 per 1,000) is divided by the number of years.

Incidence is assessed using observational study designs which involve observing
people without tinnitus in a non-controlled environment without actually interfering
or manipulating with other aspects of the study and therefore are non-experimental.
The observation can be prospective or retrospective, and here an example of each is
given.
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The EHLS study measured the incidence proportion of tinnitus in the study
population, which is the number of subjects that develop tinnitus anytime during
the follow-up period. Of the 3,753 study participants at baseline, 3,429 tinnitus-free
participants were included in the incidence study and followed up for a period of
10 years. Of them, 2,922 individuals aged 48 to 92 years provided information on
their tinnitus status at least once and up to 4 times. Results indicated that the
cumulative incidence of tinnitus was 13% (Nondahl et al. 2010).

Methodological disadvantages of this type of population-based prospective
cohort study are that long-term follow-ups are expensive to conduct and resource
intensive, and they are prone to loss to follow-up. For example, for the EHLS, there
was a 15% dropout rate over survey follow-ups. A methodological advantage is that
in addition to estimating incidence the data can be used to assess the association
between potential risk factors and tinnitus. For example, in the 10-year EHLS
follow-up, hearing loss and head injury were found to increase the risk of developing
tinnitus. With respect to modifiable risk factors, smoking was found to increase the
risk of developing tinnitus, while moderate intake of alcohol was found to have a
protective effect (Nondahl et al. 2010).

As an alternative study design, retrospective population-based studies are those
which review existing health records. This design conveys certain methodological
advantages. Not only is the study reasonably cost-effective to conduct, but loss to
follow-up is not an issue. However, incident reporting is dependent on medical help-
seeking behavior. This means that the findings are not directly comparable with
prospective surveys on the general population, such as EHLS. Retrospectively
considering newly diagnosed cases of tinnitus using hospital records was the method
used by Martinez et al. (2015) to measure incident cases of clinically significant
tinnitus in England. Records of clinically significant tinnitus were defined in a
number of different ways in an attempt to capture all cases. For example, it could
be a patient discharged from hospital with a primary discharge diagnosis of tinnitus
or a patient having a recording of tinnitus by the family doctor and having either a
specific diagnosis or a relevant onward referral. The data was anonymized patient
records sourced from two National Health Service databases: the UK Clinical
Practice Research Datalink (CPRD) and Hospital Episode Statistics (HES). The
observation period (i.e., the time in which a patient from the study population was
at risk for developing clinically significant tinnitus) was from 2002 to 2011. This
study calculated incidence rate given by the number of new cases of clinically
significant tinnitus divided by the total person-years at risk of the study population
and reported incidence rate to be 5.4 new cases of clinically significant tinnitus per
10,000 person-years (Martinez et al. 2015).

1.3 Variability in the Estimates of Tinnitus Frequency

Systematic reviews on the prevalence of tinnitus indicate large variability in esti-
mates. For example, a review of 35 prevalence studies by McCormack et al. (2016)
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indicated prevalence estimates ranging from 5% to 43% (Gibrin et al. 2013; McCor-
mack et al. 2016; Quaranta et al. 1996). Major contributors to this variability include
differences in geographic location of study, differences in population demographics
(e.g., studies conducted on specific age groups), the lack of an agreed assessment
question, and heterogeneous reporting measures (Gallus et al. 2015; McCormack
et al. 2016). Because of this lack of standardization when estimating tinnitus
prevalence, it is not possible to pool estimates across countries to understand the
global burden of tinnitus nor to examine differences across countries or world
regions.

Perhaps the most concerning source of variability relates to the assessment
question used for deciding if a person has tinnitus or not. In their systematic review,
McCormack et al. (2016) found eight different assessment questions for tinnitus. The
two most commonly used terms in the tinnitus definitions were “tinnitus lasting for
more than five minutes at a time” and “experiencing in the last one year” (McCor-
mack et al. 2016). The second term defines a period prevalence, and 12 months is a
commonly used time frame (National Institute of Mental Health 2017). Approxi-
mately 34% (12/35) studies that this review included had the phrase “tinnitus lasting
for more than 5 min at a time” in the assessment question (McCormack et al. 2016).
For example, a study by Hannula et al. (2011) used the point prevalence assessment
question “Nowadays, do you ever get noises in your head or ears (tinnitus) which
usually last longer than five minutes?” (Hannula et al. 2011). Another study by
Dawes et al. (2014) used the UK Biobank question “Do you get or have you had
noises (such as ringing or buzzing) in your head or in one or both ears that lasts for
more than five minutes at a time?” (Dawes et al. 2014). From the above examples, it
can be noted that although these two questions including the “lasting for five
minutes” phrase are apparently similar, there is a key difference. While one of
them defines a time frame “nowadays,” the other did not. Whether or not “nowa-
days” defines a point prevalence or period prevalence is somewhat ambiguous.
“Nowadays” could mean “now” or “in the last few days” or even “in the last
month or so.” On the other hand, the inclusion of “do you get or have you had”
phrases in the close-ended UK Biobank question with binary response options
(“yes” or “no”) broadens the scope of the question and could provide a combined
estimate for point, period, and lifetime prevalence of tinnitus. Therefore, while it is
relatively easy to define whether a population survey is assessing period prevalence,
it can be more difficult to determine point prevalence assessments due to ambiguity
in interpreting the question.

The second most commonly used phrase “experiencing tinnitus in the last year”
was used in 26% (9/35) of studies included in the systematic review by McCormack
et al. (2016). This gives a period prevalence estimate (McCormack et al. 2016).
Studies by Nondahl et al. (2002) and Spankovich et al. (2017) measured tinnitus
prevalence using an assessment question where subjects were asked about tinnitus in
the last year (e.g., “In the past year have you had buzzing, ringing or noise in your
ears?”) (Nondahl et al. 2002; Spankovich et al. 2017). Other studies by Xu et al.
(2011) in China, and Bhatt et al. (2016) in the USA, used questions that assessed
tinnitus over the last year and lasting for 5 min (e.g. “In the past year have you had
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noises in your ears or head which lasted longer than 5 minutes?”) (Bhatt et al. 2016;
Xu et al. 2011). Although both questions include a time frame of 1 year, one
specifies a duration for tinnitus, and the other does not. Thus, it can be concluded
that studies with broadly similar tinnitus assessment questions might differ by
inclusion or omission of key concepts that address crucial information. Moreover,
most studies do not provide a justification for the use of their choice of words while
framing tinnitus assessment questions (McCormack et al. 2016).

Similar inconsistencies were also noted in “severe tinnitus” definitions. Eight out
of the 13 studies (62%) reporting tinnitus severity that McCormack et al. included in
their review defined severity or bothersomeness of tinnitus in terms of how bothered,
annoyed, or worried it made the individual. However, not all severity assessment
questions included all three emotional descriptors. For example, Jun et al. (2015) and
Welch and Dawes (2008) both used the term “annoy” to assess the effect of tinnitus
severity, although the latter included the term “upset” (“How annoying or upsetting
is it?”) as well (Jun et al. 2015; Welch and Dawes 2008). On the other hand, the
severity question from the UK Biobank uses three emotional descriptors (“How
much do these noises worry, annoy or upset you when they are at their worst?”),
while the Swedish Longitudinal Occupational Survey of Health (SLOSH) replaced
“annoy” with the term “bother” (“How much do you feel that the tinnitus sounds
worry, bother or upset you?”) (Hasson et al. 2010; McCormack et al. 2014).
Although the emotional descriptors address the disturbance of tinnitus, there are
underlying differences in their meaning. Since severity is a self-reported perception,
these subtle nuances can affect the findings of a study. McCormack et al. (2016) also
reported two other, less commonly used concepts for addressing tinnitus severity in
published literature. These are severity assessed in terms of its impact on sleep,
concentration (3 out of 8 studies) or in terms of an individual’s ability to lead a
normal life (2 out of 8 studies) (McCormack et al. 2016).

Tinnitus frequency, measured by “how often the tinnitus happens,” is another
component that has been assessed in some studies to distinguish constant or persis-
tent tinnitus from occasional occurrences (Bhatt et al. 2016; Degeest et al. 2017;
Folmer et al. 2011; Shargorodsky et al. 2010; Spankovich et al. 2017). This
component is also plagued by the same lack of consensus across the community.
Interestingly, this heterogeneity is related more to how constant or persistent tinnitus
is defined in the response options, rather than how the frequency question is framed.
Shargorodsky et al. (2010) defined frequent tinnitus as occurring “almost always or
at least once a day” (Shargorodsky et al. 2010). Folmer et al. (2011) defined constant
tinnitus as occurring “almost always,” while Spankovich et al. (2017) defined
persistent or constant tinnitus as tinnitus occurring “at least once a month or more”
(Folmer et al. 2011; Spankovich et al. 2017). In another study, Degeest et al. (2017)
defined constant tinnitus as lasting for more than 72 h (Degeest et al. 2017). Bhatt
et al. (2016) included nearly constant as a response option in their study (Bhatt et al.
2016).
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1.4 Estimates of Frequency for “Any Tinnitus”

Differences in assessment questions and lack of explicit statements on whether the
study is assessing point, period or lifetime prevalence are noted across most of the
published literature on tinnitus. A call to meet this challenge of developing stan-
dardized assessment questions has been raised recently by several authors (Gallus
et al. 2015; McCormack et al. 2016).

The impact of the variability in assessment questions can be illustrated by
comparing two well-known population-based studies of tinnitus. The Blue Mountain
Hearing Study (BMHS) and the Epidemiology of Hearing Loss Study (EHLS) are
population-based surveys conducted in Australia and the USA, respectively, to
evaluate the characteristics of hearing loss in older adults (Cruickshanks et al.
1998; Sindhusake et al. 2003). The study populations of BMHS and EHLS are
similar in terms of age, sex, marital status, pure tone average, ethnicity, occupational
history, and cardiovascular profile. Nondahl et al. (2002) analyzed the EHLS data
from 1993 to a follow-up of 5 years and reported the prevalence of significant
tinnitus as 8.2%. They defined significant tinnitus as “buzzing, ringing, or noise in
the ears in the past year that was at least moderate in severity or that caused problems
getting to sleep” (Nondahl et al. 2002). In contrast, the findings from BMHS data
between 1997 and 1999 as reported by Sindhusake et al. (2003) were tinnitus
prevalence of 30%. In BMHS tinnitus was reported as “any prolonged ringing or
buzzing in the ears or head within the past one year . . . lasting for five minutes or
longer” (Sindhusake et al. 2003). Thus, despite the relatively similar
sociodemographics, these two studies reported quite discrepant estimates of percent
period prevalence. In a comment to the article by Sindhusake et al. (2003), Nondahl
et al. (2004) attributed this discrepancy to the different reporting measures used
(Nondahl et al. 2004; Sindhusake et al. 2003). In their 5-year follow-up analysis,
EHLS added the same 5 minutes duration qualifier to their question (“buzzing,
ringing or noise in your ears in the past year that usually lasts longer than five
minutes”). Following this change, the prevalence estimate rose from 8.2% to 17.9%
in the EHLS population (Nondahl et al. 2004). Although this estimate was still lower
than the BMHS estimate of 30%, it can be noted that the alignment in definitions was
perhaps responsible for bringing the two prevalence estimates closer.

One might expect prevalence estimates for any tinnitus to be reliable, so that
findings across studies can be compared and meaningfully interpreted. The issue of
reliability introduces two statistical concepts: accuracy and precision. Accuracy is
defined as the degree to which a measurement, or an estimate based on measure-
ments, represents the true value of the attribute that is being measured. Precision is
defined as the inverse of the variance of a measurement or estimate (Last 1988). In
other words, accuracy determines how close the estimate is to the true value, while
precision determines how close the repeated estimates are to each other after
successive measurements. It is to be noted that accuracy and precision do not always
go hand in hand. From the published data, the median range of prevalence estimates
in Western Europe and America is between 10% and 15% (Baguley et al. 2013).
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This gives a benchmark for reflecting on accuracy and precision. For example, a
tinnitus assessment item might give an average prevalence estimate of 13% with a
6–30% range, and then the average may be accurate (because it is close to the
expected range of 10–15%, Baguley et al. 2013), but not precise (because the
observed range is greater than expected). In another example, a tinnitus assessment
item might give repeated estimates around 40%, indicating good precision, but since
this value exceeds the expected 10–15% range (Baguley et al. 2013), it is probably
not very accurate.

Given the small number of studies that use each of the assessment items, it is
difficult to draw formal conclusion about which is the best way to measure preva-
lence. However, it seems reasonable to posit that estimates of period prevalence
using the 12-month time frame and characterizing tinnitus duration as “lasting for
more than 5 minutes” seem to give more accurate and precise prevalence estimates
compared to other assessment items, with a narrow range of values from 6% to 15%
(Bhatt et al. 2016; Gallus et al. 2015;; Xu et al. 2011).

1.5 Distinguishing “Severe Tinnitus” from “Any Tinnitus”

Knowledge about the burden of a condition contributes to understanding the mag-
nitude of its impact on the population and can inform decisions on priorities for
allocating resources and implementing interventions. The concept of any tinnitus
does not consider burden, while severe tinnitus does. Differentiating severe tinnitus
from any tinnitus seems reasonable. Chronic tinnitus in its debilitating form nega-
tively affects an individual’s overall health and emotional well-being and can incur
substantial social and financial costs on the individual and the society at large (Hall
et al. 2018; Hoekstra et al. 2014; Maes et al. 2013; Stockdale et al. 2017).

A number of epidemiological studies assessing tinnitus prevalence have sought to
differentiate severe tinnitus from any tinnitus by seeking information about the
bothersomeness of tinnitus symptoms (McCormack et al. 2016). For example,
Bhatt et al. (2016) reported a 10% prevalence of any tinnitus and 7.2% prevalence
of severe tinnitus (i.e., a big or very big problem) in the US population (Bhatt et al.
2016). For an Italian population, Gallus et al. (2015) reported 6% prevalence of any
tinnitus and 1% prevalence of severe tinnitus (Gallus et al. 2015). Both these studies
assessed any tinnitus as “ringing or buzzing lasting for five minutes in the past year,”
while severity was assessed by “how much it “bothered or annoyed” the individual.

Several epidemiological studies have shown a negative relationship between
tinnitus severity and quality of life (Nondahl et al. 2007; Zeman et al. 2014). For
example, Nondahl et al. (2007) used the Medical Outcomes Study (MOS) Short
Form Health Survey (SF-36) to assess the relationship between tinnitus severity and
quality of life (QOL) (Nondahl et al. 2007). They analyzed data from EHLS to assess
severity. Patients who reported having “ringing or buzzing or noise” in ears over the
last year were asked to rate their severity as “Mild/Moderate /Severe/Unknown”
(question asked: “How severe is this noise in its worst form?”). The SF-36 assesses
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eight domains relating to two component scales, namely, the Physical Component
Summary Scale (PCS) and the Mental Component Summary Scale (MCS).
Increased tinnitus severity was associated with decreased scores for all eight
domains and the two component scales (Nondahl et al. 2007). Zeman et al. (2014)
also reported a strong negative correlation between tinnitus severity and self-
reported well-being measured using the World Health Organization QOL instrument
assessed in a large multinational clinical sample (Zeman et al. 2014).

Epidemiological research has also confirmed a positive relationship between
tinnitus severity and healthcare costs. In a study conducted in Netherlands, mean
annual costs per patient were €767 for people reporting mild tinnitus symptoms,
€1,329 for moderate tinnitus, and €2,218 for severe tinnitus (Maes et al. 2013).
Therefore, a person with severe tinnitus symptoms accounts for three times the
expenditure as a person with mild tinnitus symptoms. A similar pattern was noted
by a study in the USA (Goldstein et al. 2015). The increased expenses resulted from
a combination of increased doctors’ appointments including specialist appointment,
cost of therapy, loss of productivity, travel to and from clinics, and other associated
expenses like headphones, ear protection, and alternative therapy (Goldstein et al.
2015; Maes et al. 2013; Stockdale et al. 2017).

2 Measures of Effect

Measures of effect are used to quantify the strength of association between a potential
risk factor and a health condition. Here the proportion of affected individuals exposed
to a potential risk factor is compared with proportion of affected individuals not
exposed. This comparison can be made by calculating either the ratio or the difference
in the measures of frequency between the two groups. The resultant value gives the
increase or decrease in frequency of any given condition in the population exposed to a
risk factor when compared with the unexposed population.

Relative risk (RR) is one measure of effect that defines the likelihood of devel-
oping a condition or disease of interest linked to an exposure (such as age, sex,
smoking, etc.). RR is calculated by the ratio of the probability of the outcome
occurring in the exposed group compared to the probability of the outcome occurring
in the non-exposed group. For example, if RR is ten for the exposed group, then the
exposed individuals are ten times more likely to have the outcome than unexposed
individuals. On the other hand, if the RR is 0.5 for the exposed group, then they are
0.5 times as likely to have the outcome as the unexposed. In other words, the
exposed are 50% less likely (0.5¼ 1.0–0.5) to have the outcome than the unexposed.
An RR of 1 indicates that the outcome is no different in the exposed and unexposed
groups. If the 95% confidence interval (CI) for the relative risk includes the value of
1.0, then it cannot be concluded that the exposed and unexposed groups are
statistically significantly different.

Another measure of effect is the hazard ratio (HR). This is used for dichotomous
variables and is defined as the hazard in the exposed groups divided by the hazard in
the unexposed groups. Studies commonly use a Cox proportional hazards model for
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this estimate, so that one estimate of HR summarizes the whole follow-up period
experience. In practice, HR is the most common metric of effect reported in many
epidemiologic studies, and it is interpreted in the same way as RR.

A third measure of effect is the odds ratios (ORs). This is generated as a statistic to
quantify the strength of association between the outcomes of interest (e.g., tinnitus),
given a certain exposure. It is the ratio of the odds of an exposure between the cases
and controls in a case-control study and is interpreted as the ratio of likelihood in one
group with reference to another group. An OR with a value of 1.0 means that
exposure is no different between the cases and controls. For meaningful reporting
of OR, it is also important to mention the corresponding CI. If the CI spans the value
of 1.0, then the association between the exposure and outcome is not statistically
significant.

3 Observational Study Designs to Measure Frequency
and Effect

Observational study designs form the mainstay of epidemiological research, and
well-conducted observational studies can yield qualitatively comparable results to
intervention studies such as randomized controlled trials (Benson and Hartz 2000;
Concato et al. 2000). In observational study designs, investigators survey a sample
population in which individuals are not undergoing any intervention to examine the
measures of tinnitus frequency and the effect of risk factors on tinnitus. Cross-
sectional, cohort, and case-control studies are all types of observational study
designs. Observational studies have an important place in epidemiology since it is
not always ethical (or possible) to investigate risk factors in a controlled setting (e.g.,
assessing the effect of smoking on tinnitus). Nevertheless, observational study
designs have been criticized for failing to account for confounding factors whenever
an apparently straightforward relationship between a risk factor and an outcome is
distorted by the mediating effect of a third variable (the confounder). For tinnitus,
one example is the relationship between age and tinnitus which can have hearing loss
as a confounding factor because age and hearing loss are strongly correlated with one
another.

The following sections give illustrative examples from published research on
tinnitus in order to elaborate on the three common observational study designs.

3.1 Cross-Sectional Studies for Estimating Prevalence

Cross-sectional study designs give a snapshot of the exposure status and outcome in
the study population, at the same point in time (Fig. 2). Participants are recruited in
accordance with exclusion and inclusion criteria specified for the study. The
researchers then measure the exposures and outcomes in the participants. Cross-
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sectional studies are particularly important to evaluate the prevalence of a disease or
condition. However, while they can help in identifying the relationship between a
potential risk factor and tinnitus, they cannot establish causality. In tinnitus research
most studies are cross-sectional and usually provide estimates of prevalence. In Sect.
1.1, we provide examples of three prevalence studies that assess point, period, and
lifetime prevalence. All three of them are assessed by population-based cross-
sectional studies (Bhatt et al. 2016; McCormack et al. 2014; Oiticica and Bittar
2015).

Prevalence odds ratio is the most commonly used measure of effect in cross-
sectional studies. Prevalence OR is measured in the same way as conventional OR in
case-control studies (Sect. 3.3). For example, McCormack et al. (2014) analyzed the
link between neuroticism and tinnitus and found that neuroticism increased odds of
having tinnitus (OR ¼ 2.11; 95% CI: 2.00, 2.22) (McCormack et al. 2014).

Fig. 2 Study designs, timeline for risk factors and tinnitus, and strength of evidence
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However, some studies use the prevalence ratio which is the ratio of the prevalence
of the outcome in one group of individuals with a specific characteristic relative to
another group without the characteristic, to estimate risk (Schiaffino et al. 2003).

3.1.1 Strengths and Limitations

The major strengths of cross-sectional studies are that they are quick, inexpensive,
and relatively easy to conduct. However, while they are very efficient in assessing
prevalence, they are not appropriate for answering specific questions related to
causality. The most important drawback of cross-sectional studies is that the expo-
sure and the outcome are assessed at the same point in time. Due to this lack of
temporality, causality cannot be determined. Additionally, cross-sectional studies
only assess specific risk factors for which information has been collected and often
cannot disentangle complex situations where multiple risk factors may be interre-
lated. Therefore, observations may be biased by confounding factors not accounted
for. For example, if a dataset included information only on current smoking and
tinnitus, the effect of past smoking or ever smoking on tinnitus cannot be explored,
and one might not see the complete picture of the relationship between smoking and
tinnitus.

3.2 Cohort Studies for Estimating Incidence and Risk

Cohort studies follow a group of individuals over time to investigate how the
exposures affect their outcome. Individuals recruited in the study are classified
into two groups based on their exposure status and are then followed over time to
see who develops tinnitus in each group (Fig. 2). Cohort studies can be retrospective
or prospective. In prospective studies, condition or disease-free individuals are
followed into a future time period to study the development of an outcome from
the current time into the future. Retrospective cohort studies are known as historical
cohort studies as both exposure and outcome are assessed retrospectively. Here the
investigators retrospectively identify a disease-free and “at risk” cohort and use
available records to determine exposure status at the beginning of observation period
and the subsequent outcome status of the subjects.

In the tinnitus literature, the EHLS is an example of a prospective population-
based cohort study that followed individuals who were tinnitus-free in the baseline
period (1993 to 1995) for 10 years. In addition to providing the incidence proportion
of tinnitus in the study population, this study also reported important associations
between tinnitus and potential risk factors. Among 3,753 baseline participants in this
study, 3,429 were tinnitus-free. This subset was considered to be at risk of develop-
ing tinnitus. Four follow-up surveys were conducted in 1995–1997, 1998–2000,
2000–2002, and 2003–2005. Over this period, 2,922 individuals aged 48 to 92 years
provided information on their tinnitus status at least once. Apart from reporting
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10-year incidence proportion of 13%, the EHLS data also provided information on
various potential risk factors for tinnitus (Nondahl et al. 2010).

In cohort studies, two metrics can be calculated: relative risk and hazard ratio. For
example, in EHLS, HR was used to report that the risk of developing tinnitus was
higher in subjects having a history of arthritis (Hazards ratio (HR) ¼ 1.37, 95% CI
1.08, 1.73), history of head injury (HR ¼ 1.76, 95% CI 1.40, 2.22), having smoked
ever (HR ¼ 1.40, 95% CI 1.10, 1.79), and in women having hearing loss
(HR ¼ 2.59, 95% CI 1.79, 3.74). Alcohol consumption (HR ¼ 0.63, 95% CI 0.41,
0.96 for �141 g/week vs. <15 g/week, where 141 g/week is roughly equivalent to
12 light beers per week) was reported to be associated with decreased risk of tinnitus.
In men, obesity (HR ¼ 0.55, 95% CI 0.39, 0.78) and increasing age in women
(HR ¼ 0.90 for every 5-year increase in age, 95% CI 0.81, 0.99) were also reported
to reduce the risk of tinnitus (Nondahl et al. 2010).

3.2.1 Strengths and Limitations

Cohort studies are not always practicable, and in tinnitus research, there are few
examples of long-term cohort studies (Martinez et al. 2015; Nondahl et al. 2010,
2011). They come with some inherent advantages and disadvantages. As the indi-
viduals recruited are disease-free at baseline, cohort studies are beneficial for
establishing the temporal sequence of exposure and outcome and also for assessing
incidence. Prospective cohort studies are the best designs to definitely establish
causal associations between tinnitus and related risk factors. They are also particu-
larly useful for evaluating the effects of rare exposures, as investigators purposely
identify adequate number of individuals with the specific exposure. Moreover,
multiple outcomes of the same exposure can be studied simultaneously. Prospective
cohort studies are particularly advantageous from the perspective of data quality.
The investigator can tailor the data collection methods to have complete information
and simultaneously collect data on specific exposures, and data collection is less
vulnerable to recall bias. Nonetheless, they are expensive, have long follow-up
periods, and, consequently, high loss to follow-up. Benefits of retrospective
studies are that investigators use existing data, but this gives limited control over
data collection increasing the likelihood of incomplete or inconsistently measured
data.

3.3 Case-Control Studies for Estimating Risk

Case-control studies are used to quantify the degree of associations between an
exposure (risk factors) and an outcome (e.g., tinnitus). Typically, researchers first
identify the cases, that is, individuals having the outcome, and then select an
appropriate control group, comprising of individuals without the outcome (Fig. 2).
A case-control study on tinnitus, therefore, comprises of two groups: tinnitus cases
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and non-tinnitus controls. The prevalence of exposures is then compared between
the cases and controls. Risk factors can either be beneficial (reduce risk of develop-
ing tinnitus) or harmful (increase the risk of developing tinnitus). Case-control
studies are retrospective by definition, since the researchers start with the outcome
and then retrospectively look in the past for the possible exposures the subjects
might have had to a risk factor. Since subjects are selected on the basis of outcome,
estimates of incidence and prevalence cannot be measured using case-control
studies.

A hallmark of a quality case-control study is one which has a clear and a priori
case definition to ensure consistent identification. Selected cases can be either
incident or prevalent. Incident cases tend to have a smaller risk of recall bias for
exposures because they are newly diagnosed, and it is also easier to assess tempo-
rality between exposure and outcome. Selected controls should be representative of
the population from which the cases are drawn and well matched to the cases in order
to minimize confounding factors affecting the risk of developing the outcome.
Common matching parameters include age, sex, and geographical location, but it
should be kept in mind that once matched for a factor, the cases and controls can no
longer be compared for that factor. In this way, overmatching should be avoided.

As one example, a hospital-based case-control study examined the relationship
between tinnitus and mobile phone use (Hutter et al. 2010). The work was conducted
at the Department of Ear, Nose and Throat (ENT) at the Medical University of
Vienna, Austria. Cases included consecutive patients aged 16 to 80 years with
appointments at the outpatient department. Cases were defined as “patients suffering
from sound sensations not attributable to external sources and presenting at the ENT
outpatient unit after November 2003 (until the projected number of cases was
reached in November 2004).” The first date of occurrence of sound sensation was
regarded as tinnitus onset. Controls were recruited from the same department
matched with cases for age, sex, and ethnic group and within 3 weeks after
enrollment of the respective cases. Exposure data, that is, mobile phone use, was
censored at the date of tinnitus onset for cases. For controls, the index date was same
as that of tinnitus onset in the matched case (Hutter et al. 2010). In case-control
studies, ORs are generated as a statistic to quantify risk. In the given example, when
comparing mobile phone use in cases and controls, the researchers used the reference
category “never use of a mobile phone (prior to the index date) for intensity of use
and never use or use for less than 1 year for duration of use.” Results showed that
mobile phone use had a positive OR of 1.37 but was not statistically significant (95%
CI 0.73 to 2.57). Other measures like “average daily duration of use for 10 min or
more” (OR ¼ 1.71; 95% CI: 0.85 to 3.45) and “cumulative hours of use”
(OR ¼ 1.57; 95% CI: 0.78 to 3.19) showed increased but not statistically significant
ORs. Using a mobile phone for 4 years or more did yield a statistically significant
increased OR of 1.95 (95% CI 1.00 to 3.80) (Hutter et al. 2010). Therefore, for
correct reporting of case-control studies, apart from clearly defining cases and
controls, it is important to appropriately state the exposure categories, reference
level, and measure of association.
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3.3.1 Strengths and Limitations

The retrospective nature of data collection does introduce some limitations to case-
control studies. They can be subject to participant recall bias and this will affect risk
estimates. In their study, Hutter et al. (2010) pointed out that mobile phone users
tended to underestimate the number of calls per month and overestimate duration. In
addition, light users were likely to underestimate use, and heavy users were likely to
overestimate use (Hutter et al. 2010). Another common bias is observer bias. This
describes the situation in which an interviewer records exposure information differ-
ently depending on whether the interviewee is a case or control. Observer bias can be
avoided by blinding the interviewer to the subject group. These biases can make it
quite difficult to determine the temporal sequence of exposure and outcome.

Despite these limitations, case-control studies are cost-effective, efficient, and
often less time-consuming. They are particularly advantageous for rare diseases or
when little information is currently available on the association between a risk factor
and a condition. For tinnitus therefore, case-control studies would be informative.
They can establish degrees of association between tinnitus and potential risk factors,
which could then inform the design of prospective cohort studies that could more
definitely establish causal associations between tinnitus and related risk factors.

4 Some Examples of Risk Factors for Developing Tinnitus

As a symptom, tinnitus is associated with a number of communicable and non-
communicable diseases including otological and neurological conditions, especially
hearing loss. Epidemiological research is concerned with efforts to identify
comorbidities or other factors affecting general health that present a risk for devel-
oping tinnitus. Table 1 illustrates conditions which have been reported to co-occur
with tinnitus, some only anecdotally (Baguley et al. 2013). This list should therefore
be considered a set of potential, not definitive, risk factors.

The following sections describe four of the tinnitus-related risk factors explored
in the literature of date.

4.1 Hearing Loss or Hearing Difficulty

Multiple studies have reported hearing impairment to be a major risk factor for
tinnitus (Baguley et al. 2013; Davis and Rafaie 2000; Michikawa et al. 2010;
Sindhusake et al. 2004), whether it be a self-reported estimate of hearing difficulty
or audiometric measure of hearing loss. Globally approximately 7% of the popula-
tion suffers from disabling hearing loss which is defined as hearing loss of�35 dB in
the better ear (GBD 2015; Wilson et al. 2017). It is thus evident that hearing loss is a
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common otological condition affecting a sizeable part of the global population.
Thus, both tinnitus and hearing loss are common medical conditions that are
mutually related (Moore et al. 2017; Nondahl et al. 2011; Ratnayake et al. 2009).
Therefore, its only reasonable to examine the evidence of increased risk for tinnitus
in individuals affected by hearing impairment.

EHLS is a population-based prospective cohort study conducted in the USA to
evaluate the characteristics of hearing loss in older adults (48 to 92 years)
(Cruickshanks et al. 1998). In this study, audiological tests were used to assess
hearing loss, and significant tinnitus was defined as “buzzing, ringing, or noise in the
ears in the past year that was at least moderate in severity or that caused problems
getting to sleep.” In the 5-year follow-up, they found that the likelihood of signif-
icant tinnitus increased in participants with hearing loss (odds ratio ¼ 3.90, 95%
confidence interval (CI) 2.89, 5.27), after adjusting for age, sex, cardiovascular
disease, and head injury (Nondahl et al. 2002). Similar results were seen in the
10-year follow-up but only for women (Hazards ratio¼ 2.59, 95% CI 1.79, 3.74). In
other words, women with hearing loss were found to have 2.59 times increased
likelihood of having tinnitus (Nondahl et al. 2010).

In an internet-based study on participants aged 17 to 75 years in the UK and USA,
Moore et al. (2017) assessed hearing difficulty using the self-report question – “Do
you currently have any difficulty with your hearing?” with five response options
(“no difficulty/slight difficulty/moderate difficulty/great difficulty/cannot hear at
all”). They assessed tinnitus using the question “How often nowadays do you get
tinnitus (noises such as ringing or buzzing in your heard or ears) that lasts for more
than 5 min?” again with five response options (“never/rarely/sometimes/usually/
constantly”). They found a strong correlation (r ¼ 0.33) between increased tinnitus
and increasing hearing difficulty, which was present even after adjusting for age and
noise exposure (Moore et al. 2017). In a cross-sectional study on German teachers,
conducted to assess the prevalence and comorbidity of hearing loss, hyperacusis, and
tinnitus, the Mini-Tinnitus Questionnaire (Mini-TQ) was used. Overall, 10.8% sub-
jects were found to experience both tinnitus and hearing difficulty, and there was
significant increase in tinnitus-related distress in the presence of self-reported hear-
ing difficulty (Meuer and Hiller 2015).

Table 1 Potential tinnitus-related risk factors (adapted from Baguley et al. 2013)

Otological Hearing loss, noise exposure, infections, neoplasms, Meniere’s
disease

Neurological Meningitis, migraine, epilepsy

Traumatic Head and neck injury, blast injury

Other medical
comorbidities

Hypertension, diabetes, rheumatoid arthritis

Psychological Anxiety, depression

Lifestyle Smoking, alcohol consumption, obesity (body mass index), caffeine
intake

Ototoxic medications Antibiotics, antineoplastic drugs, nonsteroidal anti-inflammatory
drugs
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It is worthwhile recognizing some of the methodological challenges in accurately
identifying the relationship between tinnitus and hearing impairment. Hearing loss
and hearing difficulty are quite separate concepts that are not mutually inclusive.
People with normal audiometric threshold can report hearing difficulty, while other
people with audiometric hearing loss can report good hearing ability (Curti et al.
2019; Ramage-Morin et al. 2019). Moreover while self-reported measures of hearing
difficulty are subject to reporting bias, even laboratory assessments of hearing do not
provide a definitive diagnosis on whether or not there is damage to the hearing
system. One obvious limitation is the assessment of high-frequency hearing ability
(> 8 kHz) which is not part of any standard clinical audiometric assessment. Another
is the recent debate on “hidden hearing loss” which sheds light on the possibility that
many people have cochlear damage that impairs hearing but that this is on a
subclinical level which cannot be tested using current psychometric tests
(Prendergast et al. 2017a, 2017b).

Few population-based surveys have examined tinnitus prevalence in populations
with hearing difficulty. But the caveat to these is that, where epidemiological
estimates refer to hearing, the observed findings might not necessarily reflect the
true nature of the relationship with tinnitus. Moreover, since most evidence is from
cross-sectional studies, it is not possible to conclude causality (Meuer and Hiller
2015; Moore et al. 2017). Strong associations are typically reported from available
analytical observational data. Therefore, in order to confirm these trends in the
relationship between tinnitus and hearing loss, tinnitus researchers could consider
study designs that not only provide information on the relationship between vari-
ables but also on the direction of association.

4.2 Age

Multiple studies have shown an increase in tinnitus prevalence and in its reported
severity as a function of age. Bhatt et al. (2016) conducted their analysis on a
nationally representative data in the USA and found that the group that reported
tinnitus symptoms was older than the group without symptoms, with mean differ-
ence of 8 years. They also reported a direct correlation between increased age and
increased tinnitus prevalence (r ¼ 0.08) (Bhatt et al. 2016). Gallus et al. (2015)
conducted a prevalence study in a nationally representative population in Italy
finding that the prevalence of any tinnitus was 3% in individuals younger than
45 years, while it was 9% in individuals older than 45 years of age. They also
reported that among study participants who reported severe tinnitus, 97% were of
age older than 45 years (Gallus et al. 2015). McCormack et al. (2014) also reported a
trend for bothersome tinnitus in both men and women with increasing age, in a study
conducted on UK Biobank data (McCormack et al. 2014). Given the age-dependent
increase of tinnitus, when pooling data from various studies or when comparing
prevalence in different populations, one needs to be careful of the age range. In terms
of age at peak prevalence, Shargorodsky et al. (2010) reported peak prevalence of
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31.4% in the 60–69 years’ age group. In their systematic review, McCormack et al.
(2016) also noted a peak prevalence at around 70 years of age (McCormack et al.
2016). In terms of methodology, McCormack et al. (2016) noted inconsistency in the
definition of age bands across studies (McCormack et al. 2016). In epidemiological
studies, the preferred method of age group distribution is either in 5-year bands (e.g.,
20–24, 25–29, 30–34, and so on) or in mid-decade to mid-decade 10-year age groups
(25–34, 35–44, 45–54, and so on) (World Health Organization 1999). However,
only 2 of the 25 relevant studies have followed this reporting convention (McCor-
mack et al. 2016). The rest used a range of alternatives such as 30–39, 40–49, 50–59
and 18–44, 45–64, and �65 years. This disparity can limit the ability to make
comparison across studies.

4.3 Sex

The published literature provides no clear consensus on the direction of association
between sex and tinnitus. For example, Bhatt et al. (2016) found tinnitus to be 2%
more prevalent in men than in women, but with no difference in severity (Bhatt et al.
2016). On the other hand, Gallus et al. (2015) reported no significant difference in
prevalence of any tinnitus between men and women but double the prevalence of
severe tinnitus in women (1.6%) compared to men (0.8%) (odds ratio ¼ 3.26; 95%
CI 1.28,8.21) (Gallus et al. 2015). McCormack et al. (2014) also found current
tinnitus to be 4% more common in men than women, and like Gallus and colleagues,
they reported women to have slightly higher prevalence of bothersome tinnitus
(4.1% in women and 3.5% in men) (McCormack et al. 2014). Park and Moon
analyzed data from the Korean National Health and Nutrition Examination Survey
(KNHANES) to report women having increased likelihood of any tinnitus compared
to men (odds ratio 1.22; 95% CI 1.08, 1.37), although the likelihood of annoying
tinnitus did not differ across the two sexes (Park and Moon 2014).

It is worth considering whether study-specific differences in sex could be attrib-
uted to differences in the sociocultural and behavioral structure across countries.
However, while plausible, this explanation seems unlikely because even studies
conducted in same countries report contradictory findings (Bhatt et al. 2016;
Nondahl et al. 2002). In conclusion, from currently available information, it is not
possible to predict if sex has an effect on tinnitus prevalence. More research needs to
be done in the future to understand if sex difference has a role in tinnitus or if
confounding factors can explain the apparent effects of sex difference.

4.4 Lifestyle

Smoking, alcohol consumption, obesity (which can be determined by body mass
index), and caffeine intake are all lifestyle-related risk factors with a hypothesized
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relationship to tinnitus (Baguley et al. 2013; Figueiredo et al. 2014). These modifi-
able risk factors can point toward prevention strategies for reducing tinnitus burden.
Nonetheless, results from the current literature are somewhat inconsistent. For
example, with respect to smoking, some studies have shown an increased risk of
tinnitus in smokers (Kim et al. 2015; Nondahl et al. 2010, 2011), while others have
found no such relationship (Gallus et al. 2015; Park and Moon 2014). A recent
systematic review and meta-analysis conducted by Veile et al. (2018) on 20 studies
related to smoking and tinnitus found an increased tinnitus risk in both current and
former smokers (Veile et al. 2018). This study pooled data mostly from cross-
sectional studies since there is a lack of data from analytical (case-control and
cohort) studies (Veile et al. 2018). Therefore, even though the relationship was
statistically significant, the authors could not conclude causality. Obesity, measured
as body mass index �30 kg/m2, has been reported to increase of risk of tinnitus
significantly (Gallus et al. 2015; Shargorodsky et al. 2010). However, one study
found no relationship (Kim et al. 2015), and another found a decreased risk (Nondahl
et al. 2010).

5 Future Directions

Epidemiological research in tinnitus is plagued by several major gaps in our under-
standing which identify specific priorities for future research The first calls for
standardization in study methods, wherever possible, in order to enhance the confi-
dence in pooling prevalence and incidence estimates across studies. The second calls
for investigators to overcome geographical biases and ensure that world regions such
as Asia and Africa are better represented in our understanding of tinnitus as a global
problem. The third calls for greater efforts to conduct analytical studies in order to
better understand the cause-and-effect relationship between potential risk factors and
tinnitus.

Standardization of Methods There is a wide range of prevalence estimates, beyond
what is expected due to sociodemographic differences. Many authors have
highlighted this issue and the need for cross-culturally adapted survey questions
instead of verbatim translations. Biswas et al. (2019) addressed this concern and
provided standardized questions on tinnitus prevalence translated into 12 European
languages (Biswas et al. 2019). Using these standardized questions, a recent study
calculated prevalence estimates for tinnitus across Europe. From 12 member states
of the European Union (EU), Biswas et al. (2020) found a 15% prevalence for any
tinnitus, equivalent to one in seven adults. Despite the standardization in questions
and other study methodology, there were some country-specific differences
observed, notably with the range in prevalence varying from 9% in Ireland up to
28% in Bulgaria (Biswas et al. 2020). This range is at least broadly consistent with
other prevalence estimates (e.g., Bhatt et al. 2016), giving us confidence in accuracy
and precision.
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Overcoming Biases Most epidemiological research has been limited to Europe and
North America, and so our knowledge of tinnitus prevalence is biased toward these
world regions (McCormack et al. 2016). As a global community, tinnitus researchers
have little insight on the status of tinnitus across continents such as Asia and Africa.
Perhaps the rise in interest in global epidemiology in relation to noninfectious
chronic conditions, such as cardiovascular disease and diabetes, will open up
avenues to developing a more global perspective on the epidemiology for other
health conditions such as tinnitus. Certainly the global estimates on disabling
hearing loss conducted by the World Health Organization (2018) demonstrate how
global epidemiology is possible and highlight how the power of this knowledge can
be harnessed to prioritize research and healthcare resources. Supporting and encour-
aging greater tinnitus research in such countries would also raise priorities for
qualitative research necessary to better understand population awareness, attitude,
and stigma associated with tinnitus.

Analytical Study Designs The final gap is the lack of analytical studies used to
investigate the cause-and-effect relationship between potential risk factors and
tinnitus. It is possible to conduct hospital-based case-control studies from ENT
clinics or population-based case-control studies from existing healthcare or health
insurance databases, by selecting tinnitus cases and tinnitus-free controls matched
for index dates. However, to obtain accurate results, in both cases, reliable coding of
tinnitus will be essential. In tinnitus research, there are very few examples of such
case-control studies (Hutter et al. 2010; Koo and Hwang 2017).

Cohort studies, particularly prospective cohort studies, provide the strongest
evidence in risk factor analysis. Martinez et al. (2015) conducted a retrospective
cohort study using national healthcare records (Martinez et al. 2015). Additionally,
several large population-based prospective cohorts have explored the relationship
between tinnitus and various risk factors. Examples include the EHLS, BMHS,
Beaver Dam Offspring Study (BOSS), Jackson Heart Study, Nurses’ Health Study
(I and II), Conservation of Hearing Study (CHEARS), and the UK Biobank
(Cruickshanks et al. 1998; Glicksman et al. 2014; House et al. 2018; McCormack
et al. 2014; Nondahl et al. 2011; Sindhusake et al. 2004). While conducting new,
large, well-designed, prospective cohort studies is needed, perhaps it would also be
worthwhile to exhaust the existing cohort datasets to fully examine the interrelations
between those risk factors listed in Table 1.

6 Synopsis of Key Points

• We estimate that tinnitus affects about 15% of the adult population, equivalent to
one in seven adults.

• We recommend a standardized question for assessing tinnitus prevalence: “Over
the past year, have you had noises (such as ringing or buzzing) in your head or in
one or both ears that lasts for more than five minutes at a time?,” with the
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following response options: Yes, most or all of time/Yes, a lot of the time/Yes,
some of the time/No, not in the past year/No, and never/Do not know/Prefer not to
answer.

• Case-control and retrospective cohort studies can inform our interpretations of
associations between tinnitus and potential risk factors, but prospective cohort
studies are the best study design to definitely establish causal associations
between tinnitus and related risk factors.

• There is strong evidence to support hearing loss as a risk factor for developing
tinnitus.
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Abstract Tinnitus is the abnormal perception of sound that affects more than 15%
of adult population around the globe. Severe tinnitus is considered a complex
disorder that arises as result of the interaction of genetic and environmental factors,
and it is associated with several comorbidities such as hearing loss, anxiety, and
insomnia. We begin this review with an introduction to human molecular genetics
and the role of genetic variation on the inheritance. There are some genetic reports on
tinnitus heritability including concordance studies in twins and adoptees or aggre-
gation in families providing some evidence for familial aggregation in patients with
severe tinnitus and high concordance in monozygotic twins with bilateral tinnitus.
So, sex differences in familial aggregation and heritability of bilateral tinnitus
suggest a potential sexual dimorphism in tinnitus inheritance.

Molecular genetic studies have been demonstrated to be a useful tool to under-
stand the role of genetic variation in rare diseases and complex disorders. The
reported associations in common variants in neurotrophic factors such as GDNF,
BDNF, or potassium channels genes were underpowered, and the lack of replication
questions these findings. Although candidate gene approaches have failed in repli-
cating these genetic associations, the development of high throughput sequencing
technology and the selection of extreme phenotypes are strategies that will allow the
clinicians and researchers to combine genetic information with clinical data to
implement a personalized diagnosis and therapy in patients with tinnitus.

Keywords Extreme phenotype · Genetics · Heritability · Rare variants · Tinnitus

Abbreviations

A Adenine
C Cytosine
DNA Deoxyribonucleic acid
G Guanine
GWAS Genome-wide association study
INDEL Insertion-deletion
PCR Polymerase chain reaction
RNA Ribonucleic acid
SNV Single-nucleotide variant
T Thymine
WES Whole-exome sequencing
WGS Whole-genome sequencing
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1 Introduction to Human Genetics

1.1 Molecular Genetics

Genetic information regarding different human traits is stored across the cells in the
form of deoxyribonucleic acid (DNA). DNA molecules are formed by the repetition
of four different nucleotide molecules shaping two helical deoxyribose-phosphate
backbones (DNA strands). Those four bases are adenine (A) and guanine (G) as
purines and cytosine (C) and thymine (T) as pyrimidines. Both pyrimidines and
purines are complementary in A-T and G-C pairs. The base pairs build the large
scaffold that encodes the entire genetic information of each cell. This information is
organized in genes, sequences of nucleotides in DNA that encode the synthesis of a
gene product. There are around 19,000 genes in the human genome, and each gene
consists of coding (exons) and noncoding sequences (introns), leading to either RNA
or proteins (Burgers and Kunkel 2017; Ekundayo and Bleichert 2019).

DNA is packaged inside the nucleus of the cell with proteins called histones
forming the nucleosome and chromatin, preventing DNA damage, and regulating
gene expression (transcription) and DNA replication. DNA replication is the bio-
logical mechanism that ensures the perpetuation of identical DNA molecules across
cells. Also, DNA replication is the basis of inheritance. The DNA replication occurs
during a phase of cell division known as interphase, where each strand of DNA
molecule separates and endorses the production of their complementary strand to
produce two identical DNA molecules. This mechanism involves the use of special-
ized proteins such as DNA polymerases for the insertion of the new bases on the new
strand and helicases for the opening of both parental strands (Burgers and Kunkel
2017). This mechanism is also replicated in vitro to produce fragments of DNA than
can be sequenced through next-generation sequencing in a process called polymer-
ase chain reaction (PCR).

Transcription is the main process for the expression of different genes. Proteins
involved in transcription process lead to the production of certain molecules called
acid ribonucleic (RNA) which encode coding segments from the DNA. The main
enzyme involved in this process is called RNA polymerase and works similarly to
the DNA polymerases. However, this enzyme works in little “bubbles” in the DNA,
commonly marked in the DNA by transcription factors, to translate the content of
genes encoded in the DNA to the messenger (messenger RNA) that will be translated
into a protein. DNA in this fashion acts as a general blueprint that needs to fill a new
form in a moment of necessity. The transcription mechanism copies the blueprint on
DNA as an easy to understand form called mRNA. This latter form will be translated
in the protein through a translation mechanism (Bell and Dutta 2002; Johnson and
O’Donnell 2005; Burgers and Kunkel 2017).
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1.2 Genetic Variation

Replication machinery is a well-proofed mechanism for the duplication of DNA
molecules. Proteins involved in this process usually produce mutations, errors on the
insertion of nucleotides. However, DNA polymerases can find those errors, fixing
them retroactively, and mark those DNA molecules as failed, so they can be deleted
by a depuration mechanism lead by other polymerases (Burgers and Kunkel 2017).

The main mutations in a DNA sequence occur on the first division of the cells,
during the germline cell development. Those mutations are carried through the entire
development of the individual, leading to a mutation that can arrive to every tissue
cell on the developed organism. These variations are usually rare variations, but they
can be transmitted to an entire population due to the inheritance of those mutations,
making them more common (Bomba et al. 2017).

In terms of population genetics, those differences are called variants. Common
variants are usually single base-pair differences or single-nucleotide variants
(Fig. 1). Most of the single-nucleotide variants do not have a direct effect on the
future phenotype of the individual; however, other structural changes in the DNA
sequence (like insertions, deletions, etc.) can result in a permanent damage in the
proteins they produce, reducing the probability of its spreading on the population
and leading to variants with a very low frequency on the population (also called rare
variants).

These variations can occur elsewhere in the DNA molecule, either in genes or
intergenic regions; however, most of the genes have an unknown biological func-
tion, and the clinical effect on phenotype has not been established.

Fig. 1 Types of variations in the DNA. (a) Example of reference DNA chain. Color code
represents the four nucleotides of the DNA (A,T,G,C). (b) Example of single-nucleotide variant.
C-G position changed to A-T. (c) Example of indel variation. The lack of the C-G position
represents a deletion
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The contribution of genetic variation is usually modest to small in most diseases
(Duzkale et al. 2013). Pathogenicity depends on several factors, and it can be
predicted by bioinformatic tools through protein structure stability prediction, con-
servation of the DNA structure algorithms, or multilevel analysis (Requena et al.
2017; Sun and Yu 2019). Most of the pathogenicity prediction tools usually include
different methods for pathogenicity assessment; however, damage in the protein
structure or function is only a grain of sand in the explanation of the phenotype in a
complex trait such tinnitus. Most of the changes in the later phenotype could occur in
other genes affecting the production of a late protein or its expression in a larger
network structure. Novel theories in gene network and pathways analysis consider
an integration of several variants in different genes regulating expression of different
phenotypes. Current standards for the pathogenicity interpretation of genomic var-
iants have been addressed in consensus by the American College of Medical
Genetics and Genomics and the Association for Molecular Pathology (ACMG-
AMP) (Oza et al. 2018).

1.3 Genetic Inheritance

Most human traits are not strictly determined by genes but rather are influenced by
both genes and environment. Genetic inheritance explains the contribution of genetic
variants to rare (Mendelian disorders) and complex disorders. Unfortunately, single-
nucleotide variation only explains little-to-low well-known Mendelian disorders,
such as Duchenne muscular dystrophy and cystic fibrosis. Genetic disorders usually
follow certain inheritance patterns that help clinicians to track the disorder on a
familial pedigree (Hamosh et al. 2005).

Common Mendelian disorders follow dominant or recessive inheritance patterns,
where the variant must be represented in one or both chromosomal copies to affect
the protein, respectively. Dominant disorders are usually observed in parents and
offspring simultaneously, while recessive disorders are usually observed isolated in
one generation with a previous carrying generation without observable effects (they
only carry one copy of the variant).

Other inheritance patterns can be observed in other monogenic disorders, such
X-linked or mitochondrial inheritance. Mitochondrial diseases are inherited through
maternal mitochondrial DNA, and their effects are usually increased due to a high
number of mitochondria carrying the affected copy of a variant (homoplasmy) or a
mixture of both normal and mutant mitochondrial DNA (heteroplasmy). This situ-
ation leads to variable expression or incomplete penetrance of mitochondrial disor-
ders within the same family (Chinnery 2002; Xin and Butow 2005).

More complex inheritance patterns are usually found in polygenic complex
disorders and traits, where several genes interact defining a phenotype. Most of the
common disorders come under in this definition, including tinnitus disorder, a
common condition associated with several diseases with diverse etiologies. There
are several examples of complex inheritance, but it usually involves several genes
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(polygenic disorders) and several alleles per gene (multiallelic disorders) (Mitchell
2012; Boyle et al. 2017). A combination of several alleles and several genes could
also drive to syndromic phenotype, such retinitis pigmentosa and hearing
impairment.

1.4 Genetic Disorders: Testing and Research

1.4.1 Assessment of Genetic Risk

Patient sequenced datasets usually generate a large quantity of variants with small
effects on the phenotype. In complex diseases, the association between single
variants and the phenotype is difficult to demonstrate. The common approach for
genetic disorders consists in the elaboration of a genetic risk score (Torkamani et al.
2017).

Genetic risk scores are the sum of the possible indirect effects of known sequence
variants on each individual and the expected yield those variants suggest to the
known phenotype (Khera et al. 2018). Researchers rely on a large amount of
genomic data to enable them to calculate which variants are found more frequently
in groups of people with a given disease in a known population. There can be
hundreds or even thousands of variants for a common disease, and some of them
could be population-specific variants. The additive effect of common variants has
been used to generate polygenic risk scores, where different variants in different
genes yield a unique score for a disease in an individual (Li et al. 2020).

However, genetic risk scores are relative. Polygenic risk scores are made from
large-scale genomic studies, where the objective is to find variants in case-control
comparison studies. Attending to the studied populations, differences have been
observed in the frequencies of the variants in replication cohorts from different
populations, and these findings suggest for a more stringent risk score for a disease
(Martin et al. 2019).

Another relevant point is that polygenic risk scores are static and determinant of
an individual. They may not be causal. Polygenic risk scores are built around
correlations. Two individuals with the same polygenic risk scores could have a
totally different timeframe for a disorder, according to environmental factors such as
diet, aging, and infections. Because of this, polygenic risk scores should not be
confused with absolute risk factors of a genetic disorder. Absolute risk factors count
the odds of a disease to occur and may be manifested in a specific biomarker.
However, this means that both absolute and relative risks can be used together to
check the efficacy of drugs and therapeutics (Chatterjee et al. 2016; Torkamani et al.
2018).
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1.4.2 Genetic Testing Strategies

Genetic testing has surged toward being a necessity in medical diagnostics. It is the
result of the study of genetic variations as genetic markers conferring risk for
different disorders. Genetic testing strategies are used to generate genetic risk scores
in individuals with suspected genetic conditions and provide health practitioners
assistance for early interventions, including genetic counseling. Currently, there are
more than 1,000 genetic tests for different genetic disorders in use by clinicians
(Phillips et al. 2018).

Genetic testing follows different approaches or methods depending on the genetic
target to be assessed:

(a) Molecular genetic tests are common PCR-based tests that study genes of interest
or fragments of genes of interest to identify variations that lead to possible
genetic disorders.

(b) Chromosomal genetic tests look for long fragments of the DNA with broad
changes, such as extra copies of chromosomes or deletions of large parts of the
DNA. Common chromosomal studies are fast and visual.

(c) Biochemical genetic tests focus on the expression of proteins of interest, looking
for abnormalities in the quantity of protein or derivatives, which could lead to a
potential disorder.

The implementation of next-generation sequencing is currently growing in clin-
ical diagnosis, with the development of personalized medicine (Fig. 2). As part of the
extensive use, the cost of sequencing is decreasing. However, the different tech-
niques used in sequencing address different issues and target different regions of
interest, which makes each of them specially designed for certain situations (Klein
and Foroud 2017). The most commonly used approaches for genetic diagnostics are
the following:

(a) Genotyping: Genotyping is a method that determines alleles in common variants
in a set of individuals compared with a control group used as reference. This
method is useful to understand which alleles are inherited from the parents of an
individual or alleles defining a specific population. This method uses a limited
array of targets focusing on some fragments of the DNA. Genotyping usually
only need a PCR assay for detection, so it is considered cheap but not so much
informative. Genome-wide association studies (GWAS) have been able to

Fig. 2 Genomic sequencing basic workflow
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demonstrate the association of common variants with complex traits by using
genotyping technology in a case-control design (Tam et al. 2019).

(b) Gene-targeted panels: Panels are built around a selection of genes with known
markers for a disease. Several gene panels are currently been tested for different
disorders, with a large range of target genes. For instance, custom targeted gene
panels can be designed to cover entire regions of interest for an affordable
diagnosis of complex disorders such as epilepsy or neurodegenerative diseases
(Yu et al. 2019).

(c) Exome sequencing: Whole-exome sequencing (WES) targets a larger section of
the entire genome than gene target panels. Exome sequencing covers coding
regions in all human genes. WES has been optimized in recent years and is
covering the maximum of the entire coding part of the DNA at a low cost,
making this approach affordable for familial studies (Bamshad et al. 2011).
However, variants outside protein-coding regions are out of the scope of this
technique, so it could represent difficulties in the interpretation for some disor-
ders (Belkadi et al. 2015).

(d) Genome sequencing: Whole-genome sequencing (WGS) targets the total DNA
sequence of an individual, with a lesser coverage than WES, but with an
incredible quantity of information. WGS uniformly covers the entire genome,
where WES usually includes the coding regions with different coverage. Com-
pared to than WES, WGS allows sequencing larger fragments for better deter-
mination of rearrangements in the DNA or structural variations that are difficult
to achieve with WES analysis. WGS is more expensive than WES, although it
becomes more and more affordable for clinical testing (Belkadi et al. 2015;
Maróti et al. 2018).

1.4.3 Pharmacogenomics

One of the major problems in medical treatments is that many medications do not
yield the same results for everyone. While some patients benefit from a medication,
others do not respond to the treatment or even show negative side effects for the
same disorder (adverse drug reaction). Currently, pharmacogenomics appears as a
new field attempting to address the necessity of personalized treatment by studying
of how genes affect drug response (Ganesan et al. 2018).

Genetic differences are used to predict the effectiveness of a drug for an individ-
ual, the same way that polygenic risk scores work. Although pharmacogenomics is
still in its early stages, clinical trials for different disorders such as cancer, cardio-
vascular diseases, and immune and cerebral disorders have been started across
different countries. Since tinnitus is a common adverse effect of several types of
drugs, including nonsteroidal anti-inflammatory drugs (NSAIDs) or some diuretics
according to American Tinnitus Association (ATA), the genetic contribution to
pharmacokinetics during the metabolization of certain drugs could explain the
occurrence of tinnitus in some individuals (Elgoyhen et al. 2014).
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2 Evidence on Tinnitus Heritability

Tinnitus affects more than 15% of adult population worldwide. It is a complex
condition and characterized by a set of several features including perceived sound
(ringing, buzzing, or hissing), tinnitus type (objective or subjective), persistent or
nonpersistent, unilateral or bilateral, and pulsatile or non-pulsatile (Ueberfuhr et al.
2017; Vona et al. 2017). However, tinnitus as a distressing disorder, where tinnitus
results in significant disruption of daily life, is a less frequent condition, and it can
occur together with common traits such as hypertension (Figueiredo 2016), hearing
loss (Shargorodsky et al. 2010), hyperacusis (Ralli et al. 2017), anxiety, sleep
disorders, headache (Trevis et al. 2018), or rare diseases such as Meniere disease
(Perez-Carpena and Lopez-Escamez 2019), making tinnitus disorder a heteroge-
neous condition and its characterization more complex.

The evidence supporting a genetic contribution to a tinnitus disorder is limited,
and most of the studies have been conducted in Sweden, but it includes a low-to-
moderate familial aggregation and high concordance between monozygotic twins
with bilateral tinnitus (Fig. 3). These findings indicate that severe and bilateral
tinnitus may have a genetic inheritance. For this reason, it is important to select an

Fig. 3 Tinnitus familial aggregation and sex differences in genetic heritability. Familial aggrega-
tion is estimated by calculating the tinnitus recurrence risk ratio between siblings that shared the
same familial environment. Heritability has been estimated in twins and adoptees studies by
comparing the concordance rate between monozygotic vs. dizygotic twins and between adoptees
with biological parents. Red box under families indicates low heritability, and red box under twins
indicates increased risk of bilateral tinnitus in young females
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appropriate tinnitus phenotype including age of onset, tinnitus severity, family
history, or comorbidities linked with tinnitus, but these variables have barely been
considered in genetic association studies (Maas et al. 2017).

2.1 Familial Aggregation

To investigate the familial aggregation of tinnitus, a large study was conducted in six
European countries recruiting 198 families with at least three siblings, resulting in a
total of 981 individuals for analysis. To identify tinnitus in these individuals, a
question was asked as Nowadays, do you ever get noises in your head or ear
(tinnitus) which usually last longer than 5 min. This study reported 21.2% of tinnitus
prevalence and 0.15 of familial correlation, with a limited information on the role of
shared environment and genetic risk factors (Hendrickx et al. 2007). Another study
on the heritability of tinnitus recruited 11,498 siblings, 27,607 parent-offspring, and
12,940 spouses from Nord-Trøndelag County. This study reported heritability of
tinnitus as h2 ¼ 0.06–0.14 for siblings, for parent-offspring as h2 ¼ 0.01–0.07, and
0.04 for spouse. Although a low heritability of 0.11 was reported without any sex
differences, clinical information about the tinnitus profile and severity was missing
in the study (Kvestad et al. 2010).

Another large study on familial aggregation was carried out in Sweden, and
significant differences were found according to sex; so, a higher sibling recurrence
risk ratio for severe tinnitus was reported in women compared to men, suggesting a
sexual dimorphism with higher susceptibility in female cases (Trpchevska et al.
2020).

2.2 Adoptees-Based Studies

Adoptees-based studies are used in behavioral genetics to estimate the degree to
which variation in a trait is due to environmental or genetic factors. There are two
adoption study designs. These studies compare the concordance in the phenotype
between the adoptee and their biological and adoptive parents. Similarity with the
biological parents is associated with a heritable genetic effect, while similarity with
the adoptive parent is associated with the shared familial, environmental effect.

A Swedish study using national registry data reported a heritability of h2 ¼ 0.32
with an association between tinnitus and adoptees in relation to their biological
parents, but not to their adoptive parents. So, tinnitus in adoptive parents does not
increase the odds of tinnitus among adoptees, suggesting a limited association of
familial environment with tinnitus heritability (Cederroth et al. 2019).

38 S. Amanat et al.



2.3 Twins-Based Studies

Twin-based epidemiological studies are used to estimate heritability by comparing
disease concordance in monozygotic (MZ) vs. dizygotic (DZ) twins. So, a high
concordance in genetically identical twins, who share on average half of their alleles,
suggests a genetic inheritance. It is assumed both MZ and DZ twins share the same
family environment, thus yielding relevant information about the genetic contribu-
tion to disease etiology. Two twin studies have been published, and both of them
independently concluded that genetic factors contribute to tinnitus.

Bogo et al. (2017) evaluated the genetic contribution of self-reported tinnitus in
male twins aged 52–96 years with age-related hearing loss. Twins assessments were
performed at baseline (n ¼ 1,084 individuals) and after 18 years of follow-up
(n ¼ 576 individuals), and they included audiometry and self-reported tinnitus
perception. The hypothesis was that individuals with faster hearing deterioration
had the greatest tinnitus risk and that genetic factors influenced tinnitus (Bogo et al.
2017). However, no difference in tinnitus prevalence between MZ and DZ twins at
either time point was found. As expected, the hearing thresholds among MZ twins
discordant for tinnitus were more similar than for discordant DZ twins, which may
be explained by the shared genetic background. An overall heritability of h2 ¼ 0.4
was estimated for tinnitus, which support a moderate genetic influence.

A large Swedish cohort of 10,464 twin pairs was selected to evaluate the
concordance for tinnitus based on a question “Do you have buzzing in the ears?”.
The investigation showed a higher concordance of bilateral tinnitus in MZ twins as
compared to DZ twin pairs. Further investigations revealed significant sex differ-
ences in the heritability tinnitus: for unilateral tinnitus, the observed heritability was
0.29 for male and h2 ¼ 0.25 for female; but for bilateral tinnitus, it was reported as
h2 ¼ 0.68 for male and h2 ¼ 0.41 for female. Furthermore, some sex differences in
the heritability of bilateral tinnitus with different age groups were also observed. The
selection of young female pairs with age< 40 years for analysis found an increase in
the heritability (h2 ¼ 0.62), providing additional evidence of sex-mediated effect on
tinnitus heritability (Maas et al. 2017).

3 Genetic Contribution to Tinnitus

3.1 Neurotrophic Factors BDNF, GDNF

Several genetic association studies have been conducted in patients with chronic
tinnitus across different ethnic backgrounds and age groups, but most of them have
not been replicated in an independent cohort (Table 1). For example, common
variants in some candidate genes have been genotyped under the assumption that
they could be involved in tinnitus mechanisms. A genetic study was performed on
240 Caucasian patients, using the Tinnitus Questionnaire (TQ) to assess the severity
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level (Goebel and Hiller 1994). Genotyping was performed for BDNF (rs2049046,
rs6265) and GDNF (rs1110149, rs884344, rs3812047). After correcting by multiple
testing, no significant association was found when compared with controls. How-
ever, it was found that in the female group, variants in BDNF and GDNF were
associated with tinnitus severity (Sand et al. 2012b).

Further investigations on the contribution of GDNF gene (rs884344, rs3812047,
rs1110149) were carried out in a group of 52 Turkish individuals diagnosed with
chronic tinnitus. Although, no association was found between tinnitus and these
three variants of allelic frequency, the heterozygosity (C: G) was lower for GDNF
rs1110149 in tinnitus patients compared to controls ( p¼ 0.02). However, no definite
conclusions were reached, and the authors suggested the need of a large sample size
and detailed investigation of different expression patterns of GDNF gene (Orenay-
Boyacioglu et al. 2016).

Recently, the methylation status of the GDNF/BDNF CpG promoter was exam-
ined in a group of 60 Turkish cases. A significant difference of methylation ratio was
observed between patients and controls for GDNF CpG3–5-6 (CpG3 ( p ¼ 0.0005),
CpG5 ( p ¼ 0.00003), CpG6 ( p ¼ 0.0029)), and CpG6 BDNF ( p ¼ 0.002); how-
ever, a larger sample size to replicate this findings is needed (Orenay-Boyacioglu
et al. 2019).

3.2 Regulation of Serotonin Transporter

Patients with severe tinnitus show overlap with other comorbidities and a particu-
larly strong association among patients with depressive disorders that affect

Table 1 Genetic studies on chronic tinnitus and suggested candidate genes

Reference Population Sample

Sex

Sequencing method
Candidate
genesF M

Deniz et al. (2010) Turkish 54 33 21 Genotyping SLC6A4

Sand et al. (2010) Caucasian 201 49 152 Genotyping KCNE1

Sand et al. (2011) Caucasian 288 86 202 Genotyping KCNE3

Sand et al.
(2012b)a

Caucasian 240 69 171 Genotyping GDNF,
BDNF

Sand et al.
(2012a)b

Caucasian 95 28 67 Genotyping KCTD12

Orenay-
Boyacioglu et al.
(2016)

Turkish 52 19 33 Genotyping GDNF

Gilles et al. (2017) Belgium 167 67 100 GWAS Metabolic
pathway

Orenay-
Boyacioglu et al.
(2019)

Turkish 60 21 39 Methylation of 12 CpG
sites in the promoter

GDNF,
BDNF
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�5–10% of the general population. There is an estimated 30% concordant overlap
between comorbid depressive disorder and tinnitus, and probably common variants
with pleiotropic effects contribute to molecular to both phenotypes (Tyler et al.
2006). As such, genes involved in serotonin regulation, a critical process associated
with depressive disorders, have been proposed as tinnitus candidate genes.

The gene SLC6A4 regulates serotonin neurotransmission, and it was evaluated for
tinnitus association in a genotyping study performed on 54 Turkish patients to
identify the role of a 44 bp Indel and 17 bp tandem repeat in the SLC6A4 gene in
tinnitus development. Additionally, Tinnitus Handicap Inventory (THI) and Beck
Depression Inventory (BDI) were used to assess tinnitus severity and depression,
respectively. However, this study did not find any significant association of these
variants in SLC6A4 with tinnitus development (Deniz et al. 2010).

3.3 Potassium Channels

Another study recruited 288 Caucasian individuals with chronic tinnitus, and TQ
was used to assess the severity level of tinnitus. This study did not report any novel
variant, but rs17215437G > A: R83H was observed only in three carriers, and the
impact of this variant on tinnitus severity cannot be fully assessed due to limited
power of the study. The detailed exploration of common variants in KCNE3 was
suggested since the effects of potassium channel on tinnitus severity cannot be
excluded (Sand et al. 2011).

A study on 201 Caucasian patients with chronic tinnitus was performed to
examine the association of KCNE1 with chronic tinnitus. A novel missense mutation
ch12: 35821794G > A: V47I with MAF of 0.002 in tinnitus cases was found, and
the detailed examination of KCNE1 subunits was suggested (Sand et al. 2010).
Considering GABAB receptor subunit of KCTD12 as a candidate gene for tinnitus
development, a study was performed on 95 Caucasian individuals with chronic
tinnitus. Although rs34544607 was associated with tinnitus ( p ¼ 0.04) when
compared with European controls, the association was not replicated when 50 addi-
tional patients were screened ( p ¼ 0.07). The authors hypothesized that the interac-
tion of variants in regulatory regions of GABAB1 and GABAB2 receptors could be
related with tinnitus (Sand et al. 2012a). However, all these genotyping studies were
underpowered, and their lack of significant association was expected.

A pilot GWAS was performed on 167 individuals with tinnitus episodes lasting
more than 5 min. After performing gene enrichment analysis, no significant SNPs
were identified that could reach the threshold of p < 5.0e–8. However, several
metabolic pathways were suggested to be involved in tinnitus development, which
include oxidative stress or serotonin receptor-mediated signaling. This study was
underpowered, and the authors indicated the necessity of a large sample size for any
GWAS, and more specific tinnitus subtypes were suggested for future studies (Gilles
et al. 2017).
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4 Strategies for Designing Tinnitus Genetic Studies

Genetic research in tinnitus disorders is still in its early stages. The involvement of
auditory healthcare practitioners (audiologists, otolaryngology physicians, psychol-
ogists, and general practitioners) in multicenter studies to recruit well-phenotyped
patients and prospectively collect clinical data and DNA samples has been promoted
by the EU in the last few years, including TINNET,1 ESIT (Schlee et al. 2018),
TIN-ACT,2 or UNITI.3 Moreover, a guideline including recommendations on
collecting and storing samples for genetic studies on tinnitus for clinicians has
been released (Szczepek et al. 2019).

4.1 Well-Defined Tinnitus Phenotype with a Homogenous
Profile

Tinnitus is a common symptom, but tinnitus as a disorder has a prevalence around
1%, and this phenotype can be narrowed by selecting specific comorbid conditions.
Genetic studies with a broad tinnitus phenotype could produce false-negative results.
For a well-defined clinical phenotype, the precise and right selection of the following
variables is very important for the design of genetic studies (Lopez-Escamez et al.
2016):

• Early age of onset
• Major comorbidities: hearing loss, headache, insomnia, hypertension
• Emotional and psychological factors: anxiety, depression
• Characterization of the hearing profile
• Tinnitus questionnaires to assess functional impact (THI, TFI)
• Psychoacoustic evaluation of tinnitus

The precise and homogenous profile could provide the essential grounds required
to identify the allelic variants associated with a particular tinnitus subtype or
endophenotype. An example of tinnitus profiling in well-phenotyped patients is
Meniere disease, a rare disorder which shows different tinnitus subtypes (Perez-
Carpena et al. 2019). This phenotype-based strategy can help in the reduction of
background noise in the genetic structure and can circumvent the heterogeneity
nature of clinical profile.

1http://tinnet.tinnitusresearch.net/
2https://tinact.eu/
3https://uniti.tinnitusresearch.net/
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4.2 Extreme Phenotype Studies

Let us consider tinnitus as a quantitative trait showing a normal distribution, where
patients may show a mild perception of the associated distress according to tinnitus
questionnaires (low expressivity) or severe perception of tinnitus distress (high
expressivity). A tinnitus extreme phenotype will include a subgroup of patients
with severe tinnitus that would be located at the right tail of the normal distribution
(Fig. 4). So, by selecting patients with severe tinnitus for genetic studies (i.e., THI
score> 90 percentile), we can expect an enrichment of rare variants in their genomic
data that would be associated with extreme phenotype.

However, the prevalence of tinnitus and hearing loss increases with aging (Ciorba
et al. 2015), and we can also expect that elderly individuals would also report more
severe tinnitus. Aging is associated with random mutations and epigenetic changes
on DNA including structural changes and accumulation of copy number variants;
these mutations associated with environmental factors exposure along life (ultravi-
olet radiation, chemical agents, pollutants) are accumulated in elderly individuals,
and they may cause de novo somatic mutations in elderly patients. These novel
mutations may generate “environmental noise” in the interpretation of sequencing
data from elderly patients. So, it is preferred to select young individuals (ideally
children) with “low exposure” to environmental factors for genetic studies. Also, the
combined effect of environmental noise and epigenetic modifications endorses the
onset and progression of hearing loss and tinnitus in the elderly population (Forsberg
et al. 2012; Guo et al. 2017).

Therefore, the high heritability expected among young patients with bilateral
tinnitus supports the selection of extreme phenotype cases for genetic studies
(Lopez-Escamez et al. 2016; Maas et al. 2017). Since chronic tinnitus is not common
among young individuals, they will be considered a rare disorder with an expected
enrichment of rare variants. The study design to investigate extreme individuals in a

Fig. 4 Tinnitus phenotype with a normal distribution. Individuals at both extremes will show very
mild and very severe tinnitus perception
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quantitative trait is known as an “extreme phenotype” study which could include
patients at both extremes of the normal distribution (i.e., patients with low and high
expressivity). The rare variants that contribute to a particular disease are probably
enriched in the extremes of a quantitative trait distribution, and the sequencing of a
small subset of extreme individuals has enough power to identify potential candidate
genes (Bamshad et al. 2011).

4.3 Tinnitus Extreme Phenotype in Meniere Disease

We have defined tinnitus extreme phenotype in Meniere disease (MD) according to
the following features: (a) persistent and constant tinnitus considered as severe when
with high scores on the Tinnitus Handicap Inventory (THI) (Newman et al. 1996),
(b) early onset of the symptoms, (c) positive family history, and (d) fast progression
of MD symptoms (Perez-Carpena et al. 2019). By using this approach, we are
conducting a gene burden analysis in WES dataset to search for an enrichment of
rare variations in patients with MD and tinnitus extreme phenotype.

4.4 Limitations and Future Directions

There are several limitations observed in the existing genetic studies and study
designs. Some of the major limitations are:

1. Lack of replication in most case-control studies with candidate genes: there is a
need of validating the few reported associations in independent replication
cohorts to bring up consistent association of candidate genes with tinnitus and
to reduce the false association of genes with tinnitus.

2. Selection bias with inclusion criteria for patients with a broad tinnitus pheno-
type: a precise and homogenous clinical profile should be considered for the
selection of tinnitus phenotype among cases. It would be fruitful to identify rare
variants associated with a particular tinnitus subgroup.

3. Use of standardized tinnitus questionnaire: there are many tools to evaluate and
assess tinnitus severity; the utilization of the same questionnaire should be
preferred to reduce the heterogeneity of phenotype and to facilitate the compar-
ison between different studies (Lopez-Escamez et al. 2016; Vona et al. 2017).
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Abstract Despite the pressing need for effective drug treatments for tinnitus,
currently, there is no single drug that is approved by the FDA for this purpose.
Instead, a wide range of unproven over-the-counter tinnitus remedies are available
on the market with little or no benefit for tinnitus but with potential harm and adverse
effects. Animal models of tinnitus have played a critical role in exploring the
pathophysiology of tinnitus, identifying therapeutic targets and evaluating novel
and existing drugs for tinnitus treatment. This review summarises and compares the
studies on pharmacological evaluation of tinnitus treatment in different animal
models based on the pharmacological properties of the drug and provides insights
into future directions for tinnitus drug discovery.
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Abbreviations

5-HT Serotonin
AC Auditory cortex
ACEA Arachidonyl-20-chloroethylamide
BDNF Brain-derived neurotrophic factor
CBD Cannabidiol
ChAT Choline acetyltransferase
CN Cochlear nucleus
C-PC C-phycocyanin
dTT 3,60-Dithiothalidomide
FFA Flufenamic acid
GABA γ-Aminobutyric acid
GAD65 Glutamic acid decarboxylase-65
GAD67 Glutamic acid decarboxylase-67
GPIAS Gap-prepulse inhibition of the acoustic startle reflex
IC Inferior colliculus
IL-1β Interleukin 1 beta
IL-6 Interleukin 6
LMM Linear mixed model
NAcc Nucleus accumbens
NMDA N-methyl-D-aspartate
ROC Receiver-operating characteristic
SIPAC Schedule-induced polydipsia avoidance conditioning
TNF-α Tumour necrosis factor-α
VAChT Vesicular acetylcholine transporter
vmPFC Ventromedial prefrontal cortex
Δ-9-THC Delta-9-tetrahydrocannabinol

1 Animal Models of Tinnitus

The use of laboratory animals to evaluate the safety and efficacy of drugs is part of
the regulatory process for drug research and development (European Commission
2004; US Congress 2018). Animal models also play a critical role in characterising
the pathophysiology of disease, identifying therapeutic targets and biomarkers, and
understanding the mechanisms of action of drugs. However, animal models of
human disease are often criticised for their validity in reproducing the clinical
symptoms and manifestations of a disease, replicating the underlying biological
causes in the human condition and predicting therapeutic effects in humans
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(McGonigle and Ruggeri 2014). This is even more challenging in the case of
tinnitus, the perception of sound(s) with no corresponding external sound source,
as it can be caused by many factors.

Although the main factors that can cause tinnitus include noise exposure, head
and neck injury, drug toxicity, ear infection, Meniere’s disease, ageing, and even
affective disorders, such as depression (Baguley et al. 2013), noise exposure is
believed to be the most common cause of tinnitus in humans (Cooper 1994).
Therefore, in most recent animal models, tinnitus is induced by exposing the animals
to noise trauma (Brozoski et al. 2002, 2007; Dehmel et al. 2012; Heffner 2011;
Heffner and Koay 2005; Nowotny et al. 2011; Turner et al. 2012; Zheng et al. 2011b;
Zuo et al. 2017). Noise-induced tinnitus can last for a very long time in animals,
which represents the chronic nature of tinnitus in humans, albeit the tinnitus induc-
tion rate in animals can vary from 30% to 80% (von der Behrens 2014). Another
frequently used tinnitus animal model is induced by a high dose of salicylate
(Jastreboff et al. 1988b; Lobarinas et al. 2004; Stolzberg et al. 2013). Salicylate is
the active ingredient in aspirin, which is widely known to induce hearing loss and
tinnitus in humans at high doses (Cazals 2000; Cianfrone et al. 2011). In animals, a
single high dose of salicylate (200–350 mg/kg, i.p.) has been shown to induce acute
tinnitus that occurs within 2–3 h and lasts for about 72 h (Jastreboff et al. 1988b;
Lobarinas et al. 2004; Stolzberg et al. 2013), although administration of salicylate in
drinking water over a long period has been used to induce chronic tinnitus in animals
(Bauer et al. 1999).

In addition to inducing tinnitus, a more challenging question is how to measure
the subjective tinnitus perception in animals. In 1988, Jastreboff and colleagues
developed the first behavioural method enabling the objective measurement of
tinnitus in rats (Jastreboff et al. 1988a, b), which made it possible to not only
correlate pathophysiological changes with tinnitus itself, but also conduct preclinical
evaluation of different treatments for tinnitus. Since then, various behavioural
paradigms have been developed for the assessment of acute or chronic tinnitus in
rats (Bauer et al. 1999; Heffner 2011; Lobarinas et al. 2004; Rüttiger et al. 2003;
Stolzberg et al. 2013; Turner et al. 2006; Zheng et al. 2011b), mice (Longenecker
and Galazyuk 2011; Zuo et al. 2017), guinea pigs (Berger et al. 2013; Dehmel et al.
2012), chinchillas (Brozoski et al. 2002), gerbils (Nowotny et al. 2011), and ham-
sters (Heffner and Koay 2005). The establishment of animal models of tinnitus has
provided great tools for preclinical evaluation of drugs that are potentially useful in
treating tinnitus.

2 Current Drug Evaluation in Animal Models of Tinnitus

Although a number of tinnitus management options are available, medication is
rated by patients as the most preferred form of treatment over external devices,
cochlear implants, brain surface implants, or intra-brain implants (Tyler 2012).
Despite the strong desire, there is no FDA-approved drug for tinnitus. In compari-
son, a wide range of unproven over-the-counter tinnitus remedies are available on
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the market with little or no benefit for tinnitus but with potential harm and adverse
effects (Vendra et al. 2019). Therefore, the need to develop an effective drug
treatment for tinnitus is pressing. A review of the clinical trials using pharmacolog-
ical treatments for tinnitus showed that most of the clinical trials have been hampered
by the heterogeneity of tinnitus, the methodological limitations, and the lack of
reliable and repeatable objective measures of tinnitus, which leads to the high
variability in the treatment outcomes (Langguth and Elgoyhen 2012; McFerran
et al. 2019). The use of animal models in tinnitus drug development, on the other
hand, offers a number of advantages. These include the homogenous genetic back-
ground of the testing subjects, the well-controlled aetiology of tinnitus, and balanced
experimental design and powerful statistical analysis. In addition, it also allows the
use of invasive methods to correlate drug effects on tinnitus perception with molec-
ular, neurochemical, and electrophysiological changes, to inform underlying mech-
anisms. This review summarises and compares the studies on the pharmacological
evaluation of tinnitus treatment in animal models based on the pharmacological
properties of the drug.

2.1 Drugs Enhancing GABA-Mediated Inhibitory
Neurotransmission

Animal studies using molecular, neurochemical, or electrophysiological approaches
have suggested that an imbalance between inhibitory and excitatory neurotransmis-
sion may play a role in tinnitus development (Eggermont 2005; Roberts et al. 2010)
(Eggermont and Roberts 2004; Wang et al. 2011). In particular, a down-regulation of
GABAergic (γ-aminobutyric acid) neurotransmission, the main inhibitory neuro-
transmission in the brain, is evident at multiple levels along the auditory pathways.
For example, significantly reduced GABAA receptor expression as well as the
expression of the enzyme responsible for the synthesis of GABA, glutamic acid
decarboxylase-67 (GAD67), was found in the auditory brain regions following
acoustic trauma (Browne et al. 2012; Dong et al. 2010b). Similarly, salicylate has
been reported to cause a decrease in glutamic acid decarboxylase-65 (GAD65) levels
as well as the levels of GABAA (Zou and Shang 2012) and GABAB (Butt et al. 2016)
receptors in the inferior colliculus (IC). A decrease in the number of GABAA

receptor binding sites has also been found in the IC following chronic salicylate
treatment; however, there was a significant increase in GAD65 protein expression
and GABAA receptor affinity (Bauer et al. 2000). Therefore, a number of drugs with
GABAergic enhancing properties have been tested in animal models of tinnitus.

Gabapentin and tiagabine were the first two GABAergic enhancing drugs that
were tested in an animal model of tinnitus (Bauer and Brozoski 2001). Gabapentin is
an anticonvulsant, anti-hyperanalgesic and antinociceptive drug. Some studies
suggested that gabapentin might act as a GABAB receptor agonist in the brain
(Bertrand et al. 2001; Ng et al. 2001), while others suggested otherwise (Lanneau
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et al. 2001). Tiagabine, by contrast, enhances GABAergic inhibition at synapses
where it acts as a potent, selective, and competitive inhibitor of GABA reuptake
(Krogsgaard-Larsen et al. 1987). Both drugs were tested for their effects on chronic
tinnitus induced by unilateral acoustic trauma in rats (Bauer and Brozoski 2001). In
this study, male Long-Evans rats were exposed to acoustic trauma (a narrowband
noise centred at 16 kHz, at 105 dB for 1 or 2 h) or a control condition and
behavioural evidence of tinnitus was determined using a lever-pressing procedure
that required the animal’s auditory discrimination ability. It was confirmed that the
animals exhibited tinnitus-like behaviour when tested at 2 months and 17 months
after noise exposure, which suggested the persistent nature of noise-induced tinnitus.
In addition, various behavioural control tests were conducted to ensure that tinnitus-
like behaviour was frequency-specific and not due to unilateral hearing loss. After
the confirmation of tinnitus, gabapentin or tiagabine were delivered in the drinking
water for 10 days for each dose and the perception of tinnitus was tested.
Gabapentin, but not tiagabine, significantly reduced acoustic trauma-induced tinni-
tus. Since the main aim of this study was to validate acoustic trauma-induced tinnitus
in rats using a psychophysical procedure, the pharmacological mechanisms under-
lying the effects of gabapentin on tinnitus and the difference between gabapentin and
tiagabine were not discussed. Compared with the relatively well-defined mecha-
nisms of action for tiagabine as a GABAergic drug, gabapentin has also been shown
to inhibit glutamatergic neurotransmission in the CA1 area of the hippocampus
through presynaptic N-methyl-D-aspartate (NMDA) autoreceptors (Suarez et al.
2005), which suggests that enhancing GABAergic neurotransmission alone may
not be sufficient to reduce tinnitus. However, the same research group tested another
GABAergic drug, vigabatrin, which is an irreversible inhibitor of the mitochondrial
enzyme GABA-transaminase (Jung et al. 1977), in the same animal model of
tinnitus, and showed that vigabatrin completely eliminated the behavioural evidence
of tinnitus. The study also showed that tinnitus returned in those animals after
7 weeks of the drug washout period, which suggests that maintaining a constant
level of GABAergic neurotransmission is crucial for the treatment of tinnitus. This
was supported by another study that tested L-baclofen, a GABAB receptor agonist, in
acoustic trauma-induced tinnitus (Zheng et al. 2012b). In this study, tinnitus was
induced by exposing the rats to a 16 kHz pure tone at 110 dB in one of the ears and
the perception of tinnitus was measured using a conditioned lick suppression
paradigm. Following the confirmation of tinnitus, a vehicle and 3 different doses
of L-baclofen (1, 3, and 5 mg/kg) were administered to all the animals with a
washout period inserted between the 3 and 5 mg/kg L-baclofen treatments. It was
found that L-baclofen dose-dependently and reversibly reduced the behavioural
evidence of tinnitus in the animals.

Benzodiazepines are a class of psychoactive drugs that enhance inhibitory
GABAergic neurotransmission by acting as positive allosteric modulators at the
GABAA receptors and produce anxiolytic effects. Since anxiety is one of the most
common comorbidities of tinnitus (Bhatt et al. 2017), benzodiazepines have been
used as an option for its management. However, a systematic review found that there
was a large variation in the effects of different benzodiazepines on tinnitus in clinical
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trials, with the overall conclusion that there was no robust evidence supporting the
use of benzodiazepines for tinnitus (Jufas and Wood 2015). Using an animal model
of tinnitus, the only benzodiazepine that has been tested on the perception of tinnitus
is midazolam (Panford-Walsh et al. 2008). In this study, tinnitus was induced using
two different methods, a local application of salicylate through the round window
(a 5, 10, or 20 μl of 70 mg/ml solution) or a systemic injection of a single high dose
of salicylate (350 mg/kg, i.p.). Both methods induced comparable hearing loss and
tinnitus behaviour using a rewarding based conditioned auditory discrimination
paradigm (Rüttiger et al. 2003), as well as comparable levels of salicylate in the
cochlear fluid. Salicylate treatment using both methods also caused a significant
increase in brain-derived neurotrophic factor (BDNF) expression in the cochlear
spiral ganglion neurons and a significant decrease in Arg3.1 expression in the
auditory cortex (AC). Midazolam (0.5 mg/kg, i.p.) injected 2.5 h after systemic
treatment with salicylate reversed the changes in BDNF and Arg3.1. In addition,
pre-treatment with midazolam (1 mg/ml, 1 μl/h) for 1 week through a cannula
directed at the round window attenuated tinnitus behaviour and reversed the changes
in BDNF and Arg3.1. These results suggest that peripheral loss of GABAA receptor-
mediated inhibition in the cochlea plays an important role in the salicylate-induced
imbalance of central auditory neuronal activity and tinnitus. However, the direct link
between GABA inhibition and tinnitus was weakened by the very small sample size
used in the tinnitus reversal experiment. There were only two animals in each group
and the results could not be statistically analysed. Nevertheless, this research pro-
vided additional evidence on the role of peripheral GABAergic inhibition in
salicylate-induced central neuronal plasticity.

Based on the anxiolytic property of benzodiazepines and the involvement of the
limbic system in tinnitus generation and tinnitus-related distress (Rauschecker et al.
2010), the effects of diazepam, another benzodiazepine, on neuronal excitability in
both the AC and lateral amygdala, were investigated in the salicylate model of
tinnitus (de la Iglesia-Larrad et al. 2020; Song et al. 2016). Using single unit
recording, it was found that the spontaneous firing rate of neurons in both the AC
and lateral amygdala increased significantly at 2 h after salicylate injection (350 mg/
kg, i.p.). Systemic injection of diazepam significantly reversed the increased firing
rate in the lateral amygdala and microinjection of diazepam into the lateral amygdala
significantly reversed the increased firing rate in the AC. These results suggested that
benzodiazepines could not only suppress salicylate-induced neuronal hyperactivity
in the lateral amygdala, but also suppress the neuronal hyperactivity in the AC by
enhancing the inhibitory control from the lateral amygdala. Unfortunately, the
perception of tinnitus was not measured in these animals. Therefore, the suppression
of neuronal excitability by diazepam could not be directly related to the suppression
of tinnitus perception. Taken together, animal research into the effects of benzodi-
azepines on tinnitus is sparse and has only been conducted on salicylate-induced
tinnitus. Therefore, more studies are needed to test benzodiazepines in acoustic
trauma-induced tinnitus and to explore the underlying mechanisms. Since the use
of benzodiazepines is also associated with some significant side effects, including
withdrawal syndromes, cognitive decline, respiratory distress, sedation, falls, as well
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as the potential for misuse and abuse (Panes et al. 2020), the development of novel
benzodiazepines (e.g. partial agonists) with a better safety profile, favourable phar-
macokinetic properties, and a wide therapeutic index is also needed.

Another chemical that interacts with GABAergic neurotransmission is taurine,
which is an amino acid involved in a range of physiological processes. Taurine has
been shown to inhibit neuronal activity by activating GABAA receptors. Specifi-
cally, taurine displays a low affinity at GABAA receptors with α1 or α2 subunits
(Kletke et al. 2013) and a high affinity at GABAA receptors containing α4, β2, and δ
or α6, β2, and δ subunits, which are located extrasynaptically (Ahring et al. 2016).
Therefore, the effects of taurine on tinnitus were evaluated in the acoustic trauma-
induced tinnitus model (Brozoski et al. 2010). Tinnitus was induced by exposing the
rats to a band limited noise (centred at 16 kHz, 116 dB) unilaterally for 90 min and
the perception of tinnitus was confirmed using an operant conditioned lever-pressing
paradigm at 22 weeks after acoustic trauma. Then, all of the rats received taurine
treatment delivered in drinking water using an ascending dose series (0, 1, and 4 mg/
ml) followed by two washout periods. It was found that a dose (4 mg/ml) of taurine
significantly reduced tinnitus and then the therapeutic effects of taurine slowly
declined, with tinnitus returning 70–90 days after the taurine was discontinued.
The expression of α4 and δ-subunit- containing GABAA receptors has been found
in the medial geniculate body (MGB), part of the auditory thalamus, and functionally
mediates slow tonic inhibitory currents (Richardson et al. 2011). Unlike the down-
regulation of GABAergic neurotransmission associated with tinnitus in other audi-
tory brain areas, MGB neurons showed an increased number of spikes per burst,
increased tonic inhibition mediated by GABAA receptors containing α4 and
δ-subunits, and increased GABAA receptor δ-subunit gene expression in animals
with chronic tinnitus induced by acoustic trauma (Sametsky et al. 2015). Taurine has
been shown to reduce the excitability of thalamocortical relay neurons by activating
extrasynaptic GABAA receptors in the mouse ventrobasal thalamus (Jia et al. 2008),
which may account for its effects on tinnitus. In addition to its interaction with
GABAergic neurotransmission, taurine has also been shown to activate glycine
receptors and reduce neuronal excitability in the rat IC (Xu et al. 2006) and AC
(Tang et al. 2008), which may also contribute to the tinnitus suppression by taurine.

2.2 Drugs Reducing Glutamate-Mediated Excitatory
Neurotransmission

In addition to reduced inhibition, increased excitatory neurotransmission has also
been proposed as one of the underlying mechanisms of tinnitus. For example, there
is some evidence that salicylate-induced tinnitus may involve an increase in
glutamatergic neurotransmission at the NMDA subtype of glutamate receptor in
the cochlea (Guitton et al. 2003) as well as in the cochlear nucleus (CN) (Hu et al.
2015), IC (Hwang et al. 2013) and AC (Jang et al. 2019). Surprisingly, evidence of
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increased glutamatergic neurotransmission in the acoustic trauma-induced tinnitus
model is very limited. Godfrey et al. (2012) reported a long-term increase in tissue
concentrations of glutamate in the IC of the hamster after intense tone exposure
(Godfrey et al. 2012). In another study, glutamate receptor AMPA subunit α2 and
glutamate receptor NMDA subunit 1 gene expression were up-regulated in the
ipsilateral CN and contralateral IC of guinea pigs at 2–4 weeks after acoustic trauma
(Dong et al. 2010a). However, behavioural evidence of tinnitus was not confirmed in
these animals in either study. Nevertheless, given that glutamate is the major
excitatory neurotransmitter, drugs that reduce glutamate-mediated neurotransmis-
sion have be tested in animal models of tinnitus.

NMDA receptor antagonists have been the most frequently tested drugs in
tinnitus animal models. Since NMDA receptors are expressed in the cochlea
(Niedzielski and Wenthold 1995), the first attempt to use NMDA receptor antago-
nists to treat tinnitus was performed by delivering the drugs locally into the cochlea.
In the salicylate-induced tinnitus model, the effects of three different NMDA
receptor antagonists, MK-801 (a channel blocker), 7-chlorokynurenate (a glycine-
site antagonist), and gacyclidine (a phencyclidine-site antagonist), were tested
(Guitton et al. 2003). In this study, the NMDA antagonists were applied to the
round window using gelfoam soaked with the respective drug, 1 day before the
salicylate injection. Salicylate (300 mg/kg, i.p.) was administered once a day for
4 days and behavioural evidence of tinnitus was measured every day at 2 h after
salicylate injection and for 4 more days after the last dose of salicylate, using an
active avoidance paradigm. It was found that all three NMDA receptor antagonists
significantly reduced tinnitus-like behaviour induced by salicylate. Furthermore,
given that salicylate is a cyclooxygenase inhibitor (Wu 2003), the study also
investigated the involvement of the cyclooxygenase pathway in salicylate-induced
tinnitus by testing another cyclooxygenase inhibitor, mefenamate. The results
showed that mefenamate treatment induced tinnitus-like behaviour similar to that
following salicylate treatment, which was prevented by the NMDA receptor antag-
onist, 7-chlorokynurenate. Taken together, this study suggests that salicylate may
cause tinnitus through the activation of cochlear NMDA receptors, that is likely to be
due to accumulation of arachidonic acid by the inhibition of cyclooxygenase
(Guitton et al. 2003). However, the role of cochlear NMDA receptors in acoustic
trauma-induced chronic tinnitus was questioned by a subsequent study published by
the same group (Guitton and Dudai 2007). In this study, the behavioural evidence of
tinnitus was measured either at 2 h after a 4-day treatment of salicylate or at 2 weeks
after acoustic trauma (16 kHz, 130 dB for 15 min) using a place-tone conditioning
paradigm. Ifenprodil, an NMDA receptor antagonist at the polyamine site, was
applied to the round window either on the same day of the first salicylate injection,
or at day 0 immediately before acoustic trauma, or day 4, 8, or 12 after acoustic
trauma. As expected, ifenprodil supressed salicylate-induced tinnitus. However, for
acoustic trauma-induced chronic tinnitus, ifenprodil was effective only when it was
administered either immediately before acoustic trauma or at day 4 after acoustic
trauma. This suggests that activation of NMDA receptors in the cochlea may serve as
a trigger for acoustic trauma-induced tinnitus and then chronic tinnitus is established
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beyond the pathological changes in the cochlea. More importantly, this transition
from a peripheral mechanism to a central mechanism occurs in the first few days
after the acoustic trauma, which suggests a potential therapeutic window for
preventing the development of chronic tinnitus by targeting the cochlea.

The effects of systemic administration of NMDA receptor antagonists on tinnitus
have also been investigated in animal models. There were 3 studies that tested the
effects of systemic injection of memantine on salicylate-induced tinnitus.
Memantine is an uncompetitive NMDA receptor antagonist which blocks the Ca2+

channel, similar to MK-801. The first study was carried out by Lobarinas et al.
(2006), where memantine (1.5 or 3 mg/kg, i.p.) was co-administered with salicylate
(150 mg/kg, i.p.) and tinnitus in animals was measured using a schedule-induced
polydipsia avoidance conditioning paradigm. Sound-evoked neuronal activity was
also recorded in the AC. Memantine did not affect salicylate-induced tinnitus, nor
did it reduce salicylate-induced neuronal hyperactivity in the AC, although no
statistical analysis was performed on the local field potential data (Lobarinas et al.
2006). By contrast, Ralli et al. (2014) reported that memantine (5 mg/kg, i.p.)
significantly reduced tinnitus-like behaviour induced by salicylate (300 mg/kg),
measured by the gap-prepulse inhibition of the acoustic startle reflex (GPIAS)
paradigm (Ralli et al. 2014). This was supported by a more recent study showing
that co-administration of memantine (5 mg/kg, i.p.) and salicylate (400 mg/kg, i.p.)
significantly attenuated tinnitus-like behaviour measured with the GPIAS (Jang et al.
2019). This study also demonstrated that memantine could decrease salicylate-
induced upregulation of activity-regulated cytoskeleton-associated protein and
tumour necrosis factor-α (TNF-α) genes in cell culture, as well as the NMDA
receptor subtype NR2B gene and protein expression in both the cell culture and
the AC of rats receiving the combination of salicylate and memantine. Comparing
these three studies, the dose of memantine used was much lower in Lobarinas et al.
(2006), which may have contributed to the lack of positive effects on tinnitus in this
study.

Taken together, studies have shown that both cochlear and systemic application
of NMDA receptor antagonists can attenuate salicylate induced-tinnitus and that
cochlear application of NMDA receptor antagonists within a certain time window
after an insult can prevent the development of acoustic trauma-induced chronic
tinnitus. However, one important question that remains to be answered is whether
NMDA receptor antagonists are able to reverse chronic tinnitus that has already
developed. This possibility was tested in a study using the acoustic trauma-induced
tinnitus model (Zheng et al. 2012a). Animals were exposed to unilateral acoustic
trauma (16 kHz, 110 dB for 1 h) or a sham procedure and tested for behavioural
evidence of tinnitus using a conditioned lick suppression paradigm at 2 weeks after
acoustic trauma. Following the confirmation of tinnitus, each animal received the
same order of treatment while being tested for the presence of tinnitus: vehicle,
memantine (5 mg/kg, s.c.), and a drug washout period. Following acoustic trauma,
5 out of 8 rats exhibited tinnitus-like behaviour, which was reduced to 2 out of 8 rats
during memantine treatment. When memantine treatment was stopped during the
washout period, the number of tinnitus rats increased to 3. This study suggests that
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NMDA receptor blockade in the central nervous system is necessary for the treat-
ment of chronic tinnitus. However, since memantine was administered systemically,
it is not clear which brain area(s) are responsible for tinnitus maintenance and the
tinnitus attenuation effects of memantine. Using local infusion of an NMDA antag-
onist, D(2)-2-amino-5-phosphonopentanoic acid (D-AP5), into the cerebellar
paraflocculus unilateral to the acoustic trauma side, chronic tinnitus was significantly
reduced within 3 days of treatment and the effect lasted for 23 days after the
treatment was discontinued (Brozoski et al. 2013). D-AP5 also significantly reduced
the neuronal hyperactivity associated with acoustic trauma and tinnitus in the
bilateral paraflocculus and dorsal CN, as well as the contralateral ventral CN. This
suggests that reducing glutamatergic neurotransmission in the paraflocculus is
important for the treatment of chronic tinnitus. The role of the paraflocculus in
acoustic trauma-induced tinnitus was further analysed by surgical ablation of the
paraflocculus before tinnitus induction, after the establishment of tinnitus, or by
reversible inactivation using lidocaine (Bauer et al. 2013). It was found that both
paraflocculus ablation and inactivation eliminated established tinnitus, while
paraflocculus ablation before tinnitus induction only partially attenuated tinnitus.
The question is whether and how neurotransmission in the paraflocculus changes
over time during tinnitus development. It was reported that mRNA levels of gluta-
mate receptor NMDA subunit 1 did not change at 2 weeks after either unilateral
acoustic trauma or mechanical trauma. Instead, there was a significant increase in
mRNA levels of glutamate decarboxylase 1 in the ipsilateral paraflocculus of guinea
pigs (Mulders et al. 2014b). However, it must be borne in mind that gene expression
was measured at 2 weeks after acoustic trauma in Mulders et al. (2014b), while
D-AP5 treatment and neuronal hyperactivity measurements were conducted several
months after the confirmation of tinnitus in the study of Brozoski et al. (2013). In a
more recent study, neurotransmitter levels were measured in the paraflocculus of rats
after the injection of salicylate using microdialysis. It was found that extracellular
levels of glutamate in the paraflocculus were significantly increased from 2 h after
salicylate injection, which was accompanied by a significant increase of spontaneous
firing rate of the excitatory interneurons in the same area (Du et al. 2017). Therefore,
future studies need to correlate behavioural evidence of tinnitus, extracellular levels
of excitatory and inhibitory neurotransmitters, and neuronal activity in the
paraflocculus in acoustic trauma animals in order to provide a better understanding
of the pharmacological target in the paraflocculus for the treatment of tinnitus.

2.3 Drugs Modulating Other Neurotransmitter Systems

In addition to GABAergic and glutamatergic neurotransmission, other neurotrans-
mitters, such as serotonin, acetylcholine, noradrenaline, dopamine, and
endocannabinoids, have also been implicated in tinnitus generation. It has been
shown that serotoninergic, cholinergic, adrenergic, and dopaminergic signalling
play important roles in auditory information processing (Lustig 2006; Papesh and
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Hurley 2016; Schicknick et al. 2012, 2019; Weinberger 2007). In addition, these
neurotransmitters are widely distributed in multiple neural networks associated with
attention, stress, emotion, learning, memory, and motivational behaviour
(Chudasama and Robbins 2004; Fisher and Hariri 2013; Jay 2003; Lee and Han
2019), which are similar to the network changes observed in tinnitus patients (Henry
et al. 2014; Leaver et al. 2016b; Roberts et al. 2010; Simonetti and Oiticica 2015).
Therefore, they represent potential pharmacological targets for tinnitus treatment. In
fact, some selective serotonin reuptake inhibitors, serotonin–norepinephrine reup-
take inhibitors, and dopamine receptor agonists have been trialled in tinnitus
patients, with variable outcomes in their effectiveness in reducing tinnitus loudness
and tinnitus-related distress (Chang and Wu 2012; Cil et al. 2020 In press; Lopez-
Gonzalez et al. 2007a, b; Oishi et al. 2010; Sziklai et al. 2011). Hence, there is a need
for more preclinical studies using animal models of tinnitus to objectively evaluate
their efficacy on tinnitus perception and to understand the pharmacological mecha-
nisms of these drugs. However, to date, only a very few drugs that modulate these
neurotransmitter systems have been tested in animals.

Cyclobenzaprine is a tricyclic antidepressant and an FDA-approved drug for the
treatment of muscle spasm. Its pharmacological mechanisms are not very clear. Its
muscle relaxing effect is thought to be mediated by action on the locus coeruleus
through noradrenergic pathways and by the inhibition of serotoninergic pathways at
5-HT2 receptors in the spinal cord (Cimolai 2009). However, none of this explains
the CNS effects of cyclobenzaprine, such as sedation and mood altering properties.
Cyclobenzaprine was tested for the treatment of tinnitus in animals due to its effects
on the locus coeruleus and the involvement of the locus coeruleus in attention,
awareness, and memory (Lobarinas et al. 2015). In this study, rats were exposed to
unilateral acoustic trauma (narrow band noise centred at 16 kHz, 126 dB SPL) for 1 h
and tinnitus behaviour was assessed using the GPIAS paradigm. Forty days after
acoustic trauma and the confirmation of tinnitus, cyclobenzaprine (0.5 mg/kg, i.p)
was administered. When animals were tested for behavioural evidence of tinnitus 1 h
after the drug treatment, tinnitus was significantly suppressed by cyclobenzaprine.
However, when tested 48 h later, tinnitus returned. Although the authors attributed
the tinnitus suppression effect to cyclobenzaprine’s action in the locus coeruleus,
further studies are needed to link cyclobenzaprine’s tinnitus suppression effect to its
effects on neurotransmission and neuronal activity in the locus coeruleus as well as
in other tinnitus-related brain areas.

Anxiety and depression are the most common comorbidities of tinnitus and there
is a strong relationship between tinnitus severity and the prevalence of anxiety and
depression (Bhatt et al. 2017). However, the causative relationship between tinnitus
and mood disorders is not clear. In animals with acoustic trauma-induced tinnitus,
there was no evidence of increased anxiety (Pace and Zhang 2013; Zheng et al.
2011a). Salicylate has been shown to induce anxiety-like behaviour and classic
anxiety is associated with slow theta oscillation in the ventral hippocampus
(Winne et al. 2019). To investigate the influence of anxiety on tinnitus perception,
meta-chlorophenylpiperazine (mCPP), a non-selective serotonin receptor agonist
known to produce anxiety-like behaviour, was tested in animals with
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salicylate-induced tinnitus (Guitton et al. 2005). In this study, tinnitus was induced
by a high dose of salicylate (300 mg/kg, i.p.) and tinnitus-like behaviour was
measured using an active avoidance paradigm, 2 h after salicylate injection. mCPP
(0.1 mg/kg, i.p.) was administered on the second day of salicylate injection at 45 min
before the tinnitus testing session. It was found that mCPP significantly enhanced the
perception of tinnitus in salicylate-treated animals. Furthermore, local administration
of an NMDA receptor antagonist into the round window blocked tinnitus-like
behaviour in animals that received both salicylate and mCPP injections. The results
suggest that the presence of anxiety may increase the perception of tinnitus. It would
be interesting to investigate whether mCPP would also increase tinnitus perception
in acoustic trauma-induced tinnitus.

Changes in the cholinergic system have also been implicated in tinnitus patho-
physiology. Cholinergic innervations are widely distributed in the auditory system,
from the cochlea to the AC (Schofield et al. 2011). It has been shown that choline
acetyltransferase (ChAT) activity was significantly increased at 5 months after
acoustic trauma in the anteroventral CN and the lateral superior olivary nucleus,
but not in the IC or AC (Godfrey et al. 2013). Zhang et al. (2019) examined
hippocampal vesicular acetylcholine transporter (VAChT) expression in relation to
acoustic trauma and tinnitus in guinea pigs (Zhang et al. 2019). It was found that the
VAChT level was significantly decreased at 2 weeks after acoustic trauma in the
bilateral hippocampus and more interestingly, at 12 weeks after acoustic trauma,
VAChT recovered to baseline levels in acoustic trauma animals that did not develop
tinnitus, but remained decreased in animals that developed tinnitus. However, the
effects of pharmacological modulation of the cholinergic system on tinnitus and
tinnitus-related pathophysiology were only tested in the salicylate model, but not in
the acoustic trauma model. Using Arg3.1 and c-Fos as markers for neuroplasticity, it
was found that salicylate (350 mg/kg, i.p.) induced plastic changes in the AC in the
Mongolian gerbil amygdala and scopolamine, a non-selective muscarinic acetylcho-
line receptor antagonist, dose-dependently (0.5–3 mg/kg, i.p.) reduced salicylate-
related plasticity in the AC, but not in the amygdala (Wallhausser-Franke et al.
2006). However, scopolamine (1 mg/kg, i.p.) did not affect salicylate (150 mg/kg, i.
p.)-induced tinnitus in rats when tested using a schedule-induced polydipsia avoid-
ance conditioning (SIPAC) paradigm (Lobarinas et al. 2008). Taken together, the
involvement of the cholinergic system in tinnitus perception is rather complicated.
Further pharmacological investigation, such as directly correlating the activation and
inactivation of the cholinergic system with tinnitus perception and tinnitus-related
neuronal activity in different brain regions in both the salicylate and acoustic trauma
models of tinnitus, would contribute to a better understanding of the causal
relationship.

Another neurotransmitter system that has a long relationship with tinnitus, but is
under-investigated, is the endocannabinoid system. Endocannabinoids and their
receptors are widely distributed in the central nervous system and contribute to
virtually all brain functions through short- and long-term modulation of synaptic
transmission (Fride 2005; Pazos et al. 2005). In the auditory system, the cannabinoid
receptor subtype 1 (CB1) was found in the dorsal CN (Tzounopoulos 2008; Zheng
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et al. 2007) and activation of CB1 receptors has been shown to inhibit the release of
both glutamate and glycine and modulate the balance of excitation and inhibition in
auditory circuits (Tzounopoulos 2008; Zhao et al. 2009). A number of natural or
synthetic cannabinoid CB1 receptor agonists have been tested for their effects in
animal models of tinnitus. Zheng et al. (2010a) investigated the effects of two CB1

receptor agonists, WIN55,212–2 and CP-55940, on tinnitus induced by salicylate in
rats. The animals were injected with salicylate (350 mg/kg, i.p.) and tinnitus-like
behaviour was measured 2 h after salicylate injection using a conditioned lick
suppression paradigm (Zheng et al. 2010a). WIN55,212–2 (3 mg/kg, s.c.) or
CP55,940 (0.1 or 0.3 mg/kg, s.c.) was administered 30 min before salicylate
injection. Neither CB1 agonist reduced tinnitus-like behaviour induced by salicylate.
Instead, 3 mg/kg WIN55,212–2 and 0.3 mg/kg CP55,940 induced tinnitus-like
behaviour in normal control animals, suggesting that these cannabinoids could not
prevent salicylate-induced tinnitus and might actually induce tinnitus themselves.
The same research group also tested the combination of two natural cannabinoids,
delta-9-tetrahydrocannabinol (Δ-9-THC) and cannabidiol (CBD), on acoustic
trauma-induced tinnitus in rats (Zheng et al. 2015b). Tinnitus was induced by
exposing the animals to unilateral acoustic trauma and the perception of tinnitus
was confirmed using a conditioned lick suppression paradigm 1 month after acoustic
trauma. Following the confirmation of tinnitus, the effects of the cannabinoids on
tinnitus were investigated by administering either a vehicle or a mixture ofΔ-9-THC
(1.5 mg/kg, s.c) and CBD (1.5 mg/kg, s.c) every day, 30 min before tinnitus testing,
throughout the tinnitus testing period, for a total of 27 days. It was found that
cannabinoids significantly increased the number of tinnitus animals in the acoustic
trauma group, which suggests that cannabinoids may promote the development of
tinnitus following acoustic trauma. However, there are some questions regarding the
selectivity of these cannabinoids for the CB1 receptors (Pertwee et al. 2010).
Therefore, a highly selective CB1 receptor agonist, arachidonyl-20-chloroethylamide
(ACEA), was tested in both the salicylate- and acoustic trauma-induced tinnitus
models in guinea pigs (Berger et al. 2017). Tinnitus was induced by either an
injection of salicylate (350 mg/kg, i.p.) or exposure to unilateral acoustic trauma
(narrow band noise centred at 10 kHz, 116 dB for 1 h) and behavioural evidence of
tinnitus was measured using the GPIAS paradigm adapted for use with the pinna
reflex. The results showed that ACEA (1 mg/kg, i.p.) was not able to reduce tinnitus
induced by either salicylate or acoustic trauma. In agreement with the animal studies,
a cross-sectional analysis of nationally representative data collected from 2,705
adults, revealed that regular marijuana use was associated with an increased preva-
lence of tinnitus (Qian and Alyono 2019). A study of medicinal Cannabis use in
Tuscany reported that ‘ear and labyrinth disorders’ were among the most commonly
reported adverse effects (Crescioli et al. 2020). Therefore, studies in both animals
and humans suggest that activation of the endocannabinoid system may promote the
development of tinnitus. However, the link between the endocannabinoid system
and tinnitus perception remains to be fully explored. One possibility could be the
involvement of the endocannabinoid system in auditory gating, which is an inhib-
itory process, reducing the attention that the brain directs to repeated irrelevant
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sounds. Auditory gating is believed to involve the frontal-striatal and limbic net-
works, including brain structures such as the ventromedial prefrontal cortex
(vmPFC), hippocampus, and nucleus accumbens (NAcc) (Rauschecker et al. 2010,
2015), and the auditory gating hypothesis is that the perception of tinnitus may arise
from the failure of auditory gating (Rauschecker et al. 2015). It was reported that the
CB1 receptor antagonist, CP55,940, disrupted auditory gating and neural oscillations
in the hippocampus and entorhinal cortex of rats (Hajos et al. 2008). This is not
surprising, given the role of endocannabinoids in modulating corticostriatal func-
tional connectivity. Studies have shown that long-term exposure to Δ-9-THC
reduced input from the mPFC to the NAcc while increasing the input from the
ventral hippocampus and basolateral amygdala to the NAcc (Hwang and Lupica
2020). The reduced functional connectivity between the NAcc and cortical regions
was also observed in humans following the administration ofΔ-9-THC (Mason et al.
2019). Therefore, further studies in this area will contribute to a better understanding
of tinnitus and its treatment.

2.4 Drugs Modulating Ion Channels

Ion channels are membrane-bound proteins that allow the movement of specific ions
across cell membranes and play an important role in modulating neuronal excitabil-
ity. Therefore, drugs shown to reduce neuronal activity through various ion channels
have been tested for their effects on tinnitus in animal models. Carbamazepine is an
anti-epileptic drug which reduces neuronal hyperactivity by inhibiting repetitive
firing, by increasing the number of voltage-gated Na+ channels in the inactivated
state (Yang et al. 2010). There are some clinical studies showing that carbamazepine
either reduced tinnitus in some of patients or had no effect on tinnitus (Hulshof and
Vermeij 1985; Melding and Goodey 1979; Sanchez et al. 1999). Therefore, more
preclinical investigations are needed. Zheng et al. (2008) evaluated the effects of
carbamazepine on tinnitus in the salicylate-induced tinnitus model in rats. Tinnitus
was induced by salicylate (350 mg/kg, i.p.) and the perception of tinnitus was
measured using a conditioned lick suppression paradigm. Carbamazepine was
administered (i.p.) 30 min before salicylate injection and 3 doses of carbamazepine
(5, 15 and 30 mg/kg) were tested to generate a dose-response curve. The results
showed that 15 mg/kg carbamazepine, but not 5 or 30 mg/kg, significantly reduced
salicylate-induced tinnitus, which suggests that carbamazepine may have the poten-
tial to be used to treat salicylate-induced tinnitus (Zheng et al. 2008).

Another ion channel-modulating drug that has been tested in the salicylate-
induced tinnitus model is Maxipost and its enantiomer, R-Maxipost. Maxipost is a
positive Kv7.2–Kv7.5 channel modulator, which increases the depolarisation thresh-
old for cells and produces anxiolytic effects; R-Maxipost is a negative modulator for
Kv7.2–Kv7.5 channels without anxiolytic effects (Korsgaard et al. 2005). In this
study, tinnitus was induced by salicylate (150 mg/kg, i.p.) and confirmed using the
SIPAC paradigm 1 h after salicylate injection. Maxipost (5 or 10 mg/kg, i.p.) or
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R-Maxipost (1, 3, 5 or 10 mg/kg, i.p.) was administered 30 min before the tinnitus
testing. It was found that both Maxipost and R-Maxipost dose-dependently reduced
salicylate-induced tinnitus (Lobarinas et al. 2011). This was unexpected as Maxipost
and R-Maxipost have opposite effects on Kv7.2–Kv7.5 channels and R-Maxipost
does not have anxiolytic effects. Therefore, their effects on tinnitus could not be
explained by the effects on these channels and on anxiety. The authors suggested a
possible mechanism through other ion channels, such as Kv7.1 or BK channels;
however, further investigations are necessary to understand the involvement of ion
channels in tinnitus and its treatment.

Flufenamic acid (FFA) is an anti-inflammatory and analgesic drug used since the
1960s, but its use was limited due to its harmful side effect profile and weak
beneficial effects. However, it was discovered later to be an ion channel modulator.
FFA not only affects non-selective cation channels and chloride channels, but also
modulates potassium, calcium, and sodium channels (Guinamard et al. 2013). The
rationale for using FFA to treat tinnitus was based on its blocking effect of TRPM2
(Transient receptor potential melastatin type-2) channels, which is believed to
decrease neuronal excitability (Bal et al. 2016). Salicylate (400 mg/kg, s.c.) was
injected to induce tinnitus, which was behaviourally confirmed using a conditioned
lick suppression paradigm at 2 h after salicylate injection. FFA (66 mg/kg, i.p.)
administered 5 h before the tinnitus testing significantly reduced salicylate-induced
tinnitus. However, due to the broad spectrum of FFA’s effects on ion channels, the
tinnitus suppression effects cannot be attributed solely to TRPM2 channels.

Furosemide is a loop diuretic that has been shown to reduce the endocochlear
potential and the spontaneous discharge rates of auditory nerve fibres by affecting
ion transporters in the stria vascularis and causing a subsequent reduction of
neurotransmitter release from inner hair cells (Rybak and Morizono 1982; Sewell
1984). Therefore, furosemide was evaluated as a potential treatment for tinnitus in a
guinea pig model of acoustic trauma-induced tinnitus (Mulders et al. 2014a).
Animals were exposed unilaterally to a loud tone (10 kHz, 124 dB SPL) for 2 h
and behavioural evidence of tinnitus was tested weekly using the GPIAS paradigm.
Immediately after the confirmation of tinnitus, furosemide was injected (80 mg/kg, i.
p.) and tinnitus tested 1 h later. In some of the animals, the spontaneous activity
of auditory nerve fibres and spontaneous firing rates of neurons in the central nucleus
of the IC were also recorded. The results showed that intraperitoneal injection of
furosemide significantly reduced tinnitus-like behaviour and also decreased sponta-
neous neuronal firing rate in both the primary auditory nerves and IC. In order to
determine whether the effects of furosemide on IC neurons could be caused by its
effects in the cochlea, furosemide was infused into the cochlea and this manipulation
also suppressed hyperactivity in the IC. However, furosemide may also reduce
tinnitus through a direct central effect by acting on the ion transporters in the
brain. Further animal studies are needed to investigate the effects of furosemide on
chronic tinnitus. In addition, high doses of furosemide have been associated with an
increased risk of temporary deafness and tinnitus in humans (Ho and Sheridan
2006), possibly by abolishing blood flow in the vessels supplying the lateral wall
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and causing transient ischaemia (Ding et al. 2016). It is necessary to find out whether
prolonged use of furosemide can also cause ototoxicity.

It is noteworthy that most of these drugs were tested only in the salicylate model
of tinnitus. However, salicylate-induced tinnitus does not happen very often in
humans and will normally resolve by itself, so does not require treatment. More
studies need to be conducted in the acoustic trauma-induced tinnitus model, which
represents the most common form of tinnitus in humans.

2.5 Drugs Modulating Neuroinflammatory Pathways

Although it is controversial, steroids have been used in treating various forms of
tinnitus, including tinnitus resulting from acoustic trauma (Cesarani et al. 2002;
Markou et al. 2004; Shulman and Goldstein 2000; Silverstein et al. 1996),
suggesting a possible involvement of inflammation in tinnitus. It has been shown
that inflammatory cytokines, such as interleukin 1 beta (IL-1β), TNF-α, and inter-
leukin 6 (IL-6) have neuromodulatory properties and are involved in a range of
pathophysiological functions, including the modulation of synaptic transmission and
neuronal excitability by modulating both voltage-gated and receptor-coupled ion
channels (Vezzani and Viviani 2015). In salicylate-treated animals, changes in a
range of inflammatory gene expression were found in the cochlea (Hwang et al.
2011), CN (Hu et al. 2014), IC (Hwang et al. 2011) and AC (Chen and Zheng 2017),
and there was a positive association between tinnitus scores and the expression
levels of TNF-α, IL-1β, and NR2B (Hwang et al. 2011). In addition, peripheral
cochlear inflammation has also been reported following acoustic trauma (Adams
et al. 2009; Fujioka et al. 2006; Hirose et al. 2005; Miyao et al. 2008; Tornabene
et al. 2006). The relationship between acoustic trauma, tinnitus, neuroinflammation,
and synaptic function was further investigated by Wang et al. (2019) in mice. The
study firstly showed that unilateral acoustic trauma (narrow band noise centred at
8 kHz, 112–114 dB SPL) for 2 h induced a long-lasting (up to 10 days post-
exposure) hearing threshold shift in the exposed ear and a significant upregulation
of TNF-α in the primary AC (AI) at 12 h after acoustic trauma, which lasted for up to
10 days. Proinflammatory cytokines IL-1β and IL-18 were also up-regulated in the
AI at 10 days following acoustic trauma. In addition, microglial activation was
evident in the AI at 5 days after acoustic trauma. However, noise-induced microglial
activation was absent in TNF-α knockout mice. Furthermore, the authors also
showed acoustic trauma-induced tinnitus-like behaviour in wild-type (WT) mice,
but not in the TNF-α knockout mice, when measured using a GPIAS paradigm
(Wang et al. 2019). However, a close inspection of the results raised some questions
regarding the interpretation of the lack of tinnitus-like behaviour in TNF-α knockout
mice. The authors showed that during gap-induced PPI, the startle response ratio was
0.4–0.6 for the WT mice, which increased to 0.6–0.8 after acoustic trauma. This
increase in the startle response ratio after acoustic trauma has been used as an
indication of the perception of a sound during the gap period, i.e. tinnitus. However,
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in TNF-α knockout mice, even before the acoustic trauma, the startle response ratio
for gap detection in response to 14 and 20 kHz carrier tones (i.e. 0.6–0.8) was higher
than that in WT mice and similar to that in WT mice after the acoustic trauma. This
might suggest that TNF-α knockout mice actually experience tinnitus at high
frequencies or exhibit a temporal processing deficit. However, the startle response
ratio in another group of TNF-α knockout mice was very similar to that in WT mice
in the next experiment, which suggests that there might be large variations in the
animals’ startle reflex response between different experiments. Testing the TNF-α
knockout mice in a conditioned lick suppression paradigm would help to clarify the
issue. Nevertheless, the role of TNF-α in tinnitus was further analysed by infusing
TNF-α into the AI in WT and TNF-α knockout mice. It was found that the
TNF-α infusion caused tinnitus-like behaviour at 20 kHz in both the WT and
TNF-α knockout mice, evidenced by an impaired gap detection. Since increased
TNF-α and tinnitus could be a result of microglial activation, microglia were
depleted with i.p. injections of PLX3397 and animals were examined for acoustic
trauma-induced TNF-α expression and tinnitus. The administration of PLX3397
significantly reduced the TNF-α expression in control mice and prevented the
increased TNF-α expression and tinnitus induced by acoustic trauma. Interestingly,
PLX3397 also significantly improved gap detection in mice before and after acoustic
trauma, which returned to baseline level after drug washout. This leads to an
important question. If the reduced TNF-α expression induced by PLX3397 is
responsible for the improved gap detection observed, the impaired gap detection
following TNF-α infusion may reflect an inability to detect the gap rather than the
gap being masked by the tinnitus sound. Along the same lines, an improved gap
detection might also contribute to the lack of acoustic trauma-induced tinnitus-like
behaviour in TNF-α knockout mice. Therefore, if TNF-α is able to modulate the
animal’s gap detection ability, caution needs to be taken when interpreting the
results. In order to investigate the role of neuroinflammation in tinnitus, a TNF-α
inhibitor that has been shown to reduce neuroinflammation, 3,60-dithiothalidomide
(dTT), was tested. It was found that dTT prevented acoustic trauma-induced
microglial activation and proinflammatory cytokine expression, as well as acoustic
trauma-induced tinnitus. However, there was no control group to show that the
vehicle treatment did not prevent acoustic trauma-induced tinnitus in this experi-
ment. Nevertheless, the authors did validate the effects of dTT on tinnitus using a
different behavioural paradigm – a conditioned lick suppression paradigm – and the
results showed that dTT significantly reduced acoustic trauma-induced tinnitus.
Finally, the functional effects of TNF-α on acoustic trauma-induced excitatory and
inhibitory imbalance were investigated by recording the excitatory and inhibitory
synaptic currents in AI pyramidal neurons of mice following acoustic trauma, with
or without dTT treatment. The results showed that acoustic trauma induced a
reduction of inhibitory currents and an increase of excitatory currents and that
these effects were reversed by the administration of dTT, which suggests that the
acoustic trauma-induced excitatory and inhibitory imbalance is largely mediated by
neuroinflammation. Using a combination of molecular, genetic, pharmacological,
electrophysiological, and behavioural approaches, this study demonstrated the link
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between acoustic trauma, neuroinflammation, synaptic plasticity, and tinnitus gen-
eration, which suggests a potential pharmacological target for tinnitus treatment.

Another anti-inflammatory drug that has been tested in the acoustic trauma-
induced tinnitus model is RO27–3225, which is a selective melanocortin receptor
4 agonist. In recent years, the anti-inflammatory properties of melanocortins, a class
of peptides known as α-, β-, and γ-melanocyte-stimulating hormones and adreno-
corticotrophic hormone, have gained increasing interest in pharmacology due to
their promising therapeutic potential in the treatment of inflammatory-mediated
diseases (Catania 2008). RO27–3225 has been shown to improve neuronal function
following cerebral ischaemia by counteracting inflammatory and apoptotic
responses, such as the changes in TNF-α, BAX, ERK1/2, JNK1/2, caspase-3, and
Bcl-2 protein expression (Spaccapelo et al. 2011). Therefore, the effects of
RO27–3225 on tinnitus development were investigated in rats by administering
the drug 30 min before acoustic trauma and then every 12 h for 10 days and
behavioural evidence of tinnitus was measured at 5 months after acoustic trauma
using a conditioned lick suppression paradigm (Zheng et al. 2015a). Two doses of
RO27–3225 (90 and 180 μg/kg, s.c.) were used in the study and tinnitus was induced
by exposing the animals unilaterally to a 16 kHz tone at 115 dB for 1 h. It was found
that neither dose of RO27–3225 prevented the development of tinnitus following
acoustic trauma. Unfortunately, changes in inflammatory cytokines in the brain were
not measured in these animals; therefore, it is impossible to determine whether the
lack of effect on tinnitus development was due to insufficient anti-inflammatory
effects of the RO27–3225 doses or the anti-inflammatory effects occurring at
inappropriate time points. Further studies need to address these issues.

C-phycocyanin (C-PC) is the active component of Spirulina (a microscopic blue-
green algae) and exhibits anti-oxidant and anti-inflammatory properties in patholog-
ical conditions (McCarty et al. 2010; Romay et al. 1999). Therefore, C-PC and
Spirulina platensis water extract (15–25% phycobiliproteins containing 15–25%
C-PC and allophycocyanin, 35–45% polysaccharides, 10–20% proteins other than
phycobiliproteins, 5–8% water, and 10–12% ash) were tested in salicylate-induced
tinnitus in mice (Hwang et al. 2013). C-PC (130 mg/kg/day) and Spirulina
(1,000 mg/kg/day) were administered as daily dietary supplements starting on the
first day of behavioural training, i.e. 5 days before salicylate injection. Salicylate
(300 mg/kg, i.p.) was injected on day 6 and tinnitus behaviour was measured 2 h
later using an active avoidance paradigm. The results showed that both C-PC and
Spirulina significantly reduced salicylate-induced tinnitus to a similar extent. In
addition, both C-PC and Spirulina also significantly reduced NR2B, TNF-α,
IL-1β, and COX-2 gene expression. Therefore, C-PC and Spirulina may reduce
tinnitus through anti-inflammatory effects.

Given the role of inflammatory cytokines in neuromodulation, anti-inflammatory
drugs hold potential as an effective pharmacological treatment for tinnitus. More
studies need to be conducted to understand the time course of their effects on tinnitus
as well as the molecular mechanisms in different animal models of tinnitus.
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2.6 Herbal Medicines

Due to the dissatisfaction with the conventional pharmacological treatment for
tinnitus and the desperate need to control it, complementary or alternative medicines,
including herbal medicines, are often used by tinnitus patients (Enrico et al. 2007).
These include Ginkgo biloba extracts, Yoku-kan-san, Cimicifuga racemosa, Cornus
officinalis, Verbascum densiflorum, Rhodiola rosea, Hydrastis canadensis,
Sesamum indicum (seeds), Helianthus annuus (seeds), and many more. The publi-
cations on the use of herbal medicines for tinnitus treatment are either case reports or
poorly controlled clinical trials; therefore, information regarding their efficacy and
safety is unreliable and controversial (Darlington et al. 2009; Enrico et al. 2007).

One of the herbal medicines that has been tested in multiple clinical trials for its
effects on tinnitus is Ginkgo biloba extract, which has been used for hundreds of
years in Chinese traditional medicine. It is also commonly used in Western coun-
tries, being one of the top ten best-selling herbal medicines in Europe and the USA
(Drew and Davies 2001; Sierpina et al. 2003). Despite the numerous clinical trials
that have been conducted in tinnitus patients, the results have been controversial,
with the two most systematic, double-blind and placebo controlled clinical trials
showing negative results and suggesting that Ginkgo biloba extracts are no more
effective in the treatment of tinnitus than a placebo (Smith et al. 2005). By contrast,
the effects of Ginkgo biloba extract on tinnitus in animals were tested in only one
study, where the salicylate-induced tinnitus model was used (Jastreboff et al. 1997).
In this study, EGb-761, a standardised Ginkgo biloba extract containing 24%
flavonoids, 7% proanthocyanidins, and 6% terpenoids was administered orally
(10–100 mg/kg) every day for 2 weeks before salicylate was injected (275 mg/kg,
s.c.) to induce tinnitus. Tinnitus-like behaviour was measured using a conditioned
lick suppression paradigm. It was found that EGb 761 dose-dependently (25, 50 and
100 mg/kg) decreased salicylate-induced tinnitus. As shown in a systematic review
and meta-analysis of 90 randomised controlled trials of EGb 761 in patients with
cognitive impairment and dementia, it may improve cognition with no important
safety concerns (Tan et al. 2015). However, other studies suggest that it has no
significant effect on cognitive performance in humans without dementia and even
little effect on those with dementia (Dongen 2003; Snitz et al. 2009; Solomon et al.
2002). Nonetheless, it might be worth evaluating the effects of EGb 761 in the
acoustic trauma-induced tinnitus model and to further explore its mechanisms of
action.

A mixture of a number of herbal medicines, Er Ming Fang (EMF01), was also
tested in the salicylate-induced tinnitus model (Zheng et al. 2010b). Er Ming Fang
(EMF01) is modified from the traditional Chinese medicinal prescription, LiuWei
Dihuang Wan, which has long been used in the treatment of diabetes mellitus. It is
formed by retaining the main components of LiuWei Dihuang Wan, namely Shu
Dihuang (Rhizoma of Rehmannia glutinosa LIBOSCH), Shanzhuyu (Fructus of
Cornus officinalis SIEB. Et ZUCC.), and Fuling (Poria cocos (SCHW.) WOLF)
and adding Danshen (Radix of Salvia Miltiorrhiza BGE), Gegen (Radix of Pueraria
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lobata (WILD.) OHWI), Wuweizi (Fructus of Schisandra Chinensis (TURCX.)
BAILL), and Jiegeng (Radix of Platycodon Grandiflorum (JACQ.) A. DC). It has
been shown to relieve tinnitus in a small number of tinnitus patients with kidney
essence deficiency – a traditional Chinese Medicine diagnosis. Twenty out of
twenty-four patients reported that their tinnitus either disappeared or was reduced
following the treatment (Unpublished observation, Xuan-xuan Zhu, Research Centre
of JiangSu Provincial Hospital of Traditional Chinese Medicine, Nanjing, P.R.
China). Therefore, the effects of EMF01 on tinnitus were tested in a salicylate
model in rats (Zheng et al. 2010b). Acute tinnitus was induced by a single injection
of sodium salicylate (350 mg/kg, s.c.) and tinnitus-like behaviour was measured
using a conditioned lick suppression paradigm. EMF01 (8.75 or 17.5 g/kg, oral
gavage) or the vehicle (tap water) was administered for 20 days before the induction
of tinnitus. On the day of the tinnitus induction, EMF01 or vehicle was administered
30 min prior to salicylate or saline administration. It was found that EMF01 did not
affect salicylate-induced tinnitus (Zheng et al. 2010b).

Based on clinical and limited animal studies, it seems that there is a lack of
scientific evidence supporting the use of herbal medicines for tinnitus treatment.
However, given the vast number of herbal medicines available, this may be an
unexplored avenue for developing pharmacological treatment for tinnitus. In partic-
ular, the idea that tinnitus is a result of abnormal interactions in multiple networks/
systems is consistent with Traditional Chinese Medicine’s view of considering the
human body as a holistic system where different organs/systems are interrelated
(Castaneda et al. 2019; Yap et al. 2009). Based on Huangdi Neijing (The Yellow
Emperor’s Inner Canon), the ‘ear’ has a close relationship with the ‘kidney’. It is
well documented in Traditional Chinese Medicine that ‘kidneys open into ears’ and
the function of the ear reflects the function of the kidney. The concept of ‘kidney
function’ in Chinese medicine consists of growth, development, reproduction, urine
secretion, endocrine function, as well as water and salt metabolism. Although there
is yet to be a solid scientific basis for the relationship between the kidney and the
ears, hearing loss and tinnitus are the most common symptoms accompanying
kidney dysfunction (Govender et al. 2013; Ikeda et al. 1987; Renda et al. 2015)
and drugs, such as aminoglycoside antibiotics, that produce ototoxicity, almost
always cause nephrotoxicity (Pagkalis et al. 2011). Therefore, Traditional Chinese
Medicine takes a network approach in treating hearing loss and tinnitus by restoring
kidney function and there are hundreds of herbal medicines that have been used
either alone or in a mixture, for the treatment of hearing loss and tinnitus in Chinese
medical practice (Castaneda et al. 2019; Yap et al. 2009). Therefore, studies to
evaluate more herbal medicines in different animal models of tinnitus and to explore
their underlying mechanisms, may contribute to potential drug discovery for
tinnitus.

70 Y. Zheng et al.



3 Advantages and Limitations of Drug Evaluation Using
Animal Models

Animal studies are necessary in order to be able to fully explore the beneficial and
adverse effects of drugs that may be useful in the treatment of tinnitus, and to be able
to investigate the neural bases of any drug effect. Despite the utility of human studies
employing fMRI and other imaging techniques, animal studies will always be
necessary to fully comprehend the effects that drugs used to treat tinnitus, have on
the brain. Nonetheless, subjective tinnitus can only be inferred from animal models
using methods such as gap detection and conditioned responses.

The ability to test the effects of drugs on tinnitus-related behaviour in animals is
predicated upon the ability to reliably induce tinnitus, and all of the available
methods have their limitations. The salicylate method is limited by the fact that the
tinnitus-related behaviour that is induced is short-lived and that salicylate can have
direct effects on the brain itself. The noise-induced tinnitus model is limited by the
fact that only 30–80% of animals exhibit tinnitus-like behaviour (von der Behrens
2014), so there are always animals that appear to be resistant to developing tinnitus,
or at least resistant to expressing tinnitus-related behaviour. It is difficult to assess the
success of a test for tinnitus when it is impossible to know whether animals really
have the condition. Usually, the sensitivity and specificity of a test could be
evaluated using receiver-operating characteristic (ROC) curves, in which the correct
identification (‘hit’) rate is plotted against 1 – specificity (‘false alarm’) rate (Hsieh
and Turnball 1996). However, without a ‘gold standard’ to compare against, one
model, such the gap detection method, can only be compared against another, such
as the conditioned lick response model. This has never been done in the same study
because, without a gold standard test, it would be impossible to know which test was
more accurate.

Drug studies have varied enormously in the time points that have been used
following the induction of tinnitus, from several weeks to months. Given that
tinnitus in humans is often a chronic disorder when it is troublesome, long-term
studies in animals may be particularly useful. However, as animals such as rats and
mice age, they become more prone to diseases such as cancer, and because their
weight escalates, they become more difficult to use for electrophysiological and
neurochemical experiments, not least because they respond to anaesthetics in a less
predictable way. A non-human primate model may be developed in the future.

The way in which the data for tinnitus-related behaviour have been analysed has
varied substantially across the available drug studies. Since the statistical analysis is
the final arbiter of whether an animal is deemed to have tinnitus or not, as well as any
drug effect on it, it is a crucial step in determining the outcome of any experiment.
Analyses have ranged from the use of t tests and repeated measures ANOVAs, to
linear mixed model (LMM) analyses. An important consideration here is that most
behavioural models of tinnitus necessarily involve repeated measures, and repeated
measures ANOVAs are notoriously susceptible to the problem of violating the
assumption of ‘sphericity’, i.e. that the data are correlated over time (Smith 2017).
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In biology, data from the same subjects are usually correlated across time; therefore,
it is likely that this ANOVA assumption is violated in many of these analyses.
Corrections such as the Geisser–Greenhouse and Huynh–Feldt corrections can be
used, but they simply make significant differences more difficult to achieve by
reducing the type I error rate, thereby potentially increasing the type II error rate.
LMM analyses, by contrast, control for potential correlation in the repeated mea-
sures data by modelling it using various covariance matrix structure models (Smith
2017).

There are also pharmacological issues that impact on the use of animal models for
testing drugs. Many studies use intraperitoneal (i.p) injections to deliver drugs, as an
approximation to oral administration in humans. However, the exact location of i.p
injections into the peritoneal cavity can vary considerably, altering absorption and
therefore distribution of the drug to the brain (Steward et al. 1968). Differences in
blood protein binding, penetration of the blood–brain barrier, and elimination
(i.e. half-life and clearance) can cause large differences in drug action compared to
humans. Probably the method that best represents oral administration in humans is
oral gavage, but this is difficult to do in animals and can raise ethical issues. When
comparing doses used in animals and humans, relatively few studies have employed
the kind of dose-translation equations employed by the FDA (Reagan-Shaw et al.
2008). Animals obviously have different body surface areas and metabolic rates
compared to humans; therefore, converting animal drug doses to human doses by
simply multiplying the animal dose by the difference in body weight is incorrect
(Reagan-Shaw et al. 2008). The FDA requires calculation of a human equivalent
dose (HED) that is the animal dose in mg/kg multiplied by the animal Km divided by
the human Km, where Km controls for differences in body surface area (Reagan-
Shaw et al. 2008). In order to calculate the dose in a rat, for example, for baclofen
that corresponds to the usual dose used in adult humans, the usual HED must be
multiplied by the human Km/rat Km, which equals 6.17. Using this equation, many
drug doses used in rats often appear very large compared to the HED. The use of the
HED equation increases the chances of research using animal models of tinnitus
being relevant to human therapeutics. One way of enhancing the validity of animal
studies of drug effects on tinnitus is to have follow-up studies of investigational
drugs, in human patients, so that the preclinical and clinical studies are coordinated.

4 Future Directions in Tinnitus Drug Discovery

Traditionally, the gold standard, modern drug discovery approach seeks to design
more selective drugs with ideally one specific target in order to reduce side effects.
Despite excessive efforts and investment routinely made in discovering individual
molecular targets over the last two decades, the rate of new drug candidates being
translated into clinical use is decreasing (Kola and Landis 2004). Hopkins argued
that the ‘one gene, one drug, one disease’ drug design philosophy might be the
fundamental problem (Hopkins 2008). This is because biological functions, or
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dysfunctions in disease states, are more likely to be a consequence of complex
biochemical regulation processes driven by interactive networks within the genome
(Chen et al. 2008), transcriptome (Iancu et al. 2014), proteome (Ebhardt et al. 2015),
and metabolome (Shah et al. 2015). Targeting such dynamic network biology by
identifying disease-causing networks rather than disease-causing genes is likely to
be a more effective approach for drug discovery (Hopkins 2007, 2008; Kell and
Goodacre 2014; Roth et al. 2004). Since tinnitus has been shown to be associated
with changes in neuronal activity and connectivity involving multiple neural net-
works, both in human patients (Boyen et al. 2014; Husain and Schmidt 2014; Kraus
and Canlon 2012; Leaver et al. 2011; Maudoux et al. 2012; Song et al. 2012;
Vanneste et al. 2011; Vanneste and De Ridder 2012) and an animal model (Chen
et al. 2014), it has been increasingly recognised that tinnitus is unlikely to be
generated by a single pathological source, but rather complex network changes
involving not only the auditory system but also systems related to memory, emotion,
and stress (Henry et al. 2014; Leaver et al. 2016a; Roberts et al. 2010; Simonetti and
Oiticica 2015). Therefore, identifying pharmacological targets at the network level
using animal models of tinnitus may open up new avenues for the development of
effective treatments for tinnitus.
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Abstract Neuromodulation, via stimulation of a variety of peripheral and central
structures, is used to suppress tinnitus. However, investigative limitations in humans
due to ethical reasons have made it difficult to decipher the mechanisms underlying
treatment-induced tinnitus relief, so a number of animal models have arisen to
address these unknowns. This chapter reviews animal models of cochlear and
brain stimulation and assesses their modulatory effects on behavioral evidence of
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tinnitus and its related neural correlates. When a structure is stimulated, localized
modulation, often presenting as downregulation of spontaneous neuronal spike firing
rate, bursting and neurosynchrony, occurs within the brain area. Through anatomical
projections and transmitter pathways, the interventions activate both auditory- and
non-auditory structures by taking bottom-up ascending and top-down descending
modes to influence their target brain structures. Furthermore, it is the brain oscilla-
tions that cochlear or brain stimulation evoke and connect the prefrontal cortex,
striatal systems, and other limbic structures to refresh neural networks and relieve
auditory, attentive, conscious, as well as emotional reactive aspects of tinnitus. This
oscillatory neural network connectivity is achieved via the thalamocorticothalamic
circuitry including the lemniscal and non-lemniscal auditory brain structures.
Beyond existing technologies, the review also reveals opportunities for developing
advanced animal models using new modalities to achieve precision neuromodulation
and tinnitus abatement, such as optogenetic cochlear and/or brain stimulation.

Keywords Animal model · Auditory and limbic brain structures · Behavioral
assays · Brain stimulation · Cochlear stimulation · Tinnitus

Abbreviations

ABI Auditory brainstem implant
AC Auditory cortex
ACC Anterior cingulate cortex
ACES Auditory cortex electrical stimulation
AMI Auditory midbrain implant
BDNF Brain derived neurotrophic factor
CBT Cognitive behavioral therapy
CES Cochlear electrical stimulation
CFC Cross-frequency coupling
CI Cochlear implant
CIC Central nucleus of the inferior colliculus
DBS Deep brain stimulation
DCIC Dorsal cortex of the inferior colliculus
DCN Dorsal cochlear nucleus
dlPFC Dorsolateral prefrontal cortex
dMGB Dorsal subdivision of the medial geniculate body
ECIC External cortex of the inferior colliculus
ECS Epi-cranial electrical stimulation
EEG Electroencephalogram
FLS Fronto-limbic-striatal
fMRI Functional magnetic resonance imaging
GAD Glutamate decarboxylase
GPIAS Gap-prepulse inhibition of the acoustic startle reflex
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HPC Hippocampus
IC Inferior colliculus
LFP Local field potential
MDT Mediodorsal thalamus
MGB Medial geniculate body
mMGB Medial subdivision of the medial geniculate body
MRI Magnetic resonance imaging
NAc Nucleus accumbens
NF2 Neurofibromatosis type II
PET Positron emission tomography
PFC Prefrontal cortex
rTMS Repetitive transcranial magnetic stimulation
SFR Spontaneous firing rate
SGN Spiral ganglion neuron
SR Stochastic resonance
STN Subthalamic nucleus
tACS Transcranial alternate current stimulation
TBI Traumatic brain injury
TCD Thalamocortical dysrhythmias
TCT Thalamocorticothalamic
tDCS Transcranial direct current stimulation
TES Transcranial electrical stimulation
TMS Transcranial magnetic stimulation
TRN Thalamic reticular nucleus
tRNS Random-noise stimulation
vMGB Ventral subdivision of the medial geniculate body

1 Significance of Developing Animal Models

Tinnitus is a prevalent health condition that affects millions of people. Nearly
10–15% of the adult population is stricken with the condition, and 1–2% of these
patients experience an unremitting form that significantly impacts their quality of life
and daily functioning, sometimes even leading to suicide (Axelsson and Ringdahl
1989; Crocetti et al. 2009; Hasson et al. 2011; Stevens et al. 2007). In addition to
civilian populations, tinnitus is a top comorbidity of war among military personnel
and Veterans. Service-related loud noises from equipment operations and explosion-
derived blast shockwaves damage cochlear hair cells and trigger maladaptive neural
plasticity that leads to tinnitus, hearing loss, and other related neurological disorders
(Zhang 2019). Economically, tinnitus-related compensation for healthcare manage-
ment reaches billions of dollars annually (Zhang 2019). Given this large caseload
and economic burden, there is significant incentive to develop effective treatment
regimens and even a cure for tinnitus.
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Thus far, numerous therapeutic strategies have been studied, which include noise-
masking (Roberts et al. 2006), Tinnitus Retraining Therapy (Jastreboff and
Jastreboff 2000), Neuromonics (Davis et al. 2007), acoustic coordinated reset
neuromodulation (Wegger et al. 2017), pharmaceuticals (Langguth and Elgoyhen
2012), and electrical, transcranial magnetic or direct current stimulation of numerous
sites, including the cochlea (Rubinstein et al. 2003; Zeng et al. 2015), cochlear
nucleus (Luo et al. 2012; Soussi and Otto 1994), inferior colliculus (Smit et al.
2016b), auditory cortex (Claes et al. 2014; De Ridder et al. 2010; Zhang et al. 2011;
Zhang 2013), somatosensory structures (De Ridder et al. 2007; Folmer et al. 2006;
Marks et al. 2018), vagal nerve (De Ridder et al. 2014a; Engineer et al. 2011),
caudate nucleus (Ahsan et al. 2018; Cheung and Larson 2010), and dorsolateral
prefrontal cortex (De Ridder et al. 2012; Shekhawat et al. 2016) or frontal cortex
(De Ridder and Vanneste 2012). Despite these efforts, establishment of a universal,
reliable treatment that warrants clinical standardization has yet to occur. According
to the clinical practice guidelines recommended by the American Academy of
Otolaryngology – Head and Neck Surgery, the standard-of-care remains sound-
based modulation and cognitive behavioral therapy (CBT) (Tunkel et al. 2014)
(https://journals.sagepub.com/doi/pdf/10.1177/0194599814545325). However,
CBT focuses on managing limbic comorbidities such as anxiety, depression, dis-
turbed sleep, and impaired memory (Axelsson and Ringdahl 1989; Crocetti et al.
2009; Hasson et al. 2011; Stevens et al. 2007), rather than targeting the underlying
tinnitus pathophysiology (McFerran et al. 2019).

Although the exact mechanisms are unknown, a considerable amount of research
supports the generally agreed-upon hypothesis that disruption of the peripheral
auditory apparatus triggers a cascade of maladaptive plasticity in the central nervous
system, resulting in the generation of phantom auditory perception and related,
reactive limbic comorbidities. Supporting a central origin of tinnitus, studies have
shown that pathologic sound sensation persists even after auditory nerve transection
(House and Brackmann 1981; Jackson 1985). Furthermore, animal work detailing
neural spike information suggests that the trauma-induced peripheral deafferentation
of the auditory system sparks hyperactivity, hypersynchrony, increased bursting,
and/or tonotopic map reorganization (Eggermont 2015) in brain structures such as
the dorsal cochlear nucleus (DCN) (Wu et al. 2016; Zhang and Kaltenbach 1998),
inferior colliculus (IC) (Bauer et al. 2008), medial geniculate body (MGB) (Kalappa
et al. 2014), auditory cortex (AC) (Eggermont and Roberts 2004; Seki and
Eggermont 2003), and a host of fronto-limbic-striatal centers (Rauschecker et al.
2010, 2015; Vanneste et al. 2011b). Additionally, human experiments investigating
large-scale brain oscillations revealed that tinnitus sufferers display aberrant
rhythms, especially theta- and gamma-frequency, in many of the same structures
(De Ridder et al. 2011; Llinas et al. 2005; Weisz et al. 2007). While transient gamma
activity underlies sensation, cognition, and a number of other physiological func-
tions (Fries 2009; Jacobs and Kahana 2010; Nozaradan et al. 2017; Singer 1999;
Vianney-Rodrigues et al. 2011), it is believed that peripheral deafferentation leads to
pathologic entrainment of the theta-gamma signals, as thalamocortical dysrhythmias
(TCD), which are implicated in conditions including tinnitus, schizophrenia,
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neurogenic pain, Parkinson’s, and major depressive disorder (De Ridder et al. 2015;
Llinas et al. 1999, 2005). Attempting to alter this abnormal, brain activity landscape
has been the focus of clinical therapies such as intra-cochlear electrical stimulation
(Arts et al. 2015; Kim et al. 2015), extra-cochlear electrical stimulation (CES)
(Mulders et al. 2016a; Wenzel et al. 2014), transcranial magnetic stimulation
(TMS) (Langguth 2020), transcranial direct current stimulation (tDCS) (Vanneste
and De Ridder 2011), and auditory cortex electrical stimulation (ACES) (Seidman
et al. 2008; Zhang et al. 2011). However, these strategies yield variable success rates
and, in some cases, even exacerbate clinical symptoms. The vast range of responses
highlights the critical need for better understanding of both the underlying tinnitus
pathophysiology and how the candidate treatment modalities manipulate it.

Given the ethical considerations in human investigations, it is imperative to
develop animal models that allow much greater freedom for investigating the
underlying mechanisms, testing new therapeutics, and exploring their effects on
tinnitus and other compounded auditory disorders. Unlike treatment development in
many other fields where animal models precede translation, many candidate tinnitus
therapies started as preliminary clinical evidence that prompted further investigation
and refinement in sub-human species. Decades of research for this purpose has
produced a host of animal systems targeting numerous structures along the lemniscal
and extra-lemniscal auditory pathways that have been fundamental in pushing the
field closer to standardized clinical treatments. This chapter will focus on the current
state of the animal models of cochlear and brain modulation-based tinnitus treat-
ments, relate their findings to the underlying pathophysiology, and offer insight on
possible avenues for future improvement.

2 Cochlear Stimulation to Suppress Tinnitus

Cochlear implants (CIs) have been successfully used to restore hearing in patients
who cannot benefit from acoustic amplification, via hearing aids. In addition to
benefiting audition, numerous clinical trials and case studies have demonstrated that
this intra-cochlear electrical stimulation (CES) may simultaneously relieve patients’
tinnitus (Arts et al. 2012; Baguley and Atlas 2007; Mertens et al. 2016; Poncet-
Wallet et al. 2020). These results spurred strong interest in conducting extra-cochlear
electrical stimulation experiments, avoiding the need for surgical implantation of
electrodes, and it was also found to have a positive outcome on tinnitus (Daneshi
et al. 2005; Di et al. 2009; Ito and Sakakihara 1994; Rubinstein et al. 2003; Wenzel
et al. 2014). However, the CES-induced therapeutic efficacy is highly variable across
subjects, and standardized guidelines for clinical application are lacking, as a result
of limited understanding of the mechanisms underlying CES-induced tinnitus mod-
ulation (Mertens et al. 2016; Perreau et al. 2020; Song et al. 2017; Zeng et al. 2015).
This prompts great need to establish animal models to gain knowledge regarding
how exactly CES-related treatment relieves tinnitus. Thus far, limited cochlear
electrical stimulation in animal studies, as described below, has demonstrated
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promising results in re-establishing normal peripheral (cochlear) neural activity and
modulating of tinnitus-related activity in the central auditory system.

2.1 Cochlear Electrical Stimulation

2.1.1 Intra-cochlear Electrical Stimulation

The majority of clinical studies that demonstrate CES-induced tinnitus suppression
are typically geared toward hearing restoration, as the cochlear implantees routinely
receive benefits to their tinnitus as well. Prior to studies of the underlying mecha-
nisms of CES-induced tinnitus in human subjects (Song et al. 2017), very limited
research had been conducted in animals, but the results do provide hints about how
CES suppresses tinnitus. In a rat model of intra-cochlear electrical stimulation,
Argence and colleagues performed cochleectomies, a surgical procedure that
destroys the cochlea to deafen the animals, and witnessed a decrease of the inhibitory
GlyRα1 and glutamate decarboxylase 67 (GAD67) mRNA expressions, leading to
increased neural excitability in the IC; they then implanted electrodes in the cochlea
and demonstrated that chronic CES reversed the cochleectomy-induced
downregulation of collicular GlyRα1 and GAD67 mRNA expression (Fig. 1)
(Argence et al. 2008). The findings from this study support the hypothesis that
CES of deafferented auditory nerves downregulates pathologic neural excitability in
the auditory brain, mediating CES-induced suppression of tinnitus. Additionally,
Basta and colleagues implanted a standard HiFocus1j electrode array in the guinea
pig cochlea and recorded from several auditory brain structures following CES with
a HiRes strategy (Basta et al. 2015). The authors found that low-rate electrical
stimulation significantly decreased spontaneous activity in the DCN and MGB,
and high-rate electrical stimulation reduced spontaneous activity in the DCN and
AC. This demonstrates that CES facilitates the homeostasis of neural networks by
downregulating peripheral deafferentation-induced hyperactivity in the central audi-
tory system.

2.1.2 Extra-cochlear Electrical Stimulation

Following the reported clinical benefits of intra-cochlear electrical stimulation on
relieving tinnitus, there is a strong desire to develop a less invasive and specialized
device to stimulate different parts of the cochlea such as the round window,
promontory, and cochlear wall, without penetrating electrodes. To investigate the
mechanisms underlying extra-cochlear electrical stimulation-induced tinnitus, a
limited number of animal studies have also been conducted. For example, using a
guinea pig model, Norena and colleagues demonstrated that positive current stimu-
lation of IC neurons with high characteristic frequencies decreased spontaneous
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firing rates, whereas negative current increased their neural activity, suggesting that
the monophasic, positive current relieves tinnitus via quelling hyperactivity (Fig. 2)
(Norena et al. 2015). Along the same line, Mulders and colleagues used biphasic
train stimulation of the guinea pig round window. They found that the noise trauma-
induced, elevated spontaneous firing rates of IC neurons were suppressed for up to

Fig. 1 GlyRα1 (glycine receptor) and glutamine acid decarboxylase (GAD)67 mRNA in stimu-
lated animals. (a, b) In situ hybridization autoradiographs showing the distribution of 35S-labeled
GlyRα1 (a) and GAD67 (b) antisense probes in sections of implanted animals after 8 h of daily
stimulation for 5 days. The star indicates the side ipsilateral to the lesion. (c, d) Graphs showing the
GlyRα1 mRNA level (c) and GAD67 mRNA level (d) in nonstimulated and stimulated animals, in
the ipsilateral (white bar) and contralateral (black bar) central nucleus of the inferior colliculus. A
large contralateral decrease, relative to control values, was observed in nonstimulated animals and
delayed animals. In contrast, there was no difference between stimulated and control animals. rOD,
relative optical density. *P < 0.01 compared with the control. Adapted from Argence et al. (2008)
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hundreds of milliseconds after the cessation of electrical stimulation (Fig. 3), but
during stimulation both inhibition and excitation were noted (Mulders et al. 2016a).
Such extended post-CES suppression of hyperactivity in the auditory midbrain may
be the critical mechanistic factor contributing to tinnitus relief. It was postulated that
this inhibition was the result of activating GABA-ergic neuronal circuitry in the IC
(Mulders et al. 2016a), which is in line with the commonly held notion that tinnitus is
associated with decreased inhibitory drive (Argence et al. 2008). Apart from the
CES-induced suppression of tentative neural correlates of tinnitus, the authors
concurrently demonstrated excitation of other neurons in the IC, which may be
attributed to diffusive and non-specific activation of certain auditory fibers from the
CES (Mulders et al. 2016a). Further pursuit of this line of research is needed to
investigate how tinnitus-related activity is modulated by CES and how the
neuromodulation contributes to any corresponding changes in the behavioral evi-
dence of tinnitus.
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Fig. 2 Example showing averaged effects of extra-cochlear electrical stimulation with positive
currents as a function of time for neurons with characteristic frequencies (CFs) between 14 and
28 kHz. The time windows of electrical stimulation (500-ms duration) are delimited by vertical
dotted lines. Inserts above panels indicate the pattern of the electric stimulation. The peaks at the
onset and offset of the electrical stimulation were due to the electrical artifacts generated when the
stimulation is turned on and off. Adapted from Norena et al. (2015)

Fig. 3 A histogram example illustrating inhibitory effects of round window (extra-cochlear)
electrical stimulation at 100 Hz on spontaneous firing rate of hyperactive neurons of the guinea
pig inferior colliculus. Adapted from Mulders et al. (2016a)
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2.1.3 CES to Normalize Spontaneous Firing in the Auditory Nerve

Tinnitus may be due to a lack of normal spontaneous neural firing in the cochlear
nerve following acoustic trauma (Kiang et al. 1976). Taking this into consideration,
it was hypothesized that high-rate electrical stimulation of the cochlea – 5,000-pps –
could produce endogenous-like patterns of spike activity in the auditory nerve,
which would presumably have therapeutic effects on tinnitus (Rubinstein et al.
2003). Rubinstein and colleagues then used transtympanic stimulation of the round
window by delivering charge-balanced, biphasic pulses of various widths, at 4,800-
pps, on an electrode that was pitch-matched to the tinnitus percept. Their results
showed that this stimulation paradigm generated substantial or complete tinnitus
suppression among 45% of their participants (Rubinstein et al. 2003). Despite the
promising outcomes, there was a substantial range of efficacy across the cohort, and
thus it is not currently used as a routine clinical tool. However, there are remaining
questions to be answered, especially why some participants experienced positive
tinnitus relief outcomes, while others did not. In addition, one wonders how a brain
with acoustic trauma-deprived peripheral input would respond when stimulating the
auditory nerve at such a high rate. Experiments with high-rate electrical stimulation
of the cochlea in animal models with noise trauma should be conducted to answer the
question.

2.1.4 CES and Modulation of Brain Plasticity

Tinnitus is a type of maladaptive, plastic process in response to peripheral and/or
central injury that causes neuronal loss, disruptions of ion channel functions, alter-
ations to synaptic transmission and neurotransmitter pathways, as well as sensory
map reorganizations (Zhang 2019). It would make sense that targeting and effec-
tively mitigating and/or resetting these processes would ideally have potent thera-
peutic effects on tinnitus and should serve as a basis when designing new treatment
modalities. Over the last four decades, a number of studies have attempted to
decipher how long-term use of CIs improves speech performance, mainly in animal
models. For example, using congenitally deaf cats with cochlear implants, chronic
CES produced high-amplitude field potentials, expanded response map areas, and
increased synaptic efficacy, in the auditory cortex (Klinke et al. 1999). Another team
using a cat CI model for hearing restoration further demonstrated that chronic CES
had a remarkable capacity to alter brain plasticity (Fig. 4) (Fallon et al. 2008, 2009).
More specifically, they found that in some animals with chronic deafness, CES was
able to restore cochleotopy, as cochelotopic map formation of the primary auditory
cortex determines the functional organization and effectiveness of sound perception
(Fallon et al. 2014). The restored cochleotopy following CES may have re-activated
functional afferent activity in previously damaged tonotopic regions. Such
CES-induced re-establishment of cochleotopy and re-afferentation may help reset
homeostasis and reverse the maladaptive plasticity, providing tinnitus relief. In a
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more detailed study, it was shown that CES in ototoxically deafened cats preserved
postsynaptic densities in the endbulbs of Held, the large endings of the auditory
nerve which hold a key position in the timing pathway for sound localization (Ryugo
et al. 2010). Along the same line, the CES-restored postsynaptic densities facilitate
peripheral re-afferentation that helps restore the excitatory–inhibitory balance in the
auditory brain, relieving tinnitus. Finally, it has recently been demonstrated in a rat
model that CES induces robust local field potentials (LFPs) in the hippocampus,
implicating auditory spatial cognition (auditory perception to a location in space) as
a potential area-of-interest (Hitier et al. 2020). Considering the fact that synaptic
processing in the hippocampus may play an important role in the pathophysiology of
tinnitus (Zhang et al. 2018), the CES-induced activity there (Hitier et al. 2020) may
modulate the neural networks underlying tinnitus. This helps us understand that
CES-induced tinnitus relief involves modulation of neural plasticity at synaptic to
systemic levels and throughout both lemniscal and non-lemniscal pathways.

2.1.5 Directions of Future Studies with Cochlear Electrical Stimulation

The above information concerning the underlying mechanisms of CES-induced
tinnitus relief illustrates a promising outlook for further development of animal
models and more extensive investigations into the molecular, ion channel, synaptic
transmission, neuronal circuitry, systemic, and tinnitus behavioral changes.

Fig. 4 Cochlea-to-cortex mapping showing the relationship between the location of cochlea
stimulation and the location of neurons tuned preferentially to the stimulating electrode in the
primary auditory cortex. (a) There were significant cochlea-to-cortex mapping correlations (Pearson
correlations) in normal hearing and chronically stimulated animals (CG: common-ground; MP:
monopolar), but not in long-term deaf animals. (b) Mean cochlea-to-cortex mapping in chronically
stimulated animals was not significantly different from that in normal hearing animals. Error
bar ¼ SEM. Adapted from Fallon et al. (2009)
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Additionally, the pressing questions that remain to be answered are: (1) what are the
best stimulation strategies to simultaneously achieve long-lasting suppression of
both tinnitus-related neural signals and behavioral manifestations? and (2) how to
differentially achieve suppression of noise tinnitus and tonal tinnitus?

As for some potential areas to address and improve, firstly, the above animal
studies lack behavioral assays in their experiment designs. Thus, during experimen-
tation, there is a need to include behavioral data and associate it with the pathophys-
iological data at different levels, in order to understand the causal relationships.
Secondly, there is a need to achieve controlled suppression of tinnitus at different
pitches, effectively suppressing noise tinnitus and/or tonal tinnitus. For instance, it
has been reported that low-rate stimulation of the apical turn of the cochlea yields
large suppression of high-pitch tinnitus (Zeng et al. 2011). This suggests that
stimulation of specific regions of the cochlea affect specific neural pathways,
possibly modulating their hyperactive neurons and ultimately yielding desirable
suppressive effects on tinnitus and its pitch. Technically, stimulation-specific periph-
eral loci in the cochlea may be practically achievable. However, to specifically
modulate certain neural pathways and their corresponding networks to achieve
modulation of tinnitus of specific pitches by specific stimulation loci in the cochlea
remains challenging, even though neurons in the AC are known to tune to the
stimulated loci/electrodes in the cochlea (Fallon et al. 2009). Finally, although
hearing is restored by CIs, especially when accompanied by cochleotopic map
reorganization following chronic stimulation, one would expect that the hearing
loss- and/or peripheral deafferentation-derived tinnitus should permanently benefit
from this desirable reset of maladaptive neural plasticity. Such a reset may be
equivalent to chronic CES-induced cochleotopic map reorganization for hearing
restoration. However, the clinical reality is that tinnitus relief may not synchronize
with hearing restored by chronic CES. Thus, there is a need to investigate why CES
that restores hearing may not always suppress tinnitus, which possibly involves
complex non-auditory limbic structures. These CES ideas should be explored using
existing and new methodologies such as optogenetic cochlear stimulation.

2.2 Optogenetic Cochlear Stimulation

The CES method has provided a wealth of information regarding hearing restoration
and tinnitus suppression. However, the current cochlear prothesis provides limited
spatial and frequency resolutions, due to the spread of electrical current across areas
neighboring the active electrodes (Kral et al. 1998). Optogenetics may overcome
these CES issues. Optogenetics was developed to optically control neurons via
photo-sensitive proteins expressed on the cell surface, effectively controlling excit-
atory and inhibitory synaptic transmission with high spatial and temporal precision
(Boyden et al. 2005). While optogenetics has vastly progressed methodologically in
a variety of fields (de Mena et al. 2018; DiGuiseppi and Zuo 2019; Shaaya et al.
2021), it has only been recently used in attempts to improve cochlear stimulation,
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and with increased numbers of independent stimulation channels in the cochlea, it
promises spatially more confined activation of spiral ganglion neurons (SGNs) and,
hence, higher frequency resolution of coding (Weiss et al. 2016) and better spectral
selectivity of artificial sound encoding, in the gerbil IC (Dieter et al. 2019). More
recently, efforts have been made to increase temporal fidelity of optogenetic
stimulation and achieve efficient, non-traumatic and neuron-specific expression of
fast-switching opsins. For example, a visible red-light-activated f-Chrimson with
helix 6 mutations has been used in mouse SGNs by way of postnatal AAV-injection
into the scala tympani through the round window, which resulted in restoration of
central auditory neural activity in deaf mice (Mager et al. 2018). In addition,
f-Chrimson was introduced to overcome the shortcomings from using ChR-based
cochlear optogenetics (Keppeler et al. 2018), such as low-temporal bandwidth of
optical coding. The fast-evolving research in this area over the last decade has laid
important foundations allowing development of a reliable and safe optogenetic
cochlear implant for hearing restoration in humans (Dieter et al. 2020). Although
research in this field is moving forward speedily, there is no research applying this
newer technology to the treatment of tinnitus in an animal model. Based on the
etiology of tinnitus and its modulation via CES, it is intuitive that the available tools
developed for optogenetic cochlear implant stimulation may be utilized for
neuromodulation and treating tinnitus.

3 Intraparenchymal Brain Electrical Stimulation

3.1 Targets in the Brain Network and Modalities
of Stimulation

3.1.1 Brain Network Dysfunction and Informatics

Tinnitus and its associated limbic dysfunctions are known to result from a cascade of
maladaptive plasticity and pathologic network informatics that occur in the brain
following loud noise exposure or traumatic brain injury (TBI) (De Ridder et al.
2014b; Zhang 2019). Tinnitus perception is driven by these anatomical anomalies
since they sub-serve the higher-order information processing, and its dysfunction
within and between default-mode, auditory, limbic, frontal, and striatal networks that
produce clinical symptoms (Chen et al. 2018; De Ridder et al. 2014c; Leaver et al.
2011; Rauschecker et al. 2010, 2015; Seeley et al. 2007). Therefore, electrical
stimulation of the brain parenchyma – both invasively and non-invasively can alter
the electrophysiological output of specified neural ensembles and ultimately manip-
ulate neuropsychiatric phenomena, such as phantom auditory perception in tinnitus.
Below is a review of animal models that aim to address methodological and
mechanistical issues that remain from clinical investigations.
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3.1.2 Lemniscal vs. Extra-lemniscal and Their Associated Neural
Network

Nearly every station within the auditory pathway and associated-networks has been
implicated in the etiology of tinnitus (De Ridder et al. 2015; Leaver et al. 2011;
Rauschecker et al. 2015). This raises the question –what areas should be stimulated?
The afferent, lemniscal or classical arm of the auditory pathway carries coded neural
signals from the cochlea to the cochlear nucleus: they then decussate to the central
nucleus of the inferior colliculus (CIC), followed by a relay at the ventral subdivision
of the medial geniculate body (vMGB) of the thalamus, and finally arrive at the
primary auditory cortex (AI) – and surrounding areas (Møller 2011; Nozaradan et al.
2017; Vianney-Rodrigues et al. 2011). At the same time, the information is carried
via massive collaterals and descending loops throughout the central auditory system
(Coomes et al. 2005; Meltzer and Ryugo 2006; Pinault 2004). Among numerous
descending pathways, there is heavy feedback stemming from pyramidal neurons in
cortical layer VI that exist among all the modality-specific thalamic nuclei. When all
corticothalamic cells are considered, they outnumber their thalamocortical counter-
parts by a factor of ten (Deschenes et al. 1998). It is the neural impulses through
these thalamocorticothalamic (TCT) loops at various frequencies that generate
dynamic oscillatory patterns that uniquely describe real-time, transduced sensory
and phantom information (Llinas et al. 1999, 2005; Vianney-Rodrigues et al. 2019).
If these signals resonate with the greater perceptual network of the brain (the
sensory, limbic, frontal, and striatal regions), conscious sensation of tinnitus results
(De Ridder et al. 2015; Leaver et al. 2011; Rauschecker et al. 2015).

Aside from the classic, lemniscal system, integration of sensory pathways with
executive, memory, and emotional processing affords the brain the capability to
assign salience to various stimuli, filter unwanted information, and guide real-time
input–output functions through attention and will, allowing us to exist in-, make
predictions about-, and thrive in an ever changing environment. Anatomically, this is
accomplished through the extra-lemniscal –“non-classical” – pathways that carry a
parallel stream of afferent sensory information from the auditory nerve, through the
belt structures of the central auditory system, such as the granule region of the
cochlear nucleus, external (ECIC) and dorsal cortices of the inferior colliculus
(DCIC), the medial (mMGB) and dorsal thalamic areas (dMGB), and secondary
auditory cortex (AII) (Malmierca et al. 2002; Møller 2011). From there, instead of
terminating mostly in AI like their “classical” cousins, these extra-lemniscal neurons
send axons to structures such as AII and other areas of association cortex for higher-
level processing (Møller 2011). By doing so, the extra-lemniscal pathway infuses
auditory processing with connections to memory centers in the hippocampus and
parahippocampus, emotional processing areas in the amygdala, prefrontal executive
attentional circuits involving the dorsolateral and ventromedial prefrontal cortices,
striatal systems such as the nucleus accumbens and caudate, and other regions such
as the insular and anterior cingulate cortices (De Ridder et al. 2014c, 2015; Leaver
et al. 2011; Ledoux et al. 1990; Rauschecker et al. 2010, 2015; Seeley et al. 2007).
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The brain takes the real-time, sensory stream, splits the information into two
identical quanta, each carrying the entire, transduced environmental representation,
and sends the first copy to primary sensory cortices via the lemniscal system,
creating a candidate virtual-model of the external environment that is represented
as electrically oscillating TCT signatures (Llinas et al. 1999; Steriade et al. 1991); the
other copy of this same information is simultaneously carried down the extra-
lemniscal pathway where the fronto-limbic-striatal (FLS) systems (Rauschecker
et al. 2010, 2015) compares the sensory engram with contextualized, experience-
derived “virtual states of reality” to gate, filter, refine, and assign emotions and
salience to the various components of the sensory scene. Through connections back
to the classical pathway, the extra-lemniscal system can manipulate the
thalamocortical broadcast signal to ensure that the perceptual event and motor output
being experienced by an individual reflect the will and experiences of the executive
control centers.

Given that the neural language is expressed through varied patterns of different
frequency waves, one could imagine an interpretation where the thalamocortical
oscillations encoding sensory information are viewed as literal and interacting waves
that form dynamic representations of sensory scenes. These sensory scenes are
carried by the classical pathway, and via manipulation of the thalamocortical
discharge frequencies, possibly through the thalamic reticular nucleus (TRN)
(Rauschecker et al. 2010), the “live” version is edited, creating a final signature
perceived by the individual that reflects the corrections and outputs intended by the
FLS. Dysfunction in either the bottom-up lemniscal-TC signal generator or the
top-down extra-lemniscal-FLS contextualization, gating, and salience-machinery
can cause phantom auditory perception and other TCDs such as schizophrenia and
chronic pain. Many stations along both pathways have been the focus of brain-based,
electrical treatment paradigms (Ahsan et al. 2018; Cheung et al. 2019; De Ridder
et al. 2011; Jakobs and Lozano 2019; Luo et al. 2012; Seidman et al. 2008; Zhang
et al. 2011). Both human and animal studies yield a mixed-bag of responders,
non-responders, tinnitus-exacerbators, and new-onset tinnitus generators, and
below is a review of animal models of brain stimulation for treating tinnitus by
targeting the brain stem, midbrain, thalamus, and the cortex in the central auditory
system and basal ganglion.

3.2 Auditory Brainstem Implant (ABI)

Auditory brainstem implants (ABIs) were introduced to stimulate the cochlear
nucleus (especially the DCN) for hearing restoration among neurofibromatosis
type II (NF2) patients who undergo translabyrinthine removal of vestibular
schwannomas and cannot benefit from CIs (Fernandes et al. 2020; Gilles et al.
2020; Roberts et al. 2017; Soussi and Otto 1994). It has been reported from tracking
112 patients who were implanted with ABIs between 1994 and 2015 that NF2
patients who have undergone removal of vestibular schwannomas experience
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tinnitus symptoms that are alleviated when their ABIs are switched on (Deklerck
et al. 2020; Roberts et al. 2017). One explanation of such tinnitus relief is that NF2
patients may develop a tinnitus handicap due to sudden, diminished input following
surgery, which in turn causes an ascending information deficit that triggers increased
neural hypersensitivity, spontaneous spike firing rates, bursting, and synchrony in
the IC and AC (Gerken et al. 1984; Seki and Eggermont 2003; Wu et al. 2016). In
addition, the topographic nature of the deafferentation induces a surrounding brain
region to expand its characteristic-frequency receptive field into damaged areas,
known as “map reorganization.” This “map reorganization” has been noted through-
out the auditory axis in both humans and animals (Komiya and Eggermont 2000;
Shore et al. 2016; Wienbruch et al. 2006; Yang et al. 2011), which may have been
mitigated by ABIs in tinnitus relief. At the very least, the promising clinical results
prompted animal studies to elucidate the underlying mechanisms of ABI-induced
tinnitus suppression.

The early animal models were mainly designed to improve hearing outcomes
from ABIs, so as such, rodent (Fig. 5) (Vachicouras et al. 2019; Zhang and Zhang
2010), feline (McCreery et al. 2010, 2013, 2018), and non-human primate models
(Wang et al. 2015) have been developed for ABI implantation in the DCN and
ventral cochlear nucleus. Efforts to improve the technology include electrically
evoked auditory brainstem responses (eABR)-guided fitting to better align with the
tonotopic axis (Lachowska et al. 2020; O’Driscoll et al. 2011), flexible implants to
better fit the curvature of the neuro-organ surface (Vachicouras et al. 2019), and
varied stimulation paradigms to better mimic physiologic signals (Mauger et al.
2012; McCreery et al. 2013, 2018).

To address the mechanisms underlying ABI-induced tinnitus relief, our group
chronically implanted platinum/iridium microwire arrays into the DCN of rats,
conducted electrical stimulation with charged-balanced, biphasic electric pulses of
50 μA at 10 pps, and demonstrated suppression of behavioral evidence of noise-
induced tinnitus, as measured by the gap-prepulse inhibition of the acoustic startle
reflex (GPIAS) behavioral paradigm (Luo et al. 2012). Taking a similar approach,
another group recently targeted the DCN with high-rate stimulation (bipolar,
monophasic pulses of 100 μA at 1,000 Hz), and their results substantiate the earlier
findings that delivering electrical current to this lower brainstem region reduces
tinnitus-like behavior in rats (van Zwieten et al. 2019). To explain the suppressive
effects of ABI on behavioral evidence of tinnitus, it is possible that ABIs may have
corrected aberrant neural activity that is classically associated with tinnitus. More
specifically, at the lower brainstem level, ABI stimulation may exert its therapeutic
effects on tinnitus behavior by interfering with DCN fusiform cells, because their
increased spontaneous firing rates (SFR), spike-synchrony, and bursting along with
altered plasticity are correlated with tinnitus-like behavior in animals (Marks et al.
2018; Martel et al. 2019; Wu et al. 2016). At the midbrain level, Mauger et al. (2012)
demonstrated that ABIs suppress spontaneous activity in a subset of IC neurons
(Mauger et al. 2012), possibly increasing GABA and glutamate levels in target tissue
and restoring synaptic transmission (Ghafouri et al. 2019). At the cortical level, the
hyperactive signals are intimately linked to the tonotopic map reorganization. Thus,
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by correcting the GABAergic deficit and suppressing hyper neural activity, as well
as modulation map reorganization, ABI could also be alleviating tinnitus via
patching the topographic insult; to the point, ABI stimulation is capable of restoring
plasticity to normal homeostatic levels (Ghafouri et al. 2019) and reversing
deafferentation-induced topographic deficits.

Another theory to explain how this hyperactivity translates into conscious per-
ception of tinnitus is through the phenomenon of stochastic resonance (SR). In this
framework, subthreshold information can be pushed into awareness by introducing a
critical amount of statistical noise that, by chance, resonates with the suspect signal,
increasing its amplitude just enough to be detected (Krauss et al. 2016, 2017). In the
case of tinnitus, damage to cochlear hair cells reduces ascending input which is
sensed by the brain, and it responds by increasing internal noise to activate SR,
raising the diminished auditory nerve input above threshold. In this context, the
trauma-induced hyperactivity believed to underlie tinnitus could be the physical
analogue for the “noise” that’s increased to restore afferent signaling (Krauss et al.
2016). Krauss et al. (2016) tested this idea using computer simulations showing that
SR was capable of enhancing detection of auditory stimuli following hearing loss.
The effects of SR presumably explain why multiple studies analyzing audiometric
data from tinnitus patients found they actually had better low-frequency hearing
detection and steeper audiograms, compared to controls (Konig et al. 2006; Krauss
et al. 2016). Within this framework, one could imagine that stimulation of the
cochlear nucleus using an ABI reduces the hyperactivity or “noise” which sinks
the pathologic signal back under the SR-detector threshold, or alternatively, since
DCN stimulation directly activates connections between both the VCN and DCN
and the IC (Mauger et al. 2012; McCreery et al. 2010, 2018), it could be restoring
physiologic information flow along the auditory pathway. Realistically, it is proba-
bly a combination of both acting on the disparate, tonotopic sub-circuits because
too-little and too-much noise disrupt SR (Krauss et al. 2016). Additionally, ABI
stimulation has been shown to simultaneously increase and decrease different
neuronal populations in the IC, which may be a demonstration of “turning-down”
tinnitus and “turning-up” physiologic auditory information flow (Mauger et al.
2012). Putting it all together, the available information suggests that ABI-induced
tinnitus suppression may operate through a combination of modulating the salience
network and restoring physiologic information flow along the ascending auditory
pathway to draw pathological attention away from the aberrant signal and onto a
“normal” input. This may be accomplished by temporarily reversing excitatory–
inhibitory imbalance to both reduce and mask the aberration via mitigation of
trauma-induced elevated spontaneous firing, hypersynchrony, and gain and
re-energizing endogenous afferent pathways, respectively. Unfortunately, tinnitus
symptoms return when devices are powered off, suggesting only a transient thera-
peutic effect. This motivates further investigation as to what constitutes ABI-induced
tinnitus suppression and how to extend its therapeutic time window.
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3.3 Auditory Midbrain Implant (AMI)

While ABI is useful for hearing restoration in NF2 patients, the labyrinthine crani-
otomy and surgical exposure of the cochlear nucleus is rather challenging and risky,
as the cochlear nucleus is a brainstem structure, which is near the respiratory and
cardiac centers. Furthermore, following surgical removal of vestibular schwannomas
in cases where tumor significantly invades the cochlear nucleus complex, the
language performance from the ABI is often limited. From this context, auditory
midbrain implants (AMIs) were introduced to bypass the lower auditory brainstem to
implant and electrically stimulate the IC for hearing restoration (Calixto et al. 2013;
Lim and Lenarz 2015; Neuheiser et al. 2010; Pages et al. 2016; Quass et al. 2018;
Schierholz et al. 2017). In addition to the beneficial effects on deafness, a portion of
these AMI clinical trial patients also experienced disruption to their coexisting
tinnitus, which spurred the possibility that IC stimulation via an AMI could be a
potential treatment for tinnitus (Offutt et al. 2014). This is because the IC is the main
auditory processing center in the midbrain responsible for functions such as
encoding amplitude modulation and neural envelope synchrony and identification
and categorization of natural sounds (Henry et al. 2016; Rode et al. 2013; Sadeghi
et al. 2019), and hyperactivity in the IC is believed to contribute to tinnitus (Bauer
et al. 2008). Anatomically, the IC is mainly divided into the lemniscal central
nucleus (CIC) or tonotopically organized, core auditory processing center,
non-lemniscal external cortex (ECIC), involved in multimodal integration, and the
dorsal cortex (DCIC), whose role is unclear but may be modulatory (Offutt et al.
2014).

Delving deeper into the underlying mechanisms of AMI-induced tinnitus relief,
Smit et al. (2016b) developed a rat AMI model to specifically deliver bilateral, high-
frequency electrical stimulation (100 Hz at 100 μA) of the ECIC – a subregion with
tinnitus-related hyperactivity – and demonstrated AMI’s capability of reducing
tinnitus-like behavior in rats, as measured with the GPIAS paradigm (Smit et al.
2016b) (Fig. 6). This group’s follow-up study using the same rat model confirmed
that the IC-AMI stimulation did not interfere with physiologic auditory information
processing, making it an even more attractive approach for treating tinnitus (Smit
et al. 2017). Although these studies lack a comprehensive mechanistic analysis to
probe how IC-AMI relieves tinnitus pathology, high-frequency stimulation is
thought to induce a lesion-like effect (Smit et al. 2016b) to quell the hyperactivity
that has been implicated in tinnitus etiology (Bauer et al. 2008) and suppress IC
neuronal firing (Offutt et al. 2014). Considering that Smit et al. (2016b) targeted the
ECIC, which connects with extra-lemniscal, medial, and dorsal thalamic areas, the
AMI-induced tinnitus reduction may be attributed to downstream disruption of the
implicated fronto-limbic-striatal pathways as previously discussed (Smit et al.
2016b). Pertinently, salicylate – a common tinnitus inducer – causes aberrant
hippocampus (HPC) theta rhythms in mice (Winne et al. 2019) and IC discharge is
temporally correlated with these rhythms, in a stimulus-dependent manner
(Liberman et al. 2009). By inducing a lesion effect, it’s plausible that AMI
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stimulation provides tinnitus relief by interfering with this IC-HPC theta correlation
to decouple the two regions: whose connection seems to be an important auditory
process. Neurophysiologically, AMI stimulation of the DCIC is known to cause both
suppression and facilitation of CIC neuronal firing that carries auditory information
along the lemniscal pathway (Offutt et al. 2014). Thus, it is possible that
AMI-induced tinnitus suppression may also be due to disruption of this lemniscal
signal within the IC and beyond. Taken together, AMI stimulation represents a
potentially viable treatment for intractable tinnitus in a subset of patients that are
indicated for such an invasive procedure, but existing animal models are still at the
early stage and require further expansion to fully understand IC-AMI-induced
tinnitus suppression.

3.4 Thalamocortical Modulation

3.4.1 Thalamic Modulation and Deep Brain Stimulation (DBS)

While ABI and AMI do offer a semblance of hearing restoration for patients who are
not eligible for CIs, their therapeutic efficacy in tinnitus treatment varies greatly.
Efforts have been made to target higher-order stations along the afferent pathways
for more successful tinnitus treatments. The next station along the ascending audi-
tory pathway is the thalamus: the final converging center for all peripheral, sensory
modalities, before reaching the cortex. The auditory portion consists of the lemnis-
cal, ventral subdivision of the medial geniculate body (vMGB) and extra-lemniscal,
medial, and dorsal regions (mMGB and dMGB), which connect to the primary AC
and secondary AC, association cortex, limbic, prefrontal, and other higher
processing areas, respectively (Hoover and Vertes 2007; Jang and Yeo 2014;
Mitchell 2015; Møller 2011). However, the thalamus is not just a simple relay, but
rather a central hub that allows for integration and rapid communication across the
brain. It forms intrinsic feedback loops with connected areas of the cortex, such that
when signals reach this level of the brain, they resonate through the
thalamocorticothalamic (TCT) loops in the form of different frequency oscillations
for nearby and remote brain regions, and this level of activity is believed to represent
the neural correlates of consciously perceived events, such as tinnitus.

Like the lower stations along the ascending pathway, the MGB may serve as a
DBS target for modulation of tinnitus, as hyperactivity and bursting there following
auditory trauma is associated with tinnitus-like behavior in rats (Barry et al. 2019;
Kalappa et al. 2014). Additionally, hyperactivity – due to reduced GABA – in the
mediodorsal thalamus (MDT) has been shown to correlate with anxiety and other
features of limbic dysfunction that are frequently comorbid with compounded
auditory disorders, as reported in a non-human primate model (Rotge et al. 2012).
Importantly, the auditory thalamus is also a key site in the generation of the aberrant
theta-gamma oscillations found in tinnitus and a host of other TCDs (De Ridder et al.
2015; Llinas et al. 1999). Clinical results corroborate the animal studies in

102 J. Zhang et al.



implicating the thalamus as a key factor in tinnitus etiology, as resting state fMRI
experiments show tinnitus associated with abnormal thalamic activity and connec-
tivity to the hippocampus (Chen et al. 2017; Ueyama et al. 2013), and human
surface-based vertex analysis showed thalamic anatomical expansion in those suf-
fering from tinnitus (Tae et al. 2018). Furthermore, Lv et al. (2020) demonstrated
that the thalamus had abnormal fMRI functional connectivity with the inferior
frontal gyrus and ACC, and when sound therapy was applied, the abnormal func-
tional connectivity along with tinnitus symptoms disappeared (Lv et al. 2020).

Considering direct electrical modulation, a clinical case series and retrospective
questionnaire showed that patients implanted with DBS in the ventralis intermedius
nucleus of the thalamus for other conditions also experienced favorable effects on
coexisting tinnitus (Deklerck et al. 2020; Shi et al. 2009; Smit et al. 2016a). The
above clinical evidence prompted the need for animal systems to validate thalamic-
DBS as a suitable treatment and explore its underlying therapeutic mechanisms.
Recently Van Zwieten et al. (2019) developed a rat paradigm with DBS electrodes
implanted into the ventral MGB for tinnitus relief (van Zwieten et al. 2019). Using
loud noise exposure for tinnitus induction and GPIAS for behavioral evaluation, the
authors reported amelioration of tinnitus symptoms in their murine model by
delivering bipolar and monophasic high-rate stimulation at 100 Hz and 100 μA,
directly to the auditory thalamus; note that low-rate stimulation at 10 Hz did not have
a significant impact on tinnitus behavior (van Zwieten et al. 2019). In addition to
modulating tinnitus behavior, Van Zwieten and colleagues subjected their rats to
zero maze and open field behavioral tests to evaluate anxiety and other limbic
conditions that are key features of compounded auditory disorders, but MGB-DBS
failed to produce any meaningful changes in these behavioral outputs (van Zwieten
et al. 2019). This makes sense given that the MGB is a lemniscal region, as opposed
to the MDT that gives rise to FLS connections and is more involved with the
affective and cognitive components of tinnitus and hearing loss.

In the study by Van Zwieten et al. (2019), the authors did not delve into
therapeutic mechanisms (van Zwieten et al. 2019). However, other groups using
thalamic DBS for a variety of conditions offer hints at how this modality may be
impacting tinnitus. First, one has to consider that electrical currents tend to have
non-specific current spread; thus, if the MDT is involved, though not directly enough
to impact limbic symptoms but just enough to alter sensory percepts, it’s possible
that modulation of the FLS circuit may be involved in tinnitus relief. This is because
MDT-DBS influences activity possibly in other brain regions such as the NAc,
cingulate cortex, striatum, and thalamus (Casquero-Veiga et al. 2016). Secondly,
high-frequency DBS is believed to create a lesion-like effect on target brain tissue
(Lee et al. 2019). If pathologic gamma signals are oscillating in the TCT loops, then
DBS could be inhibiting the thalamocortical relay neurons that are responsible for
these aberrant signals. Alternatively, DBS partially operates by restoring physiologic
information flow (Lee et al. 2019), and to the point, electrical stimulation of the
vMGB is able to elicit responses in tonotopically-linked areas of the AC (Atencio
et al. 2014), which in turn mask any tinnitus-related signals. Since acoustic-trauma
has been shown to increase tonic GABAergic inhibition in the MGB (Sametsky et al.
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2015), which drives hyperpolarization-induced burst mode of TC relays and conse-
quent slow-wave cortical activity that are implicated in tinnitus, perhaps MGB-DBS
is concurrently interfering with these pathologic oscillations. This mechanism has
particular relevance to the thalamocortial dysrythmia (TCD) model of tinnitus and
other related neurological conditions. The TCD theory posits that deafferentation of
sensory inputs to the thalamus hyperpolarizes thalamocortical relays, and in doing so
disinhibits their T-type calcium channels that then cause the neurons to enter a
bursting mode (Jahnsen and Llinas 1984a, b). In turn, these bursts resonating
through the TCT loops cause slowing of alpha oscillations to theta waves in the
cortex, which impairs lateral inhibition and ignites a surrounding region of patho-
logic gamma rhythms – dubbed the “edge-effect” – believed to drive positive
symptomolgy in a host of disorders such as tinnitus, schizophrenia, chronic pain,
and Parkinson’s (De Ridder et al. 2015; Gault et al. 2018; Llinas et al. 1999, 2005)
(Fig. 7). Considering TCD in regard to tinnitus, one would expect the thalamus to
simultaneously show both excessive bursting in certain areas and gamma activity in
others. Thus, to alleviate phantom auditory perception, MGB-DBS may have inter-
fered with the coexisting slow-wave and high-frequency components of the patho-
logic signal, which may help explain the various observed effects. Aside from its
invasive nature, thalamic-DBS is an attractive candidate tinnitus therapy. Animal
models should be expanded to cement this claim and understand its therapeutic
mechanisms, in depth.

Fig. 7 Thalamocortical dysrhythmias and the edge-effect (Adapted from Llinas et al. 2005). (a)
Schematic to show the experimental setup, where an arbitrary line is drawn across the cortical layer
V field and following stimulation via two electrodes 2 mm apart, the fluorescence – activation –

along that line is quantified. (b) Activation profiles with 40 Hz stimulation (i), 4 Hz (ii), or both (iii).
“On line” refers to values taken from the arbitrary line and “Off line” refers to values from a random
spot not on the line. (c) The difference in fluorescence between the 40 & 4 Hz-together (red) and
40 Hz-only (blue) at the “on-line.” (d) The difference in fluorescence between the 40 & 4 Hz-
together (red) and 40 Hz-only (blue) at the “off-line.” Note more activation when 40 Hz and 4 Hz
are co-applied, with this “edge-effect” denoted as the gray shaded area between the red and blue
curves in (c, d). (e) A cartoon representation of TCD where low- frequency cortical oscillations –
responsible for negative symptoms – impair lateral inhibition, disinhibiting an “edge-effect” of
gamma waves believed to drive positive symptoms
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3.4.2 Auditory Cortex Electrical Stimulation (ACES)

The AC has been the focus of multiple TCD treatment modalities because a slew of
pathologic features in the AC correlate with tinnitus, such as altered tonotopic
organization, gain adjustment, elevated neural spiking activity, and intractable
theta and gamma oscillations (De Ridder et al. 2011; Eggermont 2015; Komiya
and Eggermont 2000; Seidman et al. 2008; van der Loo et al. 2009; Weisz et al.
2005, 2007; Zhang et al. 2011). One technique that has shown promise is auditory
cortex electrical stimulation (ACES), as multiple human studies have demonstrated
that direct stimulation of the AC via an implanted electrode relieves tinnitus
(De Ridder et al. 2006, 2011; Engelhardt et al. 2014; Friedland et al. 2007; Seidman
et al. 2008). However, the therapeutic efficacy varies greatly across patients
(Engelhardt et al. 2014) and the underlying modulatory mechanisms remain elusive.
To circumvent this issue, an animal model of ACES was established by our group to
help shed light on the mechanism driving ACES-induced tinnitus suppression.
Zhang et al. (2011) noise-exposed rats for induction of behavioral evidence of
tinnitus and then implanted intra-parenchymal, microwire electrode arrays into the
primary AC (Zhang et al. 2011) (Fig. 8).

Delivering continuous, biphasic, square-wave, electrical pulses at 50 μA and
10 pps, directly to the primary AC, relieved tinnitus-like behavior and hearing
deficits in a GPIAS paradigm (Zhang et al. 2011). A follow-up study in rats delved
deeper into the electrophysiological mechanics underlying the ACES-induced

Fig. 8 Auditory cortex electrical stimulation (adapted from Zhang et al. 2011). (a) Peri-
implantation craniotomy to expose the AC, detailing the primary (AI), anterior auditory field
(AAF), and ventral auditory field (VAF). (b) Electrode arrays inserted into the AI. (c) Represen-
tative tonotopic frequency tuning curves recorded from AI neurons. (d) GAP ratios at 26–28 kHz of
tinnitus (+) animals displaying tinnitus-like behavior after noise exposure (PreStim) that is relieved
with ACES (DurStim)
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reduction of tinnitus behavior by combining the therapeutic design with multi-
structure electrode recordings (Firestone et al. 2019). Although preliminary, it
suggested that tinnitus correlated with aberrant oscillatory neural activity – espe-
cially theta and gamma-band –within and between the DCN, IC and AC, and ACES-
driven alleviation of tinnitus behavior was paralleled by reduction of AC theta-
gamma coherence and restoration of physiologic information flow throughout the
auditory axis (Firestone et al. 2019). Another recent study by Vianney-Rodrigues
et al. (2019) also found that an animal model of tinnitus displayed hypercoherent
gamma signatures within and between the AC and MGB, strengthening the
possiblity that the pathologic signals are key features of tinnitus pathophysiology
and likely targets of ACES (Vianney-Rodrigues et al. 2019). Many clinical studies
further corroborate these rodent results, as they too show enhanced gamma oscilla-
tions correlating with tinnitus sensation and disappearing during treatment
(De Ridder et al. 2011; Llinas et al. 1999; Vanneste et al. 2017; Weisz et al.
2007). However, it’s not simply the presence of these TCT fast rhythms that generate
consciously perceived sensation, but rather it’s critical they are synchronized/coher-
ent, since that is how the brain temporally binds spatially separate gamma islands
into single, complex sensory experiences (Gray et al. 1989; Gray and Singer 1989).
In fact, research has shown that, of the many gamma waves triggered by external
stimuli, phase-synchrony increases only for those oscillations that represent infor-
mation translated into perception (Melloni et al. 2007), and Vanneste et al. (2017)
demonstrated that tinnitus suppression correlates with de-synchronization of gamma
rhythms in the AC, which is supported by similar results in the aforementioned pilot
study in rats (Firestone et al. 2019).

However, the role of these fast rhythms in perceptual pathologies is not so
straightforward because a number of clinical imaging studies failed to identify
gamma oscillations in tinnitus patients (Adjamian et al. 2012; Kahlbrock and
Weisz 2008; Sedley et al. 2015a), and their presence has both positively and
negatively correlated with tinnitus severity (Sedley et al. 2012). This is in line
with other work which posits that the pathological gamma oscillations identified in
tinnitus, neurogenic pain, and other TCSs (De Ridder et al. 2015; Llinas et al. 1999,
2005), are not causing sensation, per se, but are rather a critical prerequisite that must
be plugged into a larger network for actual perception. That is, there must be another
factor in tinnitus broadcasting these signatures into conscious awareness. Theta
waves are a prime candidate due to their presumed role in modulating, synchroniz-
ing, and connecting distant gamma signatures in remote brain regions both in
physiologic (Canolty et al. 2006; Canolty and Knight 2010; Holz et al. 2010; Tort
et al. 2008) and pathologic (De Ridder et al. 2015; Weisz et al. 2005) sensation, as
slow waves are capable of traversing extremely large cortical distances (Canolty
et al. 2006; Canolty and Knight 2010; Sedley et al. 2015a). For example, elevated
slow-waves have been found to serve as the main factor distinguishing patients with
compounded tinnitus and hearing loss versus those with only impaired audition
(Adjamian et al. 2012), abnormal slow waves (delta–theta) have been identified in a
host of animal and human tinnitus sufferers (Adjamian et al. 2012; De Ridder et al.
2015; Firestone et al. 2019; Vianney-Rodrigues et al. 2019; Weisz et al. 2005), and
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they tend to be present in those tinnitus patients who failed to yield gamma rhythms
(Adjamian et al. 2012; Sedley et al. 2015a). Interestingly, the animals tested by
Vianney-Rodrigues et al. (2019) actually experienced a depression of theta activity
following salicylate application to induce tinnitus. Another attrative role for theta
waves is facilitating the phenomenon of cross-frequency coupling (CFC), whereby
the amplitude and phase of numerous high-frequency oscillations are phase-locked
to and modulated by slow waves that can span the entire cerebral cortex (Canolty
et al. 2006; Canolty and Knight 2010). CFC has been proposed as a central tenant of
the TCD theory and is believed to play a major role in tinnitus etiology (De Ridder
et al. 2011, 2015). While abnormal theta-gamma CFC has been identified in animal
models and human tinnitus patients (Adamchic et al. 2014; Vianney-Rodrigues et al.
2019), Ahn and colleagues noted the lack of any aberrant CFC in human tinnitus
sufferers (Ahn et al. 2017). Alternatively, a neurosurgical case study detailed a
patient with an electrode implanted over the AC, and it recorded theta-gamma
sigantures peaking with tinnitus sensation, which were concomiantly abolished
following ACES (De Ridder et al. 2011). Clearly, the exact role of theta-gamma
oscillations in regard to tinnitus is still murky, but, at the very least, they do seem to
be involved in the pathophysiology.

On a cellular level, the rapid brain rhythms likely originate from parvalbumin
neurons, as optical excitation of this subset of interneurons drives gamma-range LFP
waves and gates sensory perception (Cardin et al. 2009). In addition, animal and
human studies suggest that imbalance of excitatory/inhibitory activity due to
decreased GABA is implicated in tinnitus etiology, and restoring cortical,
GABAergic balance can alleviate tinnitus perception (Sedley et al. 2015b; Wang
et al. 2018b; Yang et al. 2011). In fact, a recent study by Miyakawa and colleagues
was able to parse apart the various pathologic components following acoustic trauma
and showed that tinnitus was specifically associated with decreased glutamate
decarboxylase 65 expression, while hearing loss, exclusively, was correlated with
tonotopic map reorganization (Miyakawa et al. 2019). Apart from fast rhythms,
optogenetic manipulation of pyramidal neurons is capable of generating slow-
frequency oscillations (Cardin et al. 2009). Since both fast and slow waves are
implicated in tinnitus (De Ridder et al. 2015; Llinas et al. 1999; Weisz et al. 2005,
2007), it’s plausible that ACES directly alters the electrophysiologic responses of
multiple neuronal sub-types to influence both theta and gamma waves. Considering
the AC has extensive connections with both the auditory lemniscal and extra-
lemniscal pathways, it is well positioned to simultaneously turn off the pathologic
sensory signal resonating in the ascending pathways and associated neural loops, via
cochlear – AC stimulation, and also mitigate its counterpart on the FLS side.

Taken together, while there is clearly more work needed to fully understand the
exact role of the above-mentioned theta, gamma, and their coupling, as well as the
causal-linkage of TCD in tinnitus, the overall evidence implicates them as key neural
components driving tinnitus perception. More studies are needed to determine
exactly how the dynamic interplay between these neural populations leads to
complex tinnitus perception. In addition, although these experiments support the
notion that this abberant oscillatory activity could be the long-coveted neural
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correlate of tinnitus and prime target of ACES, more experimentation and expanded
animal models are needed to: determine the causal nature of these phenomenon,
decide whether or not they are necessary and/or sufficient to drive tinnitus sensation,
and refine ACES so that it can become a more effective tinnitus treatment.

3.5 The Basal Ganglion and Deep Brain Stimulation (DBS)

3.5.1 Subthalamic Nucleus (STN)-DBS

Numerous basal ganglia structures are attractive candidate regions for DBS-driven
therapeutics. For example, DBS directed to the STN and globus pallidus pars interna
are FDA approved methods for treating various Parkinson’s symptoms (Lee et al.
2019). Extending this paradigm to tinnitus treatment, retrospective survey question-
naires highlighted that some humans with STN-electrodes implanted for other
conditions experienced tinnitus repression with device usage (Smit et al. 2016a).
The ability of STN-DBS to interfere with a pathologic, perceptual signal can be
anatomically explained by direct connections between the STN and the TRN,
sensory cortices, and other nodes of the tinnitus network such as the amygdala,
insula, caudate, and NAc (Cavdar et al. 2018). To delve into the mechanisms
underlying basal ganglia-DBS-induced tinnitus relief in patients, our research
group created the first pilot rat model implanting DBS electrode arrays bilaterally
in the anterior caudate nucleus (Ahsan et al. 2018). Following surgical recovery, the
rats were noise-exposed to induce tinnitus, as measured by the GIPAS behavioral
paradigm. After establishing behavioral evidence of tinnitus, single charge-balanced
unipolar pulses were administered at 50/75/150 μA and 10/20/40 pps, for a duration
of 30 min. We demonstrated that DBS suppressed behavioral evidence of tinnitus,
especially at high-frequency bands (26–28 kHz), and the suppression lasted up to
5 days. The behavioral changes were accompanied by increased spontaneous and
bursting activity in the caudate nucleus, as well as decreased correlation between the
AC and caudate nucleus, especially in the lower frequency bands (Fig. 9) (Ahsan
et al. 2018). STN-DBS has also been known to increase both striatal glutamate and
GABA (Lee et al. 2019). We postulated that the activation of the caudate nucleus
amplifies inhibition of the globus pallidus via GABAergic neurons, which in turn
reduces thalamocortical input to the AC (Ahsan et al. 2018). In addition, stimulating
different STN regions differentially alters striatal dopamine levels (Min et al. 2016).
Since tinnitus is associated with abnormal levels of different neurotransmitters
(Wang et al. 2018b), DBS might be relieving perceptual pathology by correcting
the local chemical imbalances to restore physiologic output of the basal ganglia. Yet,
until a tinnitus-focused STN-DBS animal model is further established, its detailed
effect on the pathophysiology of tinnitus remains to be addressed.
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3.5.2 Nucleus Accumbens (NAc)-DBS

The fronto-limbic-striatal (FLS) pathway has been proposed to function as a noise-
canceling and salience-assigning mechanism that normally filters unwanted signals
from sensory perception (Fig. 10), and its dysfunction allows aberrant neural
rhythms to enter real-time conscious awareness, producing tinnitus symptoms
(De Ridder et al. 2011; Rauschecker et al. 2010, 2015; Seeley et al. 2007; Vanneste
et al. 2010). In this pathway, the NAc – a major center in the ventral striatum that is
critical for reward, avoidance, and addiction behaviors (Blood and Zatorre 2001;
McCullough et al. 1993; Rauschecker et al. 2010) – has been found to be hyperactive
in tinnitus patients (Hullfish et al. 2019; Leaver et al. 2011). Mechanistically, the
NAc has extensive connections with subcallosal-related cortical areas, TRN, and via
the ventral pallidum (Lavin and Grace 1996), the mediodorsal thalamus (Johansen-
Berg et al. 2008; O’Donnell and Grace 1995; O’Donnell et al. 1997; Ongur and Price
2000), serving as gatekeeper with the capability to turn on or off sections of the
thalamocortical sensory stream based on attention and salience (Leaver et al. 2011;
Rauschecker et al. 2010). More specifically, between NAc connections to the ventral
pallidum – exerting an inhibitory effect on the mediodorsal thalamus (Mogenson
et al. 1987; O’Donnell et al. 1997; Rauschecker et al. 2010) – and TRN, which drives
GABAergic tone onto thalamocortical neurons (Pinault 2004), the NAc is able to
toggle the TC relays between spike and burst mode through depolarization or
hyperpolarization (Jahnsen and Llinas 1984a, b; Steriade et al. 1991), respectively.
This provides a direct mechanism for gating and modulating the electrophysiological
signatures resonating in the TCT loops that are the neural correlates of physiologic
and pathologic sensory percepts such as tinnitus.

Fig. 9 Decrease in correlation between the AC and the caudate nucleus after DBS of the caudate
nucleus. The decrease was noted in the lower frequency bands. This suggests that DBS of the
caudate nucleus leads to a change in how the caudate nucleus interacts with the AC. Dashed lines
illustrate the change in correlation over time after stimulation of the caudate nucleus. Adapted from
Ahsan et al. (2018)
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Using a rat model, Barry and colleagues carried out electrical stimulation of the
NAc and measured NAc-DBS-induced effects on neural activity in the auditory
thalamus (Barry et al. 2015). Briefly, the authors implanted stimulating electrodes in
the NAc and another set of recording probes in the MGB. Following recovery from
surgery, they delivered bipolar electrical current, either single pulses or pulse trains
at 50 μA to 1 mA and 125–300 pps, and found reduced spontaneous firing rates in
the majority of thalamic neurons, although a minority displayed excitation (Barry
et al. 2015). Since increased SFRs, altered bursting patterns, and increased rate-level
function slopes in the MGB and the topographically linked AC are considered
tinnitus correlates (Kalappa et al. 2014), the NAc-DBS may ameliorate tinnitus by
directly reducing this aberrant activity in the MGB. Alternatively, NAc-DBS-
induced downregulation of MGB activity may be achieved by activation of
GABAergic neurons in the TRN (O’Donnell et al. 1997) exerting predominant
inhibitory innervation onto MGB neurons. In addition, it has been hypothesized
that aberrant activity originates from a lesion-induced plasticity of the auditory
pathways and the lesion-comprised NAc fails to “noise-cancel,” which gives rise
to tinnitus percept (Rauschecker et al. 2010). It is possible that NAc-DBS may have
restored the “noise-cancelation” mechanism. Furthermore, the NAc and
parahippocampus – also MGB-IC and HPC – are hyperconnected in tinnitus
(Hullfish et al. 2019). It is possible that by enhancing local GABAergic tonic
drive, DBS disrupts these abnormal connections, preventing the hippocampal-
induced activation and by extension blocking the dysfunctional prefrontal influence
believed to contribute to tinnitus etiology. However, the authors of this animal study
(Barry et al. 2015) did not conduct behavioral assays to document tinnitus status,
thus, the observed neural activity changes could not be directly associated with
tinnitus manifestation. Further animal studies should incorporate behavioral mea-
sures of tinnitus into the electrophysiological work.

4 Transcranial Brain Stimulation

Although the above brain stimulation treatments have shown promising results, their
caveat is the invasive nature of the surgical procedures. Thus, several non- or semi-
invasive techniques, such as repetitive transcranial magnetic (rTMS), direct current
(tDCS), alternating current (tACS), and random-noise stimulation (tRNS), have been
developed to treat tinnitus (see details in the chapter by De Ridder). Below is a
review of the opportunities for developing animal models using these and related
modalities.

4.1 Transcranial Magnetic Stimulation (TMS)

TMS has great potential to ameliorate tinnitus and, to this it effect, it has been used to
target a number of brain regions including the temporal cortex, temporoparietal
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junction, dlPFC, and the ACC (De Ridder et al. 2016; Kreuzer et al. 2017; Langguth
2020; Sahlsten et al. 2019; Schwippel et al. 2019). Mechanistically, it has been
proposed that TMS-induced tinnitus relief results from suppression of steady-state
auditory evoked potentials (Li et al. 2019); looking at specific areas, TMS stimula-
tion of the temporoparietal junction is capable of relieving tinnitus and altering PET
signals in the right parahippocampal gyrus and superior frontal gyrus (De Ridder
et al. 2016). TMS stimulation of the ACC also relieves tinnitus and increases
functional connectivity between the parahippocampus and subgenual ACC
(De Ridder et al. 2016), and TMS-induced tinnitus suppression – via stimulation
of either temporal or frontal cortices – was paralleled by decreased EEG theta and
delta and increased beta, in the frontal region, and decreased beta and gamma, in the
temporal region, respectively (Schecklmann et al. 2016). Taken together, TMS
mainly interferes with the tinnitus network through reduction of the TCT, theta-
gamma lemniscal signal and/or its analogue in FLS circuits, decoupling areas that
are pathologically linked, and simultaneously reducing the underlying inflammation
and cell death, following trauma.

Despite being used in over 200 instances as an investigative tinnitus treatment,
every cohort has a sizeable portion of non-responders or sometimes even exacerba-
tion, the suppression is typically transient and relatively meager, and a number of
studies even fail to find a clinically significant impact (Godbehere et al. 2019;
Plewnia et al. 2012; Plewnia 2018; Schecklmann et al. 2016). Not only do the
results of numerous, randomized sham-controlled clinical trials contradict one
another, but there are even conflicting systematic reviews and meta-analyses that
advocate for and against the fidelity of TMS as an effective tinnitus treatment (Dong
et al. 2020; Folmer et al. 2015; Godbehere et al. 2019; Marcondes et al. 2010;
Plewnia et al. 2012; Plewnia 2018; Schecklmann et al. 2016; Soleimani et al. 2016).
However, since TMS is truly non-invasive and does represent a potentially useful
treatment modality, more research is needed to determine the extent of efficacy for
TMS in treating tinnitus and to conduct further investigations to uncover the
underlying mechanisms of exactly how it suppresses phantom auditory perception.
Critically, an expansion of animal models will provide an arena for testing new
parameters and uncovering these unknowns.

Thus far, a number of groups have developed various animal models of TMS for
tinnitus treatment (Fig. 11). For example, Mulders and colleagues unilaterally noise-
exposed guinea pigs to induce tinnitus, as measured by GPIAS, and then treated the
animals with 10 min of TMS – 1 Hz, base coil intensity 90 mT – over the
contralateral AC, daily, for ten sessions over 2 weeks. The intervention was able
to demonstrate a therapeutic effect on tinnitus (Mulders et al. 2019). Mechanisti-
cally, while behavior changed, spontaneous firing rates in the IC slightly decreased,
albeit insignificantly compared to controls, and BDNF remained unaffected in the IC
and AC (Mulders et al. 2019).

Conversely, a follow-up study testing TMS stimulation of the prefrontal cortex in
guinea pigs (either 1 Hz or 10 Hz for 14 days) was unable to suppress behavioral
manifestation of tinnitus, although it did increase spontaneous firing rates in the
MGB and alter the levels of calbindin and parvalbumin positive neurons (Mulders
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et al. 2019). Another group created a rat model of acoustic trauma and was able to
demonstrate that TMS stimulation over the temporal cortex (daily, 1,800 pulses per
session, at 1 Hz, for 14 days) showed a therapeutic effect on BDNF and neuronal loss
in the AC, with no effect on hearing thresholds: though tinnitus behavior was not
measured (Yang et al. 2016). These results are in agreement with TMS animal
models of other disorders which also show that TMS has an anti-apoptotic and
anti-inflammatory effect (Sasso et al. 2016; Yoon et al. 2011), and these features
could directly contribute to alleviating tinnitus, considering they are known etiologic
factors (Wang et al. 2018b, 2019). Beyond cytologic alterations, TMS stimulation of
the AC and PFC in animals is able to influence neural activity in the IC and MGB,
respectively (Mulders et al. 2016b, 2019), demonstrating the plausibility that TMS
suppresses tinnitus perception by interfering with the underlying neural correlates
through both auditory and non-auditory limbic systems.

4.2 Transcranial (TES) and Epi-Cranial Electrical
Stimulation (ECS)

TES, in the common forms of tDCS, tACS, and tRNS, is achieved by placing the
device on the scalp to deliver a weak electrical current through the skull and into
certain brain regions of interest, ideally modulating neuronal membrane potentials
and network activity (Faber et al. 2012; Vanneste et al. 2013a, b; Zaehle et al. 2011).
In tDCS, two surface electrodes are placed such that a current of electricity contin-
ually flows from one electrode to another to depolarize or hyperpolarize the under-
lying tissue, whether under anode or cathode, respectively (Vanneste et al. 2013b).
Differently, tACS relies on alternating currents via a single electrode, creating a
sinusoidal form with a specific frequency that is theoretically better suited to
manipulate neural oscillations, given its inherent wave structure (Vanneste et al.
2013b). The tRNS approach excites underlying cortex and is a special variant of
tACS that alternates randomly across a normally distributed frequency range, mim-
icking “white-noise”: low-frequency (1–100 Hz), high-frequency (101–650 Hz), or
whole frequency (1–650 Hz) (Kreuzer et al. 2019; Vanneste et al. 2013a). It has been
reported that tRNS had superior tinnitus-suppressive performance, compared to
tDCS and tACS (Vanneste et al. 2013a). Mechanistically, tDCS has been shown
to reduce tinnitus and the associated hyperactivity in the AC, as measured with
functional near-infrared spectroscopy (Verma et al. 2019); furthermore, it has been
shown to reduce fMRI functional connectivity between the AC and somatosensory,
motor, and visual areas (Minami et al. 2015), reduce theta and beta oscillations in
frontal, temporoparietal, and limbic areas (Souza et al. 2020), and alter gamma
oscillations depending on the stimulation polarity (Vanneste et al. 2011a, 2013b).
By targeting the AC and dlPFC, tRNS-induced tinnitus relief was accompanied by
increased EEG alpha rhythms in the AC and PFC, decreased delta and beta waves in
the dlPFC, OFC, ACC, and parahippocampus, and reduced functional connectivity
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between the prefrontal and auditory cortices (Mohsen et al. 2019). However, the role
of TES for treating tinnitus is debated due to a large variety of stimulus parameters
used across studies, meager or conflicting results, and even exacerbation in some
cases (Chen et al. 2020; Kreuzer et al. 2019; Souza et al. 2020; Wang et al. 2018a;
Yuan et al. 2018). Thus, there are plenty of opportunities for establishing animal
models of TES to elucidate the underlying mechanisms of TES-induced tinnitus
modulation and improve clinical outcomes. Due to the challenges of limited spatial
resolution and the much smaller skull dimension of the commonly used rodent
animal models, there is a need to develop micro-TES devices by collaborating
with engineers and conducting animal studies that have been carried out as described
in the above sections. Alternatively, once a behavioral paradigm is established for
measuring tinnitus in non-human primates, it will ideally be applied to the TES
devices used for humans.

To enhance more localized stimulation, ECS is a semi-invasive technique
whereby electrodes are implanted subcutaneously, overlaying the skull, and elec-
tricity passes right through the bone onto the target brain region (Khatoun et al.
2019). Although this method is semi-invasive, in that it does require opening the
scalp, the cranium remains closed, and it has the advantage of implantability so
subjects can be mobile and receive chronic stimulation. For example, recent work
demonstrated encouraging results for its capability of stimulating the rat motor
cortex (Khatoun et al. 2019). At the same time, if a multi-channel device is adopted,
EEG data may be recorded, which may be used to bridge the knowledge between
animal and human studies. Thus, ECS is an attractive avenue for future application to
the tinnitus field.

Taken together, TES may relieve tinnitus suffering by interfering with aberrant
gamma auditory percepts and their slow – delta and theta – carrier waves, decreasing
beta oscillations in key tinnitus network nodes which can be thought of as knocking
the system out of its pathologic “status quo” (Spitzer and Haegens 2017), and
reducing the hyper-connectivity keeping PFC attention on the tinnitus signal. By
manipulating activity in both the lemniscal AC and extra-lemniscal prefrontal and
limbic areas, TES interferes with both the TCT signal generator and the executive,
affective FLS component. Given the information gleaned and potential clinical
benefit gained from the clinical studies over recent years, it is imperative to develop
animal model systems to gain better understanding of the underlying TES-induced
mechanisms, which will help further shed light on tinnitus etiology and better shape
these technologies for more effective clinical translation.

5 Bottom-Up and Top-Down Modulations

This chapter focuses on reviews and discussions of cochlear and brain stimulation to
modulate tinnitus. The cochlear stimulation, via a number of different manipulations
of the peripheral structures – cochlea and cochlear nerve, takes a bottom-up
approach by exerting modulatory effects through the afferent ascending pathway.
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The artificially generated neural signals replenish the lost peripheral input to the
central nervous system, downregulate the central aberrant hyperactivity, and restore
the lost central excitatory and inhibitory balance, ultimately relieving tinnitus
symptoms.

For brain stimulation, it may be implemented via modulations of the central
auditory system using ABI, AMI, MGB-DBS, and ACES or modulations of
non-auditory systems such as DBS of the basal ganglion and related brain structures.
For those modalities modulating the central auditory system, both ascending and
descending pathways may have been impacted by non-specific electrical activation.
More specifically, it is expected that ABI, AMI, MGB-DBS, and ACES would first
exert local modulation, while ABI and AMI may take bottom-up approaches to
activate more brain stations along the ascending pathways and MGB-DBS and
ACES may take a top-down approach to activate more brain stations along the
descending pathways. Indeed, abundant evidence has demonstrated that the
top-down auditory corticofugal fibers project to almost all the sub- and brainstem
structures, modulating neural activity in an “egocentric” manner (Suga et al. 2000;
Zhang and Suga 2000) and maintaining a dynamic homeostasis in the brain. In
addition, both bottom-up and top-down treatment modalities inevitably activate the
MGB, which plays a pivotal role in the modulation of tinnitus, as the MGB carries
sensory information to the cortex in the form of gamma rhythms, integrates the
signals with the phase of slower frequency waves, binds these spatially separate
gamma islands scattered throughout the brain into single perceived moments, and
plugs them into the consciousness broadcasting system (Canolty et al. 2006; De
Ridder et al. 2015; Steriade et al. 1991). The primary AC is the pinnacle of the
afferent, lemniscal auditory pathway where sensory – physiologic and phantom –

information is coded into gamma oscillations. This area is connected to the prefron-
tal, limbic, and striatal systems and projects the gamma oscillations into this parallel
processing stream in order to make executive decisions using the available stimuli
based off emotional responses and memory, focus large swaths of first-order cortex
using attention, and enact willed outputs to execute these decisions. To determine
which sensory streams are allowed to enter conscious awareness, the TRN receives
both reciprocal connections from topographically linked areas of thalamus and
cortex, and it sends GABAergic projections to inhibit the TCT loops (Pinault
2004), keeping those particular neural channels on and plugged into the larger
consciousness broadcasting system (Crandall et al. 2015; Halassa et al. 2014) for
tinnitus perception. Thus, these auditory modulation modalities not only regulate
neural activity within the auditory brain stations and the corresponding auditory
sensory structures, but also regulate neural activity in many non-auditory brain
structures.

For those modulation modalities of the non-auditory structures such as the basal
ganglion, STN-DBS and NAc-DBS, neural activity in both auditory and
non-auditory brain structures has been altered to eventually change the perception
of tinnitus. For instance, STN-DBS interferes with tinnitus-related pathological
signals by affecting the anatomical and functional connections between the STN
and the TRN, amygdala, insula, caudate, NAc, and sensory cortices (Cavdar et al.
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2018). NAc-DBS can serve as gatekeeper to turn on or off sections of the
thalamocortical sensory stream, canceling out tinnitus-noise signals, based on atten-
tion and salience (Leaver et al. 2011; Rauschecker et al. 2010), as the NAc has broad
connections such as TRN, subcallosal-related cortical areas, and mediodorsal thal-
amus (Johansen-Berg et al. 2008; Lavin and Grace 1996; O’Donnell and Grace
1995; O’Donnell et al. 1997; Ongur and Price 2000). Depending on the cortical
regions stimulated, TMS and TES may broadly interfere with the tinnitus network
through reduction of the TCT, theta-gamma lemniscal signal and/or its analogue in
FLS circuits, decoupling areas that are pathologically linked, and simultaneously
reducing the underlying inflammation and cell death, following trauma. Among the
cortices modulated, the dlPFC is an important center that is heavily involved with
contextualizing the primary sensory signals and directing attention to guide which
will be plugged into the larger tinnitus network, and these areas are believed to be
hyperconnected in tinnitus brains (Araneda et al. 2018; Lin et al. 2020). Apparently,
modulation of these non-auditory brain structures may activate a variety of cortices
via a bottom-up approach and the thalamo-TRN network that projects to lower brain
structures via a top-down approach.

Thus far, there exist no animal models to specifically address how the bottom-up
and top-down auditory or non-auditory modulatory machinery, either independently
or jointly, contributes to the modulation of neural correlates of tinnitus. It demands
well-designed, future investigations using animal models and multidisciplinary
techniques to quantify the contributions of bottom-up ascending, top-down
descending and in situ localized modulation in both auditory and non-auditory
systems.

6 Summary, Limitations, and Future Directions

Pulling it together, if the ultimate goal of tinnitus research is unfettered understand-
ing of the underlying etiology, for the purpose of developing a universal, highly
efficacious therapeutic, then considerable progress has been made. However, con-
sistent and lasting tinnitus suppression has not yet been achieved. This chapter
explored the many modulatory interventions that have been tested and/or are in a
developmental stage for treating tinnitus, particularly their animal models, and they
target nearly every structure along the auditory pathway including but not limited to
the cochlea, DCN, IC, MGB, Vim, AC, caudate, NAc, ACC, STN, and dlPFC
(Fig. 12). It is interesting that perturbing such a range of locations all results in
similar functional outcome: tinnitus relief, considering each region is believed to
have a unique function. In general, the treatments seem to be broadly effecting two
main facets of the tinnitus network: the lemniscal TCT signal, itself, and the extra-
lemniscal FLS salience and attention focused upon it. Although every location
modulates tinnitus in its own special manner, seeing the forest through the trees is
not focusing as much on any given point along the pathway but rather understanding
that the broader underlying mechanism is disrupting the larger tinnitus network
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that’s broadcasting these signals and their affective components into conscious
awareness.

Whether interfering with the lemniscal TCT signal generators or the extra-
lemniscal FLS directed attention, the treatments reviewed in this chapter were only
successful for a portion of patients and animals, underscoring the need for more
studies. One major issue that needs to be addressed moving forward is that the
cochlea and brain are unique, and to that same point, each patient’s and animal’s
tinnitus has its own unique features; however, these bottom-up and/or top-down
interventions use blanket parameters for everyone, in each given study. Clearly, the

Fig. 12 Electrical interventions in the tinnitus network. This schematic outlines the key structures
and networks that are implicated in tinnitus etiology, and it also shows which sites have been
targeted for therapeutic intervention. The lines represent anatomical connectivity, the colored boxes
represent functional connectivity, and the lightning bolt symbol denotes which areas have been
targeted for tinnitus treatment. AC auditory cortex, ACC anterior cingulate cortex, AMG amygdala,
CH caudate head, CN cochlear nucleus, dlPFC dorsolateral prefrontal cortex,DR dorsal raphe, ENT
entorhinal cortex,HPC hippocampus, IC inferior colliculus, LC locus of caudate,MDTmediodorsal
thalamus, MGB medial geniculate body of thalamus, MS medial septum, NAc nucleus accumbens,
para paraHPC, SN substantia nigra, STN subthalamic nucleus, TRN thalamic reticular nucleus, Vim
ventral intermediate nucleus of thalamus, vmPFC ventromedial prefrontal cortex, VP ventral
pallidum
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exact location for intervention is not necessarily critical, given it is plugged strongly
enough into the larger tinnitus network, so the more important factor may be
determining the unique electrophysiologic features that comprise any given subject’s
tinnitus and tailoring the stimulation location and stimulus paradigms accordingly.
In fact, personalizing stimuli has been recently explored using TMS for tinnitus
(Kreuzer et al. 2017) and application of deep learning algorithms to identify unique
aberrant neural signals and output customized, dynamic stimulus trains is already
being investigated in the auditory system (Lee et al. 2019). Additionally, many of the
animal models focused mainly on behavior, without diving deep into the underlying
mechanisms; therefore, it is critical to combine behavioral measures of tinnitus with
more detailed electrophysiologic and immunohistochemical experiments to probe
how these modulatory devices, including the newly emerging optogenetic cochlear
stimulation (Dieter et al. 2020) for enhanced spatial and temporal specificity and
fidelity as well as optogenetic brain stimulation (Darrow et al. 2015), impact the
neural circuits driving symptom generation and maintenance. Although incomplete,
the hard work of so many different groups have provided a plethora of potential new
therapeutic options that have given hope and relief to many patients, and as the
animal models provide better understanding of how these technologies operate, they
will continue becoming more efficacious until a universal, definitive treatment
modality is established for tinnitus.
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Abstract Tinnitus and hyperacusis are debilitating conditions often associated with
aging or exposure to intense noise or ototoxic drugs. One of the most reliable
methods of inducing tinnitus is with high doses of sodium salicylate, the active
ingredient in aspirin. High doses of salicylate have been widely used to investigate
the functional neuroanatomy of tinnitus and hyperacusis. High doses of salicylate
have been used to develop novel behavioral methods to detect the presence of
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tinnitus and hyperacusis in animal models. Salicylate typically induces a hearing loss
of approximately 20 dB which greatly reduces the neural output of the cochlea. As
this weak neural signal emerging from the cochlea is sequentially relayed to the
cochlear nucleus, inferior colliculus, medial geniculate, and auditory cortex, the
neural response to suprathreshold sounds is progressively amplified by a factor of
2–3 by the time the signal reaches the auditory cortex, a phenomenon referred to as
enhanced central gain. Sound-evoked hyperactivity also occurred in the amygdala, a
region that assigns emotional significance to sensory stimuli. Resting state functional
magnetic imaging of the BOLD signal revealed salicylate-induced increases in
spontaneous neural activity in the inferior colliculus, medial geniculate body, and
auditory cortex as well as in non-auditory areas such as the amygdala, reticular
formation, cerebellum, and other sensory areas. Functional connectivity of the
BOLD signal revealed increased neural coupling between several auditory areas
and non-auditory areas such as the amygdala, cerebellum, reticular formation,
hippocampus, and caudate/putamen; these strengthened connections likely contrib-
ute to the multifaceted dimensions of tinnitus. Taken together, these results suggest
that salicylate-induced tinnitus disrupts a complex neural network involving many
auditory centers as well as brain regions involved with emotion, arousal, memory,
and motor planning. These extra-auditory centers embellish the basic auditory
percepts that results in tinnitus and which may also contribute to hyperacusis.

Keywords Amygdala · Arousal · Auditory cortex · Auditory nerve · Central gain ·
Cerebellum · Cochlear nucleus · Emotion · fMRI · Functional connectivity · Inferior
colliculus · Medial geniculate body · Reticular formation · Salicylate · Tinnitus ·
Hyperacusis

Abbreviations

AC Auditory cortex
ALFF Amplitude of low-frequency fluctuation
AMY Amygdala
BOLD Blood-oxygen-level-dependent
CAP Compound action potential
CB Cerebellum
CF Characteristic frequency
CN Cochlear nucleus
CPU Caudate/putamen
FC Functional connectivity
fMRI Functional magnetic resonance imaging
HIP Hippocampus
IC Inferior colliculus
MEM Memantine
MGB Medial geniculate body
RF Reticular formation
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RMP R Maxipost
ROI Region of interest
SS Sodium salicylate
SSC Somatosensory cortex
VC Visual cortex

1 Introduction

The phantom sound of tinnitus is often triggered by hearing loss caused by aging or
exposure to noise or ototoxic drugs. Approximately 12% of adults have tinnitus, but
only 1% have tinnitus severe enough that they seek medical treatment (Baguley et al.
2013; Lockwood et al. 2002). Among combat personnel, the prevalence of tinnitus is
especially high (Helfer et al. 2011). This has resulted in enormous tinnitus disability
payments to veterans paid for by the United States Veterans Administration
(Yankaskas 2013). To add insult to injury, tinnitus is often accompanied by
hyperacusis, a condition in which normal everyday sounds are perceived as
extremely loud, annoying, or even painful (Baguley 2003; Aazh and Moore 2018;
Pienkowski et al. 2014; Tyler et al. 2014). Among patients whose primary concern is
hyperacusis, up to 86% also suffer from tinnitus. Among those whose primary
complaint is tinnitus, approximately 40% also have tinnitus. The prevalence of
hyperacusis is estimated to be around 9%, although the percentage is likely much
higher because many individuals are unaware that they have a loudness intolerance
problem (Gu et al. 2010). Hyperacusis is associated with many other neurological
disorders such as autism, Williams syndrome, fibromyalgia, and chronic pain syn-
drome (Khalfa et al. 2004; Suhnan et al. 2017; Johnson et al. 2001) suggesting that it
may result from dysfunctions in the central nervous system. While most patients
with tinnitus and hyperacusis have hearing loss, the majority of those with hearing
loss do not suffer from tinnitus or hyperacusis. This suggests that other factors in
addition to hearing loss may be necessary to induce tinnitus and/or hyperacusis.

1.1 Consistent Induction of Tinnitus and Hyperacusis

Scientific advances are most often made when the experimental manipulation
establishes a strong cause and effect relationship. Clinical observations long ago
revealed that patients would develop roaring tinnitus when they ingested high doses
of aspirin to treat their rheumatoid arthritis. When they stopped taking the drug, their
tinnitus disappeared in a day or 2 (Bernstein and Weiss 1967; Mongan et al. 1973;
Myers and Bernstein 1965). These clinical observations provided auditory
researchers with a critical clue on how to reliably turn tinnitus on and off in humans
in order to investigate perceptual consequences (McFadden and Plattsmier 1983;
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Wier et al. 1988; Cazals 2000). A critical step in using aspirin to study the biological
basis of tinnitus in animal models is verity that animals treated with high doses of
salicylate, the active ingredient in aspirin, would develop tinnitus. This was accom-
plished by the pioneering studies of Jastreboff who showed that large doses of
sodium salicylate would induce tinnitus-like behaviors in rats (Jastreboff et al.
1988). Animal models of hyperacusis initially focused on use of startle reflex
amplitude to assess abnormal loudness growth, but more sophisticated and compel-
ling methods were developed by Radziwon using reaction time to assess abnormal
loudness growth (Radziwon et al. 2017). Since then, a variety of novel behavioral
models have been developed to assess tinnitus and hyperacusis (Hayes et al. 2014).

1.2 Tinnitus Evaluated with Schedule-Induced Polydipsia
Avoidance Conditioning (SIPAC)

Polydipsia refers to excessive drinking even when a subject is not thirsty. Polydipsia
can be experimentally induced in animals by scheduled delivery of a food pellet to a
food-restricted rat at a fixed time interval (e.g., every 30 s) (Falk 1966). Even though
the animal is not thirsty, it will nevertheless begin to lick for water while waiting for
the next food pellet to be delivered. We then employed the polydipsia phenomenon
to develop the SIPAC method to test for tinnitus (Lobarinas et al. 2004). To
accomplish this, we put the licking behavior under stimulus control (i.e., the animal
responded correctly on most sound trials and quiet trials) by allowing the rat to drink
for water only during 30-s quiet intervals interspersed in an ongoing noise; the quiet
intervals occurred at random times within the ongoing noise. However, if the rat
attempted to lick for water in the presence of the background noise (30-s blocks of
noise, roved in level and frequency), foot shock was delivered. Rats were trained to
suppress licking in the presence of any types of background noises and to only lick
for water during 30-s quiet intervals. After about 4 days of baseline training, the rats
licked extensively on 30-s quiet trials, but seldom licked during the 30-s blocks of
noise. Figure 1 is a schematic showing the number of licks per daily session. During
the first 4 days of baseline testing, roughly 4,000 licks/session occurred during the
30-s quiet trials, whereas very few licks occurred on quiet trials during each daily
session (~1.5 h). When the rats were treated with 50 mg/kg or 100 mg/kg of sodium
salicylate, the licking behavior remained largely unchanged from baseline. However,
when either 150 or 250 mg/kg of salicylate was administered, the number of licks on
quiet trials decreased dramatically to levels comparable to sound trials. When the
150- or 250-mg/kg dose of salicylate was discontinued, the number of licks/session
on quiet trials gradually recovered to baseline levels, whereas the number of licks on
sound trials remained similar to baseline. The most parsimonious explanation for
these results is that on the days when either 150 or 250 mg/kg of sodium salicylate
was administered, the rats perceived the phantom sound of tinnitus on quiet trials and
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therefore suppressed their licking to levels comparable to sound trials. When salic-
ylate was withdrawn, licks in quiet returned to baseline in a day or 2.

1.3 How Much Salicylate Is Required to Induce Tinnitus?

Using the SIPAC paradigm, a dose-response study was conducted to identify the
dose of salicylate needed to reliably induce tinnitus (Lobarinas et al. 2004). As
schematized in Fig. 2, licks on quiet trials remained equal to baseline (no salicylate,
0 mg/kg) for the 50 and 100 mg/kg doses of salicylate. However, licks on quiet trials
declined dramatically for the doses of salicylate from 150 to 350 mg/kg. Licks on
sound trials for salicylate doses from 50 to 350 mg/kg were similar to those at
baseline, results indicating that the behavior of the rats was under stimulus control.
Because the rats stopped licking on quiet trials when the dose of salicylate was
150 mg/kg or higher, it is reasonable to conclude that the rats were hearing the
phantom sound of tinnitus which would explain why they stopped licking.
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Fig. 1 Schematic of schedule-induced polydipsia avoidance conditioning (SIPAC) paradigm
illustrating the # of licks/daily session. Rats trained to avoid foot shock by not licking for water
on 30-s intervals in which sounds are presented. Rats allowed to lick for water on quiet trials (sound
absent). Vertical lines are days on which sodium salicylate was administered at the dose indicated.
Rats seldom licked for water on sound trials, but often licked for water on quiet trials. However licks
during quiet trials were almost completely suppressed on the day when 150 or 250 mg/kg of
salicylate was administered. Licking rate gradually increased 1–3 days after these high doses of
salicylate
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1.4 Using SIPAC to Screen Drugs to Suppress Tinnitus

It has been suggested that tinnitus could arise from increased excitatory neurotrans-
mission at various sites along the auditory pathway such as the synapse between the
inner hair cell and auditory nerve fiber (Oestreicher et al. 1998; Ruel et al. 2008).
Memantine, which suppresses NMDA-mediated glutamatergic neurotransmission
between the inner hair cell and auditory nerve, has been suggested as a treatment for
tinnitus. Support of this hypothesis comes from a study in which cochlear infusion of
an NMDA antagonist suppressed behavioral evidence of salicylate-induced tinnitus
(Guitton et al. 2003). Based on these encouraging results with local drug delivery,
we hypothesized that memantine, a clinically approved NMDA antagonist, would
provide a more practical method to treat tinnitus. To test this hypothesis, we treated a
group of rats with 150 mg/kg of sodium salicylate, a dose that significantly (#)
reduced the number of licks in quiet compared to baseline licks in quiet (Fig. 3a)
(Lobarinas et al. 2006). Afterward, the 150-mg/kg dose of salicylate was adminis-
tered along with 1.5 mg/kg of memantine. This dose of memantine increased the
number of licks in quiet, but the number of licks in quiet was still significantly less
than baseline. To determine if a higher dose of memantine would be more effective
in alleviating the tinnitus-like behavior, 3 mg/kg of memantine was administered
together with the 150-mg/kg dose of salicylate. Instead of increasing the number of
licks in quiet, the 3-mg/kg dose of memantine decreased the number of licks,
ostensibly making the tinnitus-like behavior worse. These results suggest that
systemic administration of memantine can at best only partially suppress tinnitus.
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Fig. 2 Schematic of sodium salicylate dose-response function obtained with the schedule-induced
polydipsia avoidance conditioning paradigm. Baseline licks/session during sound trials and quiet
trials measured in the absence of salicylate (0 mg/kg). Licks on sound trials were low, but were high
on quiet trials, behaviors indicating that the rats were able to distinguish quiet trials from sound
trials. Licks/session after treatment with 50- and 100-mg/kg salicylate were similar to baseline
indicating that the rats were not experiencing tinnitus, but licks on quiet trials decreased signifi-
cantly when 150, 250, or 350 mg/kg of salicylate was administered, behaviors indicative of tinnitus
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Similarly, other investigators have reported that memantine partially suppressed
tinnitus-like behavior in two of five rats with noise-induced tinnitus (Zheng et al.
2012). On the other hand, a human clinical trial found that memantine was ineffec-
tive in suppressing tinnitus symptoms and that it caused significant side effects in
10% of cases (Figueiredo et al. 2008).

Some clinical studies have reported that anxiolytic drugs were sometimes effec-
tive in reducing the perception of tinnitus (Dobie 1999). Maxipost, an experimental
drug that modulates potassium channels, was found to be effective in reducing
anxiety-like behaviors in rodents (Korsgaard et al. 2005). These clinical and exper-
imental studies, along with other studies showing that Kv7 potassium channels are
expressed in the peripheral and central auditory pathway, raised the possibility that
Maxipost might be effective in suppressing tinnitus. To test this hypothesis, rats
were treated with 150-mg/kg sodium salicylate which reduced licking in quiet,
behaviors consistent with tinnitus (Fig. 3b). When rats were treated with salicylate
in combination with either Maxipost or R-Maxipost, the drugs dose-dependently
increased the number of licks in quiet. The highest dose completely abolished the
tinnitus-like behavior (Lobarinas et al. 2011). Interestingly, R-Maxipost, which has
no anxiolytic properties, was as effective as Maxipost in suppressing tinnitus-like
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Fig. 3 Use of SIPAC to test drugs to suppress tinnitus. (a) Schematic illustrating the effects of
memantine (MEM), an NMDA antagonist, on sodium salicylate-induced tinnitus. Results illustrate
the number of licks in quiet obtained at baseline and then after treatment with 150-mg/kg sodium
salicylate (SS), SS plus 1.5 mg/kg of memantine (MEM), and SS + 3-mg/kg MEM. The 150-mg/kg
dose of SS suppressed licks in quite, behaviors indicative of tinnitus. The 1.5- and 3-mg/kg dose of
MEM increased the number of licks in quiet, behaviors indicative of partial but incomplete
reduction of tinnitus (# ¼ significant difference between baseline and other conditions). (b)
Schematic illustrating the effect of R-Maxipost (RMP) on salicylate-induced tinnitus. The
150-mg/kg dose of SS suppressed licks in quiet (#). Treatment with 1- and 3-mg/kg RMP increased
the number of licks in quiet, but did not completely suppress salicylate-induced behavior. The
10-mg/kg dose of RMP completely suppressed tinnitus-like behavior
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behaviors. Since both drugs share the common mechanism of inhibiting BK and
Kv7.1 potassium channel, it was suggested that one or both of these potassium
channels play a critical role in tinnitus.

1.5 Two-Alternative Forced Choice Paradigm to Assess
Tinnitus

In cases where an investigator wishes to record neural activity from the brain while
an animal is experiencing tinnitus, it is highly desirable for the subject to remain still
to minimize movement artifacts that could overwhelm the electrical neural responses
that the researcher wishes to record. To overcome this problem, we developed a
two-alternative forced choice (2AFC) paradigm (Fig. 4a) in which a rat was trained
to insert its nose into a nose-poke hole and hold it there without moving for up to 10 s
while listening to the presence or absence of sounds in the environment (amplitude-
modulated noise ¼ AM, steady narrow band noise ¼ NBN (various types), or
quiet ¼ no stimulus) (Stolzberg et al. 2013). At the end of the hold-still period, a
light was turned on to inform the rat to make a decision about the acoustic
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Go Left

NBN
Go Right

Light NBN
AM
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Quiet

Start

A

Stimulus % Left % Right Stimulus % Left % Right
NBN 7 93 NBN 7 93
AM 94 6 AM 94 6

Quiet 91 9 Quiet 20 80

B      Normal C     Salicylate/Tinnitus

Green = correct; Red = incorrect

Tinnitus

Fig. 4 Schematic of positive-reinforcement, two-alternative forced choice paradigm to assess acute
tinnitus. (a) Apparatus consists of three nose-poke holes. The nose-poke hole in the middle is used
to start at trial. When the light comes on, the rat must decide whether to respond to the nose-poke
hole on the left or on the right. During training, the nose-poke hole on the left records a correct
response and delivers a food reward if the rat places its nose on the left hole on trials when
amplitude-modulated (AM) noise or quite is presented. The nose-poke hole on the right records a
correct response and delivers a food reward if the rat places its nose on the right hole on trials when a
steady narrow band noise (NBN) is presented. (b) When a normal rat is trained to criterion, a high
percentage (>90%) of correct responses occur on NBN, AM, and quiet trials as schematized in the
response matrix. (c) A few hours after a rat is treated with a high dose of salicylate sufficient to
induce tinnitus (e.g., 200 mg/kg), the rat continues to have a high percentage of correct responses
when the NBN and AM sounds are presented. However, if the rat perceives the phantom sound of
tinnitus on quiet trials, it incorrectly responds to the right because it perceives the phantom sound of
tinnitus instead of quiet
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environment (Fig. 4a, i.e., AM, NBN, or quiet). If an AM noise was presented during
the hold-still period, the rat was trained to withdraw its nose and insert it in the nose-
poke hole on the left. A correct response to the left (AM) was rewarded with a food
pellet; an incorrect response resulted in a time-out. If NBN or quiet was present
during the hold-still period, the rat was trained to withdraw its nose and insert it into
the right nose-poke hole. A correct response was rewarded with a food pellet and an
incorrect response resulted in a time-out. When a normal hearing rat was fully
trained, the rat would correctly identify the NBN trials by going to the right on
more than 90% of the trials (Fig. 4b). In contrast, on AM and quiet trials, a well-
trained rat would correctly identify these stimuli by poking its nose into the left nose-
poke hole (Fig. 4b). When a well-trained rat was treated with a high dose of
salicylate sufficient to induce tinnitus, it would continue to correctly identify the
NBN or AM noise (Fig. 4c). However, if the rat was experiencing tinnitus on quiet
trials, it would mistakenly respond to the nose-poke hole on the right, originally
associated with the continuous NBN (see table in Fig. 4c). In this case, the contin-
uous phantom sound of tinnitus was mistakenly categorized as a continuous NBN.

1.6 Noise-Induced Tinnitus Measured with 2AFC Paradigm

Additional experiments were conducted to compare the results from salicylate-
induced tinnitus with noise-induced tinnitus. Individuals exposed to intense noise
often develop temporary tinnitus immediately post-exposure, but in most cases the
tinnitus gradually fades away if the exposure is not too severe (Loeb and Smith 1967;
Atherley et al. 1968; Davis et al. 1950). To evaluate the onset and recovery of noise-
induced tinnitus, rats were similarly trained with the aforementioned 2AFC para-
digm (Fig. 4). The results showed that the percentages of correct responses on NBN,
AM, and quiet trials were greater than 90% on pre-exposure days 1–5 (Fig. 5).
Afterward, the rats were exposed to a 110-dB SPL narrow band noise centered at
16 kHz for 40 min. Approximately 15 min after the noise exposure, there was large
reduction in percent correct responses only on quiet trials. On post-exposure days
1–3, the percent correct on quiet trials gradually recovered to more than 90% correct.
During the entire testing period, percent correct performance on NBN and AM trials
remained above 90%, indicating that the rat was under stimulus control. These
results are consistent with human psychophysical studies in which tinnitus is present
shortly after the exposure, but gradually fades away. The amount of time needed for
tinnitus to fade away generally increases with the intensity and duration of the noise
exposure (Loeb and Smith 1967; Atherley et al. 1968; Davis et al. 1950).

Functional Neuroanatomy of Salicylate- and Noise-Induced Tinnitus and. . . 141



1.7 Does Salicylate Induce Hyperacusis?

High doses of salicylate have long been known to cause tinnitus, but it was unclear
from human studies if salicylate could induce hyperacusis. Because hyperacusis is
often associated with tinnitus, we speculated that salicylate might cause hyperacusis
(Chen et al. 2015). Assessing loudness perception in nonverbal animals is difficult,
but fortunately, human studies have found that the time it takes for a subject to
respond to a sound (i.e., reaction time) decreases with stimulus intensity. Conse-
quently, reaction time has been used to assess loudness in humans (Marshall and
Brandt 1980; Seitz and Rakerd 1997; Schlittenlacher et al. 2014). Auditory neuro-
scientists have also used reaction time-intensity (RT-I) functions to estimate loud-
ness growth in animal models with normal and impaired hearing (Moody 1970,
1973; Pfingst et al. 1975; Stebbins 1966). To determine if high doses of salicylate
would induce hyperacusis, we measured RT-I functions in rats before and a few
hours after administering various doses of salicylate (Radziwon et al. 2017).
Figure 6a is a schematic of an RT-I function obtained pre- and post-salicylate. The
baseline RT-I function displayed a gradual decrease in reaction time as noise burst
intensity increased from 30 to 90 dB SPL. Following treatment with 100 mg/kg of
salicylate, there was no change in the RT-I function (Fig. 6a) indicating that this low
dose (Fig. 2) did not cause any change in loudness. However, when the salicylate
dose was increased to 250 mg/kg, the RT-I function became steeper than normal.
Reaction times from 60 to 90 dB SPL were much shorter than normal indicating that
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they were now perceived as louder than normal, i.e., behavioral evidence of
hyperacusis (Fig. 6a). However, at 30 dB SPL, reaction time was longer than normal.
The increase was the results of a salicylate-induced hearing loss of approximately
20 dB which made the 30 dB SPL stimulus less audible and not as loud as it normally
would be. RT-I functions were measured with different doses of salicylate to
determine which doses would induce hyperacusis. The schematic in Fig. 6b shows
the reaction times obtained at 90 SPL with different doses of salicylate. The reaction
times with the 50- and 100-mg/kg dose were similar to baseline (0 mg/kg) indicating
that they did not induce hyperacusis. In contrast, reaction times at 90 dB were much
shorter than normal with doses from 150 to 300 mg/kg, indicating that salicylate
doses �150 mg/kg consistently induced hyperacusis. From these results it appears
that salicylate doses that induced hyperacusis were identical to those that caused
tinnitus.

1.8 Noise-Induced Hyperacusis

We carried out additional experiments to determine if noise exposure could induce
similar changes in RT-I function as high-dose salicylate. Previous animal studies that
have used RT-I to assess loudness growth functions in animals with noise-induced
hearing loss have observed evidence of loudness recruitment; in these cases, the
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Fig. 6 (a) Schematic of reaction time-intensity (RT-I) function measured with noise bursts at
baseline and several hours after treatment with 100 mg/kg of salicylate or 250 mg/kg of salicylate.
At baseline, note steady decline in reaction time as intensity is increased from 3-0 to 90-dB SPL.
RT-I function after treatment with 100 mg/kg of salicylate nearly identical to baseline. A few hours
after treatment with 250 mg/kg, reaction times become longer than baseline at low intensities due to
a hearing loss of approximately 20 that makes the stimulus less audible. However at intensities
above 60-dB SPL, reaction times become shorter than normal, behaviors indicative of hyperacusis.
(b) Schematic of reaction times measured at 90-dB SPL before (0 mg/gm) and several hours after
treatment with 50–300 mg/kg of salicylate. Reaction times after the 50- and 100-mg/kg dose of
salicylate similar to baseline, but reaction times become significantly shorter than normal for doses
between 150 and 300 mg/kg, behaviors indicative of hyperacusis
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slope of the RT-I function was steeper than normal at low and moderate intensities,
but the slopes returned to normal at high intensities so that reaction times never
became shorter than normal (Moody et al. 1980; Stebbins 1966; Stebbins and Miller
1964). However, the noise exposures used previously were generally of short
duration and reaction times were typically measured shortly after the exposure. To
determine if long-duration noise exposure might give rise to hyperacusis, we
exposed rats to an intense, high-frequency band of noise (16–20 kHz, 104 dB
SPL, 12 weeks) and assessed hearing thresholds and RT-I functions several months
after the noise exposure (Radziwon et al. 2019). As schematized in Fig. 7a, the noise
exposure induced a large 60-dB threshold shift at 20–32 kHz, a moderate 30-dB
threshold shift at 16 kHz, and no hearing loss at lower frequencies. As schematized
in Fig. 6b, we found evidence of loudness recruitment at 20 kHz, consistent with
previous animal studies (Moody et al. 1980; Stebbins 1966; Stebbins and Miller
1964). However, at 16 kHz, near the edge of the hearing loss, we found striking
evidence of hyperacusis from 70 to 90 dB SPL where reaction times were shorter
than normal. We also found evidence of hyperacusis at much lower frequencies
where hearing thresholds were normal (Radziwon et al. 2019). These results dem-
onstrated for the first time that it was possible to induce noise-induced hyperacusis
by using an intense, long-duration noise and evaluating changes in loudness growth
~3 months post-exposure.

1.9 Noise-Induced Avoidance Hyperacusis

So far, we have described methods for assessing transient hyperacusis induced by
salicylate and permanent hyperacusis induced by intense noise exposure. However, a
recent review has suggested that humans experience other loudness intolerance
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Fig. 7 (a) Schematic of noise-induced threshold shift following a prolonged high-frequency noise
exposure. Thresholds normal at low frequencies, but threshold elevated approximately 30 dB at
16 kHz and roughly 60 dB at 20 and 24 kHz. (b) Schematic of RT-I functions measured at 20 kHz in
the hearing loss region. RT-I function with recruitment-like function; reaction times at high
intensities similar to baseline. (c) RT-I function measured at 16 kHz, at the edge of the hearing
loss. Reaction times at high intensities shorter than baseline, behaviors indicative of hyperacusis
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problems such as annoyance, fear, and pain hyperacusis that likely activate parts of
the limbic and pain pathways (Tyler et al. 2014; Pienkowski et al. 2014). In an
attempt to address the non-auditory aspects of annoyance and/or fear hyperacusis in
an animal model, we developed the active sound avoidance paradigm (ASAP)
(Fig. 8a). The ASAP testing apparatus consists of a dark, sound-attenuating enclo-
sure equipped with a loudspeaker. The dark box is connected to a clear open runway
leading to a bright open enclosure (Manohar et al. 2017). When a rat is placed in the
apparatus, it exhibits a natural preference to spend most of its time in the dark
enclosure and to avoid the bright open enclosure, presumably an innate response to
avoid predators. Rats typically spend more than 90% of the time in the dark
enclosure. To determine if loud sounds would evoke annoyance or fear, a 2–8-kHz
band of noise was presented through the loudspeaker at different intensities. If the
noise provoked annoyance or fear, the rat could escape the noxious noise by moving
into the bright open enclosure. In quiet, normal rats typically spend more than 90%
of the time in the dark box, but when the 2–8-kHz noise was presented at a very
moderate intensity of 60-dB SPL, rat spends less time (~80%) in the dark box
(Fig. 8b, solid blue bar). When the noise intensity was increased to 90-dB SPL,
time spent in the dark box dropped to ~70%. This sound avoidance behavior
suggested that as the intensity of the noise increased, it became more annoying,
noxious, or fear-provoking.
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Fig. 8 Schematic of active sound avoidance paradigm (ASAP) used to test for annoying or
aversive sounds. (a) Schematic of test apparatus consisting of a dark sound-attenuating chamber
equipped with a loudspeaker. Dark chamber connected by an open runway to a bright open
enclosure. Rats naturally prefer to stay in the dark sound-attenuating enclosure, but when noise is
presented through the loudspeaker, rats move from the dark chamber to the bright open enclosure.
(b) Schematic illustrating the percent time rats spend in the dark enclosure under quiet conditions
and when a 2–8-kHz noise is presented at 60- or 90-dB SPL. Results presented under normal
baseline conditions and after rats developed a significant noise-induced hearing loss above 12 kHz.
Under baseline conditions, rats spent more than 90% of the time in the dark enclosure, but percent
time in the dark declined to approximately 80% when the intensity of the noise was 90-dB SPL. In
rats with high-frequency hearing loss, the percent time spent in the dark chamber under quiet
conditions remained above 90%. However as the intensity of the noise increased, the rats with
hearing loss spent significantly less time in the dark chamber (#) compared to baseline. These results
suggest that rats with hearing loss above 12 kHz perceived the 2–8-kHz noise as more annoying or
more aversive than when hearing was normal
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Because hyperacusis is often associated with hearing loss, we speculated that the
sound avoidance behaviors might be exacerbated by hearing loss. To test this
hypothesis, rats were exposed for 4 weeks to 16–20-kHz noise presented at
104-dB SPL that induced a 30–40-dB permanent threshold shift at frequencies
above 12 kHz. The rats with noise-induced hearing loss spent the same amount of
time in the dark on quiet trials, but when the 2–8-kHz noise was presented, they
spent significantly less time in the dark box compared to when hearing was normal
(Fig. 8b). These results suggest that the high-frequency hearing loss caused the
low-frequency test stimulus to be perceived as more annoying or aversive possibly
because the test stimulus was now activating emotional brain circuits in the limbic
system. Thus, ASAP could provide a method for assessing the non-auditory emo-
tional aspects of hyperacusis.

1.10 Salicylate-Induced Hyperexcitability

High doses of salicylate have long been known to cause temporary cochlear hearing
loss. However, salicylate readily crosses the blood-brain barrier allowing the drug to
potentially disrupt brain activity (Boettcher et al. 1990; Su et al. 2012). To more fully
characterize the peripheral and central effects of salicylate, we measured the local
field potentials and/or spike discharge from multiunit clusters in the cochlea and
central nervous system before and after administering a high dose of salicylate. The
schematic input/output functions in Fig. 9 provide a comprehensive summary of the
main effects of high-dose salicylate on the cochlea and central auditory pathway
(Chen et al. 2012, 2013a, 2014, 2015, 2017a; Jiang et al. 2017). In these schematics,
the ordinate is expressed as percent normalized amplitude. Normalization was
carried out by expressing all pre- and post-exposure values relative to the
pre-exposure amplitude obtained at 90-dB SPL. Hence, all the pre-exposure input/
output functions reach 100% at 90-dB SPL. The effects of salicylate on the ampli-
tude of the cochlear compound action potential (CAP), which reflects the gross
neural output of the auditory nerve (AN), are illustrated in Fig. 9a. In this example,
the pretreatment CAP threshold was approximately 10-dB SPL. The normalized
CAP amplitude gradually increased with intensity reaching 100% at 90-dB SPL. A
few hours after high-dose salicylate treatment, the input/output function was shifted
rightward resulting in threshold shift of approximately 20 dB. In addition,
suprathreshold amplitudes were greatly reduced. At 90-dB SPL, the amplitude was
reduced by 50%. The threshold shifts and amplitude reductions occurred over a
broad range of frequencies unlike other ototoxic drugs that preferentially damage the
high frequencies.

The salicylate-induced decrease in the neural output of cochlea is relayed from
the auditory nerve to the cochlear nucleus. Fig. 9b illustrates the main effects of high-
dose salicylate on neural activity in the cochlear nucleus (CN) (i.e., local field
potentials or multiunit spike discharge rate). The CN input/output function, mea-
sured a few hours post-salicylate, was shifted to the right, resulting in an increase in
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the CN threshold (i.e., threshold elevation) of approximately 20 dB. However,
suprathreshold response amplitudes were reduced much less for the CN compared
to the CAP for the cochlea. The CN and CAP threshold shifts were nearly identical
suggesting that the CN threshold shift was inherited from the cochlea. However, the
CN amplitudes were larger than the CAP, suggesting that the weaker signals
inherited from the cochlea were amplified after reaching the CN, partially compen-
sating for the reduced neural output of the cochlea.

The neural output from the CN is relayed both directly and indirectly to the
inferior colliculus (IC), an important binaural processing center in the midbrain
(Cant 1992; Webster 1992). Fig. 9c illustrates the principal changes that occur in
IC input/output function (i.e., local field potentials or multiunit spike discharge rats)
a few hours after salicylate treatment. The post-salicylate input/output function was
again shifted to the right, resulting in an upward threshold shift of approximately
20 dB. These results suggest that the IC threshold shift was also inherited from the
cochlea. However, IC responses rapidly increased with intensity so that post-
salicylate responses are equal to or larger than normal at intensities above 60-dB
SPL (Fig. 9c). The neural gain provided by the CN was amplified further by the IC
resulting in suprathreshold IC responses that were larger than normal at high
intensities.

The neural output of the IC is passed on to the medial geniculate body (MGB)
where further neural processing takes place after which the output of the MGB is
relayed to the auditory cortex (AC). The schematic input/output functions for the
MGB (Fig. 9d) and AC (Fig. 9e) were both shifted rightward resulting in threshold
shifts of approximately 20 dB indicating that these hearing losses were inherited
from the cochlea. On the other hand, the suprathreshold amplitudes in the MGB
(Fig. 9d) were greater than those in the IC (Fig. 9c), while those in the AC (Fig. 9e)
were even larger than those in the MGB (Fig. 9d). Collectively, these results provide
compelling evidence of multiple stages of central gain enhancement to boost the

Fig. 9 (continued) output function. Post-exposure input/output function shows a 20-dB threshold
shift (black horizontal arrow) and large decrease in suprathreshold amplitude. (b) Post-exposure
input/output function from the cochlear nucleus shows a 20-dB threshold shift (black horizontal
arrow) and a modest amplitude reduction at suprathreshold intensities. (c) Post-exposure input/
output function from the inferior colliculus (IC) displays a 20-dB threshold shift, but suprathreshold
amplitudes are enhanced by approximately 20%. (d) Post-exposure input/output function from
medial geniculate body (MGB) displays a 20-dB threshold shift, but suprathreshold amplitudes are
enhanced by approximately 50%. (e) Post-exposure input/output function from auditory cortex
(AC) displays a 20-dB threshold shift, but suprathreshold amplitudes are enhanced by approxi-
mately 100%. (f) Pre- and post-exposure input/output functions recorded from AC after sodium
salicylate was infused into the amygdala (AMY). Post-exposure input/output function from the AC
did not show a threshold shift after local drug injection into AMY. However, local application of
salicylate into the AMY caused an increase in suprathreshold amplitude of approximately 100%
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weak neural signal output originating in the cochlea (Qiu et al. 2000; Auerbach et al.
2014; Jiang et al. 2017; Sun et al. 2009; Salvi et al. 1990, 2000).

The auditory pathway does not process sounds in isolation, but instead sends and
receives information from other so-called non-auditory areas such as the amygdala
(AMY) (Doron and Ledoux 1999; Romanski et al. 1993; Marsh et al. 2002). The
AMY can assign negative or positive emotional valence to sounds such as a baby
crying or cooing (Brydges et al. 2013; Sander et al. 2003). Because salicylate readily
crosses the blood-brain barrier, it could potentially alter sound-evoked activity in the
AMY. To test this hypothesis, recordings (i.e., local field potentials or multiunit
spike discharges) were made from the lateral AMY before and after systemic
administration of salicylate. Salicylate enhanced sound-evoked responses in the
lateral nucleus of the AMY and induced a threshold shift of approximately 20 dB,
changes that are similar to those seen in the AC (Chen et al. 2014). To determine how
the salicylate-induced changes in the lateral AMY affected other parts of the auditory
pathway, we infused salicylate directly into the AMYwhile recording sound-evoked
responses (local field potentials or multiunit spike discharges) from the AC pre- and
post-salicylate (Chen et al. 2013b). As illustrated in Fig. 9f, suprathreshold ampli-
tudes in the AC increased significantly after salicylate was applied locally to the
AMY. However, unlike systemic treatment, local drug delivery failed to cause a
threshold shift (i.e., pre- and post-salicylate response amplitudes at 10-dB SPL
equal). These results confirm that the threshold shifts arising from systemic salicy-
late treatment originate in the cochlea. In contrast, the enhanced sound-evoked
response seen in the AC presumably arises from salicylate-induced changes in the
AMY which are relayed to the AC. A key take-home message from these results is
that systemic salicylate likely had direct effect on the central nervous system, not just
the cochlea, and that these contributions can be parceled out by local drug
administration.

1.11 Salicylate-Induced Upshifts and Downshifts in Neural
Tuning

Much of the tonotopic organization of the auditory system is determined by the
mechanoelectrical properties of the cochlea. However, there is increasing evidence
that tonotopy in higher levels of the central auditory pathway can be modified by
cochlear damage due to neuroplastic changes occurring in high auditory centers
(Robertson and Johnstone 1979; Kamke et al. 2003; Irvine and Rajan 1994). Neural
tuning in higher auditory structures is not only determined by incoming excitatory
signaling but also by complex inhibitory networks capable of retuning the system
(Wang et al. 2000; Milbrandt et al. 2000; Tennigkeit et al. 1998; Park and Pollak
1993). High doses of salicylate could potentially disrupt inhibitory neurotransmis-
sion, thereby altering the tuning of neurons in the central auditory pathway (Butt
et al. 2016; Patel and Zhang 2014; Su et al. 2009; Wang et al. 2008; Lu et al. 2009;

Functional Neuroanatomy of Salicylate- and Noise-Induced Tinnitus and. . . 149



Zugaib et al. 2016). When we recorded from neurons in AC, MGB, and IC pre- and
post-salicylate, we unexpectedly discovered dramatic changes in neural tuning
curves that resulted in large upshifts and downshifts in the characteristic frequency
(CF) of a subpopulation of neurons (Fig. 10a) (Jiang et al. 2017; Chen et al. 2013b;
Stolzberg et al. 2011). In some low-CF neurons (CF < 12 kHz), salicylate caused
neural thresholds around the original CF to increase and for threshold sensitivity to
improve along the high-frequency edge of the tuning curve, thus resulting in an
upshift in CF (Fig. 10a) toward 16 kHz. On the other hand, very high-CF neurons
often showed increase in thresholds along the high-frequency edge of the original
tuning curve combined with an improvement in threshold at lower frequencies that
resulted in a downshift in CF toward 16 kHz (Fig. 10b). CF upshifts and downshifts
were never observed among neurons with CFs near 16 kHz. Salicylate-induced CF
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Fig. 10 Schematic illustrating the subpopulation of neurons in the IC, MGB, and AC that undergo
a CF shift after high dose of salicylate. (a) Schematic illustrating the threshold-frequency tuning
curve of a neuron with a low characteristic frequency (CF) pre-salicylate and that shows an upshift
in its CF post-salicylate and an increase in threshold. (b) Schematic illustrating the threshold-
frequency tuning curve of a neuron with a high CF pre-salicylate and that shows an upshift in its CF
post-salicylate and an increase in threshold. (c) Hypothetical model showing roughly an equal # of
neurons per CF (equal length up arrows) across the CF tonotopic map. (d) Hypothetical model
showing an increase in the # of neurons per CF in the mid-frequency region (up arrow) and a
decrease in the # of neurons per CF at the low- and high-CF regions (down arrows) following a high
dose of salicylate. The increase in the number of mid-CF neurons on the CF tonotopic map results
from a salicylate-induced CF upshift in a subpopulation of low-CF neurons (see panel a) and a CF
downshift (see panel b) in a subpopulation of high-CF neurons
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upshifts and downshifts were most commonly observed in the AC; the magnitude of
these CF upshifts and downshifts as well as the proportion of neurons that displayed
such changes declined from AC to IC.

One consequence of these CF upshifts and CF downshifts was that it altered the
distribution of CF along the tonotopic map as illustrated in Fig. 10c, d (note: ordinate
arbitrarily scaled as number of neurons per CF (#/CF); abscissa scaled from low to
high CF). In normal subject, the same numbers of #/CF are assigned to each CF
location along the tonotopic map (Fig. 10c; equal length up-pointing arrows).
However, the CF upshifts and downshifts that occur after salicylate treatment
decreases (down arrows) the number of neurons in the low-CF and high-CF regions,
whereas the number of neurons increases (up arrows) in the mid-frequency region
(Fig. 10d). Because salicylate increases the number of neurons in the mid-frequency
region (longer up arrows in mid-frequency region of Fig. 10d vs. Fig. 10c), the gain
enhancement (total gain ¼ # neurons per CF x increased response amplitude at
suprathreshold levels as schematized in Fig. 10e) in the mid-frequency regions is
greater than lower and higher frequencies (Jiang et al. 2017). The frequency-
dependent enhancement of sound-evoked activity raises the possibility that
salicylate-induced hyperacusis might be more prominent in the mid-frequency
region.

1.12 Brain Imaging of Salicylate-Induced Tinnitus
and Hyperacusis

Because salicylate crosses the blood-brain barrier, it could affect many different
brain regions that would be nearly impossible to assess using conventional electro-
physiological techniques. To surveil the entire brain, a resting state functional
magnetic imaging (fMRI) study was carried out in rats to determine how spontane-
ous brain activity changed when a high dose of salicylate was administered (Chen
et al. 2015). Spontaneous brain activity was assessed by measuring the fluctuations
in the bold-oxygen-level-dependent (BOLD) fMRI responses before and after salic-
ylate. Spontaneous brain activity was evaluated using the amplitude of
low-frequency fluctuations (ALFF) in the BOLD signal. With the appropriate
analysis, we identified the regions of the rat brain where the ALFF signal increased
(red) or decreased (blue) significantly (Fig. 11). Significant increases in the sponta-
neous ALFF signal were seen in three regions in the classical auditory pathway, the
AC, MGB, and IC, as well as the AMY which assigns emotional significance to
auditory stimuli. Significant increases were also seen in the adjacent somatosensory
cortex (SSC) and visual cortex (VC), which form multisensory connections with the
AC (Wallace et al. 1993; Foxe et al. 2000; Kayser et al. 2007). Increases in ALFF
also occurred in the superior colliculus (SC), which integrates auditory, visual, and
somatosensory information (Skaliora et al. 2004; Meredith et al. 1992; Meredith and
Stein 1986), and in the reticular formation (RF), an arousal center that responds
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robustly to acoustic stimulation and is an integral part of the acoustic startle reflex
circuit (Lingenhohl and Friauf 1994; Paus 2000; Wu et al. 1988). Unexpectedly,
ALFF activity increased in the parafloccular lobe and lobule 4 of the cerebellum,
regions known respond to acoustic stimuli in humans and/or animals (Lockwood
et al. 1999; Azizi et al. 1985; Azizi and Woodward 1990) and which have been
implicated in tinnitus generation (Bauer et al. 2013). Decreased ALFF activity
occurred in the hippocampus (HIP) and caudate/putamen (CPU), regions implicated
in tinnitus (Lockwood et al. 1998; Chen et al. 2014, 2017b; Mirz et al. 2000; Cheung
and Larson 2010; Ueyama et al. 2013).

ALFF imaging identified novel regions of salicylate-induced aberrant activity in
the parafloccular lobe of the cerebellum and the caudal pontine reticular nucleus. To
provide additional verification that salicylate was indeed affecting these brain
regions, we conducted additional electrophysiological studies in which we measured
the local field potential or multiunit spike discharges from these regions pre- and
post-salicylate. We observed short-latency sound-evoked responses in the reticular
nucleus and parafloccular lobe (Chen et al. 2017a); the long-latency component of
the responses from the reticular nucleus and parafloccular lobe were significantly
enhanced by high-dose salicylate, results confirming that salicylate significantly
alters activity in these regions. Interestingly, corticosterone stress hormone levels
were significantly increased by high-dose salicylate suggesting that stress may be a
critical component in salicylate-induced tinnitus and hyperacusis (Chen et al.
2017a).

CPU

Fig. 11 Schematic showing the regions of the brain in which a high dose of sodium salicylate
caused a significant increase (red) or decrease (blue) in the amplitude of low-frequency fluctuations
(ALFF) of the blood-oxygen-level-dependent (BOLD) fMRI response. CPU caudate/putamen, HIP
hippocampus, SSC somatosensory cortex, VC visual cortex, AC auditory cortex, MGB medial
geniculate body, SC superior colliculus, IC inferior colliculus, CB cerebellum, RF reticular forma-
tion, AMY amygdala
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1.13 Salicylate-Induced Increases in Functional Connectivity

Temporal fluctuations in the resting state BOLD response can be used to assess the
functional connectivity (FC) between one region of interest (ROI) in the brain and
other areas. FC is assessed by measuring the temporal correlation of individual time
points in the BOLD signal from one ROI (e.g., AC) to other brain regions. FC can be
used to identify those regions where there is a high degree of temporally correlated
activity with a particular ROI (Friston 2011). FC was used to identify salicylate-
induced changes in temporally correlated activity with three seed auditory ROIs, the
AC, MGB, and IC, respectively (Chen et al. 2015). Using the AC as the seed ROI,
high-dose salicylate increased FC between the AC and eight other brain regions as
schematized by the black lines in Fig. 12. Increased FC was observed between the
AC and two other auditory regions, the MGB and the IC. FC was also increased
between the AMY, HIP, the paraflocculus, and lobule 4 of the CB and portions of the
RF. With the seed ROI in the MGB, increased FC occurred between the MGB and
the AC and the HIP. With the seed ROI in the IC, increased FC occurred between the
IC and the HIP and the MGB. The increased FC connectivity between auditory
regions and the AMY could add emotional valence to auditory percepts. The
increased FC with the RF could enhance the arousal or attention component to a
phantom sound, whereas activity in the HIP could evoke sound memories or assign a
spatial location to a phantom sound. Increased FC between auditory regions and the
CB could contribute to motor planning related to an auditory percept.

1.14 Sound-Evoked Hyperactivity Measured by fMRI

Task-based fMRI can be used to identify where changes in neural activity occur in
the brain by comparing the magnitude of the BOLD signal at rest and during the
presentation of an acoustic signal (Lockwood et al. 1999; Lau et al. 2015). To

AC MGB IC HIP CB RFAMY

Salicylate-Enhanced Functional Connectivity: Seeds in AC (black), MGB (green) and IC (magenta)

Fig. 12 Schematic illustrating resting state enhanced functional connectivity (FC) using the BOLD
fMRI signal. With the seed region of interest (ROI) in the auditory cortex (AC, black line),
increased FC occurred with the medial geniculate body (MGB), inferior colliculus (IC), amygdala
(AMY), hippocampus (HIP), cerebellum (CB), and reticular formation (RF). With the seed ROI in
the MGB (green line), increased FC occurred with the AC and HIP. With the seed ROI in the IC
(magenta line), increased FC occurred with the MGB and HIP
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determine if fMRI could be used to identify regions of salicylate-induced hyperac-
tivity in the rat brain, we compared the BOLD signal obtained in the resting state
versus data obtained during tone burst (20 s) stimulation. These measurements were
obtained pre- and post-salicylate (Wong et al. 2020). Figure 13 illustrates the
magnitude of the tone-evoked BOLD signal change (% difference between tone
burst stimulation and resting state) pre- and post-salicylate. The 16-kHz tone caused
a moderate increase in the pre-salicylate BOLD response in the IC (Fig. 13a). After
the salicylate treatment, there was a small, but significant increase in the 16-kHz
tone-evoked response compared to pretreatment. In the AC, the 16-kHz tone caused
a small increase in the BOLD signal in the pretreatment period. After administering a
high-dose of salicylate, the 16-kHz tone evoked a much larger BOLD response
compared to pretreatment (Fig. 13b). The magnitude of the salicylate-induced
changes in the tone-evoked BOLD response from the IC and AC mirrors those
seen with electrophysiological measures (Fig. 9c, e). These sound-evoked imaging
results reinforce many previous electrophysiological studies showing that the central
auditory pathway amplifies the weak neural signals leaving a salicylate-damaged
cochlea. The enhanced central gain seen in the AC could be a neural signature for
hyperacusis. Future human studies that combine electrophysiology and psychophys-
ical estimates of loudness hyperacusis could be conducted to test this model.

1.15 Synopsis

Clinical studies of rheumatoid arthritis led to the discovery that high doses of aspirin/
salicylate could consistently induce tinnitus. Because of the strong cause and effect
relationship, high-dose salicylate has become one of the most widely used tools to
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Fig. 13 Schematic illustrating the change in the 16-kHz sound-evoked BOLD fMRI signal pre-
and post-salicylate. (a) % change in BOLD amplitude in the inferior colliculus was significantly
greater after a high dose of salicylate than pre-salicylates. (b) % change in BOLD amplitude in the
auditory cortex was significantly greater after a high dose of salicylate than pre-salicylates. Note that
the magnitude of the increase was much greater in auditory cortex than inferior colliculus
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develop behavioral models of tinnitus and hyperacusis and to investigate the func-
tional anatomical substrates for tinnitus and hyperacusis. From the behavioral and
neurophysiological results presented here, it is possible to derive a conceptual
understanding of the neurophysiological changes associated with salicylate-induced
tinnitus and hyperacusis. From the resting state ALFF and FC data, it is clear that
aberrant changes in spontaneous neural activity occur in a complex network that
includes not only important regions in the central auditory pathway (AC, MGB, and
IC) but also brain regions involved with multisensory integration (SSC, SC, and
VC), arousal (RF), memory and spatial awareness (HIP), motor planning and control
(CB), and emotion (AMY). The salicylate-induced changes in these regions not only
account for auditory aspects of tinnitus but also the perception of its spatial location,
emotional components, arousal, attention, and integration of auditory percepts with
outer sensory systems. The hearing loss associated with salicylate, like other forms
of sensorineural hearing loss, greatly reduced the neural output of the cochlea. If
these weak neural signals were simply relayed up to the AC, the acoustic signals
would likely be perceived as muffled. Fortunately, the weak signals leaving the
cochlea are progressively amplified as they make their way up to the AC. This serial
amplification process, often referred to as enhanced central gain, is the neural
equivalent of a hearing aid. When the gain is adjusted properly, patients perceive
suprathreshold sounds at the proper loudness, manifested clinically as loudness
recruitment. However, if the gain is excessive, suprathreshold sounds are perceived
much too loud, resulting in loudness intolerance disorders. The fear, annoyance,
arousal, and emotional reaction to tinnitus and hyperacusis likely arise as informa-
tion from the auditory pathway is relayed to other brain regions, most of which form
reciprocal connections with the auditory pathway. While there is considerable
evidence for enhanced central gain following cochlear damage, it remains to be
seen whether it fully accounts for tinnitus or hyperacusis or whether it is an unrelated
epiphenomenon (Sedley 2019).
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Abstract Neuroinflammation is the central nervous system’s response to: injury,
infection, and abnormal neural activity. Inflammatory processes are known to
mediate many diseases, and recently evidence indicates that neuroinflammation
underlies hearing disorders such as presbyacusis, middle-ear disease, ototoxicity,
noise-induced hearing loss, and tinnitus. This chapter provides a review of the role of
neuroinflammation in the etiology and treatment of tinnitus. Specifically, our
research team has demonstrated that both tumor necrosis factor alpha (TNF-α) and
calpain signaling pathways are involved in noise-induced tinnitus and that blocking
them yielded therapeutic effects on tinnitus. Other efforts such as controlling acute
inflammatory response via specialized pro-resolving mediators may help provide
insight into preventing and treating tinnitus-related inflammatory processes.
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1 Introduction

Neuroinflammation is the central nervous system’s response to: injury, infection,
disease, and abnormal neural activity (Shabab et al. 2017). The concept of an
“inflammatopathy” is introduced and defined as a particular clinical etiology,
inflammation, which becomes clinically manifest as a disease or symptom of an
organ system, of which the underlying initiating pathology is “inflammation.”
Tinnitus is the aberrant perception of sound unrelated to an external source of
sound (Shulman and Goldstein 2005) and recently considered to be mediated by
inflammatory processes (Szczepek et al. 2014; Wang et al. 2019). Inflammatory
processes are involved in a wide variety of mental and physical health problems
including addiction (Kohno et al. 2019), schizophrenia (Najjar and Pearlman 2015),
depression (Troubat et al. 2021), dementia (Stefaniak and O'Brien 2016; Schain and
Kreisl 2017), hearing loss (Tan et al. 2013), and tinnitus (Wang et al. 2019).
Inflammation can affect cells within the central nervous system including neurons,
macroglia, and microglia (Shabab et al. 2017). Markers of neuroinflammation
include cytokines, chemokines, and reactive oxygen species. Microglial activation
and the increased expression of cytokines are intended to protect the CNS but
excessive or chronic can lead to pathological changes (Shabab et al. 2017).

In the auditory system inflammation has been associated with presbyacusis
(Watson et al. 2017), middle-ear disease, ototoxicity, noise-induced hearing loss
(Tan et al. 2013), and tinnitus (Wang et al. 2019). Presbyacusis is age related hearing
loss. As we age we are subjective to mild inflammation, arising because of poorer
control or downregulation of proinflammatory proteins (Watson et al. 2017). A
buildup of reactive molecules and pathogen targeting cells damages sensory struc-
tures. Noise-induced hearing loss is also associated with inflammation. Cochlear
pathology following noise depends on the intensity, frequency, and duration of
noise, but can result in damage to a variety of sensory, supporting, and neural cells
(Tan et al. 2013). Acute intense noise exposure (100 dB SPL, 8–16 kHz, 24 h) results
in a rapid (at 6 h post exposure) expression of proinflammatory mediators and
adhesion, followed by recruitment and infiltration of inflammatory cells into the
cochlear from systemic circulation in mice (Tan et al. 2016). Chronic exposure to
moderate noise (90 dB SPL, 8–16 kHz, 2 h per day for 6 weeks) also elicits an
inflammatory response (Tan et al. 2016). Corticosteroids (anti-inflammatory medi-
cations) have been used to successfully treat sudden idiopathic sensory neural
hearing loss (Trune and Canlon 2012). Given the link between hearing loss and
inflammation and hearing loss and tinnitus, a role for inflammation in tinnitus is not
surprising. Neuroinflammation mediates noise-induced synaptic imbalance and tin-
nitus in rodent models (Wang et al. 2019). Wang et al. (2019) studied the role of
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neuroinflammation in tinnitus by examining the pathophysiological changes in the
rodent auditory cortices following noise-induced hearing loss (NIHL). The results
indicated that NIHL is associated with elevated levels of proinflammatory cytokines
and microglial activation in the primary auditory cortex (AI). The genetic knockout
of tumor necrosis factor alpha (TNF-α) or pharmacologically blocking TNF-α
expression prevented neuroinflammation and the behavioral phenotype associated
with tinnitus in mice with NIHL was improved. Infusion of TNF-α into the AI
resulted in behavioral signs of tinnitus in normal hearing wild-type and TNF-α
knockout mice. In mice with NIHL and not tinnitus there was a pharmacological
depletion of microglia. In animals with NIHL the frequency of miniature excitatory
synaptic currents increased and that of miniature inhibitory synaptic currents
decreased in AI pyramidal neurons. This excitatory-to-inhibitory synaptic imbalance
was completely prevented by pharmacological blockade of TNF-α expression.
These results implicate neuroinflammation as a therapeutic target for treating tinnitus
and other hearing loss–related disorders (Wang et al. 2019). The following sections
describe the work in this area in further details.

2 TNF-α Signaling Pathway in Tinnitus

Increasing evidence indicates that noise-induced hearing loss and conductive hear-
ing loss can lead to inflammatory responses in the central auditory pathway
(Fuentes-Santamaria et al. 2014, 2017; Baizer et al. 2015). For example, in a recent
study, monaural exposure to a continuous 8-kHz tone at 112–114 dB SPL for 2 h
(routinely used to introduce tinnitus in rodents) was found to rapidly increase the
expression of proinflammatory cytokines such as TNF-α, IL-1β, and IL-18 (Fig. 1)
(Wang et al. 2019). Along with the increased expression of those proinflammatory
cytokines, microglia were also activated as exemplified by their morphological
transition from ramified to deramified, amoeboid shapes (Wang et al. 2019; Ziebell
and Morganti-Kossmann 2010; Donat et al. 2017; Dang et al. 2016; Hovens et al.
2015). In addition to noise trauma-induced increases in proinflammatory cytokines,
salicylate-induced tinnitus is associated with increased expression of
proinflammatory cytokines and activation of microglia in the central auditory path-
way (Xia et al. 2020; Chen and Zheng 2017; Hwang et al. 2011; Hu et al. 2014).
Neuroinflammatory responses profoundly influence neuronal functions. For exam-
ple, microglia play an important role in neural development, maturation, plasticity,
and aging (Wolf et al. 2017; Salter and Beggs 2014; Allen and Barres 2005).
Proinflammatory cytokines also modulate neuronal functions such as synaptic trans-
mission, plasticity, and membrane excitability (Di Filippo et al. 2008; Stellwagen
and Malenka 2006; Steinmetz and Turrigiano 2010; Stellwagen et al. 2005;
Bellinger et al. 1993). Many of these processes are implicated in tinnitus (Shore
et al. 2016; Roberts et al. 2010), induced by noise trauma or salicylate administra-
tion. The notion that neuroinflammation is involved in tinnitus etiologies is
supported by evidence that three separate manipulations that prevented
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noise-induced neuroinflammation in the auditory cortex – i.e., genetic knockout of
TNF-α, blockade of TNF-α expression by 3,60-dithiothalidomide, and removal of
microglia by CSF1R blocker PLX3397 – all prevented noise-induced tinnitus
assessed with a startle response-based gap detection test and an operant conditioned
based lick suppression test (Wang et al. 2019). For example, administration of
3,60-dithiothalidomide blocked noise-induced TNF-α expression, microglial
deramification, excitation-inhibition synaptic imbalance, and tinnitus (Fig. 2)
(Wang et al. 2019; Gonzalez-Gonzalez and Cazevieille 2020). Administration of
TNF-α blockers also alleviated salicylate-induced tinnitus in mouse models
(Gonzalez-Gonzalez and Cazevieille 2020; Hwang et al. 2017).

In addition to auditory pathologies that mediate tinnitus, several non-auditory
pathologies and health conditions that are known to be associated with
neuroinflammation can increase the risk of tinnitus (Simon et al. 2017; Lew et al.
2007; Calcia et al. 2016; Grippo and Scotti 2013; Mazurek et al. 2015; Isaacson et al.
2003; Walker et al. 2014; Wright and Gullickson 1996; Durai and Searchfield 2016;
Langguth et al. 2011; Popeo et al. 2011; DeLeo and Yezierski 2001; Ellis and
Bennett 2013; Kiguchi et al. 2012). All these diverse non-auditory risk factors
could potentially increase proinflammatory cytokine concentration in the cerebro-
spinal fluid (Bianchi et al. 2007; Levine et al. 1999; Lerman et al. 2016; Juengst et al.
2014), providing a diffusible signal to influence the function of the central auditory
system. We examined whether the infusion of recombinant TNF-α into the right
lateral cerebral ventricle would increase the risk of tinnitus (Deng et al. 2020). We
found that microglial activation and evidence of tinnitus were observed in the
auditory cortex of mice that had received both TNF-α infusion and exposure to an
86-dB noise, but not in mice that had received either TNF-α infusion or noise
exposure alone. These results suggest that disease-related increases in brain
proinflammatory cytokine release could be a risk factor for tinnitus (Fig. 3).

Furthermore, strain differences in immune and neuroinflammatory responses
have been widely reported in common mouse strains (Browne et al. 2012; Perez
et al. 2013; Tacchini-Cottier et al. 2000). For example, the C57BL/6 and the FVB
strains exhibit different immune response profiles, with C57BL/6 mice being Type
1 T helper cell-dominant (Th1-dominant), and FVB mice being Th2-dominant
(Whitehead et al. 2003). Th1 cells promote the secretion of proinflammatory cyto-
kines, and Th2 cells promote the secretion of anti-inflammatory cytokines
(Arumugam et al. 2005). When challenged with experimentally induced stroke
and reperfusion, the two strains showed different profiles of immune cell activation
(Kim et al. 2014). In addition, C57BL/6 mice displayed greater neurological and
motor deficits from the stroke than FVB mice did (Kim et al. 2014). Interestingly,
strain differences were also reported between C57BL/6 and FVB mice in noise-
induced neuroinflammation and tinnitus (Miyakawa et al. 2019; Zinsmaier et al.
2020). Exposure to loud noises resulted in elevated TNF-α expression in the auditory
cortex and evidence of tinnitus in C57BL/6 but not FVB mice (Fig. 4). These results
suggest that genetic variability in immune response profiles contributes to differ-
ences in tinnitus susceptibility.
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Fig. 2 Blocking TNF-α expression prevents cortical synaptic imbalance and behavioral evidence
of tinnitus. Treatment with 3,60-dithiothalidomide (dTT) prevented noise trauma-induced TNF-α
expression (a), microglial deramification (b), inhibitory synaptic reduction (c), and excitatory
synaptic enhancement (d) in the auditory cortex. Treatment with dTT prevented the development
of behavioral evidence of tinnitus following noise trauma (e). Animals’ ability to hear brief tones,
which was measured with prepulse inhibition (PPI), was not altered by noise trauma/dTT treatment
(f). *, ** and *** indicate p< 0.05, p< 0.01 and p< 0.001 respectively. Adapted fromWang et al.
(2019)
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3 Calpain Signaling Pathway in Tinnitus

Calpain is an intracellular calcium activated proteases, which promote the break-
down of cellular proteins, kinases, phosphatases, and transcription factors (Wang
2000). Over activation of calpain is related to numerous neurodegenerative diseases,
impairing brain plasticity, axonal transmission and contributing to necrotic and
apoptotic cell death pathways (Bartus et al. 1995; Goll et al. 1992). As a result,
calpain activation is involved in the process of numerous inflammation-associated
disease (Perrin et al. 2003). Previous studies have demonstrated acoustic

Fig. 3 TNF-α infusion and noise exposure synergistically induce microglial deramification and
tinnitus. (a) Microglial deramification index was enhanced only in mice that had received both
TNF-α infusion and exposure to a moderately loud noise at 86 dB SPL. (b) Animals’ performances
in gap detection before (Day 1) and after (Day 11) noise exposure (Noise), TNF-α infusion (TNF-α)
and combined TNF-α infusion and noise exposure (TNF-α + Noise). Data are presented as mean �
SEM. * indicates p< 0.05, ** p< 0.01 and *** p< 0.005. Gap detection was impaired in mice that
had received combined TNF-α infusion and noise exposure

Fig. 4 Strain differences in noise trauma-induced TNF-α expression and tinnitus. (a) Elevated
TNF-α expression was observed 10 days after noise trauma in C57BL/6 but not FVB mice. (b) Gap
detection was impaired in C57BL/6 mice 2 and 10 days after noise trauma. The same noise trauma
did not significantly alter gap detection performances in FVB mice 2, 10 and 15 days after the
trauma. Adapted from Zinsmaier et al. (2020)
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trauma-induced increases in intracellular calcium concentrations in hair cells
(Bobbin et al. 2003) and calpain immuno-labeling in the sensory epithelium,
suggesting a possible role of calpain in noise-induced cochlear degeneration
(Wang et al. 1999). Thus downregulating or blocking calpain signaling was sought
to mitigate trauma-induced cochlear or brain pathology. Gabadur, one of many
calpain blockers, is composed of calpain inhibitor leupeptin (Acetyl-L-leucyl-L-
leucyl-L–argininal) linked to pregabalin S-isomer analog to facilitate permeability
(Dugue et al. 2018). It has been previously reported that, immediately after cortical
impact injury, a single dose of gabadur administration significantly decreased
neurodegeneration at 48 h post traumatic brain (TBI) injury (Hassen et al. 2018),
which supports the notion that gabadur’s protease inhibitor activity contributes to the
neuroprotective effect. In addition, local infusion of leupeptin in the inner ear could
significantly reduce the sensory cells loss after acoustic trauma (Wang et al. 1999).
At the same time, many lines of evidence indicate that acoustic trauma and TBI are
related to tinnitus (Dugue et al. 2018; Norena 2015). Thus, we hypothesize that the
calpain mediates the etiology of tinnitus, and calpain inhibitors suppress tinnitus by
attenuating calcium over activation and neuroinflammation after noise trauma.

To assess the gabadur’s therapeutic effects on noise-induced tinnitus, 22 adult
male Sprague Dawley rats (age ¼ 110 days old, BW ¼ 250–300 g) were purchased
from Charles River Laboratories (Wilmington, MA). Rats were divided in three
groups. Five rats were administrated with gabadur after noise exposure, 10 rats were
administrated with PBS after noise exposure, and 7 rats received PBS treatment but
no noise exposure (control group). All rats’ tinnitus status was behaviorally assessed
using our optimized conditioned licking suppression paradigm before and after noise
exposure and continued for 5 days after drug administration (Pace et al. 2016). The
details of the behavioral testing using the conditioned licking suppression paradigm
were described in our previous report (Pace et al. 2016), in which animals were
trained to lick waterspout during sound presence and tested for tinnitus during
silence after tinnitus induction with noise trauma. The increased number of licks
during silence indicates presence of tinnitus behavior. All procedures were approved
by the Institutional Animal Care and Use Committee at Wayne State University and
were in accordance with the regulations of the Federal Animal Welfare Act. In the
gabadur treatment group, 3 weeks after noise exposure, the rats showed the chronic
tinnitus behavior, as demonstrated by increased number of licks of waterspout
during silence tests. During the continuous 5 days of gabadur administration, the
licking rates during silent trials at 6–8, 10–12, or 14–16 kHz decreased compared to
the pre-drug-injection period (Pre-inj), by the second day of gabadur injection. Their
licking rates fell to 1 licks/per trial or below, which was considered negative tinnitus
behavior. For silent trials at 22–24 or 30–32 kHz (Fig. 5), the overall licking rates
only decreased to tinnitus negative levels by the fifth day of gabadur injection. Such
results indicated tinnitus suppression with gabadur treatment, although with different
effects at different frequency bands and different time windows.

In the PBS treatment and control groups, three rats showed chronic tinnitus
behavior 3 weeks after noise exposure, with 5 days of PBS injections. The licking
rates at all frequency bands did not consistently decrease relative to the pre-injection
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(Pre-Inj) time point. This indicated that PBS injections alone did not have a thera-
peutic effect on the tinnitus behavior. Seven rats showed negative tinnitus behavior
3 weeks after noise exposure. After 5 days of PBS injection, the licking rates at all
frequency bands remained the same level compared to the pre-injection period. In
the control group with PBS injections, the average licks/sound trials at all frequency
bands remained the same level at all testing time points, indicating no tinnitus
behavior (Fig. 6).

The above results demonstrated that 5 days of gabadur administration induced
tinnitus suppression at all testing frequency bands, suggesting that calpain is inti-
mately involved in the etiology of tinnitus. First of all, calpains have been proposed
to influence inflammatory processes via a variety of mechanisms (Ruetten and
Thiemermann 1997; Cuzzocrea et al. 2000). Increasing evidence suggests that
noise-induced hearing loss and conductive hearing loss can trigger inflammatory
responses along the central auditory pathways (Fuentes-Santamaria et al. 2014,
2017; Baizer et al. 2015), and that altering trauma-related maladaptive plasticity
could suppress noise-induced tinnitus with anti-inflammatory responses (Wang et al.

Fig. 5 Behavioral evidence of gabadur-suppressed noise-induced tinnitus. Behavioral testing
results from 5 rats with chronic tinnitus after noise exposure. After gabadur administration, at
6–8, 10–12 and 14–16 kHz testing regions, licking rates significant decreased at second day after; at
22–24 and 30–32 kHz testing regions, licking rates decreased at day 5

Neuroinflammation and Tinnitus 169



2019). With the administration of a calpain inhibitor, the inflammatory responses
related to the tinnitus generation could have been reset, and the noise-induced
tinnitus suppression initiated. Considering the fact that noise trauma results in
substantial increase in calpain immunostaining in the organ of Corti (Hamernik
et al. 1984) and that calpain inhibitor (leupeptin) reduces the amount of hair cell
loss after noise trauma (Wang et al. 1999), the currently induced tinnitus suppression
may result from rescuing cells in the organ of Corti from noise-trauma-induced
injury. The mitigation of the noise-trauma-induced peripheral deafferentation could
have dampened the abnormally elevated central activity in the auditory brain, which
has been considered to be the etiology of tinnitus. In future studies, there is a need to
document the pathophysiological changes at both the cochlea and auditory brain
structures. In addition, it is unclear how gabadur plays a role in both sensory and/or
supporting cells. Based on the results, the suppression tinnitus at low and middle
frequencies occurred at the second day after gabadur administration, whereas sup-
pression of tinnitus at high frequency regions occurred at the fifth day after gabadur
administration. These differential results suggest that the sensory or supporting cells
along with their innovating auditory nerves at different frequency regions

Fig. 6 Behavioral results from 4 groups. Behavioral data from the rats with chronic tinnitus
(indicated by average licks/trial above the gray area in at least 1, silent trial category). The rats (T
+Gab) were treated with gabadur, their licking rates fell to 1 licks/trial or below, which was
considered tinnitus negative behavior. The tinnitus positive rats (T+PBS) treated with PBS
remained same licking rates. The tinnitus negative rats treated with PBS (T-PBS) and control rats
treated with PBS (Ctrl PBS) remained within the shaded area at all time points, indicating a lack of
tinnitus behavior
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differentially benefit from the calpain inhibition with different time courses follow-
ing gabadur administration.

In addition to the peripheral mechanisms that possibly underlie the gabadur-
induced tinnitus suppression in our rat model, the results are reminiscent of the
notion that tinnitus results from trauma-related maladaptive plasticity changes
(Norena 2015; Llinas et al. 2005). It has been previously reported that TBI causes
tinnitus by altering neural activity at the cortical and subcortical levels (Jury and
Flynn 2001), which suggests that there is a correlation between TBI-related plasticity
changes and tinnitus. Indeed, a single dose of gabadur has been previously proved to
have therapeutic effects on TBI at 48 h post-TBI by reducing the calpain-2 level in
the injured brain hemisphere (Dugue et al. 2018). Thus, there was a possibility that
the gabadur’s therapeutic effect on tinnitus was due to reset or attenuation of calpain-
mediated central maladaptive plasticity.

Among numerous and complex underlying mechanisms of tinnitus,
neuroinflammation is an important one that causes disruption of the homeostasis at
molecular signaling, synaptic, cellular, systemic, and behavioral levels that mediate
tinnitus. Blocking or regulating certain neuroinflammatory processes may have reset
or attenuate the etiologies of tinnitus. Among numerous inflammatory processes, we
have found that both TNF- α and calpain signaling pathways play important but
different roles in the etiologies of tinnitus. Continued success in the effective
downregulation of TNF- α and/or calpain signaling pathways may help identify
reliable pharmacological solutions for treating tinnitus. In addition, efforts in con-
trolling acute inflammatory response may have further potentials in elucidating the
mechanism underlying tinnitus and in the development of effective treatments. The
mechanisms that control the resolution of acute inflammation include specialized
pro-resolving mediators (SPMs), lipoxins, resolvins, protectins, and maresins, which
provide insight into preventing and treating inflammatory processes (Serhan and
Levy 2018) that possibly involve tinnitus.
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Abstract Tinnitus is a common symptom of a phantom sound perception with a
considerable socioeconomic impact. Tinnitus pathophysiology is enigmatic and its
significant heterogeneity reflects a wide spectrum of clinical manifestations, severity
and annoyance among tinnitus sufferers. Although several interventions have been
suggested, currently there is no universally accepted treatment. Moreover, there is no
well-established correlation between tinnitus features or patients’ characteristics and
projection of treatment response. At the clinical level, this practically means that
selection of treatment is not based on expected outcomes for the particular patient.

The complexity of tinnitus and lack of well-adapted prognostic factors for
treatment selection highlight a potential role for a decision support system (DSS).
A DSS is an informative system, based on big data that aims to facilitate decision-
making based on: specific rules, retrospective data reflecting results, patient profiling
and predictive models. Therefore, it can use algorithms evaluating numerous param-
eters and indicate the weight of their contribution to the final outcome. This means
that DSS can provide additional information, exceeding the typical questions of
superiority of one treatment versus another, commonly addressed in literature.

The development of a DSS for tinnitus treatment selection will make use of an
underlying database consisting of medical, epidemiological, audiological, electro-
physiological, genetic and tinnitus subtyping data. Algorithms will be developed
with the use of machine learning and data mining techniques. Based on the profile
features identified as prognostic these algorithms will be able to suggest whether
additional examinations are needed for a robust result as well as which treatment or
combination of treatments is optimal for every patient in a personalized level.

In this manuscript we carefully define the conceptual basis for a tinnitus treatment
selection DSS. We describe the big data set and the knowledge base on which the
DSS will be based and the algorithms that will be used for prognosis and treatment
selection.

Keywords Big data · Clinical decision support system · Personalized treatment ·
Tinnitus

1 Introduction

Tinnitus is defined as the conscious awareness of a tonal or composite noise for
which there is no identifiable corresponding external acoustic source (De Ridder
et al. 2021). In many cases it is associated with emotional distress, cognitive
dysfunction, or autonomic arousal and can lead to behavioural changes and func-
tional disability (Langguth et al. 2013). Tinnitus has a high prevalence in western
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societies and is currently considered as a complex chronic disorder which can be
caused by genetic or environmental factors or combinations of such factors
(Cederroth et al. 2019). While tinnitus can be well tolerated by some individuals,
it can cause levels of annoyance, significant impairment and severe impact on the
quality of life in other affected individuals. Therefore, any clinical approach and
decision-making developed to support tinnitus treatment should take into account
the individual patient’s reaction to tinnitus.

At the moment, a wide range of therapeutic interventions exist, some of which
have been partly successful in some groups of patients. However, no optimal and
universal tinnitus treatment has been reached yet. Existing tinnitus interventions
include, but are not limited to, sound amplification via hearing aids, restoration of
hearing by cochlear implants, different forms of sound therapy, various psycholog-
ical interventions, magnetic and electrical stimulation of the brain or nerves, phys-
iotherapy and a wide variety of different drugs, which are used off-label (Cima et al.
2019). Cognitive behavioural therapy (CBT) has also been repeatedly shown to
reduce the psychological distress caused by the tinnitus.

Despite the existence of this range of interventions, it should be noted that none of
them reliably reduces the loudness of the tinnitus. In recent years, new, innovative
and improved treatments have been developed, showing promising results in sub-
groups of patients. There is a pattern across the tinnitus literature, in which a varying
subgroup of responders is found in most studies. These responders show a clinical
meaningful improvement as response to a particular treatment, which can also last
until the follow-up measurement point, while the non-responders are not showing
any clinical meaningful improvement (Elgoyhen et al. 2015). Therefore, it has been
postulated that tinnitus is a heterogeneous condition. It is assumed that there exist
different forms of tinnitus that differ in their pathophysiology and in their response to
a given treatment. This is in accordance with the clinical experience of practitioners
who treat chronic tinnitus patients: in many cases, patients are trying different
treatment approaches, one after the other, with the hope to finally find the treatment
that helps in this individual case (Cima et al. 2020; Sanchez et al. 2020; Simões et al.
2019; El-Shunnar et al. 2011). A recent analysis by Simoes and colleagues showed
that chronic tinnitus patients at the University of Regensburg try on average three
different treatments (mean 3.0, standard deviation 2.6, (Simões et al. 2019)). A
recent analysis of survey data from more than 5,000 patients revealed that responders
to different treatments differ from each other in clinical characteristics, underscoring
the relevance of tinnitus subtyping for treatment selection (Simões et al. 2019).

The current trial-and-error approach causes large costs for the health system and
the patients and increases the waiting list in the specialized tinnitus clinics and the
time patients need to invest for clinical interventions. To address this, we are
developing an approach based on data analytics and decision support technology.
The core idea of our approach is the development of a decision support system
which, based on the analysis of individual patient data available from large database
of chronic tinnitus patients, will be able to predict the best treatment for the
individual patient. Such a decision support system can be used to help the medical
experts in the decision-making process to find the best treatment or best combination
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of treatments for individual patient (personalized treatment). However, a decision
support system is only helpful for daily clinical routine if it is designed in a way that
it can be easily integrated in the clinical workflow and helps the physician to make
informed decisions. Likewise, big data is not necessarily big information unless the
data set is sampled well to cover a representative patient group and the data is
collected with high data quality. In the following sections, we are discussing the
underlying idea and most important requirements for a decision support system in
order to be of benefit for the treatment of tinnitus.

2 Decision Support System

In general, decision support systems are information systems that support the
decision-making process in situations with complex, unstructured or rapidly chang-
ing decision problems. Such decision support systems can be fully computerized,
fully human-powered or a mixture of both. In the field of tinnitus research, with the
large heterogeneity of tinnitus subtypes, multiple possible aetiologies of tinnitus and
complex interactions between them, we hypothesize that a decision support system
could improve the clinical care of tinnitus patients by providing the physician with
data-driven and knowledge-driven suggestions for the best treatment, or combina-
tion of treatments, for the individual patient. In the ideal case, the medical suggestion
is based on two pillars: a large and high-quality database of similar tinnitus patients
and a knowledge base with reliable scientific knowledge.

A clinical decision support system should be a user-friendly platform that informs
the clinician which intervention or combination of interventions is the most suitable
for a particular patient with respect to efficacy and tolerability. Suggestions are made
based on patient’s medical history, audiological findings, socioeconomic back-
ground and tinnitus features. In case of insufficient data of a given patient to make
an informed decision, the clinical decision support system should propose appropri-
ate additional diagnostic tests for the patient. The system should enable the specifi-
cation of high-level data analysis processes, which will be associated with a dynamic
decision-making process and the criteria for making alternative decisions based on
the outcomes of these processes. They should be automatically updated and realized
by the Decision Support System. The execution of the decision-making model
incorporating them, along with different datasets is enabled by the processes’
specifications. This capability will allow for the realization of continually and
automatically updateable intervention-related decision-making models. In order to
meet these goals, a decision support system for the clinical use should meet the
requirements outlined in Table 1.
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Table 1 Requirements for the clinical decision support system for tinnitus

No. Decision support system requirements (DSSREQ)

DSSREQ
1

Individual patient data can be entered, including but not limited to the medical
history, demographical data, clinical examination about the tinnitus, audiogram,
regular medication, genetics and biomarkers, electrophysiological data, brain scans,
current and previous treatments and the respective treatment outcome

DSSREQ
2

The decision support system will be able to suggest an optimal (combination of)
treatment(s) for an individual patient, in dependence of the available data for this
patient.
For this process it is not relevant whether a therapeutic option is in general better
than another one – the decision support system rather suggests the best treatment for
the given individual.
In case that the system requires additional information of a patient in order to
propose a treatment, it informs which additional tests should be performed.

DSSREQ
3

A patient dashboard displays all the available data of the individual patient, which
are taken into account when suggesting the optimal treatment (DSSREQ2). The only
data of the patients that are used by the algorithm are those displayed in the
dashboard. This is to ensure that the tinnitus expert in charge has a clear overview of
the data that is used for the treatment suggestion.

DSSREQ
4

The individual data can be exported in a CSV format to make it available for further
and additional analysis outside of the decision support system

DSSREQ
5

To ensure reliable use in the clinical context, the system should be operable and
available daily without interruptions, fault-tolerant to enable continuous operation
and fully recoverable in case of system failure

DSSREQ
6

The data handling of the decision support system should be fully compliant with the
general data protection regulations (GDPR) by using pseudonymized data and
encryption of personal data. The ongoing confidentiality, integrity, availability and
resilience of processing systems and services should be ensured. Further require-
ments are the ability to restore the access to personal data in a timely manner in the
event of a physical or technical incident, the support of a role-based access control,
the anonymization of the data in case of data transmission or data export. The
patients’ right to be forgotten has to be implemented, the system should follow the
data minimization principle, support the territorial identification of data controllers,
monitor data breach and send automated notifications to the responsible data
protection officer in case of data breach

DSSREQ
7

To enable data security and integrity, the system shall provide authenticated access
for all users, all users shall treat the data with confidentiality and not share them
without the patients’ approval. All users shall be accountable for the correct usage of
the system and their activity is recorded in the logs of the system. The system shall
follow a modular approach to increase fault tolerance and recovery, and it shall be
modifiable according to user feedback, and easily replaceable and portable. All data
shall be backed up daily and system recovery should be possible after unplanned
system downtime within two working days maximum

DSSREQ
8

In order to enable further tinnitus research with the increasing database, the system
shall collect and store the consent of the individual patient, allowing the usage of the
anonymized data for scientific purposes. This shall be realized by an online consent
form, developed on opt-in principle, so without pre-ticked boxes, not bundled with
other agreement: Participants are informed that they have the right to withdraw
consent at any time but that this will not affect the lawfulness of processing based on
consent before its withdrawal
The anonymized data can be exported for scientific purposes in machine-readable

(continued)
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2.1 Requirements for the Underlying Database

To ensure effective usage, the decision support system must build upon an existing
database, the processes and the profile of the respective clinical centre it is installed
at, and at the same time exploit the body of knowledge contributed by other centres
that are contributing data to the common data repository. Sharing data and models is
mission-critical for sharing data and models in scientific research, and provenance
must be similarly granted when the latest scientific advances from a Randomized
Clinical Trial flow into personalized treatment choice inside a clinical centre.

In their recent work on the role of provenance for collaborative in silico scientific
research, Jandre and colleagues (Jandre et al. 2020) introduce a taxonomy of
collaboration for scientific research and highlight the role of sharing, whereby they
distinguish between sharing data and sharing models. Among the systems they
inspected 13 out of 18 do support sharing of “data and models”, cf. Table 2 on
‘Aspects of Collaboration in the surveyed Approaches’. Many of these systems
feature a centralized database and thus an agreed-upon schema over the data.

We also anticipate a centralized database and derive a set of requirements for
it. At the same time, we recognize that participating clinical centres might use
different schemata for their clinical workflows, so that next to the access to the
centralized database, further requirements concerning ‘data and model’ sharing must
be specified and satisfied.

The challenge of model sharing is further exacerbated by two further facts. First,
the patient populations are likely to differ among the centres. Moreover, each centre
is likely to concentrate on different symptoms and outcomes of interest.

Hence, the challenges of sharing inside the decision support system led to several
requirements towards the centres who want to incorporate the decision support
system into their existing clinical workflows that are described in Table 2.

Table 1 (continued)

No. Decision support system requirements (DSSREQ)

format (e.g. CSV) and filtered prior to data export based on the consent given by the
patients

DSSREQ
9

In order to increase usability, the decision support system shall be configurable and
localizable for each user, shall be easy to learn and easy to use, shall provide
attractive and stimulating interfaces, adopt common standards and ensure compat-
ibility and interoperability with other systems, and provide an appropriate error
handling system.
Furthermore, it shall maintain system logs that enable the administrators to check
major functional and non-functional aspects and analyse problems, issues, failures,
inconsistencies, time behaviour and resource utilization.

DSSREQ
10

The DSS may have too little data to make suggestions for a given patient. If this is
the case, the DSS should indicate its uncertainty in what it suggests as ‘optimal’

DSSREQ 1–4 are functional requirements. DSSREQ 5–9 are non-functional requirements
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2.2 Requirements for the Underlying Knowledge Base

The decision support system derives the suggested optimal treatment strategy based
on the individual data of the chronic tinnitus patient, already existing data from the
database and already existing scientific knowledge. For the existing scientific
knowledge, it is important that the knowledge is highly reliable and based on
multiple evidence. Therefore, we propose certain requirements, which are outlined
in Table 3.

Table 2 Requirements for the database underlying the clinical decision support system

No. Database requirements (DBREQ)

DBREQ
1

Legal agreement for data sharing among the participating clinical centres

DBREQ
2

Unique patient ID, allowing that all information appertaining to the same patient,
including multiple treatments at different timepoints, as well as mHealth recordings
if any, are linked to the same individual

DBREQ
3

Provenance for sharing of classifiers and regressors for single-output and multi-
output learning (for multiple outcomes of interest)

DBREQ
4

Import/export utilities for data and for models

DBREQ
5

Machine learning algorithms for model transfer (a) from the database to the clinical
centre and (b) from one centre to another while taking account of
• discrepancies in the feature spaces
• discrepancies in the data distributions

DBREQ
6

Next to requirements for sharing, the centralized database must satisfy further
requirements, namely: Solution to following data heterogeneity issues
• large spectrum of medical data
• both cross-sectional and longitudinal data, including screening, baseline, visits
during treatment, visit after treatment, follow-up visits
• data on as many types of tinnitus as possible to cover the heterogeneity of tinnitus
• data on different outcomes of interest, including, e.g. mental health indicators

DBREQ
7

High quality data, meaning data that is reliable and valid and has been recorded
according to the current international standards of tinnitus research and with a low
number of missing values.

DBREQ
8

Machine learning algorithms for outlier handling, whereby the term “outlier” needs
to be formalized

DBREQ
9

Protocol for expansion of the database: As new patients are treated, some of them
may be included into the database, while others may not, e.g. because of data quality
issues or because of data protection constraints

DBREQ
10

Machine learning algorithms for adaptation of the models over the expanding
database

Requirements DBREQ3, DBREQ5, DBREQ8 and DBREQ10, which concern algorithms
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2.3 Requirements for the Algorithms

The algorithms underlying the decision support system will encompass models
learned on the original data of the clinical centre and models learned on the data
of the centralized database, and thus demands (a) algorithms that deliver these
models and (b) algorithms that support the requirements towards the centralized
database, cf. Sect. 2.2. As pointed out in Sect. 2.2, a major challenge to be solved at
algorithmic level is the inherent disagreement between the data, models and out-
comes in the centralized database and those in the clinical procedures of the centres
involved. This challenge translates into the need for solutions to following require-
ments outlined in Table 4.

3 Decision Support System Within the UNITI Project

Research on decision support systems in the field of tinnitus is still in its infancy.
With the EU-funded project ‘Unification of treatments and interventions for tinnitus
patients’ (UNITI, (Schlee et al. 2021)) a first project on this topic was started in 2020.
In this chapter, we describe the decision support within the UNITI project in more
detail, which builds on the requirements outlined above.

In general, the utilization of decision support systems in clinical practice can
reduce human cognitive deficiencies by integrating various sources of information,
providing intelligent access to relevant knowledge and supporting the decision-
making process. These systems are intended for assisting clinicians to overcome
their knowledge limits and stand out for their ability to combine and factor multiple
items of patient data in Dumitrescu Peculea and Ion Chitescu (2015). The promised
benefits of clinical decision support systems rest in large part on their ability to use
patient-specific data, learn by a large training dataset and, finally, provide personal-
ized recommendations for care, by turning health observations into health

Table 3 Requirements for algorithms underlying for the data models of the clinical decision
support system

No. Requirements for the knowledge base (KNOREQ)

KNOREQ
1

The knowledge base for the decision support system should be based on reliable
scientific knowledge that is based on aggregated information of high methodolog-
ical quality such as Cochrane reviews or clinical guidelines

KNOREQ
2

The clinician should be informed about which scientific knowledge has been used
for the suggested decision. For each individualized decision, that is based on
information from the knowledge base, the system should show the respective
scientific reference – but not a long and exhaustive list of the entire knowledge base
in the system

KNOREQ
3

The reference to the original scientific literature should be available and easily
retrievable by the clinicians. This should allow quick cross-checks by the clinician
and also encourage further reading and education
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knowledge (Kanatas et al. 2020). In other words, the clinical decision support system
mimics the decision-making of an experienced and knowledgeable clinician with the
difference that the information on which the decision is based is much larger than the
number of patients that an experienced clinical expert can see in their lifetime.

The decision-making to manage and follow up the tinnitus patients is complex.
There are a lot of tinnitus characteristics and different therapy care plans and
guidelines to manage different individuals. This adds a high complexity and requires
an active knowledge system in order to aid decision makers in the optimum option.
The implementation of a decision support system will be designed to help experts in
the tinnitus field to alleviate this problem, as it can provide timely information for the
optimal treatment in an individualized level and out of the range of universally
accepted treatments.

The EU project UNITI will develop a decision support system, which can process
data from various heterogeneous sources, obtained statically or dynamically from
systems monitoring lifestyles and behaviours of tinnitus affected chronic patients,
bringing an advanced technologically and effective solution (Fig. 1). More

Table 4 Requirements for algorithms underlying for the data models of the clinical decision
support system

No. Requirements of the algorithms (ALGREQ)

ALGREQ
1

Management of missing values in an expert-approved way: Missing values emerge
traditionally when questionnaire items are not filled by a patient; the use of different
questionnaires leads, additionally, to systematic patterns of missingness, since each
centre uses partially different questionnaires

ALGREQ
2

Identification of outliers, respectively quantification of what an outlier is, since in
the context of a decision support system no patient is an outlier, but some patients
may be so different from any other that no recommendations can be reliably done
[refines DBREQ8]

ALGREQ
3

Quantification of the uncertainty of each model with respect to each treatment and to
each outcome of interest, covering multiple outcomes of interest as multi-targets
[complements DBREQ3]

ALGREQ
4

Exploitation of models learned in the centralized database and applied in each
centre, since there are discrepancies between centralized database and centres with
respect to feature space, data distribution and outcomes of interest [corresponds to
DBREQ5]

ALGREQ
5

Learning on few data – models should achieve high prediction quality without
demanding data that are too expensive to acquire; such algorithms also deliver a
partial solution to the problem of systematic data missingness (cf. ALG1)

ALGREQ
6

Model adaptation, since the centralized database may grow with additional patient
data from questionnaires and assessments, while the data distribution may change
with or without effect on the targets [refines DBREQ10]

ALGREQ
7

The model induced for the formulations of suggestions must be explainable in the
original feature space of questionnaires and assessments

ALGREQ
8

Models should be easy to query and should deliver answers without much waiting
time in order to be of practical use for the clinical context

ALGREQ
9

Detection of low-quality data, e.g. typos and answers that are out of range, as well as
detection of potential fraud and appropriate handling of the data in this case
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specifically, UNITI’s decision support system will integrate epidemiological, clini-
cal (e.g., tinnitus characteristics), and medical history data, along with more spe-
cialized data, if needed. Within this context, the decision support system will
propose a set of additional specialized diagnostic tests, which can be electrophysi-
ological measurements or genetic tests, if they are deemed essential according to the
individual patient’s profile. Last but not least, the decision support system will
incorporate the patient’s responses to the tinnitus clinical questionnaires, collected
through dedicated mobile apps. These aforementioned data types will be gathered
during the randomized clinical trial (RCT) which will be conducted during the
UNITI project. All these collected data will contribute in creating a well-rounded
patient profile and will be utilized in the analysis of the effects arising from
the adoption of specific treatments to specific individuals. Therefore, UNITI aims
to the development of such a decision support system which takes into consideration
the wider profile of each individual end-user. The latter will enable the developed
system to reason and identify treatments with poor results and adapt the relevant
decision-making process according to an individual’s profile, proposing the optimal
treatment combination therapies for them.

The development of a fully functional decision support system at the end of the
project will contribute to address some major issues preventing clinicians and
researchers from obtaining a universal tinnitus treatment. These issues are briefed
subsequently.

• The inclusion of prior (clinical) knowledge on discovery learning: decision
support systems’ relevance to theoretical and technical issues is a prominent
factor in order to support the enhanced decision-making. The existing knowledge
derived from the clinical guidelines and systematic reviews is also necessary to
address the research question which is the optimal personalized treatment.
UNITI’s decision support system will be informed by the relevant literature on
tinnitus management. Theory validation will be carefully addressed in the deci-
sion support system, enabling improvements in decision-making.

– Intelligent Data Mining and Analysis: Improved data accessibility is often a
major motivation for building a data-driven decision support system. Advo-
cates of building data warehouses identify the possibility of more and better
statistical analysis that can improve decision-making. The UNITI consortium
has already stored more than 10,000 patient records in different databases. All
these records will be anonymized and unified according to an enhanced
database schema. Patients’ data will be stored via user-friendly interfaces,
facilitating quick, reliable, and guided data entry, providing error-pruning
mechanisms. The decision support system aims at empowering new users to
use data analysis effectively, starting with basic recommendations, through
providing interactive assistance, and eventually giving contextual support also
in the scope of a problem domain (http://www.salientworks.com/blog/2016/4/
29/analysis-decision-support. Moreover, they can go further by enabling new
analysis scenarios beyond the original configuration of an individual working
with a dataset.
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• Personalized tinnitus treatment: UNITI’s decision support system will be based
on patient’s medical profile data (medical history, questionnaires responses,
epidemiological data) and will generate, through a personalized user-friendly
wizard, suggestions of the minimum required examinations necessary for
the optimum treatment selection. The decision support system results will retrofit
the predictive model to enhance the accuracy of the suggested treatments. Hence,
the decision support system will contribute in shedding light on the heterogeneity
of the tinnitus disease and in defining some certain tinnitus patients’ groups
(clusters). Moreover, the methodology of determining clear and quantitative
therapeutic targets and outcome measures will be enhanced.

• Patients explicit inclusion criteria: All possible measures will be taken to ensure
there is no discrimination or harm from the recruitment, exclusion or inclusion
process. Specifically, UNITI project will adopt a non-discrimination policy in the
recruitment, which means that all tinnitus patients will be included whether they
are people with bothersome tinnitus or people with non-bothersome tinnitus.
Having data from the full range of patients’ tinnitus will lead to better decision
support system training, which brings about more accurate personalized
recommendations.

Conforming to GDPR, privacy and security requirements, such as privacy by
design, user group access control, secure transmission channels, and anonymization
prior to the unified data collection, will be adopted for transmitting and handling the
data in the various layers of the UNITI platform.

4 Privacy and Ethical Concerns

The UNITI database will include different types of personal and clinical data the
maintenance and use of which will need to be compliant with the General Data
Protection Regulation (GDPR). Also, the use of decision support technology and the
artificial intelligence (AI) for tinnitus treatment selection, based on the analysis of
the underlying data can raise concerns in reference to the ethical AI directive. To
address these, the design and development of the UNITI database will make use of
different security and privacy control mechanisms, including pseudo-
anonymization, outlier analysis, and continuous assurance.

Pseudo-anonymization will involve the substitution of data elements that can lead
to the direct identification of individual patients, such as patient names and medical
record numbers. Such items will be replaced with a sequence of successive pseudo-
identifiers and an encrypted association system between these pseudo-identifiers that
will make it impossible for any individual user of the system (other than the clinician
in charge of the treatment of an individual patient) to establish a patient’s real
identifier through the information available to him/her. Also, data items that can
indirectly identify individual patients (quasi-identifiers) will be substituted for with
pseudo-identifiers and items that can lead to indirect identification (e.g., data of
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birth) will be partially removed as necessary to remove the possibility of direct
identification (e.g., maintain only the year of a date of birth). A range of alternative
techniques depending on the type of the particular data element will be used for this
purpose, including data masking (e.g., removing data or part of data) and general-
ization (e.g., replacing years of age with age ranges). Pseudo-anonymization,
through partial information removal and generalization will be done automatically
in order to ensure that it is effective, given the entire data set at different instances of
time. Before analysis of the data, all quasi-identifiers will be replaced by random
numbers. This data anonymization procedure will be part of a continuous security
and privacy assurance approach that will be used at all levels of the database, data
analysis and decision support system. In this approach, a range of continuous system
vulnerability analysis, penetration testing, and continuous runtime monitoring will
be used to provide a continuous and multi-faceted assessment of the security and
privacy posture of the UNITI system. Continuous monitoring of data access requests
and instances of automated processing upon individual patient data that led to
treatment decisions for the respective patients will be necessary in order to respond
to GDPR requests.

5 Summary

The challenge of finding a treatment for chronic tinnitus is in large parts character-
ized by the challenge of dealing with the heterogeneity of tinnitus. There are multiple
causes for tinnitus, multiple aetiologies exist, and the treatment of the chronic
tinnitus patient needs to be tailored to the individual clinical case. Depending on
the individual clinical case, a single treatment or a combination of treatments may be
optimal.

Here, we suggest a new approach that takes advantage of big data and data
analysis to develop a decision support system that helps the clinician in making
the best treatment decision for the individual patient. Such a decision support system
is expected to (1) identify factors that could predict treatment outcome and facilitate
treatment selection, (2) identify patterns of response and rules (e.g., patients with
hearing loss below a certain limit are better candidates for a certain treatment or
females with recent onset for another, (3) identify a set of parameters (rather than
one) that are important for treatment selection and projection of treatment outcomes,
(4) weight the contribution of each one of the parameters (some could be important
for certain profiles and some for other profiles), and (5) provide suggestions for a
personalized treatment protocol in a meaningful, practical and implementable way.

It has to be said here that such a DSS comes with the limitation that it can only
suggest therapeutic interventions, or combinations of interventions, where enough
clinical data is already available. Therapeutic interventions that are new and inno-
vative can only be suggested by the system as soon as there is a critical amount of
data about this intervention available in the database. Such a system is therefore
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conservative by nature. This is an important limitation that should be kept in mind by
the professionals that are using the system in their clinical routine.
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Abstract Tinnitus is a common symptom for which there is in most cases no causal
therapy. The search for an improvement of tinnitus through pharmacological inter-
ventions has a long tradition. The observation that tinnitus can be transiently
suppressed by the use of lidocaine has shown that the symptom is susceptible to
pharmacotherapy. So far, however, no medication has been found for either acute or
chronic subjective tinnitus that reliably leads to a long-term reduction or even
complete disappearance of the symptom for the majority of tinnitus sufferers.
Nevertheless, in everyday clinical life, drugs are frequently used, usually off-label,
to relieve tinnitus or tinnitus-associated symptoms (e.g. sleep disturbance, depres-
sion, anxiety disorder or hearing loss). This chapter shows the different approaches
to acute and chronic subjective tinnitus by means of pharmacotherapeutic interven-
tions. Furthermore, this review reports on the scientific studies carried out in this area
in recent years and explains the difficulties in finding a suitable medication for most
forms of tinnitus. In addition, it reports on the pharmacotherapeutic options for
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objective tinnitus and describes the development of tinnitus as a side effect of certain
drugs. Finally, possible target structures are mentioned, which should possibly be
addressed in pharmacological studies in the near future.

Keywords Acute tinnitus · Chronic tinnitus · Drug therapy · Local · Objective
tinnitus · Pharmacology · Subjective tinnitus · Systemic

Abbreviations

ACE Angiotensin-converting enzyme
AMPA α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
BT Botulinum toxin
EMA European Medicines Agency
FDA US Food and Drug Administration
GABA Gamma aminobutyric acid
GABAA Gamma aminobutyric acid type A
HMG-CoA 3-Hydroxy-3-methylglutaryl-coenzym-A
MEM Middle ear myoclonus
NAC n-Acetyl-l-cysteine
NMDA n-Methyl-d-aspartate
NSAID Non-steroidal anti-inflammatory drug
PM Palatal myoclonus
SM Stapedial myoclonus
SNRI Serotonin-norepinephrine reuptake inhibitor
SSRI Selective serotonin reuptake inhibitor
TCA Tricyclic antidepressants
THI Tinnitus Handicap Inventory
TTM Tensor tympani muscle
TVP Tensor veli palatini

1 Introduction

Currently no drug has been approved by the Food and Drug Administration (FDA)
or the European Medicines Agency (EMA) for the treatment of tinnitus. At the same
time, the majority of tinnitus patients would welcome a drug treatment for their
tinnitus (Tyler 2012). Fifty-two percent of all patients would be very likely to try
medication if it would offer tinnitus loudness and annoyance reduction of a half,
rising to 62% if it would offer the chance of complete elimination of the percept.
Obviously, there is a huge discrepancy between available evidence-based drug
treatments and the patients’ need. Thus, the question arises why there are no
effective drug treatments for tinnitus available. In principle, there are two
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possibilities: Either tinnitus cannot be pharmacologically targeted or tinnitus is
amenable to pharmacological treatment, but the right compound has not yet been
identified.

Current pathophysiological models of tinnitus all converge in the assumption that
tinnitus results from alterations of neuronal activity in the central nervous system.
This implies that tinnitus can be pharmacologically assessed and treated. Further
proof for this assumption is the transient dose-dependent reduction of tinnitus in up
to 70% of patients after intravenous application of the voltage-gated sodium channel
blocker lidocaine (Trellakis et al. 2007). Unfortunately, because of poor bioavail-
ability after oral intake, lidocaine is only effective when applied intravenously.
Moreover, its effect is short-lasting, and side effects are considerable, precluding
the intravenous application of lidocaine as a long-term pharmacological treatment.

If tinnitus can be pharmacologically influenced, why is there no approved drug
treatment? Different reasons may account for this situation. First, it is the lack of
serendipity. Most pharmacological compounds for neuropsychiatric disorders were
identified by chance. However, in the case of tinnitus, such a serendipitous discovery
did not happen. A second reason is the still incomplete understanding of tinnitus
pathophysiology. Third, there exists no validated assay for high-throughput screen-
ing of pharmacological compounds in order to assess their potential as a drug for
tinnitus. Fourth, there probably exist different forms of tinnitus, which require
different treatments. Finally, the measurement of tinnitus is not trivial, which
makes assessment of potential treatment effects challenging.

In this chapter, we will give an overview about the current knowledge of
pharmacological treatment of tinnitus. We will discuss acute and chronic tinnitus
separately, as the mechanisms involved in the generation of tinnitus probably differ
from the mechanisms that are relevant for the maintenance of chronic tinnitus.
Presumably different treatment approaches may be needed for acute and chronic
tinnitus, respectively.

Moreover, we will discuss the possible ways of administration. In addition to oral
or intravenous administration, which leads to a systemic effect, also the topical
administration to the cochlea or other structures around the ear has been investigated.

2 Rationale for Pharmacotherapy

In order to develop pharmacological compounds for a given disorder, the identifi-
cation of appropriate drug targets is of utmost relevance (Morgan et al. 2018).
Several approaches can be followed in order to identify potential drug targets.
Very helpful are serendipitous discoveries of unexpected effects of existing phar-
macological compounds for other indications. Based on the knowledge of the
pharmacological mechanisms of this compound, one can identify potential drug
targets.

As already mentioned in the introduction, the transient suppression of tinnitus
after intravenous lidocaine injection is the proof of principle that tinnitus can be
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modulated by pharmacological treatment. As lidocaine cannot be used continuously
because of its side effects and the need for intravenous application, researchers have
tried to identify other compounds with similar mechanisms of action as lidocaine but
with the possibility of an oral administration and a more favourable side effect
profile. In order to identify whether the tinnitus suppressive effect of lidocaine
depends on its action on the cochlea or the central nervous system, patients with
tinnitus after vestibular schwannoma surgery have been investigated (Baguley et al.
2005). As lidocaine also suppresses tinnitus in this group, it has been concluded that
the central nervous system is the relevant target for tinnitus suppression by lidocaine.
Unfortunately, other drugs that mimic lidocaine effects on the central nervous
system such as oral tocainide, flecainide, mexiletine and carbamazepine have not
been proven to be effective against tinnitus (Dobie 1999; Kay 1981; Hoekstra et al.
2011).

Potential drug targets can also be derived from genetic research or from a detailed
knowledge of the pathophysiological mechanisms. If a genetic polymorphism is
related to tinnitus, the molecular structure for which the gene is coding represents a
potential target structure for treatment. In the case of tinnitus, an increasing amount
of genetic studies supports tinnitus heritability (Lopez-Escamez and Amanat 2020).
These studies also identified possible candidate genes and associated molecular
structures. However, further research is needed to validate these findings and to
identify whether the relevant structures can be pharmacologically targeted.

Concerning the pathophysiology of tinnitus, several structures in the cochlea and
the brain as well as certain neurotransmitter systems have been identified to be
involved (Shore et al. 2016). In the central auditory pathways, glycinergic,
GABAergic and glutamatergic neurotransmission are of relevance as well as potas-
sium channels and hyperpolarization-activated cyclic nucleotide-gated channels.

For most of these targets, pharmacological compounds have been investigated.
The result of these trials will be reported further below.

Recently, an unconventional approach has been made to identify potential drug
target candidates (Elgoyhen et al. 2012, 2014). This approach has been based on the
experience that tinnitus was reported as a side effect of many drugs. In order to
identify molecular structures that are relevant to tinnitus generation, the information
from a drug side-effect database and a drug-target database was integrated. A
network of 1,313 drug-target pairs, based on 275 compounds that elicit tinnitus as
side effect and their targets reported in databases, was constructed, and a quantitative
score was applied to identify emergent targets that were more common than expected
at random. In order to control for potential non-specific effects, these analyses were
complemented with similar analyses for hearing impairment and hyperacusis. The
analysis confirmed targets, known to be involved in tinnitus generation, include
cyclooxygenase inhibitors and serotonin receptors and also identified novel emer-
gent protein targets such as the angiotensin-converting enzyme (ACE).
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3 Acute Tinnitus

Acute tinnitus is typically defined as a ringing in the ears that persists for less than
3 months. The pathophysiological mechanisms of tinnitus development in the acute
phase and the mechanisms of maintenance and establishment of tinnitus perception
in the chronic phase are not identical. Accordingly, the pharmacological therapy
approaches in the respective phase also aim at different mechanisms of action. In the
acute phase, the primary concern is to identify the causes, which are usually in the
peripheral auditory system, and to treat them if possible. However, since acute
tinnitus often disappears on its own, it must be noted that a certain period of
2–3 days may be waited with therapeutic considerations and that there is no medical
emergency. With acute tinnitus, a distinction must be made between a form without
measurable and perceivable hearing loss and a form with measurable hearing loss.
The hearing loss itself can be sudden (sudden deafness, acute noise trauma) or long-
term, gradual (presbycusis, chronic noise damage, genetic causes). In all cases, the
cause is to be found in the peripheral auditory system. Depending on the cause, there
may be reversible or irreversible damage to the hair cells, the spiral ganglion neurons
or the auditory nerve, which are created according to the principles of excitotoxicity,
apoptosis and oxidative stress (Malgrange et al. 2015; Shore and Wu 2019; Becatti
et al. 2017; Gul et al. 2017). In acute tinnitus without measurable hearing loss, there
are models that explain the damage in the peripheral auditory system. The “hidden or
missed hearing loss” (Kara et al. 2020; Xiong et al. 2019; Lefeuvre et al. 2019) is
explained as a result of a cochlear synaptopathy between the cochlea and the
termination of the cochlear nerve or as damage in nerve fibres of the cochlear
nerve (Liberman et al. 2016; Paul et al. 2017). Ultimately, the pharmacotherapy of
acute tinnitus is thus aimed at improving the hearing loss and thus achieving a
reduction in tinnitus. In addition, even with potentially reversible mechanisms,
attempts can be made to prevent permanent damage to peripheral auditory structures
in the sense of otoprotection and thus to have a positive effect on both tinnitus
reduction and hearing retention. The pharmacotherapy of acute tinnitus symptoms,
which are related to an affection of the middle ear (e.g. otitis media, otosclerosis),
will not be discussed here.

For all of the pharmacological treatment options for acute tinnitus presented in the
following, it must be declared that the literature references often differ from one
another and are sometimes contradictory. Therefore, the drug therapy of acute
tinnitus is not undisputed and does not meet the requirements of evidence-based
medical practice (Hesse and Laubert 2010). As a consequence of this situation,
the FDA or the EMA has not been able to approve any drugs for the treatment of
acute tinnitus (Langguth et al. 2019). Nevertheless, various pharmacotherapeutic
approaches should be mentioned at this point, some of which have found their way
into medical literature and practice and are also mentioned in the guidelines of
various medical-scientific professional societies as options with corresponding rec-
ommendation or rejection (Zenner et al. 2017; Lewis et al. 2020; Tunkel et al. 2014;
Baguley et al. 2013; Langguth et al. 2013).
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Systemic or local (intratympanic) steroid therapy for sudden-onset sensorineural
hearing loss is considered the standard worldwide (Chandrasekhar et al. 2019), so
tinnitus complaints arising in this context can be improved in the same way by
treating the hearing loss (Zhao et al. 2015; Taha et al. 2019). According to a recent
review paper (Ahmadzai et al. 2019), all types of steroid therapy are better than
placebo in the treatment of acute hearing loss, with the combination of intratympanic
and systemic steroids having the best results. However, there is no clear evidence for
the treatment of acute tinnitus without acute accompanying hearing loss with
steroids. While several small studies have shown a positive effect (Shim et al.
2017; An et al. 2014), another study found a negative effect (Lee et al. 2018), as
did a review (Lavigne et al. 2016). In a systematic review (Wegner et al. 2018), the
vasodilator betahistine, which is frequently used in practice, was not proven to be
effective in acute tinnitus. For otoprotective reasons, drugs are used under certain
circumstances to avoid or improve tinnitus and hearing loss directly after a noise
trauma or already prophylactically in predictable situations (e.g. with ototoxic
chemotherapy). Evidence for such an effect usually comes from animal experiments
(Zhu et al. 2018; Kucharava et al. 2019; Bhatta et al. 2019; Prayuenyong et al. 2020;
Le Prell 2019; Lynch et al. 2005; Tillinger et al. 2018). From such investigations,
some applications have already been tested in clinical practice. Here, however, the
results to date are very diverse, so that no therapeutic strategies have yet found their
way into clinical practice. For n-acetyl-l-cysteine (NAC), positive effects were found
in connection with noise trauma in connection with military missions (Rosenhall
et al. 2019). Furthermore, a superiority in the preventive effect of intratympanic
administration of NAC before cisplatin chemotherapy compared to intratympanic
dexamethasone injections was found (Sarafraz et al. 2018). However, another study
in head and neck tumour patients prior to cisplatin chemotherapy could not confirm
the effect (Yoo et al. 2014).

The antioxidant trace element zinc has been used in various studies in noise-
induced hearing loss. In one study in 38 ears, the tinnitus-associated suffering
measured by the Tinnitus Handicap Inventory (THI) could be improved, but not
the objective hearing test parameters (Yeh et al. 2019). However, a Cochrane review
could not find a positive effect of zinc supplementation on tinnitus symptoms in
adults (Person et al. 2016). Further, somewhat older, positive evidence for
otoprotection in acoustic trauma exists for the intake of magnesium (Sendowski
2006; Attias et al. 1994).

Glutamate plays a decisive role as an excitatory neurotransmitter in traumatic
inner ear damage (Puel et al. 2002) in terms of damage to the synapses and can thus
be responsible for the development of acute tinnitus in this situation. The NMDA
receptor therefore plays an important role in possible therapeutic considerations
(Bing et al. 2015). The NMDA receptor antagonist esketamine hydrochloride
(Keyzilen®, Auris Medical, Basel, Switzerland) has been tested in recent years for
its effectiveness as an intratympanically applied drug up to a phase 3 study in acute
trauma-induced tinnitus. After positive indications from the early phase studies (van
de Heyning et al. 2014) and more positive indications regarding the safety of the new
drug (Staecker et al. 2017), the phase 3 study could not provide positive proof of
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efficacy of the substance (https://clinicaltrials.gov/ct2/show/NCT01803646?
term¼AM-10).

In summary, it is shown that in cases of acute tinnitus with accompanying hearing
loss a clear statement can be made regarding steroid therapy. In acute tinnitus
without newly occurring hearing loss, the situation is much more difficult. There is
a lack of randomized, placebo-controlled, multicentre studies that can generate clear
evidence for or against a specific pharmacological therapy. Since many of those
tinnitus subjects are severely affected by the acute ringing in the ear, a causal and
effective therapy would be very desirable. Unfortunately, the pharmaceutical indus-
try has not been very active in this area at the present time, so that in many cases the
medical profession will have to make a difficult decision between therapeutic
nihilism from a pharmacotherapeutic point of view and a decision for off-label
treatment (e.g. with steroids) even if there is insufficient scientific evidence.

4 Chronic Tinnitus

A large variety of drugs with various mechanisms of action have been investigated
for the treatment of chronic subjective tinnitus (>3 months).

Antidepressants are frequently proposed for the management of chronic tinnitus
as many patients with tinnitus also suffer from depressive symptoms (Langguth et al.
2011). Tricyclic antidepressants (TCA) are among the most effective drugs for the
treatment of chronic neuropathic pain syndromes, which resemble tinnitus in many
aspects (De Ridder et al. 2011). Accordingly, studies with nortriptyline (Sullivan
et al. 1993) and amitriptyline (Bayar et al. 2001) suggest beneficial effects. In
contrast, trimipramine did not differ from placebo in its effects on tinnitus (Mihail
et al. 1988).

The selective serotonin reuptake inhibitors (SSRI) paroxetine and sertraline have
also been tested in tinnitus. In a randomized double-blind placebo-controlled study,
sertraline was significantly more effective than placebo in reducing tinnitus loudness
and tinnitus severity (Zoger et al. 2006). In a double-blind, placebo-controlled study,
the paroxetine group showed little difference from placebo (Robinson et al. 2005).
The serotonin reuptake enhancer tianeptine has shown beneficial effects on depres-
sive symptoms and tinnitus handicap in an open study in patients with tinnitus and
depression (Hwang et al. 2016). No studies have been performed with other antide-
pressants such as the serotonin-norepinephrine reuptake inhibitors (SNRI)
duloxetine and venlafaxine, the norepinephrine-dopamine reuptake inhibitor
bupropion, the dual-acting drug mirtazapine or the melatonin agonist agomelatine.
In the interpretation of the effects of antidepressants on tinnitus, it has to be
considered that the scales used for the measurement of tinnitus (e.g. Tinnitus
Handicap Inventory) highly correlate with depression scales (Zeman et al. 2014).
Thus, the reduction of tinnitus severity under antidepressant treatment could just
reflect the antidepressant effect of the investigated drugs. Taken together, there is
insufficient evidence to say that antidepressants improve tinnitus, as expressed in a
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recent Cochrane review (Baldo et al. 2012). From a clinical perspective, antidepres-
sants should be considered in tinnitus patients, if they suffer from comorbid depres-
sion or anxiety.

Since tinnitus is related to an attenuation of inhibitory neurotransmission in
auditory pathways (Yang et al. 2011), benzodiazepines, which are positive allosteric
modulators of the GABAA (gamma aminobutyric acid type A) receptor, would be
expected to alleviate tinnitus. Available clinical trials investigating benzodiazepines
revealed mixed results. Whereas alprazolam had some beneficial effects on tinnitus
loudness (Johnson et al. 1993; Jalali et al. 2009), diazepam had no effect (Kay 1981).
Clonazepam, a long-acting benzodiazepine, has shown beneficial effects on both
tinnitus loudness and annoyance as compared to placebo (Bahmad Jr. et al. 2006) or
the traditional medicine Ginkgo (Han et al. 2012). The non-benzodiazepine hyp-
notics zopiclone, eszopiclone, zaleplon and zolpidem (Z-substances) have not yet
been systematically investigated for the treatment of tinnitus.

Even if there are some hints for a potential benefit of benzodiazepines, caution is
warranted in their prescription for the treatment of tinnitus because of their side
effect profile, especially the risk of drug dependency (Bonnet 2014; Jufas and Wood
2015). The long-term treatment with benzodiazepines is not recommended. How-
ever, benzodiazepine can provide some short-term relief in severe cases, particularly
in patients with co-morbid anxiety, depression and insomnia. In these cases, the use
of benzodiazepines should be embedded in a multimodal treatment plan.

Anticonvulsants reduce neuronal excitability and are also used in the treatment of
several non-epileptic conditions, including various psychiatric disorders and pain
syndromes. Their pharmacological mechanisms of action include effects on voltage-
gated sodium, calcium and potassium channels and on synaptic transmission –

mainly mediated by GABAA receptors. Carbamazepine reduces neural firing
through the stabilization of voltage-gated sodium channels resembling the mecha-
nism of action of lidocaine. However, placebo-controlled studies using carbamaze-
pine at a dosage of 600–1,000 mg daily failed (Hulshof and Vermeij 1985). A
significant benefit from carbamazepine has only been reported for a rare group of
patients who have intermittent tinnitus that sounds like a typewriter or ear clicking
and which is caused by a neurovascular conflict (Mardini 1987).

The anticonvulsant gabapentin which acts on voltage-gated calcium channels and
which is used for the treatment of seizures, neuropathic pain and migraine has not
demonstrated convincing effects in tinnitus patients (Piccirillo et al. 2007; Dehkordi
et al. 2011) despite promising effects in an animal study (Bauer and Brozoski 2001).

Lamotrigine, an inhibitor of voltage-sensitive sodium channels and a membrane
stabilizer, has been investigated in a placebo-controlled cross-over study and failed
to demonstrate a beneficial clinical effect on tinnitus (Simpson et al. 1999).

Modulators of voltage-gated potassium channels such as retigabine and other
KCNQ2/3-specific channel activators have been shown to prevent the development
of tinnitus in animals (Kalappa et al. 2015; Kumar et al. 2016). Anecdotal reports in
patients suggest that retigabine may also reduce tinnitus severity in humans
(Langguth et al. 2016). The investigational drug AUT00063, a modulator of voltage
gated potassium channels (Kv3.1), has also been investigated in tinnitus but failed to
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demonstrate superiority versus placebo (https://www.clinicaltrialsregister.eu/ctr-
search/trial/2014-002179-27/results).

A Cochrane meta-analysis reviewing clinical trials of anticonvulsants for tinnitus
treatment has concluded that studies performed so far only show small clinical
significance (Hoekstra et al. 2011). However, when tinnitus results from a
neurovascular conflict, carbamazepine and also other anticonvulsants such as
oxcarbazepine, gabapentin, pregabalin and lamotrigine can be tried clinically. This
rather rare form of tinnitus differs in its pathophysiological mechanisms from other
forms of tinnitus and is typically characterized by unilateral staccato tinnitus,
described by patients with the adjectives “typewriter”, “Morse code” or “machine
gun” (Juan and Basura 2019; Reynard et al. 2019).

Various glutamate receptor antagonists have been investigated in tinnitus suf-
ferers. In animal models increased glutamatergic neurotransmission has been dem-
onstrated in the cochlea in acute tinnitus and in central auditory pathways in chronic
tinnitus (Puel 1995; Brozoski et al. 2013). Caroverine, a non-specific calcium
channel blocker and an antagonist of both non-NMDA and NMDA receptors, has
been applied both systemically and topically, with inconclusive results (Domeisen
et al. 1998; Denk et al. 1997; Ehrenberger 2005). Oral treatment with the putative
non-selective NMDA receptor antagonist acamprosate, which is approved for the
treatment of alcohol dependency, has been evaluated in two double-blind studies
(Sharma et al. 2012; Azevedo and Figueiredo 2007), which both indicate beneficial
effects. The non-selective NMDA antagonist memantine was no more effective than
placebo in a prospective randomized double-blind crossover 90-day treatment study
(Figueiredo et al. 2008). The memantine analogue neramexane, which blocks both
NMDA and α9α10 nicotinic cholinergic receptors, showed promising effects in a
phase 2 study (Suckfull et al. 2011), but could not be confirmed in the following
phase 3 program. Recently, the AMPA antagonist selurampanel (BGG492) has been
investigated in a placebo-controlled cross-over trial, where an acute effect on tinnitus
loudness has been observed after a single dose and reduction of tinnitus handicap
after 2 weeks of treatment (https://www.novctrd.com/CtrdWeb/displaypdf.nov?
trialresultid¼12123).

Both dopaminergic and antidopaminergic drugs have been investigated for the
treatment of tinnitus. Two studies suggest a beneficial effect of the dopamine
antagonist sulpiride (Lopez-Gonzalez et al. 2007a, b). Pramipexole, an agonist of
D2/D3 receptors, has been shown to reduce both the THI score and tinnitus loudness
significantly more than placebo (Sziklai et al. 2011), whereas the dopamine agonist
piribedil was not superior to placebo (de Azevedo et al. 2009).

Baclofen, a GABAB agonist with muscle relaxant effects, was not more effective
than placebo in a double-blind randomized placebo-controlled trial (Westerberg
et al. 1996). In a recent open-label exploratory study, the effect of various muscle
relaxants on tinnitus has been assessed, revealing beneficial effects for
cyclobenzaprine at a dosage of 30 mg/day for 14 weeks, but not for orphenadrine
(100 mg/day for 14 weeks), tizanidine (24 mg/day for 14 weeks), eperisone (50 mg/
day for 12 weeks) and cyclobenzaprine at a dose of 10 mg/day for 12 weeks (Coelho
et al. 2012).
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Other drugs that have been tested with either limited or inconsistent efficacy
include the oral antiarrhythmic drugs tocainide, flecainide and mexiletine; the
HMG-CoA reductase inhibitor atorvastatin; the vasodilator cyclandelate; some
herbal products like Ginkgo biloba, melatonin, oxytocin, naltrexone and
ondansetron, the prostaglandin E1 analogue misoprostol; the L-type calcium blocker
nimodipine; the phosphodiesterase inhibitors cilostazol and vardenafil; cannabi-
noids; MDMA; vitamin B12 and minerals including zinc (Langguth et al. 2019).

5 Objective Tinnitus

Objective tinnitus, in comparison with the much more frequent subjective tinnitus,
represents a group of entities where the tinnitus is caused by sound sources in the
body (so-called somatosounds) (Langguth et al. 2013). The affected person can hear
these sounds directly or via bone conduction due to their proximity to the ear
structures. In some cases the sound can also be heard by the examiner. The sound
sources are involuntary muscle contractions (spasms) or vascular processes that alter
the blood flow in the vessels near the ear. The pulse synchronicity makes it possible
to differentiate between the vascular-induced objective tinnitus complaints caused
by vessel processes and the more arrhythmic and salvo-like muscle-associated
tinnitus complaints. Since the therapy of pulse-synchronous tinnitus forms is not a
domain of pharmacotherapy but, depending on the findings, is surgical or
interventional-radiological, it will not be discussed further here. The therapy of
myocloni close to the ear, on the other hand, is usually primarily pharmacological,
depending on the localization. There are two forms of objective tinnitus caused by
myocloni, a middle ear myoclonus (MEM) and a palatal myoclonus (PM) (Salehi
et al. 2019). The differentiation of the two forms from each other is easy in the case
of palatal myoclonus with visible contractions of the palate on the affected side. In
myocloni of the middle ear muscles, differentiation between the stapedius muscle
(SM) and the tensor tympani muscle (TTM) is difficult. In the best case, visible
contractions of the eardrum can also be recorded objectively over time using
tympanometry. Only in very rare cases of perforations of the eardrum, a rhythmic
movement of the stapes can be observed (Liu et al. 2011). Palatal myoclonus with
clicking tinnitus is attributed to the tensor veli palatini (TVP) muscle, since the other
palatal muscles have no connection to the Eustachian tube (Salehi et al. 2019).
Because both the TTM and the TVP muscle have their origin in the wall area of the
Eustachian tube and thus contribute to changes in the opening of the tube, a
differentiation of the two muscles is not absolutely necessary for therapeutic reasons.
The primary therapeutic approach lies in muscle relaxation. Here, topical therapy
must be distinguished from systemic therapy. Various reviews come to the conclu-
sion that despite the low evidence level of the studies in connection with several
sources of bias, the topical application of botulinum toxin (BT) has to be regarded as
therapy of first choice (Slengerik-Hansen and Ovesen 2016). The doses of BT can be
administered as injections into the palatal muscles. These injections can be made
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under spray anaesthesia after palpation of the contraction or under electromyo-
graphic control in a position medial or lateral to the hamulus of the medial pterygoid
plate (Sinclair et al. 2014; Dang and Carol Liu 2019; Krause et al. 2010). The doses
appear to be highly variable in the present reviews. It is reported from 2.5 to 80 U BT
(Sinclair et al. 2014; Slengerik-Hansen and Ovesen 2016; Kaffenberger et al. 2017).
The clinical effect occurs a few days after injection and would last between 2 and
6 months (Kaffenberger et al. 2017). In the various reviews, a complete cessation of
the objective click tinnitus is repeatedly reported. The possible side effects associ-
ated with a movement disorder of the palate (nasal regurgitation, hypernasality of the
voice) are described as minimal and temporary (Slengerik-Hansen and Ovesen 2016;
Sinclair et al. 2014). In MEM, if an injection of BT into the palate fails, local middle
ear application may be considered. However, this is considerably more complicated,
as it requires an opening of the tympanum in order to inject BT into the stapedial
muscle under visual control or to place a gel sponge soaked in BT at appropriate
points around the SM or TTM. Baclofen, carbamazepine, piracetam, orphenadrine
citrate and benzodiazepines (clonazepam) were used as systemic methods of muscle
relaxation in MEM or PM (Bhimrao et al. 2012; Kaffenberger et al. 2017). Most
studies have reported a temporary, partial response to the therapy (Bhimrao et al.
2012). The systemic side effects of the medication must be taken into account, so
that they are rather out of question as long-term therapy. In this case, repeated
injections of BT should be preferred if they are successful. In any case of a
constellation of objective tinnitus associated with MEM or PM, the effect of a
3-month drug therapy (BT or systemic) should be waited for before surgical mea-
sures such as sectioning of muscle tendons are offered (Dang and Carol Liu 2019).

6 Medications that Can Cause Tinnitus

In a chapter on pharmacotherapy of tinnitus, it should also be mentioned that there
are drugs that can cause tinnitus. While noise-induced hearing loss, presbycusis or
genetic hearing loss are responsible for a majority of tinnitus cases, there are about
130 drugs known to have an ototoxic effect (Seligmann et al. 1996). The conse-
quences are varying degrees of hearing loss, possibly associated with tinnitus and/or
vertigo. The main ototoxic drugs belong to the classes of antibiotics (especially
aminoglycosides, macrolides, vancomycin), antimalarial drugs (quinine), anti-
inflammatory drugs (salicylates, NSAIDs), loop diuretics (ethacrynic acid, furose-
mide) and antineoplastic drugs (platinum-containing chemotherapeutic agents)
(Rybak 1993; Ding et al. 2002; Brien 1993; Santos et al. 2020; Radziwon et al.
2016). With these drugs, the mechanism of action of drug-induced tinnitus is
relatively clear, in the sense that damage to the peripheral auditory system leads to
hearing loss and then tinnitus is induced consecutively via involvement of central
auditory structures (De Ridder et al. 2015; Eggermont 2008). In addition to these
medications, there are various drugs like antidepressants, gabapentin, antiarrhyth-
mics and statins, which have tinnitus listed as side effect and the mechanisms for this
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effect is completely unknown. Interestingly enough, they are also partly used for the
treatment of chronic tinnitus (see section on chronic tinnitus) (Cianfrone et al. 2011).

The main damage mechanisms of the above-mentioned drugs include an irre-
versible destruction of the outer hair cells at the base of the cochlea by apoptosis
(e.g. platinum-containing chemotherapeutics, aminoglycosides) or a temporary
impairment of the function of the outer hair cells but also of the spiral ganglion
cells and the central auditory neurons (e.g. NSAIDs) (Tabuchi et al. 2011; Radziwon
et al. 2016; Langer et al. 2013; Feng et al. 2011). The detailed mechanisms will not
be discussed here. Since the occurrence of corresponding symptoms depends on
various conditions, such as genetic susceptibility and pharmacokinetic parameters
such as dose, absorption, metabolism, accumulation and elimination, a monitoring
system is of crucial importance when using these, in part vital, drugs (Cianfrone et al.
2011; Baguley and Prayuenyong 2020; Clemens et al. 2019a, b; Landier 2016). For
such a surveillance program, regular audiometric measurements are useful in addi-
tion to patient education and symptom monitoring. In addition to a standard pure
tone audiometry, the high-frequency range up to 16 kHz should also be measured. In
addition, otoacoustic emissions, brainstem electric response audiometry and speech
hearing tests in quiet and in noise can provide valuable information (Baguley and
Prayuenyong 2020). The importance of these measures in children, especially at an
age when central auditory pathways are not yet fully developed, should be empha-
sized (Clemens et al. 2019b). As already reported in the section “acute tinnitus”,
there are approaches already tested in animal and human studies to reduce the
ototoxicity of certain drugs by preventing the occurrence of hearing loss and tinnitus
(Waissbluth 2020). These include measures such as the variation of infusion times of
platinum-containing drugs (van As et al. 2018), as well as the administration of
additional substances for potentially ototoxic drugs (van As et al. 2019; Berger et al.
2017; Waissbluth 2020; Sarafraz et al. 2018; Fransson et al. 2017; Sheth et al. 2017).

In addition to the ototoxic effect, some medication can cause tinnitus without
causing hearing damage. A recent network analysis identified drug targets that are
associated with an increased risk of inducing tinnitus as a side effect (Elgoyhen et al.
2014). These were drugs that target cyclooxygenase 1 and 2, the angiotensin-
converting enzyme (ACE), the serotonin receptor 5HT1a and the sodium channel
SCN5A.

7 Conclusion and Outlook

The options for evidence-based pharmacological treatment of tinnitus are currently
very limited. A large number of clinical studies have been performed with various
compounds and multiple rationales. Taken together the results are disappointing.
The lack of evidence for any pharmacological compound is reflected by the fact that
there is no FDA- or EMA-approved drug for tinnitus and no general recommenda-
tion for pharmacological treatment in tinnitus guidelines. In clinical practice, phar-
macological treatment plays a role for the treatment of comorbidities of tinnitus such
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as anxiety, depression or insomnia and in rare cases where tinnitus is caused by a
microvascular conflict or by myocloni of the palatal or middle ear muscles. Unfor-
tunately, there is little hope that the situation will change in the near future. Recently
performed phase 2 and 3 programs investigating various compounds (neramexane,
the AMPA antagonist BCG 492, the potassium channel modulator AUT00063, the
topical administration of esketamine hydrochloride) have been stopped (Cederroth
et al. 2018). The difficulties related to the development of an effective drug therapy
for tinnitus are manifold. This is due to the still incomplete understanding of the
pathophysiology of tinnitus (Kleinjung and Langguth 2020), the lack of sufficient
funding for tinnitus research (Cederroth et al. 2013), the lack of reliable animal
models of tinnitus with a proven comparability to the humans (von der Behrens
2014), the clinical and pathophysiological heterogeneity of tinnitus (Cederroth et al.
2019) and the difficulties in quantifying treatment effects (Landgrebe et al. 2010).

Nevertheless, research activities have clearly increased in the last decade and
have led to some promising new findings that warrant further research. These include
still largely unexplored targets such as potassium channels, AMPA receptors and the
ACE. In addition, the use of pharmacological treatment to enhance the effects of
other treatments (e.g. sound therapy or cognitive behavioural therapy) might provide
new opportunities. Finally, with the discovery of synaptopathy as a possible mech-
anism for hearing dysfunction and tinnitus generation (Liberman and Kujawa 2017;
Bharadwaj et al. 2019), there are currently many efforts to develop pharmacological
treatment options for this so-called hidden hearing loss. If this approach proves to be
successful, it might also have beneficial effects for tinnitus.
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Abstract Tinnitus Sound Therapy is not a single strategy. It consists of many
different sound types, targeting many different mechanisms. Therapies that use
sound to cover, reduce attention to, or facilitate habituation of tinnitus are among
the most common tinnitus treatment paradigms. Recent history has seen a
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proliferation of sound therapies, but they have each been criticized for having limited
empirical support. In this review, Sound Therapy’s modern history will be described,
and a typology will be introduced and discussed in light of current behavioral
neuroscience research. It will be argued that contributing factors to the limited
evidence for the efficacy of Sound Therapy are its diversity, plural modes of action,
and absence of a clear typology. Despite gaps in understanding the efficacy of
sound’s effects on tinnitus, there is compelling evidence for its multiple, but related,
neurophysiological mechanisms. Evidence suggests that sound may reduce tinnitus
through its presence, context, reaction, and potentially adaptation. This review pro-
vides insights into the neurocognitive basis of these tinnitus Sound Therapy modes.
It concludes that a unifying classification is needed to secure and advance arguments
in favor of Sound Therapy.

Keywords Review · Sound therapy · Tinnitus · Typology

1 Introduction to the Sense and Sensibility of Sound
Therapy

Sound Therapy is the use of sound to manage or treat tinnitus. Sound has been a
common tinnitus therapy tool since the late 1970s. Yet Sound Therapy for tinnitus
has been metaphorized as a sacred cow (Mckenna and Irwin 2008) and as the
auditory equivalent of the cobra effect (a cure worse than the problem (Attarha
et al. 2018)). Systematic reviews are highly critical of evidence used to support
tinnitus Sound Therapy (Hoare et al. 2010; Hobson et al. 2012; Phillips and
McFerran 2010; Sereda et al. 2018). Is the use of Sound Therapy blind faith, or
has the evidence for tinnitus been misinterpreted? Why is there ambiguity as to the
benefits and basis of Sound Therapy? In this review, I will attempt to answer these
questions and will propose a typology to test the behavioral neuroscience of Sound
Therapy.

Rather than using an animal (serpent or sacred) as a metaphor for Sound Therapy,
I will use a literary analogy. Jane Austen (1775–1817) was the author of half a dozen
novels describing life among English country aristocracy at the end of the eighteenth
century. In Austen’s Sense and Sensibility (Austen 1811), the two chief characters,
sisters, represent qualities of “sense” and “sensibility.” In the novel, “sense” means
good judgment, wisdom, and prudence, while “sensibility” means sensitivity, sym-
pathy, or emotionality. Tinnitus can also be considered as being both sense, in this
case the sense of hearing, and sensibility, the emotional and cognitive aspects of
tinnitus.

Tinnitus treatments are also seen through the sense and sensibility lenses of
different professional traditions: audiology (sense) and psychology (sensibility).
Audiologists see the value in using sound to provide tinnitus relief (Vernon and
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Schleuning 1978) and partial masking (Tyler and Bentler 1987) and as an aid to
habituation (Jastreboff and Jastreboff 2000). Psychologists, on the other hand, are
critical of the use of sound as the basis for therapy and instead focus on the reactions
and behaviors that clients adopt in response to tinnitus (Kroener-Herwig et al. 2000).
A theme of Jane Austen’s novel was the need for the sisters’ “sense” and “sensibil-
ity” to cooperate. A common classification for Sound Therapy would remove some
confusion and aid interdisciplinary approaches. Typologies are ways of organizing
and categorizing testable theories (Doty and Glick 1994). As an example, a typology
of attention comprised of alerting, orienting, and executive function provides a
structure within and against which behavioral neuroscience evidence can be sought
(Raz and Buhle 2006). In proposing a typology for tinnitus Sound Therapy, the
intent is to create a conceptual grouping of Sound Therapy mechanisms based on
known behavioral neuroscientific events that can then be tested.

2 A Modern History of Sound Therapy

The purpose of this section is to outline the development of the most common Sound
Therapy for the period 1945–present.

2.1 Hearing Aids

Hearing aids were the first practical wearable solution to provide Sound Therapy
(Saltzman and Ersner 1949; Bentzen 1958). They have been proposed to provide
immediate and long-term relief by improving communication, redirecting attention
from tinnitus to real sound, and reducing auditory gain (Schaette and Kempter 2006;
Searchfield 2006; Shekhawat et al. 2013). In addition to being a treatment solution in
their own right, they became important tools in other sound therapies including
masking (Vernon and Schleuning 1978) and Tinnitus Retraining Therapy (Jastreboff
and Jastreboff 2000). As hearing aid technology has improved, so have outcomes
(Trotter and Donaldson 2008), and protocols for hearing aid fitting specifically for
tinnitus have been developed (Searchfield 2006). A systematic review reported only
low-level evidence for clinically significant improvement in tinnitus with hearing
aids, equivalent to that found with noise generators and combination aids (hearing
aid with noise generator) (Sereda et al. 2018). A scoping review concluded that the
weight of evidence (17 research studies for, 1 against) supported their use
(Shekhawat et al. 2013). For patients with persistent bothersome tinnitus, which
accompanies a hearing loss, hearing aid use is recommended for clinical use
according to the published American Academy of Otolaryngology-Head and Neck
Surgery guidelines (Tunkel et al. 2014).
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2.2 Masking

Clinically practical tinnitus masking began in the mid-1970s with Vernon (Vernon
and Schleuning 1978) pioneering the use of hearing aid style noise-based “maskers.”
The goal was to provide relief by covering, effectively replacing, tinnitus with a
more pleasant sound. By the mid-1980s, partial masking had become the primary
application (Terry and Jones 1986; Coles and Hallam 1987; Tyler and Bentler 1987).
Partial masking, as the name suggests, partially covers the tinnitus without totally
replacing it. This change improved acceptance of the masking sound for some users
(Terry and Jones 1986). Variations on masking have been trialed including the use of
tinnitus-matched narrowband noise and harmonics (Mahboubi et al. 2012), noise
adjusted for reduced hearing sensitivity (“threshold adjusted noise” Searchfield et al.
2002), and perceived location of tinnitus (Searchfield et al. 2016). Different devices
are used for masking including hearing aids (Shekhawat et al. 2013), ear-level
“maskers” (Vernon and Schleuning 1978), combinations of masker and hearing
aids (Henry et al. 2015), bedside desktop sound generators (Handscomb 2006),
and apps (Sereda et al. 2019). A systematic review of Sound Therapy indicated
there was low-level evidence to support masking as a tinnitus therapy (Hobson et al.
2012). Recent clinical guidelines suggest that Sound Therapy (including masking) is
a safe therapy option, with the proviso that patients are provided with realistic
expectations of therapeutic benefit (Tunkel et al. 2014).

2.3 Tinnitus Retraining Therapy (TRT)

TRT was born from Jastreboff’s neurophysiological model (Jastreboff 1990) and
Hazel’s experience with masking (Hazell et al. 1985). In their initial publications, the
therapy wasn’t called Tinnitus Retraining Therapy (Jastreboff and Hazell 1993;
Jastreboff et al. 1996), but by the early 2000s, TRT had become one of the most
well-known therapies incorporating sound use. The therapy used a combination of
directive counselling (instruction) and partial masking sound (hearing aids or sound
generators (maskers)) in which the masking sound and tinnitus mixed, so the tinnitus
was audible but was less obvious (Jastreboff 1999). The sound was intended to be
used for 6–8 h per day in order that it might yield, along with the instruction that
addressed fear and understanding, habituation to the tinnitus. The method was very
popular among audiologists but was strongly criticized by psychologists. Psychol-
ogists were critical of the directive counselling approach used (Wilson et al. 1998;
Goebel 1997) and the value of the Sound Therapy component, suggesting it may act
as a “technical placebo” (Kroener-Herwig et al. 2000). The importance of using
sound at the mixing point with tinnitus has also been questioned (Tyler et al. 2012).
The authors of TRT have updated recommendations as new information has become
available (Jastreboff 2015), and it has also been modified by others (see below). A
systematic review (Phillips and McFerran 2010) identified one study meeting the
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reviewer’s criteria; this compared one form of masking with TRT. It showed that
masking had a greater benefit after 3 months of therapy, but after 12–18 months of
TRT, the results were superior (Henry et al. 2006). A more recent trial found similar
results for TRT using sound generators and counselling with sound enrichment (but
not using sound generators) (Scherer and Formby 2019). TRT appears most effective
when applied by the developers (Jastreboff 2015).

2.4 Modified Tinnitus Retraining Therapy

Based on the criticism of TRT, some clinicians developed modified forms (Tyler and
Bergan 2001; Mazurek et al. 2006; Aazh et al. 2008; Park et al. 2013). These
modified methods replaced TRT’s directive counselling with cognitive psychology
approaches (Tyler and Bergan 2001), muscle relaxation and physiotherapy (Seydel
et al. 2010), group therapy (Park et al. 2013), and simplified counselling, omitting
sensory neuroscience instruction and reducing length of counselling from 90 to
30 min (Aazh et al. 2008). At what point a modification to a therapy becomes
sufficient to be considered a new therapy is unclear, and this may have contributed to
some ambiguity in reviews of TRT and Sound Therapy more generally.

2.5 Tinnitus Activities Treatment (TAT)

Building on their modifications to TRT (Tyler and Bergan 2001), Tyler et al. (2006)
developed a new treatment approach they named Tinnitus Activities Treatment
(TAT). TAT incorporated partial masking at “the lowest level that provides relief”
along with client-centered counselling using pictures to explain key concepts. No
clinical trials or systematic reviews were found in a literature search of TAT. An
early version of TAT was used to test the sensitivity of the Tinnitus Primary
Function Questionnaire; the therapy was associated with a significant improvement
in scores on the questionnaire (Tyler et al. 2014a).

2.6 Music Therapy

Music therapy is a collective name for activities undertaken by a patient with a music
therapist to improve a clients’ quality of life. Music therapy is primarily a psycho-
logical approach to tinnitus, but as sound features strongly, it is included here. Music
therapists often mix theories and techniques, creating their own versions (Hillecke
et al. 2005); however, a manualized form of music therapy featured in the tinnitus
literature is the Heidelberg model (Argstatter et al. 2012). This consists of nine
50-min sessions over 5 days, using counselling, resonance training (vocal exercises),
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“neuroauditive cortex training” (music listening training), and tinnitus
reconditioning (music relaxation training) (Argstatter et al. 2012). A review of
multiple treatments for tinnitus concluded that therapy conducted by a music
therapist was a moderately validated approach (Zenner et al. 2017). The research
primarily evidenced in the review compared music therapy to a single session of
counselling, in which both groups showed improvement in the Tinnitus Question-
naire but a greater number improved with the music therapy (Argstatter et al. 2015).

2.7 Neuromonics®

Neuromonics® therapy is a habituation-based passive music Sound Therapy. The
therapy uses counselling and music modified for audibility and loudness (Davis
2006). It was originally conceptualized as an auditory equivalent of systematic
desensitization similar to the treatment of phobias (Davis 2006). In a two-stage
process, the tinnitus is covered and then gradually introduced by reducing masking.
Stage 1 is noise with modified music, while stage 2 is modified music alone. Trials
report success in reducing the Tinnitus Reaction Questionnaire in a majority of
participants (Tavora Vieira et al. 2011; Davis et al. 2007). A review of the
Neuromonics® trials was critical of research methodology and, to that date, reliance
on developer-led research (Henry and Istvan 2010). A comparison in outcomes
between Neuromonics® and masking using noise-based sound generators were
similar, both proving equally beneficial (Newman and Sandridge 2012).

2.8 Notched: Noise, Music, and Amplification

Several therapies apply notched filters to sound at the frequency of tonal tinnitus
pitch match. Windowed Sound Therapy applied a notch in broadband noise (BBN)
centered at tinnitus pitch match and with a width of twice the equivalent rectangular
bandwidth (2x estimated critical band) (Lugli et al. 2009). The purpose was
masking, but the authors believed sound near tinnitus pitch was deleterious to
outcome, so filtered this region. A reduction in tinnitus loudness was reported for
the notched noise compared to unfiltered broadband noise and a waterfall sound
(Lugli et al. 2009). An exploratory study compared 1-octave notched noise around
the tinnitus pitch match with 1-octave wide band of noise centered around the pitch
match and a placebo of low-frequency noise; all three sounds showed benefits
(Schad et al. 2018).

Notched music uses music that is spectrally flattened and then notched at tinnitus
pitch, and in some studies, energy is added to the sidebands in an effort to deepen the
notch (Stein et al. 2016). The sharp spectral edges bordering the tinnitus match are
proposed to inhibit activity generating the tinnitus (Okamoto et al. 2010). Music is
used to gather positive attention (Stein et al. 2016). Several studies provide low-level
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support for notched music’s benefits on tinnitus (Okamoto et al. 2010); however, a
recent double-blinded controlled trial only found change in a secondary measure of
tinnitus loudness rating; there was no significant change in the primary outcome of
the Tinnitus Questionnaire (Stein et al. 2016). A review of tinnitus therapies
indicated that there was an insufficient evidence base for recommendation of
notched music (Zenner et al. 2017).

Notched amplification takes a similar approach to the use of notched music, but in
this case, the notch is applied to amplified sound. There is currently limited evidence
to support notched amplification having benefit above conventional amplification
(Haab et al. 2019).

2.9 Fractal Sounds

Fractal sounds are complex, digitally rendered, unpredictable, but self-similar pat-
terns of sound. As applied to tinnitus, they resemble musical chimes. One hearing aid
manufacturer introduced fractal Sound Therapy (“Zen”) onboard some of their
hearing aids approximately a decade ago (Sweetow and Sabes 2010). The Zen
therapy uses five fractal patterns that differ in combination of pitch tempo and
intensity. Most trials have been open label but have shown benefit (Simonetti et al.
2018). The relative contributions of amplification and fractal sounds to the total final
benefit are unclear (Johansen et al. 2014). As with most other treatments, there are
large individual differences in response (Tyler et al. 2017b).

2.10 Acoustic CR® Neuromodulation: Desyncra™

Acoustic CR® (Coordinated Reset) Neuromodulation was developed from an elec-
trical stimulation paradigm to treat Parkinson’s disease (Adamchic et al. 2014a). The
tinnitus treatment consists of temporally patterned tones of frequencies that span a
tonal pitch match. The treatment goal is desynchronizing aberrant spontaneous
activity. Uncontrolled trials in a research (Hauptmann et al. 2015) and in clinic
private practice population (Williams et al. 2015) showed reductions in tinnitus
questionnaire scores. A controlled trial showed no benefit of the Desyncra treatment
over a control; however, this has not been published in full in a peer-reviewed
journal, due to methodological concerns as to the pitch-matching method used
(Adamchic et al. 2014a). A systematic review of CR Neuromodulation concluded
that acoustic CR Neuromodulation may have positive effects on tinnitus symptoms,
but available evidence is insufficient yet to support clinical implementation
(Williams et al. 2015).
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2.11 The Levo® System: Otoharmonics®

The Levo System differs from most other Sound Therapy approaches in focusing on
sound use during sleep and uses a synthesized tinnitus copy. It is based on the
hypothesis that tinnitus emerges to replace an input deficit and that stimulation with a
tinnitus replica should interrupt or reverse this (Pedemonte et al. 2010). A trial
showed clinically meaningful change in the TFI after 3 months in groups using the
tinnitus-matched stimulus and participant-selected “soothing” noise, and the
matched sound showed greater benefit on a loudness rating scale (Theodoroff
et al. 2017).

2.12 Timed Bimodal and Multimodal Stimulation

As the name suggests, therapies using multiple modes are not Sound Therapy alone
but couple sound with other modulation including sounds paired with vagal nerve
(MicroTransponder, Serenity® (Tyler et al. 2017a)), tonguetip™ trigeminal stimu-
lation (Neuromod (Hamilton et al. 2016)), and auditory and somatosensory stimu-
lation (Shore et al. 2016). These are relatively new concepts, and evidence for
clinical efficacy is just beginning to emerge. The Neuromod and Serenity® systems
are available clinically in some countries. These concepts are described in detail in
another chapter in this volume.

2.13 Active Auditory Perceptual Training

Aside from music therapy, the therapies mentioned to this point have been “passive.”
Auditory perceptual training is an active therapy. Auditory training requires listeners
to undertake specific listening tasks and respond to instructions. Frequency discrim-
ination tasks have been the primary training mode (Flor et al. 2004), with attention
(Searchfield et al. 2007) and categorization training being alternative methods
(Jepsen et al. 2010). A review of auditory perceptual training identified that nine
out of ten studies found improvement in outcome measures after auditory training,
but all studies provided low or moderate levels of evidence (Hoare et al. 2010).
Perceptual training games based on attention and conditioning (Wise et al. 2016)
have shown promising results as have multisensory training tasks (Spiegel et al.
2015) and virtual reality (Londero et al. 2010). Clinical and self-help application of
auditory training will probably be available in apps in the near future.
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3 Treatment Frameworks and Protocol Strategy

The different sound therapies that have been described may suit different patients.
Some approaches require more investment of client and clinician time and/or are
more expensive. To manage these variables, treatment frameworks have been
established that select therapy plans based on hierarchies or goal setting. Progressive
Tinnitus Management (PTM) is a method based on five hierarchical levels of clinical
management developed through several iterations through Veterans Affairs Hospi-
tals in the USA (Henry et al. 2005, 2008). The five levels are (1) triage, (2) audio-
logical evaluation, (3) group education, (4) tinnitus evaluation, and
(5) individualized therapy (Henry et al. 2008). If a simple intervention is unsuccess-
ful, the therapy is elevated to a more complex solution. The PTM method has been
adapted to suit different institutions by adopting individual sessions instead of group
education and modified counselling content (Tuepker et al. 2018; Beck et al. 2019).
In this framework, broadband noise and environmental, music, and speech sounds
can be used for soothing, as background sound, or to engage interest (Henry et al.
2008).

The author’s Sound Therapy and Aural Rehabilitation (START) framework
(Searchfield et al. 2019) does not use a hierarchical approach; instead, it employs
needs assessment and goal setting to personalize a treatment plan (Searchfield 2017).
The framework is based on a thematic analysis of Sound Therapy and patient goals
(Searchfield et al. 2019) and a review of customization of Sound Therapy
(Searchfield et al. 2017). That analysis identified four modes of therapy; three
primary effects related to the presence, context, and reaction to sound; and a fourth
secondary mode of adaptation. In the following sections, the current understanding
of the behavioral neuroscience of tinnitus will be related to the typology that
emerged from this research.

4 Typology: Evidence from Behavioral Neuroscience

An inclusive, but unspecific, definition of Sound Therapy is “the use of sound to
manage or treat tinnitus.” The plurality of methods and proposed mechanisms for
Sound Therapy creates a dilemma in definition: Do you try and encapsulate all
methods with a succinct general definition or provide such detail that a definition is
unpragmatic? The use of a single definition leads to ambiguity; sound therapies
using different sounds, with different modes of delivery and different proposed
mechanisms, are being reviewed together under a single gross classification (Hobson
et al. 2012). Tinnitus Sound Therapy is complex and cannot be easily defined in a
single sentence. In order for the field to develop and address criticism, we need
clarity on what Sound Therapy is and how it works. Here I propose a typology for
Sound Therapy and provide retrospective evidence to support it. A typology is a
means to organize and classify multiple theories that can be tested and proven or
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falsified (Doty and Glick 1994). A typology should be comprehensive, but simple,
free as possible of language that infers superiority or negative connotations that
would limit its use. The typology described and explored here through the neuro-
science literature is based on four modes of Sound Therapy (Fig. 1).

4.1 Presence of Sound Effect

The absence of sound facilitates tinnitus perception (Heller and Bergman 1953),
while its presence can reduce tinnitus perception (Vernon and Schleuning 1978).
The presence of sound effect is the reduction or removal of tinnitus perception by
passive exposure to a sound. Its effects are hypothesized to primarily be due to
bottom-up effects on sensory processes (Fig. 2). This mode includes masking
(Vernon and Schleuning 1978), more effective gating (Han et al. 2019b), residual
inhibition (Roberts 2007), desynchronization (Eggermont and Tass 2015), periph-
eral re-afferentation reversing abnormal gain (Norena 2011), and lateral inhibition
(Okamoto et al. 2010).

4.1.1 Masking

The introduction of sound generally has positive effects on reducing ease of tinnitus
detection (Feldmann 1971). One mechanism for change in tinnitus perception in
the presence of sound is masking. Tinnitus masking is the process of partially or
totally covering tinnitus, replacing its perception with that of another sound. Sound-
on-sound masking may occur through a “line-busy” effect in which the sound
activates neurons, preventing firing to another sound, or by a suppression effect in

Reac�on

Adapta�on

Presence Context

Fig. 1 Proposed tinnitus
Sound Therapy typology.
Sound is proposed to act
therapeutically by one or
more of these modes. The
primary modes are sound’s
presence, its context, and its
effect on reaction to tinnitus
perception. The secondary,
central mode, of adaptation
is a potential outcome if
tinnitus is diminished
sufficiently across the three
primary modes
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which the travelling wave of the cochlea to a probe tone is replaced by the vibration
to the masker leading to probe tone suppression (Eggermont 2012; Delgutte 1990).
In psychoacoustics, these peripheral mechanisms are referred to as energetic
masking because the energy in the masker interferes with the target in a frequency-
and intensity-specific manner (Brungart et al. 2006; Ihlefeld and Shinn-Cunningham
2008). The presence of sound may also disrupt the streaming of tinnitus-related
activity (Durai et al. 2019), interfering prior to central processes of schema-based
analysis that would aid figure-ground separation. Tinnitus masking at the level of the
cochlear mechanics and early processing cannot explain why a masker frequency
that does not overlap with tinnitus pitch can be effective (Burns 1984; Feldmann
1971; Mitchell 1983). Tinnitus heard as a broadband sound may also be masked by a
single tone, and a masker contralateral to the tinnitus ear can be effective (Tyler and
Conrad-Armes 1984; Feldmann 1971). Psychoacoustics classifies these higher-order
“central” or “neural” masking effects as informational masking (Arbogast et al.
2002). Some direct central interference effects may help better explain tinnitus
masking (see also Context of Sound 4.2). Central effects observed, presumed to be
downstream effects of masking, include fMRI changes in five brain regions (right
insula, right inferior parietal lobule (IPL), bilateral thalami, and left middle temporal
gyrus) (Han et al. 2019a). Narrowband masking has been shown to modify a
frontoparietal-cingulate network (Han et al. 2019b), suggesting sensory gating
(Rauschecker et al. 2015). Sensory gating is the neural process of identifying goal-
irrelevant information based on previous coding and then filtering this from further
processing. Gating can be likened to a gatekeeping or noise-cancelling process. Both
bottom-up and top-down processing are required for gating, but it is under limited
cognitive control (Jones et al. 2016). The central gatekeeper appears impaired with
tinnitus (Campbell et al. 2018). Han et al. (2019b) observed in rs-fMRI that after
12 weeks of three 20-min sessions per day of narrowband noise (NBN) sound
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generator use, activity from the inferior frontal gyrus reduced from being elevated to
normal level. The higher pretreatment activity was hypothesized to represent con-
trolled attention toward the tinnitus that was no longer necessary posttreatment (Han
et al. 2019b). The connection changes of right thalamus and right inferior frontal
gyrus with sound use were attributed to improved gating and noise cancelling (Han
et al. 2019b).

The best sound level for masking has been a topic of strong debate; there is
variability on the level of sound that individuals choose to use and whether relief or
adaptation is the goal. The early focus of masker use was to totally cover the tinnitus
with another sound resulting in tinnitus being inaudible, therefore providing relief
(Vernon and Schleuning 1978). However, this could result in high levels of sound
that might be unpleasant, and in some cases, over time, the masker would lose
effectiveness through adaptation, or the tinnitus would increase (Tyler and Bentler
1987). Total masking effects may not be maintained due to the action of a central
contrast gain control that has the goal of representing subtle changes in low contrast
situations (Rabinowitz et al. 2011; Robinson and McAlpine 2009). Gain increases as
stimulus contrast decreases in narrow frequency bands (Rabinowitz et al. 2011); this
implies activity representing tinnitus might be increased with high levels of com-
peting activity.

In clinical practice, partial masking was found to be a more comfortable solution
than total masking (Terry and Jones 1986). The level of partial masking
recommended has varied from the lowest level that provides relief (Tyler et al.
2006) to a comfortable level where the tinnitus and masker mix without total
masking (Jastreboff 1999). Tinnitus perception in the presence of partial masker
can be considered akin to a figure-ground process (Teki et al. 2011). As the level of
masker is raised, the figure (tinnitus) is more difficult to distinguish from the
background (masker). The ease of extracting the tinnitus signal from ongoing
background neural activity is reduced as the level of sound is increased. Partial
masking of sound may also affect magnitude estimation due to a reduction in
contrast of tinnitus against other activity (Searchfield et al. 2012). Raising the overall
stimulation of the auditory system through sound should raise internal perception
criteria (the adaptation level) relative to tinnitus, thus decreasing the perceived
magnitude of tinnitus over time (Searchfield et al. 2012).

Masking, at different intensities, can affect tinnitus in different ways across time.
Masking can have an almost immediate benefit on perceived tinnitus loudness,
before plateauing, while tinnitus handicap and distress may continue to reduce
with time (Fig. 3). Masking has been reported to have a stronger initial outcome
than TRT, but TRT’s effects are greater with more time (Henry et al. 2006). In
another study, patients whose tinnitus was masked at the fitting of hearing aids had
greater long-term reductions in negative reactions to tinnitus than those with partial
or no masking at aid fitting (McNeill et al. 2012). Another study found that the level
of sound does not affect treatment outcomes (Tyler et al. 2012). Several therapies for
managing tinnitus using a transition from high to lower levels of masking via two
(Davis et al. 2007) or three (Lopez-Gonzalez and Lopez-Fernandez 2004) stages.
These therapies attempt to exploit the posited immediate relief from higher masking
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and use lower and sustaining sound stimulation to achieve lasting tinnitus reduction.
It is difficult to separate sound benefit from counselling in these studies, but masking
may have an effect through two phases: relief (reducing tinnitus magnitude) and
adaptation (reducing handicap and impact of tinnitus) (Fig. 3, Carraba et al. 2008).
Prolonged, and maintained, periods of reduced magnitude through the presence of
sound may contribute to tinnitus adaptation and its relief. The ideal starting sound
level for masking may be goal-driven (Searchfield 2017) and based on individual
adaptation levels and listening preference (Durai and Searchfield 2017). Clinicians
should be aware that a neural contrast gain control (Rabinowitz et al. 2011) may act
to extract tinnitus from noise requiring further adjustment in level or type of sound to
avoid such an effect.

4.1.2 Residual Inhibition

Experimental masking studies have demonstrated post-masking suppression of
tinnitus, which has become known as auditory residual inhibition (ARI). ARI
manifests as diminished or abolished tinnitus sensation for a short period of time
after the cessation of a masker (Roberts 2007). Complete ARI is the absence of
tinnitus following the offset of masking sound, and partial ARI is the reduction but
not complete absence of tinnitus (Vernon and Meikle 1988). For example, 1 min of
broadband noise at 10 dB above the minimum masking level (MML) results in ARI
in 80–90% of patients (Vernon and Meikle 2003). ARI usually lasts for less than a
minute (Roberts 2007). Because ARI usually requires intense stimulation and has
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Fig. 3 Schematic showing the time course of Sound Therapy with TRT. Tinnitus magnitude
(loudness rating scale) is decreased after 3 months and stabilizes at 6 months following commenc-
ing use of sound. Annoyance and life effect ratings continue to improve. This suggests two-time
frames for different effects, short-term magnitude reduction (solid arrow), and longer-term psycho-
social benefit (dashed arrow) (data from (Carraba et al. 2008))
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short-lasting effects, it has limited benefit as a treatment. However, its marked effect
on tinnitus, and the ability to elicit the effect and return to baseline, is an attractive
model for exploring the physiological basis of Sound Therapy. The reduction with
ARI is also independent of the counselling that normally confounds clinical Sound
Therapy studies. The time course of the ARI effect is consistent with
desynchronization of hypersynchronous neural networks in humans (Roberts
2007) and with suppressed spontaneous firing in the inferior colliculus in mice
(Galazyuk et al. 2017). ARI is most effective when the effector sound spans the
frequency region matched to tinnitus pitch (Roberts et al. 2008). Roberts et al. (2015)
investigated ARI effects using evoked 40 Hz auditory steady-state response (ASSR)
and transient N1 component of the auditory evoked potentials. Among persons with
ARI-induced tinnitus reduction, the amplitude of ASSR was found to increase while
the amplitude of N1 decreased. It was concluded that the increase in ASSR was due
to improved phase locking to the 40 Hz stimulus accompanying suppression of
hypersynchronous neurons in the tonotopic primary auditory cortex, with reduced
N1 amplitude coinciding with ARI, but not predicting to the strength of suppression
(Roberts et al. 2015). N1 is associated with the activity of the secondary auditory
cortex and with parieto-frontal filtering of irrelevant stimuli (Zhang et al. 2011). ARI
may suppress spontaneous hyperactivity to below a detection threshold (Galazyuk
et al. 2019). Frequency-specific suppression probably occurs in the tonotopically
organized primary auditory cortex, with a potential, but less specific suppression in
the secondary auditory cortex related to attention mechanisms (Roberts et al. 2015).
This localized auditory network can be extended to include areas not specifically
auditory. Study results of intracranial recordings from an awake tinnitus patient
during ARI support a temporal lobe “tinnitus driving network,” a parahippocampal
and inferior parietal cortex “tinnitus memory network,” and a widespread “tinnitus
perception network” with roles in predictive processing (Sedley et al. 2015). A
recent study by our group (King et al. 2021) identified ARI in 17 of 30 participants;
these participants had significant increases in the power spectral density of alpha and
gamma bands of the EEG. This finding is consistent with the theory that an increase
in alpha activity is a signature of ARI and that this may represent inhibitory control
of synchronized spontaneous activity, potentially decreasing activity of a tinnitus
precursor or altering precision of perception (Sedley et al. 2015). In a proof-of-
concept study using a spiking neural network model of EEG, our group found that
higher connections were created between the temporal and centroparietal regions of
the spiking neural network models after ARI stimulation (Sanders et al. 2020). It is
possible that ARI interrupts activity in memory and perception networks secondary
to the desynchronization of the peripheral-driven tinnitus activity.

4.1.3 Entrainment and Desynchronization

It has been proposed that amplitude modulated (AM) sounds enhance ARI (Neff
et al. 2017, 2019; Reavis et al. 2012; Tyler et al. 2014b) and that may this occur
through entrainment (Neff et al. 2017). Entrainment occurs when neural patterns
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align with temporal changes in sound and has been identified as a modifiable
substrate of attention (Calderone et al. 2014). Modulating tones within background
noise used for tinnitus therapy have been observed to change activity in the right
middle frontal gyrus and right superior gyrus, consistent with changes to primary
auditory and attention processing (Liu et al. 2018). However, two recent studies
(Sanders et al. 2020; Neff et al. 2019) did not find significant differences in tinnitus
suppression between tinnitus pitch-matched AM and constant stimuli.

Tonal patterns have also been proposed as potential modifiers of tinnitus. Some
tone-based sound therapies set out to desynchronize neural assemblies in a
tonotopically focused area around tinnitus pitch to weaken neural connections
(Eggermont and Tass 2015). In a different study, 12 weeks of this acoustic coordi-
nated reset (CR) neuromodulation therapy was found to increase EEG alpha band
activity in temporal and frontal cortices and reduce delta activity strength in primary
and secondary auditory cortices (Tass et al. 2012). Alongside a general gamma
reduction, theta was reduced at the anterior cingulate and frontal regions, with a
reduction in the superior temporal gyrus (Tass et al. 2012). In follow-up studies, the
EEG following therapy resembled that of control participants (Silchenko et al. 2013;
Adamchic et al. 2014b). Prior to CR therapy and compared to the healthy controls,
the good responders showed a significantly increased connectivity between the left
primary auditory cortex and the posterior cingulate cortex in the gamma and delta
bands and in the alpha band a significantly decreased effective connectivity between
the right primary auditory cortex and the dorsolateral prefrontal cortex. After
12 weeks of CR therapy, most of the pathological interactions were absent. The
results were attributed to the therapy restoring a posterior cingulate cortex “salience-
based cognitive auditory comparator” (Silchenko et al. 2013). The therapy has been
further explored, acutely, by comparing EEG and visual analogue scales before,
during, and after 16 minutes of CR in and around tinnitus pitch, a “noisy CR”
without stimulation at the tinnitus pitch, and a low-frequency range stimulation
outside of the tinnitus frequency region; there were differences also in repetition
rates (Adamchic et al. 2017). The low-frequency stimulation range had little effect
on ratings, and the EEG was reduced in the delta band. CR and noisy CR reduced a
loudness scale, while the noisy CR also reduced tinnitus on an annoyance scale. CR
had a stronger effect in reduction of delta and gamma and increase in alpha power in
the auditory cortex (Adamchic et al. 2017). The current measurement resolution
limits the ability to draw together the specific putative mechanism of effect for this
therapy with physiological and behavioral outcomes.

4.1.4 Lateral Inhibition

An alternative to applying energy at the tinnitus pitch is to exclude sound frequen-
cies in the tinnitus pitch region, using a notch filter to simulate neighboring frequen-
cies. The sharp spectral edges created by notching sound have been hypothesized to
result in lateral inhibition of overactive neurons at the tinnitus pitch (Teismann et al.
2011). Physiological studies have been undertaken on the most commonly cited
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lateral inhibition method known as “tailor-made notch music” (TMNM) (Okamoto
et al. 2010). The use of TMNM for 12 months showed reduced magnetoencepha-
lography N1m responses associated with decreased tinnitus loudness (Okamoto et al.
2010); a similar result was observed after just 5 days, considered to be consistent
with fewer active neurons or reduced synchrony (Teismann et al. 2011). The use of
TMNM for 3 h per day for 3 days was sufficient to reduce subjective tinnitus
loudness and N1m amplitude in the temporal, parietal, and frontal regions. These
results were consistent with TMNM effects on a broad sensory-cognitive network,
reflecting the presence of sound along with music’s benefit on emotion and reaction
to tinnitus (Stein et al. 2015a). The ability of notched music effect to create lateral
inhibition has been questioned due to music’s spectrum (Noreña 2012). Although
the music in TMNM is compensated to provide a flat spectrum to reduce a
low-frequency bias, the therapy is less effective for pitch-matched tinnitus than
high-pitch tinnitus (>8 kHz) due to the limited high-frequency energy in music
(Teismann et al. 2011). Greater depth of the notch relative to side bands of noise
improves the effectiveness, thus supporting lateral inhibition as a mechanism of
effect (Stein et al. 2015b), whereas the absence of effects of altering notch width
(1 octave, ½ and ¼ octave widths) appears incongruent with lateral inhibition
(Wunderlich et al. 2015).

The spectral limitations of notching music also apply to the concept of notched
amplification (Haab et al. 2019) but should not apply to notched broadband noise.
The equal benefit of notched noise at tinnitus pitch, narrowband noise at tinnitus
pitch, and sound remote from tinnitus pitch casts some doubt on the merit of tailoring
frequency spectrum for tinnitus inhibition (Schad et al. 2018). The equivalency of
results suggests that either there are multiple Sound Therapy mechanisms that play
an equal role in reducing tinnitus or there is a common mechanism that is indepen-
dent of tinnitus pitch.

4.1.5 Peripheral Re-afferentation and Change in Gain

Changes in gain have been modelled as a contributor to tinnitus generation (Schaette
and Kempter 2009; Norena 2011). Increased gain within the auditory pathways is
seen as necessary to maintain homeostasis following hearing loss and
deafferentation. The link between hearing thresholds and spectrum of tinnitus
suggests that if the hearing loss could be compensated for, the driver creating the
spectrum would be eliminated (Schaette et al. 2010). Reducing hearing loss as the
solution to tinnitus is not a new concept (Fowler 1948), but modern hearing aids or
cochlear implants are tools that now enable this. Raising cochlear neural activity in a
frequency-specific manner through hearing aids (Shekhawat et al. 2013) and sound
tailored to hearing loss (threshold-adjusted noise (Searchfield et al. 2002)) have been
proposed to counteract gain by reducing the drive for increased spontaneous activity
and hence a reduction in tinnitus (Schaette et al. 2010). The presence of sound has
been demonstrated to reverse gain associated with auditory deprivation (Munro
2008), possibly reducing tinnitus in the process (Schaette et al. 2012). Changes in
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gain appear to explain increases in sound sensitivity (Auerbach et al. 2019), but its
role specifically in generating tinnitus is less clear (Sedley 2019). The gain model
may require concomitant mechanisms including a source of neural noise to be
amplified (Zeng 2013), interaction with prediction (Sedley 2019), or memory mech-
anisms (De Ridder et al. 2013; De Ridder et al. 2014) for sound to be perceived. The
gain model is primarily a passive bottom-up response to deafferentation but may also
be under a degree of top-down control (Robinson and McAlpine 2009).

Recent developments in understanding of neuroplasticity mechanisms have
resulted in innovative methods to build on sounds’ innate effects. Efforts have
been made to potentiate neuroplasticity to sound using vagal nerve (Tyler et al.
2017a) or trigeminal nerve (Hamilton et al. 2016) stimulation. Although innovative
in their use of neuromodulators, the effector of change in these multimodal methods
is sound. If the Sound Therapy is mistargeted, the therapies should not be effective.

In summary, the presence of sound results in many neurophysiological changes,
some of which may account for the behavioral benefits seen as response to basic
sounds. The effect encompasses a number of treatment modes that affect tinnitus by
the passive presence of sound affecting sensory aspects of tinnitus perception.

4.2 Context of Sound Effect

The context of sound effect is a sensory-cognitive mode reflecting how tinnitus can
be altered by the information contained within sound. The context of sound effect is
hypothesized to reflect top-down knowledge-based processes. We are active
explorers of our soundscape and attempt to match sounds to visual objects in the
environment. Categorization and recognition of auditory objects are as critical to
survival as identifying objects of visual perception (Bregman 1990; Brefczynski-
Lewis and Lewis 2017). Tinnitus lacks visual context and in the absence of meaning
engenders attention (Feldmann 1992), and so it is a challenge to our learned reality of
normal soundscapes (Feldmann 1992). We need to classify sounds as being real or
unreal or of self-nonself (Brefczynski-Lewis and Lewis 2017). The neural activity
forming tinnitus conflicts with memory and expectations of true sounds (Searchfield
et al. 2007). To manage the complexity of our auditory soundscapes, auditory
objects need to be selectively attended and then to be filtered and followed over
time. Attention mechanisms enhance the processing of relevant auditory inputs and
suppress those that are irrelevant (Eramudugolla et al. 2005). If the source and its
meaning are identified and there is no reason to attend to it, sensory resources can be
applied to other sensory tasks. If activity fails to be matched to existing templates or
predictions, further attention resources may be allocated to extract features
(Searchfield et al. 2007). In this view, the unusual aspects of tinnitus engender
attention and tinnitus are under top-down executive control (Heeren et al. 2014).
The meaning and relevance of sound and the context in which it is heard will have
strong effects on whether it is listened to or recedes into the background (Escera et al.
2000); the perception of tinnitus is likely to follow a similar process (Fig. 4).
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The therapeutic benefit of the context mode may occur in response to the
information contained in the sound competing with, recategorizing, or defocusing
attention on tinnitus. Schema-driven grouping relies on prior knowledge of familiar
patterns in acoustic data (Treisman and Gelade 1980). It is possible that, with
tinnitus, spontaneous activity in the primary afferents is not ignored, as usually
would be the case, but instead becomes a default prediction of sound (Sedley et al.
2016). Cochlear output is incongruent with expectations causing a shift in the
balance of excitation and inhibition in coding at the primary and secondary auditory
cortices (Roberts et al. 2015). Treatment could target processes used for prediction of
sound, or disrupt regularities within the neural signal, rather than suppressing global
neural firing (Searchfield et al. 2007; Sedley 2019). Our ability to select tinnitus
above more relevant information in surrounding sounds should be heavily
influenced by attention (Giard et al. 2000), and interesting sounds may tax our
limited attention capacity interfering with figure-ground segregation (Treisman
1964), reducing resources available to listen to tinnitus.

4.2.1 Informational Masking

Tinnitus can be masked by information-bearing sounds that demand central
processing (Searchfield et al. 2016). Such informational “central” masking of
sound can be achieved by complex patterns of sound including speech, temporally,
and frequency-varying tones (Kidd et al. 2002; Oh and Lutfi 1999). Hearing aids
may reduce neural gain or provide frequency-specific masking through the presence
of sound effect, but their main effect may be through amplification of speech and its
demand on cognitive processing leaving limited resources to listen to tinnitus. For
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humans, speech is a signal of great importance, strongly associated with memories
and complex in its tonal and temporal nature as well as meaning. Speech should be
the focus of attention. Hearing aid users have been found to be more likely to
successfully reduce their tinnitus if they had higher functional connectivity between
auditory and default mode networks, consistent with a predisposition to effectively
process and interpret speech (Han et al. 2020).

Although less ecologically important than speech sounds, the auditory cortex also
responds strongly to other modulated sounds. Sounds that vary in temporal charac-
teristics along with frequency can capture attention and result in informational
masking (Kidd et al. 2008). Durai et al. (2018) undertook a short-term adaptation
study exploring the feasibility of simulated surf-like sounds for tinnitus therapy and
compared predictable amplitude modulated sound with ones unpredictable in ampli-
tude and timing. The results indicated unpredictable sounds provided greater reduc-
tion in loudness and annoyance (Durai et al. 2018). Rhythmic sounds are more likely
to be habituated to, while sounds with unpredictable rhythms may interfere with
prediction and engage attention. Modulated noise may suppress tinnitus through
dual mechanisms of prediction disruption and engaging attention. A Sound Therapy
using modulating tones with background noise has been associated with rs-fMRI
changes in the right middle frontal and right superior gyri, consistent with changes to
primary auditory activity and attention processing (Liu et al. 2018). Recordings from
the auditory thalamus in rats have demonstrated that modulated noise attenuates
probe sounds by two mechanisms: (1) reducing the total number of evoked spikes
(masking) and (2) context-specific changes in response timing (scrambling) (Martin
et al. 2004).

The informational masking concept can be extended to include spatial cues. At a
cognitive level, the auditory system places a premium on whether sound is caused by
a living agent and is perceived to be near or far from the listener (Brefczynski-Lewis
and Lewis 2017). Near objects are considered as more relevant and potentially
threatening (Brefczynski-Lewis and Lewis 2017). Tinnitus is perceived as a sound
in or in the near field around the head (Searchfield et al. 2015). Like a real sound
heard in the near field around the head, tinnitus demands attention. Sounds that are
perceived as coming from the same spatial location are better maskers than those
heard as being separated in space (Arbogast et al. 2002; Ihlefeld and Shinn-
Cunningham 2008). In some individuals, tinnitus informational maskers may inter-
fere with both “where and what” sound processing pathways with spatial informa-
tion requiring greater cognitive processing demand, and so there are fewer cognitive
resources to extract tinnitus from the complex sounds (Searchfield 2014). The
therapy sounds may have provided context for the perception of sound, enabling
participants to disengage attention from their tinnitus. A behavioral and electrophys-
iological modelling study found the most effective masker combined energy at
tinnitus pitch with spatial information (Durai et al. 2020). Large changes in strength
of connectivity were observed, centered around parietal-occipital regions. The
parietal cortex, implicated in Durai et al. (2020) results as a locus for masking
effects, is involved in spatial attention and association (Brefczynski-Lewis and
Lewis 2017). There were also changes at frontal, central, and temporal sites (Durai
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et al. 2020). These observations support the theory that the perception of tinnitus
relies on a distributed neural network (De Ridder et al. 2014) that includes the
processing of spatial cues.

4.2.2 Attention and Categorization Retraining

A change from focusing on tinnitus to focusing on real sounds and a recategorization
of tinnitus from an unreal (phantom) sound to an auditory object that can be ignored
may be facilitated through auditory training. Auditory training involves discrimina-
tion, categorization, and attention to simple (tones) or complex (auditory object)
sounds. Discrimination training at tinnitus pitch, learning to distinguish between or
separate sound, has received most attention (Hoare et al. 2010). The benefits for
tinnitus of training using discrimination tasks have been limited, and change is best
predicted by the amount of regular training undertaken and psychological variables
(Flor et al. 2004), suggesting a role for focused attention (Hoare et al. 2010).
Categorization training is an alternative to discrimination training. Categorization
is the process of grouping; training can be done on the basis of sounds’ perceptual,
functional, or emotional aspects (Bergman et al. 2009). If tinnitus categorization is
able to “embody the sound,” that is, match sound with actions (Brefczynski-Lewis
and Lewis 2017), tinnitus may be classified as irrelevant and be ignored. Such
categorization should be aided by the addition of multisensory cues. Persons with
tinnitus are more sensitive to cross-modal interference; they have increased difficulty
in ignoring irrelevant stimuli (Araneda et al. 2015). Exposure to complex tinnitus
avatars alongside a visual representation (e.g., virtual reality (Londero et al. 2010))
or tactile presentation (Spiegel et al. 2015) may diminish or desensitize the experi-
ence of a nearfield, but unidentified sound. Auditory-visual-tactile tasks of either
integration or attention diversion were similarly effective in improving Tinnitus
Functional Index scores and rating scales after 20 daily sessions of 20–30 min
(Spiegel et al. 2015). The multisensory training also improved auditory and visual
attention and eye tracking (Spiegel et al. 2015). A further study repeated the
integration training task with and without fluoxetine (Searchfield et al. 2020a). It
was hypothesized that fluoxetine would improve auditory plasticity in the manner
reported for vision (Vetencourt et al. 2008). The fluoxetine did not improve out-
comes (consistent with similar human vision studies (Lagas et al. 2014; Huttunen
et al. 2018)), but the training task improved ratings on problem and annoyance scales
and was associated with increased rs-fMRI connectivity between the auditory,
visual, and somatosensory brain areas and decreased connectivity within attention
and memory networks, consistent with hypothesized modes of action (Searchfield
et al. 2020a).

If tinnitus was totally under top-down executive control (Heeren et al. 2014),
training might enable tinnitus simply to be “put out of mind” (Attarha et al. 2018).
By focusing on stimuli other than their tinnitus, patients may learn skills that can
assist in their ignoring tinnitus (Searchfield et al. 2007). Evidence from perceptual
training studies suggest that attention to tinnitus is malleable. Perceptual training
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may enable a degree of control over attention to tinnitus. Training with the goal of
greater attention to external sounds appeared to increase the ability for sounds to
interfere with tinnitus (Searchfield et al. 2007). After several weeks of training at
home using an auditory object identification and localization task, minimum
masking levels were reduced, indicative of the task increasing the ease to which
external sounds interfered with tinnitus (Searchfield et al. 2007). Gamification of
training may be another important consideration for tinnitus therapy in order to
maintain motivation and compliance with tasks (Wise et al. 2016). After 20 days of
30-min training on a game requiring the user to find target sounds (unlike tinnitus)
resulting in points reward (while ignoring distractor sounds resembling tinnitus),
Tinnitus Functional Index scores improved as did performances on audio and visual
attention tasks. The N1 auditory evoked potential latency was also reduced for
sounds remote from tinnitus pitch (Wise et al. 2016). However, care needs to be
undertaken in interpreting neural changes with training which might be assumed to
be a correlate of tinnitus but instead may be a more general measure of attention
(Sedley 2019).

The spatial similarity between a masker and tinnitus may aid in the process of
recategorization of tinnitus as a controllable sound, leading to less attention and
processing. The processing of nonliving sounds activates visual episodic networks
such as parietal-occipital, parahippocampal gyri, and posterior cingulate cortices
(Engel et al. 2009). As an alternative action to informational masking, blending of a
true sound with tinnitus may aid in the reclassification of tinnitus from being a
stimulus of interest to a background noise. If tinnitus is embedded within a noise and
the noise-tinnitus blend is perceived as a single entity, it may be categorized as
unimportant, which may facilitate its habituation (Jastreboff and Hazell 1993). The
Levo treatment attempts this during sleep through a sound matched to tinnitus, the
concept being that adaptation to the tinnitus-like sound will also capture the tinnitus
it is matched to (Pedemonte et al. 2010).

4.3 Reaction to Sound Effect

4.3.1 Gating

The reaction to sound effect is the reduction or removal of negative reactions to
tinnitus by exposure to sound. Like the context of sound effect, reaction to sound is
governed by cognitive processes. Emotion affects perception (Siegel and Stefanucci
2011), for example, the putative “gatekeeping” system for sensory information is
under frontostriatal control (Rauschecker et al. 2015; see also the presence of sound
effect). Very few people find tinnitus pleasant (Stouffer and Tyler 1990). Negative
emotional association of the tinnitus perception might lead to more disabling tinnitus
through processes that drive attention toward the tinnitus signal, increasing distress
and preventing adaptive responses. If the negative emotions could be decoupled
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from tinnitus, attention may be reduced, and the ability for tinnitus-related neural
noise may be improved through gating (Rauschecker et al. 2015) (Fig. 5).

4.3.2 Affect

A negative mood may result in tinnitus being louder. Durai et al. (2017a, b) exposed
persons with tinnitus to brief emotional sounds and images. The lowest tinnitus
loudness ratings were recorded after exposure to positive valence stimuli, highest
after the negative sounds. Effects were modality-specific; visual images did not
result in changes in tinnitus, suggesting auditory attention facilitated the negative
and positive responses (Durai et al. 2017a). A positive reaction to sound may
counteract negative affect created by tinnitus, improving mood. Individual psychol-
ogy factors, personality, memory, prediction, cognition, and emotion play strong
roles in this driver of affect to tinnitus (Searchfield et al. 2012). Personal preferences
to sound associated with memories or negative events also contribute to reaction to
sound.

The neural effects of the Heidelberg Neuro-Music Therapy (HNMT) have been
compared to controls (Krick et al. 2015, 2017). Gray matter increases were found in
the precuneus, medial superior frontal areas, and auditory cortex. Using fMRI,
increased default mode network activity particularly in the posterior cingulate cortex
was associated with the improvement’s tinnitus-related distress related to the HNMT
therapy. This therapy offers the possibility to evaluate the neural changes associated
with the improvements in tinnitus distress (depression and anxiety) (Krick et al.
2015, 2017).
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4.3.3 Relaxation

Therapies that include music (e.g., Neuromonics, notched music) or fractal tones
may promote relaxation (Simonetti et al. 2018). Although relaxation is a stated aim
of these therapies, research investigating their benefits do not appear to have
included physiological or behavioral indicators of emotion or stress to test this
hypothesis.

Brefczynski-Lewis and Lewis (2017) speculated that sounds, which did not
require physical action, aided relaxation by reducing inward thoughts. Sounds
matching this description include surf-like sound (Searchfield 2019). While widely
adopted for tinnitus control by hearing aid manufacturers, there is, however, little
evidence for their efficiency (Sereda et al. 2017). Minor changes in temporal
characteristics of these sounds can have dramatic effects on acceptance. Individual
preferences for sound rhythms mirror known psychological benefits (Searchfield
2019). Damped sounds (increase rapidly and then decrease gradually with time) are
preferred as short-term aids to tinnitus by more people than the opposite ramped
sounds (slow rise, rapid decrease). Slow oscillations are preferred to rapid changes
(Searchfield 2019). The asymmetry in response is believed to be due to ramped
sounds as appearing to approach the listener (rather than recede away – damped);
ramped sounds are more arousing or unpleasant as a consequence (Bach et al. 2011).
The ramp archetype has been used to capture attention in music (Huron 1992);
consideration of such psychoacoustic features would aid clinical implementation of
sounds.

BBN is not a sound that is considered overtly pleasant or soothing, yet is more
effective in reducing short-term tinnitus-related stress (Aydin and Searchfield 2019)
and long-term tinnitus (Durai and Searchfield 2017) than sounds considered more
pleasant. Direct measures of stress biomarkers suggest BBN is superior in reducing
stress than self-selected nature sounds (Aydin and Searchfield 2019). Streamed
nature sounds and BBN were found to be equally effective over 6 months (Barozzi
et al. 2016), while BBN was superior to nature sounds after 3 months use of each in a
crossover trial (Durai and Searchfield 2017). The immediate relief provided by BBN
masking appears to surpass the more pleasant nature sound effects. If tinnitus
magnitude is reduced or it is removed from perception and the reaction to the
introduced masker is at least neutral, reduced stress should be a downstream result.
Categorizing tinnitus as an innocuous or pleasant sound may be accelerated using
imagery (Searchfield et al. 2020b) or may be aided by pairing the tinnitus with a
pleasant sound.

4.3.4 Clinical Implications of Reaction to Sound

Sounds that appear promising as a treatment may not turn out to be as effective as
initially anticipated, not because they fail to affect tinnitus perception but rather
because they are poorly tolerated (Durai et al. 2018; Durai and Searchfield 2017).
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For example, tones may be considered a useful sound to change tinnitus activity but
may be poorly accepted (Terry and Jones 1986), and notched sound might be
effective in inhibiting tinnitus but may be unpleasant to listen too (Manabe et al.
2019). Annoying or negative sounds may drive attention toward tinnitus, defeating
efforts in habituation or adapting to tinnitus (Durai and Searchfield 2017). A piece of
music may elicit positive or negative reactions depending on personal tastes and
associated memories (Hann et al. 2008). Outcomes of Sound Therapy might be
strengthened if patients were able to choose from a range of treatment sounds.

4.4 Adaptation

Adaptation is a two-way process allowing both an increase or a decrease in response
(Helson 1964) that includes psychological adaptations (Wilson et al. 1998) and
changes in sensory response that might be through mechanisms of habituation
(Jastreboff et al. 1996; Jastreboff and Hazell 1993). The ideal outcome of tinnitus
treatment would be the complete elimination of tinnitus perception, with no side
effects. Complete elimination of perception may be unrealistic, given that many
people, who do not complain of tinnitus, experience tinnitus-like sounds (Heller and
Bergman 1953). Most current treatments aim for a significant decrease in suffering
and/or some reduction in tinnitus perception.

Tinnitus can be plausibly reduced by either the presence, context, or reaction to
sound. If the desired goal is adaptation, positive effects from all three sound effect
modes may be required. Tinnitus needs to be “fought on many fronts” (Schlee et al.
2009); a reduction in auditory cortex hyperactivity, as demonstrated through acous-
tic residual inhibition, may not eliminate tinnitus unless there is long-term control of
input from the global workspace that drives tinnitus distress (Schlee et al. 2009). A
consequence of effective Sound Therapy may be preventing tinnitus-related activity
being integrated into the global workspace (across sensory, frontal, and partial brain
regions). Activity above a threshold will enter this network and result in conscious
perception (Schlee et al. 2009). Activity may be altered to lay below the threshold, or
potentially the threshold criteria may be raised. This process is consistent with the
concepts of habituation to reaction and perception (Jastreboff et al. 1996; Jastreboff
and Hazell 1993) signal detection theory (Welch and Dawes 2008) and the
adaptation-level theory of tinnitus (Searchfield et al. 2012). Habituation is a reduc-
tion in response to expected or prolonged exposure to stimuli. Failure to habituate to
tinnitus is a theme common to psychological (Hallam et al. 1984) and sound-based
therapies (Jastreboff et al. 1996; Jastreboff and Hazell 1993). Tinnitus complainers
show less habituation of N1 and P1 amplitudes of ERPs to tone pips (Hallam et al.
1984). Several MRI studies suggest that habituation of tinnitus is associated with
interactions of attention, emotion, and auditory networks (Husain 2016), consistent
with the typology suggested in this chapter. Signal detection theory has been used to
explain the predisposition for tinnitus detection for certain personality types (Welch
and Dawes 2008) and might explain transition of tinnitus with Sound Therapy from
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detected to undetected state. For persons without tinnitus, auditory activity may not
exceed the threshold for tinnitus perception, while for persons with tinnitus, it would.

The adaptation-level theory of tinnitus (ALT, (Searchfield et al. 2012) extends the
concept of a threshold of detection to a criterion for magnitude estimation. It also
provides a psychoacoustic explanation on how tinnitus adaptation may work given
the multiple factors contributing to its perception. The ALT model is influenced by
personality and psychosocial factors as well as the perception of tinnitus (Durai et al.
2015). The adaptation level is an internal reference point (criteria) for sensory
magnitude estimations and approximates the magnitude of tinnitus (Schmidt et al.
2014). The model predicts that positive adaptation to tinnitus can occur if the
environment is helpful to the individual and the perceived magnitude and reaction
to tinnitus is reduced (Searchfield et al. 2012). With respect to the typology’s three
primary modes of effect, external sound can (1) suppress tinnitus-related activity and
reduce perceived magnitude of tinnitus, (2) interfere with processes that extract
tinnitus from other neuronal activity and reduce attention to tinnitus, and (3) elicit
positive psychological response to reduce tinnitus distress. If the perceived magni-
tude of tinnitus can be maintained at a low level, a learned change in criteria applied
to signal detection may occur. Adaptation may account for some people becoming
unaware or unconscious of tinnitus. The time course of adaptation to chronic tinnitus
is unclear, although many clinical trials of tinnitus Sound Therapy use repeated
measures over 6–12 months (Jastreboff 2015).

5 Sound Therapy with Precision

Few sound therapies are personalized with any great deal of precision (Searchfield
et al. 2017). The terms “customized” and “tailored” have been used to describe
changes within a single dimension of sound (usually frequency) rather than viewing
tinnitus as a complex combination of effects (Searchfield 2014). Many fields in
health are moving from “one-size-fits-all” models of treatment to tailored solutions
(Schleidgen et al. 2013; Tutton 2012). A multifactorial treatment that is not wedded
to a single treatment paradigm is a pragmatic solution to the diversity in treatment
goals that patients report. In the absence of a single effective solution and with
physiological predictors of treatment at an early stage, weight needs to be given to
the goals of individuals in the context of well-informed clinical decision-making.
Knowing modes of action and communicating them in a transparent manner may
facilitate collective knowledge and collaboration. Work is underway to test a
Precision Sound Therapy™ that examines individual differences and treatment
goals to aid selection from different Sound Therapy modules. Eventually behavioral
measures (Durai et al. 2017b; Kleinstäuber et al. 2018) and physiological measures
such as fMRI and EEG (Han et al. 2019a; Durai et al. 2020) may be biomarkers for
therapy success and enable a priori therapy selection.
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6 Is Sound Therapy Harmful?

It has been speculated that the use of passive Sound Therapy may be harmful
(Attarha et al. 2018). Harm did not emerge as a significant theme in reviewing the
research. It is possible that harm has been insufficiently investigated. But there are
good reasons as to why BBN Sound Therapy in humans is unlikely to be harmful.
The controlled environment in animal studies is not replicable in normal human
activity. Persons using BBN Sound Therapy are not solely exposed to this sound,
they receive patterned sounds as speech and environment sounds, and the time spent
exposed to treatment sound is limited (Durai and Searchfield 2017; Durai et al.
2018). If harm is possible, I believe BBN is less likely to be the candidate than other
manipulations of sound. In our modern world, BBN is common, computer drive
fans, air conditioning, and traffic hum, yet we seldom experience our world through
notched filters or frequently listen to tonal stimuli. In the majority of tinnitus cases,
the underlying pathology is more likely to disrupt brain function than therapies
attempting to reverse the effects of pathology. Hearing loss, dead regions, and
deafferentation due to their very persistence are likely to be the primary drivers of
harmful auditory plasticity and tinnitus.

7 Conclusion

At the beginning of this chapter, the questions I asked were: Is the use of Sound
Therapy simply blind faith, or has the evidence for tinnitus Sound Therapy been
misinterpreted? And why is there ambiguity about the benefits and basis of Sound
Therapy? The answers are complex. Sound Therapy is generally inadequately
defined; this has engendered ambiguity and propensity for misunderstanding. I do
not believe that Sound Therapy should hold the mantel of being a sacred cow
(Mckenna and Irwin 2008), nor do I think that there is great risk of a cobra effect
(Attarha et al. 2018). The majority of evidence, albeit sometimes low level, indicates
sound is a useful contributor to tinnitus therapy. However, there are gaps in our
knowledge, particularly related to mechanisms of effect that need to be filled.
Acoustic residual inhibition demonstrates that sound can, albeit temporarily, reduce
activity below a threshold that delimits perception. When tinnitus detection is
reduced, relief ensues; if this can be maintained, this suppressed activity may fall
below a criterion for conscious processing. Alternatively, sound may act to raise the
criteria for detection, and even though the tinnitus driving activity is unchanged,
tinnitus may not enter consciousness. Most likely complete adaptation requires
sound to act on both sense (auditory activity) and sensibility (cognition and con-
scious perception). At present, all sound therapies appear to have similar effective-
ness. Hillecke et al. (2005) describe this effect with regard to music therapies as “the
dodo bird verdict” (in Alice in Wonderland, the dodo bird says “everyone has won
and all must have prizes”). It is possible that many, theoretically different, sound

238 G. D. Searchfield



therapies share action on a common final pathway. Reduction of primary auditory
cortex activity with a reduction in connectivity to perception and consciousness
networks was commonly reported in the EEG and fMRI studies reviewed; that is,
Sound Therapy acts on both sense and sensibility.

This review has provided evidence and theoretical basis for different sound
therapies within a new typology. The typology is intended to bridge the knowledge
gap between sensory and cognitive neuroscience, theory, and clinical practice,
through the use of a common unbiased language. It remains to be seen if it is
effective in this goal.
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Abstract The pathophysiological mechanisms that underlie the generation and
maintenance of tinnitus are being unraveled progressively. Based on this knowledge,
a large variety of different neuromodulatory interventions have been developed and
are still being designed, adapting to the progressive mechanistic insights in
the pathophysiology of tinnitus. rTMS targeting the temporal, temporoparietal, and
the frontal cortex has been the mainstay of non-invasive neuromodulation. Yet, the
evidence is still unclear, and therefore systematic meta-analyses are needed for
drawing conclusions on the effectiveness of rTMS in chronic tinnitus. Different
forms of transcranial electrical stimulation (tDCS, tACS, tRNS), applied over the
frontal and temporal cortex, have been investigated in tinnitus patients, also without
robust evidence for universal efficacy. Cortex and deep brain stimulation with
implanted electrodes have shown benefit, yet there is insufficient data to support
their routine clinical use. Recently, bimodal stimulation approaches have revealed
promising results and it appears that targeting different sensory modalities in tem-
porally combined manners may be more promising than single target approaches.

While most neuromodulatory approaches seem promising, further research is
required to help translating the scientific outcomes into routine clinical practice.
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1 Introduction

Tinnitus can be defined as the conscious awareness of a non-complex sound for
which there is no identifiable corresponding external sound source (Jastreboff 1990).
Tinnitus occurs in 5–15% of the population (Axelsson and Ringdahl 1989; Heller
2003). Whereas most patients (80%) can habituate to this sound, quality of life is
severely disrupted in about 20–25% of the patients who cannot cope with the tinnitus
(Axelsson and Ringdahl 1989; Vanneste et al. 2014). In these patients, tinnitus is
frequently associated with anxiety, depression, cognitive impairment, and sleep
disturbances (Bhatt et al. 2017; Vanneste et al. 2016; Y. Wang et al. 2018b), and
tinnitus becomes a mental disorder. Tinnitus disorder can therefore be diagnosed in
cases of tinnitus with tinnitus-associated suffering.

Although many treatments have been proposed, both pharmacological and
non-pharmacological, some of which are commercially available, evidence for a
successful therapy that benefits everybody with tinnitus is lacking (Dobie 1999;
Langguth et al. 2013). The lack of efficacious treatments for tinnitus likely originates
from the heterogeneity of tinnitus and an incomplete understanding of the patho-
physiology of the different forms of tinnitus (Elgoyhen et al. 2015).

Since 2011 pharmaceutical interest in developing neuropharmacological products
for neurological or psychiatric indications has dramatically declined. Big Pharma has
invested 50% less for brain related disorders (Yokley et al. 2017), because it is too
expensive and too risky. Developing medication for brain disorders has 50% less
chance of making it to the market (6.2% vs 13.3%) (Gribkoff and Kaczmarek 2017),
takes 30% longer to develop (19.3 vs 14.7 months) (Gribkoff and Kaczmarek 2017),
and costs 30% more than heart medication (Gribkoff and Kaczmarek 2017). Eighty
percent of medications fail phase III trials (Kesselheim et al. 2015), predominantly
because they do not outperform placebo (46%) (Kesselheim et al. 2015). Thus,
notwithstanding repurposing of existing medication (Pushpakom et al. 2019), the
likelihood of a pharmaceutical solution for tinnitus and tinnitus disorder is therefore
limited. As such, other treatment options need to be investigated, one of which is brain
stimulation. The history and evolution of the understanding of the pathophysiology of
tinnitus goes hand in hand with the development of brain stimulation approaches.

2 History and Evolution of the Pathophysiology of Tinnitus

Tinnitus is an enigmatic symptom. Even the earliest historic reference, dating back to
the 19th CBC, in the Ebers papyrus, in which tinnitus was considered the conse-
quence of a bewitched ear, is controversial (Dietrich 2004) (Fig. 1). Tinnitus as a
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problem of the ear, caused by hearing loss, predominated until the 1990s, and
consequently treatment focused on improving hearing function and masking of
sound. In 1990 Jastreboff developed a theoretical neurophysiological model imply-
ing that the phantom sound was the consequence of classical conditioning
(Jastreboff 1990). The neurophysiological model focused on the distress
associated with tinnitus, and lead to the development of Tinnitus Retraining Therapy
(TRT). TRT comprises directive counselling and potential use of hearing aids and
sound therapy, not with the goal of complete masking, but to facilitate habituation of
tinnitus reaction and possibly perception. But Jastreboff did not specify which
neuroanatomical structures were involved in this conditioning, so the brain compo-
nents involved remained inside a black box. In 1999 Rodolfo Llinas published the
first paper that specifically proposed a pathophysiological model implying the
interaction between the auditory cortex and thalamus as the generator of tinnitus,
called thalamocortical dysrhythmia (R. R. Llinas et al. 1999). It is based on the
clinical evidence that tinnitus, in most cases, is associated with hearing loss or
abnormalities in the inner ear or the peripheral auditory pathway, which results in
neuroplastic changes in auditory and non-auditory brain networks (De Ridder et al.
2014d). However, some forms of tinnitus exist in which tinnitus is unrelated to
hearing loss, and this seems to be associated with a different underlying pathophys-
iological mechanism (Vanneste et al. 2019; Vanneste and De Ridder 2015), possibly
requiring different neuromodulation targeting. Whether tinnitus without hearing loss
is fundamentally different or a variation of the same underlying pathophysiology still
remains to be proven, as tinnitus without audiometric hearing loss does not imply
that there is no auditory deafferentation (Weisz et al. 2006). The thalamocortical
dysrhythmia model of Llinas states that in the deafferented state, the dominant
resting-state alpha rhythm (8–12 Hz) slows down to theta (4–7 Hz) (R. R. Llinas
et al. 1999) band frequencies. Even though it is called theta, from an electrophysi-
ological point of view it should be considered slowed alpha activity, as the neural
generators of true theta activity are different from the generators of alpha and slowed
alpha activity (Tsanov 2015; Whittington et al. 2018). In the awake state, the
thalamocortical loops within the brain idle around 10 Hz (8–12 Hz), called the
alpha frequency, generated by the thalamus. During light sleep, theta band activity
is predominant, generated by the septal nuclei and hippocampus, and in deep sleep
delta activity (1–3 Hz) predominates (G Buzsaki 2006). The theta that emerges in
thalamocortical dysrhythmia is thalamically generated and therefore more likely
represents alpha activity that is slowed down to the theta frequency range. Concep-
tually, this can be explained as a decrease of the firing rate when less information
needs to be processed (Borst and Theunissen 1999) due to the deafferentation, and
that firing and oscillation rate are coupled at the thalamocortical level (Crunelli et al.
2018; R. Llinas et al. 2005). As a consequence, GABAA mediated lateral inhibition
weakens (R. Llinas et al. 2005), inducing gamma (>30 Hz) band activity
(R. R. Llinas et al. 1999) surrounding the deafferented theta area, also known as
the edge effect (R. Llinas et al. 2005). Confirming the initial studies by Llinas
(R. Llinas et al. 2005; R. R. Llinas et al. 1999) a decrease in alpha power is
associated with an increase in gamma power (Lorenz et al. 2009), and gamma is
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coupled to theta activity (Weisz et al. 2007). Other studies have since demonstrated
the presence of both low (delta or theta) and high frequency activity in the auditory
cortex of tinnitus patients (Adamchic et al. 2012, 2014; Adjamian et al. 2012;
Ramirez et al. 2009), and the theta-gamma cross-frequency coupling has also been
identified on electrode recordings of implanted patients (De Ridder et al. 2011b),
confirming the MEG data.

Theta activity is associated with negative symptoms such as hearing loss (and
hypoesthesia in the somatosensory system), and gamma activity reflects the positive
symptoms, tinnitus (pain in the somatosensory system) in diseases characterized by
thalamocortical dysrhythmia (R. Llinas et al. 2005; R. R. Llinas and Steriade 2006).
Thus negative symptoms (e.g., hearing loss, hypoesthesia) are linked to decreased
information processing and therefore slowed alpha activity, as if the deafferented
thalamocortical columns are “as asleep”(R. Llinas et al. 2005). It has been proposed
that this theta could then act as a long range carrier wave (Freeman 2003, 2005;
Freeman and Rogers 2002) on which the tinnitus information can be nested by
means of high frequency oscillatory activity (De Ridder et al. 2015b; De Ridder et al.
2014d). If this model is universal, then that would imply that all tinnitus patients
could be treated by auditory cortex stimulation, whether non-invasively or
invasively. The first attempts to test this theory were performed with transcranial
magnetic stimulation and brain implants (De Ridder et al. 2004; Eichhammer et al.
2003a; Plewnia et al. 2003).

However, early research of TMS and implants demonstrated that not every person
suffering from tinnitus could be helped with auditory cortex stimulation. Different
explanations were postulated for this including the duration of the tinnitus (De Ridder
et al. 2005; Kleinjung et al. 2007), the gender of the tinnitus patients (De Ridder et al.
2007d), the amount of hearing loss (Kleinjung et al. 2007), the tinnitus pitch
(De Ridder et al. 2007d), the perceived laterality, left or right side, of the tinnitus
(De Ridder et al. 2007d), laterality of the tinnitus generator in the brain (De Ridder
2010; Langguth et al. 2006), and also TMS related aspects such as the delivered dose
(Plewnia et al. 2007). The failure in obtaining predictable and clinically satisfying
results prompted the proposal of a novel pathophysiological model, in which the
tinnitus percept would not be phrenologically limited to the auditory cortex but to a
tinnitus-associated network (Schlee et al. 2009a, b). Even though that network
dynamically changes, adapting to externally and internally generated triggers, on
average it remains fairly stable, so that it could be averaged over 5–20 min recording
intervals, with the current MEG and EEG technology (De Ridder et al. 2011a; Schlee
et al. 2009a, b). Translating theoretical concepts from network science (Albert et al.
2000) to brain stimulation, it was hypothesized that directing stimulation at more
than one target could disrupt the tinnitus network more effectively than one single
target. As the frontal cortex was already a somewhat successful target for
transcranial direct current stimulation (tDCS) (De Ridder and Vanneste 2012;
Frank et al. 2011; Song et al. 2012; To et al. 2017; Vanneste and De Ridder 2011;
Vanneste et al. 2011) and TMS (De Ridder et al. 2012a, c; Vanneste and De Ridder
2012a), the first multitarget stimulations selected the frontal cortex and
temporoparietal junction (auditory cortex) (Kreuzer et al. 2011), but later attempts
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also used auditory cortex and high cervical C2 area (De Ridder and Vanneste 2015),
using the same reasoning. Because the success rate was not high, these network
science based models were modified for tinnitus to employ both random and targeted
modulation on the tinnitus network (Mohan et al. 2017). The restricted benefits of
neurostimulation based on the distributed network model led to investigation of an
alternative model, in which tinnitus was the result of a deficient noise cancelling
mechanism (Leaver et al. 2011; Rauschecker et al. 2010), analogous to pain (Fields
2004; Kong et al. 2010). However, according to this model the subgenual anterior
cingulate cortex was critically involved in tinnitus generation, a difficult neuroana-
tomical target for current brain stimulation technologies. Furthermore, other groups
failed to replicate the imaging data on which the model was based. A further model
was proposed that tinnitus could actually be the result of a Bayesian prediction error
(De Ridder et al. 2014a, c). According to this model tinnitus can be understood as the
result of a mismatch between the predicted sound percept and the actual neural input
from the ear, which is reduced because of hearing loss. It was hoped that the
underlying anatomical and oscillatory correlates could be targeted with brain stim-
ulation. It also theorized that neuroplastic changes involved in tinnitus were
multiphasic, suggesting a theoretical difference between the neural generators of
tinnitus in tinnitus with and without deafferentation. As such, the model attempted to
combine and integrate both the deafferentation based theories and the noise cancel-
ling theories (De Ridder et al. 2014a, c, d).

Using a sliding window analysis method combined with graph theoretical
analyses permitted the development of a dynamical tinnitus network, in which the
tinnitus sound is the consequence of the auditory cortex constantly looking for
missing information, in keeping with the Bayesian tinnitus concept. Distress is
associated with the loss of temporal flexibility (Mohan et al. 2018a, b). This model
has not yet led to novel therapeutic approaches.

In a further attempt to integrate both the deafferentation based and noise cancel-
ling models it has recently been proposed that tinnitus could be the result of an
imbalance between bottom-up and top-down influences (Vanneste et al. 2019),
which would make very clear predictions on what targets to apply which kind of
brain stimulation (Fig. 1).

3 A Theory of Symptom Generation in the Brain

The brain can be seen as a complex adaptive system (Freeman et al. 2001; Sporns
et al. 2004), similar to the world wide web, the climate, the economy, or an ant
society (Holland 2014). In order to qualify as a complex adaptive system, a system
has to fulfill two criteria (Amaral et al. 2004): (1) its structure follows a small world
topology and (2) the system has to embed noise (Amaral et al. 2004). The reason for
these criteria relates to the adaptiveness of the system. Network systems can be
topologically structured in three ways (Bullmore and Sporns 2012). At one extreme,
the network can have a lattice or regular topology, which means that every stimulus
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will always result in exactly the same processing, which is both predictive and
efficient but not adaptive whatsoever (Catania 2009). At the other extreme, a system
can be completely random, which is inefficient and disadvantageous because every
stimulus will always have a completely random response. An intermediate structure
between regular and random has a small world topology, which permits flexibility
and adaptiveness to changing environments through variability. As such, such a
system can learn (Bassett et al. 2006; Karuza et al. 2016). The brain has a small
world structure and thus fulfills the first criterion (Achard et al. 2006; Bassett et al.
2006; Bullmore and Sporns 2009; Eguiluz et al. 2005). The brain is also noisy,
fulfilling the second criterion, but the noise is structured, generally following a
power law distribution (G. Buzsaki and Mizuseki 2014), i.e. a pink (1/f) or brown
(1/f2) noise structure. This structured noise has an advantage that it has memory and
can carry information, in contrast to white noise which is an unstructured completely
random noise (Keshner 1982). Thus, such a system can learn, is flexible, while still
maintaining stability. Since small worlds are adaptive, implanting electrodes in an
adaptive system such as the brain makes intuitive sense as a means to modify its
structure and thus its function. In a regular network or completely random system,
the same concept would make little to no sense: a regular system would respond
identical with or without stimulation and a random system would respond differently
to every stimulus. One of the most important fundamental characteristics of every
complex adaptive system is emergence: the whole is more than the sum of its
components and cannot be predicted from its constituent parts. The whole has new
properties that depend on the very specific connectivity between the parts. A
collection of car parts is not a car. Only when all parts are put together (i.e.,
connected) in a very specific way does a functional car emerge. Yet, a simple car
is complex but non-adaptive. It doesn’t reconfigure itself based on a changing
environment. Bees do, ants do, our brain does and so does the internet. Emergentism
in the philosophy of mind supports the belief that consciousness is an emergent
property of brain function, and by extension, that every thought, feeling, action is the
consequence of specific connectivity patterns resulting from adaptive
neuroplasticity, and every symptom or disease is the result of maladaptive plasticity
(Fornito and Bullmore 2014). Thus, using TMS or transcranial electrical stimulation
(tES), or implanting electrodes on the cortex should change or use the brain’s
connectivity in order to create a change in symptoms (De Ridder et al. 2017).

Neuroplasticity can operationally be defined as the brain’s capacity to modify its
structure and function in order to adjust to a changing environment. However, these
adaptive brain changes can be both adaptive and maladaptive, i.e. can lead to
learning how to adjust to a changing environment but can also lead to symptoms.
Any changes in the external or internal environment lead to neuroplasticity, i.e. both
deprivation of input or increased environmental stimulation. These adaptive changes
can be modulated by adrenal and gonadal hormones, neurotransmitters, growth
factors, certain drugs, and aging (Fuchs and Flugge 2014). This results in adaptive
changes at multiple scales: molecular and neurobiochemical changes, synaptic
adjustments, neurogenesis, connectivity, and network changes (Fuchs and Flugge
2014). From a clinical perspective, neuroplasticity can be visualized by structural
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and functional brain imaging as changes in structure, activity, and connectivity.
Changes in connectivity can be differentiated in structural, functional, and effective
connectivity (Bassett et al. 2006; Lewis et al. 2009). Structural connectivity refers to
anatomical changes in the brain (Hagmann et al. 2008), functional connectivity
refers to co-activation of different brain areas (Friston 2011), and effective connec-
tivity identifies from where to where the information flows in the brain, and can thus
be seen as a form of directional functional connectivity (Friston 2011). This reorga-
nization facilitates stability in constantly changing functional and effective connec-
tivity networks, which results in changing emergent properties, like altered percepts,
thoughts, emotions, actions, symptoms, etc.

3.1 Neuromodulation as Targeted Neuroplasticity

Neuromodulation and neurostimulation or brain stimulation are being used inter-
changeably. Yet, neuromodulation is becoming the preferred term because it doesn’t
carry the connotation of activation, which seems to be inherently implied with
neurostimulation. Indeed, if the electrical or magnetic stimuli reach a brain area in
which GABA receptors predominate, the clinical effect can be inhibitory. And
neuromodulation means influencing brain activity (and connectivity), without
suggesting the influence is excitatory.

Neuromodulation can be operationally defined as the induction of neuroplastic
changes via targeted application of electrical, magnetic, sound (including ultra-
sound), optical or pharmacological stimuli. This is a broader definition than the
one used by the International Neuromodulation Society: “Neuromodulation is tech-
nology that acts directly upon nerves. It is the alteration – or modulation – of nerve
activity by delivering electrical or pharmaceutical agents directly to a target area”
(http://www.neuromodulation.com/about-neuromodulation).

Neuromodulation can be performed on any part of the nervous system, from the
peripheral nerve field, to specific peripheral or autonomic nerves, to the dorsal root
ganglion (DRG), the spinal cord, the brainstem, or the brain. In brain stimulation, a
distinction can be made between cortex stimulation and deep brain stimulation, but
even here the terminology is not always uniform (De Ridder et al. 2017). For
example, wire electrodes have been implanted inside the anterior cingulate gyrus
and this procedure was called deep brain stimulation (DBS) of the anterior cingulate
(Boccard et al. 2014), whereas paddle electrodes have been implanted onto the same
target (De Ridder et al. 2016a, b; Leong et al. 2020) and this qualifies as cortex
stimulation. The same can be said for deep brain stimulation of the subgenual
anterior cingulate cortex (Brodmann area 25) for major depressive disorder. In
essence, it is intracortical stimulation (with wire electrodes) of the subgenual anterior
cingulate cortex, in which the electrodes are inserted inside the cortex rather than
onto the cortex (Mayberg et al. 2005). The same terminological confusion exists for
tinnitus. Whereas in most studies the electrodes are implanted extradurally or
intradurally overlying the primary or secondary auditory cortex, respectively
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(De Ridder et al. 2004, 2006a, 2007a, b, 2008, 2010, 2011b; Friedland et al. 2007;
Litre et al. 2009), some patients have been treated with wire electrodes implanted
inside the auditory cortex (Seidman et al. 2008). We will consider any form of
cortical stimulation, whether intracortical or onto the cortex, as cortex stimulation,
and deep brain stimulation as specifically targeting deep nuclei, rather than cortical
structures.

3.2 Mechanism of Action of Cortex Stimulation

A better understanding of how cortex stimulation exerts its beneficial effect is
essential; this requires a better understanding of the pathophysiological mechanisms
involved in tinnitus generation. Symptoms are emergent properties resulting from
maladaptive network activity, and not phrenological activity of one area in the brain
(Barabasi et al. 2011; Fornito and Bullmore 2014; Fornito et al. 2015). Indeed, when
patients in vegetative state, who have no conscious awareness, are presented with a
sound, their auditory cortex is functionally and metabolically activated, yet there is
no conscious sound perception (Boly et al. 2005). This suggests that activity in the
auditory cortex per se is insufficient for conscious awareness, as has been discussed
and demonstrated in the visual cortex (Crick and Koch 1995; Melloni et al. 2007).
Only if the auditory cortex is functionally connected to a consciousness supporting
network do auditory stimuli become accessible for conscious perception, analogous
to what has been shown for painful stimuli (Demertzi et al. 2012; Laureys et al. 2000,
2002). These consciousness supporting networks consist of the self-representational
default mode network and the attentional frontal parietal network (Akeju et al. 2014).
Therefore it is plausible that the auditory cortex has to be functionally connected to
the default mode network and frontoparietal attention network to permit conscious
awareness of the presented stimulus.

It has been proposed that the presence of functional connections might be an
essential requirement for transmitting the cortically applied stimulus into a wider
network associated with the emergent property, i.e. tinnitus, that requires treatment
(De Ridder et al. 2016a; Fox et al. 2014). When comparing success and failures to
auditory cortex stimulation via implanted electrodes, the functional connectivity
between the auditory cortex and the parahippocampus was critical for obtaining a
beneficial result (De Ridder and Vanneste 2014). The importance of functional
connectivity is similar to what was suggested for anterior cingulate implants
(De Ridder et al. 2016a) and is in keeping with what has been shown for
non-invasive brain stimulation in multiple neurological and psychiatric disorders
(Fox et al. 2014). Indeed, it was shown that a lack of functional connectivity
identified sites where stimulation was ineffective, and the sign of the correlation
related to whether excitatory or inhibitory non-invasive stimulation was found to be
clinically effective. These results suggested that resting-state functional connectivity
may be useful for both optimizing treatment and identifying new stimulation targets
(Fox et al. 2014).
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In summary, if the cortical target is part of a symptom generating network, the
stimulation might be beneficial, whereas stimulation of a cortical target that is not
functionally connected to the symptom generating network might not be beneficial
(De Ridder et al. 2017) (Fig. 2).

3.2.1 Brain Stimulation Techniques in the Treatment of Tinnitus

Brain stimulation can be performed in two ways, non-invasively and invasively, in
other words with or without surgery involved. Non-invasive brain stimulation
encompasses transcranial magnetic stimulation (Barker 1999; Barker et al. 1985)
and transcranial electrical stimulation (Moreno-Duarte et al. 2014; Paulus 2011;
Vanneste et al. 2013a).

3.2.2 TMS for Treating Tinnitus

In 1985 it was demonstrated that it is possible to depolarize neurons in the brain
using external magnetic stimulation (Barker et al. 1985). Unlike electrical stimuli,
magnetic stimuli are not attenuated by the bone of the skull. The skull has 8–15 times
the resistivity of soft tissues (Barker et al. 1985). Indeed, for electrical stimuli it has
been calculated that 75% of the applied current is blocked by the skull (Voroslakos
et al. 2018). Magnetic stimulation of the cortex is particularly effective because of
the ability of the magnetic field to pass through high-resistance structures. TMS

Fig. 2 The hypothesized mechanism of action of cortex stimulation (De Ridder et al. 2017). The
electrode or non-invasive stimulation device has to be positioned at a cortical target where the
symptom generating network reaches the brain surface. The stimulation is thought to change the
functional connectivity of the network, thereby changing its topology and its related emergent
property, i.e. the symptom
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produces a magnetic field of the same size as that of an MRI scanner, i.e. 1–3 Tesla,
but that only lasts for about a millisecond (Walsh and Rushworth 1999). Because the
magnetic field changes very rapidly (from zero to a very high value, then back to
zero again in 1 ms), based on Faraday’s law, it induces electrical currents in the area
of the brain beneath the coil. Effectively, the magnetic field “carries” the electrical
stimulus across the barrier of the skull and scalp into the brain (Ridding and
Rothwell 2007). The induced current pulse lasts for about 200 μs and is similar in
amplitude to that produced by a conventional stimulator applied directly to the
surface of the brain (Ridding and Rothwell 2007). It is thought to activate the
axons of neurons in the cortex and subcortical white matter, rather than the cell
bodies of cortical neurons (which have a much higher threshold) (Ridding and
Rothwell 2007) a longer pulse width (>1,000 μs) is required (Ranck 1975).

There are two important limitations of TMS: (1) the magnetic field falls off
rapidly with distance from the coil surface, limiting direct stimulation to the super-
ficial parts of the cerebral cortex immediately under the skull, and (2) the site of
stimulation is not as focal as direct electrical stimulation of the brain with inserted
electrodes (Ridding and Rothwell 2007), even though a 2 mm precision can be
reached when neuronavigation is used (Schonfeldt-Lecuona et al. 2005), improving
further to 1.3 mm when robotic neuronavigated positioning is used (Goetz et al.
2019). This reaches the intrinsic resolution of the structural and functional imaging
itself: At 3 T, MRI machines can resolve details of the brain as small as 1 mm. That
resolution can be as fine as 0.5 mm in a 7-T machine (Nowogrodzki 2018).

Magnetic coils can have different shapes: round, figure of eight, double cone coil,
and H-coils. Round coils are relatively powerful but less focal. Figure-eight-shaped
coils are more focal with a maximal current at the intersection of the two round
components (Rossini et al. 2015). Double cone coils and H-coils penetrate deeper
and can, for example, reach the anterior and posterior cingulate cortex (Carmi et al.
2019; Hayward et al. 2007). Due to the strong decline of the magnetic field with
increasing distance from the coil, direct stimulation effects are limited to superficial
cortical areas. However, stimulation effects can propagate to functionally connect
remote areas: low frequency TMS can increase functional connectivity, whereas
high frequency TMS can decrease functional connectivity (Fox et al. 2012).

Based on TMS studies of the motor cortex it has been shown through electro-
myographic recordings of the activated muscles that TMS has a double effect. A
single TMS stimulus evokes a burst of activity that can last for 5–10 ms after the
pulse (Day et al. 1987), which is followed by a period lasting 100–200 ms during
which activity is suppressed (Ridding and Rothwell 2007). The effect of the TMS
pulse is brain state dependent, as well as dependent on the position and orientation of
the stimulation coil and the exact site of stimulation (Ridding and Rothwell 2007).
For example, if a TMS stimulus is given during sleep, anesthesia or coma, the
stimulus will only exert a local effect and will not spread through the brain, in
contrast to an awake state (Massimini et al. 2005). Furthermore, TMS efficacy seems
to be dependent on the stimulated person’s genetic polymorphism. Certain genes
such as BDNF and 5-HT(1A) influence the sensitivity to non-invasive stimulation,
both TMS and tDCS (Cheeran et al. 2008; Malaguti et al. 2011). In view of the
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interindividual anatomical variability of the brain, it has been suggested that the
efficacy can be improved by using neuronavigated TMS based on the individual’s
brain structure obtained by structural or functional imaging (Fleming et al. 2012).
The interindividual variability between the location of the sylvian sulcus and
superior temporal sulcus that borders the auditory cortex is 1.5–2 cm (Steinmetz
et al. 1990), suggesting that indeed a navigated approach makes sense. Concomitant
intake of medication such as benzodiazepines (Deppe et al. 2020; Hunter et al.
2019), psychostimulants (Hunter et al. 2019), or neuroleptics (Hebel et al. 2020)
can influence the effect of rTMS, but other medication such as anti-migraine
medication does not seem to influence the treatment effect by TMS (Almaraz et al.
2010). For example, whereas concomitant benzodiazepines decrease the efficacy of
TMS as a treatment for depression (Deppe et al. 2020; Hunter et al. 2019), concom-
itant psychostimulants increase the efficacy (Hunter et al. 2019).

Device related parameters determine the effect and side effects of TMS. The type
of coil used also influences the reliability of the TMS (Fleming et al. 2012).
Stimulation parameters such as stimulation frequency and amplitude influence the
effect of the TMS as well (Speer et al. 2000).

Whereas single magnetic pulses only exert an immediate effect, the application of
multiple pulses repetitively, called repetitive transcranial magnetic stimulation
(rTMS), can have long-lasting effects that outlast the stimulation period.

In summary, many patient-dependent and device-related factors determine the
outcome of transcranial magnetic stimulation (Table 1)

Table 1 Factors influencing TMS and tES effects

TMS influencing factors tES influencing factors

Person/patient
dependent

Brain structure Brain structure

Brain state/function Brain state/function

History of activity in the stimulated
Area

History of activity in the stimu-
lated area

Brain area Brain area

Genetic polymorphism Genetic polymorphism

Medication Medication

Skull-cortex distance Soft tissue and bone structure

Device/protocol
dependent

Coil type Electrodes size

Coil orientation Electrodes positions

Frequency Frequency in tACS/tRNS

Intensity Intensity

Stimulation pattern (burst/tonic) Electrode polarity

Duration Duration

Inter-train interval (intermittent/
continuous)

Number of sessions Number of sessions

Interval between sessions Interval between sessions

Pulse form
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It is assumed that high frequency stimulation (HFS) and low frequency stimula-
tion (LFS) have opposite effects (Table 2), as demonstrated by functional imaging,
with HFS exerting an increased metabolism and LFS a decreased metabolism
(Kimbrell et al. 1999; Speer et al. 2000). The effects on excitability and plasticity
are opposite as well: whereas HFS seems to exert an increase in excitability (Pascual-
Leone et al. 1994) and an LTP-like effect (Wang et al. 1996, 1999), LFS seems to
generate a decrease in excitability (R. Chen et al. 1997) and an LTD-like effect
(Wang et al. 1996, 1999). Furthermore, the effect on oscillatory activity is different
(Brignani et al. 2008; Fuggetta et al. 2008; Paus et al. 2001), as is the effect on
neurotransmitter release (Keck et al. 2001, 2002; Yue et al. 2009) (Table 2).

The widespread effect of TMS is beyond the area of stimulation (Kimbrell et al.
2002). This is mediated by transmission of the stimulus via structural connectivity
(Momi et al. 2020) thereby influencing functional and effective connectivity (Shen
et al. 2015). It has indeed been shown that low and high frequency stimulation exert
a different effect on functional connectivity. Furthermore, TMS changes directional
functional connectivity, in other words effective connectivity (Grefkes et al. 2010).
By altering the functional and effective connectivity TMS can change the emergent
property of the stimulated network and thereby exert its clinical effect.

The Regimen, Parameter, and Efficacy of TMS

rTMS has been used in tinnitus research in two different ways: single and repeated
sessions.

Single Sessions

Single sessions of rTMS have been used for three reasons: (1) Pathophysiology and
anatomy – to evaluate whether cortical areas that are identified on functional imaging
are pathophysiologically involved in the generation of tinnitus, or just spurious
associations. The assumption is that if rTMS can induce transient reductions in
tinnitus perception by targeting the brain areas that are associated with tinnitus,

Table 2 Different effects of high (�5 Hz) and low (1 Hz) frequency transcranial magnetic
stimulation

High frequency TMS Low frequency TMS

Frequency >5 Hz 1 Hz

Excitability Increased Decreased

PET
metabolism

Increased metabolism Decreased metabolism

EEG Upper alpha and beta synchronization Lower alpha and beta synchronization

Molecular GABA and glutamate unchanged GABA and glutamate increased

Plasticity LTP-like LTD-like

Tinnitus and Brain Stimulation 261



these areas are causally involved in the tinnitus generation. As such the temporal
cortex (De Ridder et al. 2005; Eichhammer et al. 2003a; Plewnia et al. 2003), the
frontal cortex (De Ridder et al. 2012; Vanneste and De Ridder 2012a), the parietal
cortex (Vanneste et al. 2012), and the anterior cingulate cortex (Vanneste and De
Ridder 2012b) have been shown to be implicated in the generation of tinnitus. (2) To
verify if TMS could be a prognostic test to select proper candidates for more invasive
permanent solutions such as cortical brain implants (De Ridder et al. 2004, 2006a,
2011c, 2016a). (3) To delineate optimal stimulation parameters (De Ridder et al.
2005; Schoisswohl et al. 2019; Kreuzer et al. 2017) that can be employed for
multiple rTMS sessions as a possible treatment.

Repeated Sessions

Repeated sessions of low frequency rTMS of the temporal (auditory) cortex have
been proposed as a novel treatment approach for tinnitus based on the assumption
that tinnitus is related to increased neuronal activity in the auditory cortex
(Eichhammer et al. 2003b). A large number of studies have looked at low frequency
TMS for treatment of tinnitus, with inconclusive results (Schoisswohl et al. 2019),
likely due to the high variability and the fact that women respond better than men to
rTMS, as shown in a meta-analysis (Lefebvre-Demers et al. 2020). Whereas most
meta-analyses do show an improvement for tinnitus associated suffering (J. J. Chen
et al. 2020; Lefebvre-Demers et al. 2020; Liang et al. 2020; Soleimani et al. 2016),
other meta-analyses do not (Dong et al. 2020). Comprehensive analyses of the
literature therefore identify a possible therapeutic efficacy in terms of reduction of
tinnitus suffering, but the effect at clinical level is usually partial and temporary
(Lefaucheur et al. 2020), with a THI improvement of about 7–8 points (Liang et al.
2020), which is the minimum for clinical efficacy (Zeman et al. 2011), lasting up to
6 months (Liang et al. 2020). Before the publication of the recent meta-analyses
already a level C recommendation (possible efficacy) using evidence-based guide-
lines was proposed (Lefaucheur et al. 2014), stating that low frequency (1 Hz) rTMS
of the left temporoparietal cortex in tinnitus is possibly efficacious for tinnitus
(Lefaucheur et al. 2014). A more recent follow-up study confirmed these results
(Londero et al. 2018)

Apart from the variability in study design, and the fact that women respond better
than men, also different stimulation parameters are being used. A recent systematic
analysis of the relationship between stimulation parameters and treatment outcome
revealed a higher success rate for lower stimulation intensities (Schoisswohl et al.
2019), confirming the evidence based guidelines (Lefaucheur et al. 2014).

More recently, in an attempt to reduce the individual variability, a personalized
approach has been investigated, taking into account the heterogeneity of tinnitus
generators in the brain, by performing a stimulation protocol tailored to the individ-
ual patient. In a pilot study this concept was explored, by delivering rTMS at various
frequencies over the left and right dorsolateral prefrontal (DLPFC) or
temporoparietal (TPC) cortex in a preliminary test session to select the type of
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protocol subsequently applied for several days (Kreuzer et al. 2017). The personal-
ized protocol yielded a larger benefit than the standard protocol (20 Hz-rTMS over
left DLPFC followed by 1 Hz-rTMS over the left TPC). This suggests that a
"tailored" rTMS protocol may be clinically more beneficial.

In summary, rTMS likely provides benefit in the treatment of tinnitus. However, if
rTMS is to become routine clinical practice, it is essential to look for mechanisms that
may boost or potentiate the therapeutic effect. One such way is to enhance the efficacy
of rTMS pharmacologically, e.g. by adding psychostimulants or ketamine. It has been
shown that psychostimulants improve the benefit of rTMS for depression (Hunter et al.
2019). Another approach could be to test ketamine enhanced rTMS, which in a
preliminary trial in the treatment of depression, a frequent co-morbidity in tinnitus,
shows it is feasible and exerts long-term (2 years) beneficial effect (Best et al. 2019).

Thus, rTMS may benefit especially those patients who severely suffer from the
tinnitus, expressing anxiety or depression.

Reports of side effects were rare. In a meta-analysis of rTMS for tinnitus, side
effects consisted of headache, discomfort at the area of stimulation, muscle
twitching, neck contractions and worsening of tinnitus (Dong et al. 2020). No
seizures were reported. This could be related to the fact that TMS delivered within
published guidelines in individuals without risk factors results in fewer than 1 seizure
per 60,000 sessions (Lerner et al. 2019).

tES for Treating Tinnitus

Three different versions exist of tES, depending on how the current is delivered to
the brain (Fig. 3): transcranial direct current stimulation (tDCS), transcranial alter-
nating current stimulation (tACS), and transcranial random noise stimulation
(tRNS), which is a special version of tACS (Paulus 2011; Vanneste et al. 2013a).

3.2.3 Transcranial Direct Current Stimulation (tDCS)

Conventional tDCS

Medical use of direct electric current to the scalp has a long history. In 43–48 A.D.,
Scribonius Largus (the physician of Roman Emperor Claudius) reported the treat-
ment of pain by placing a live torpedo fish – delivering a strong direct current – over
the scalp (Fodstad and Hariz 2007). In the eleventh century, Ibn-Sidah suggested the
placement of a live electrical catfish on the frontal bone for the treatment of patients
suffering from epilepsy (Kelloway 1946). In the eighteenth century, with the intro-
duction of the electrical battery by Galvani (Galvani 1791, 1797), it was recognized
that electrical stimuli of varying duration can evoke different physiological effects
(Zago et al. 2008). In honor of Galvani, direct current stimulation is often called
Galvanic stimulation. One of the first clinical applications of galvanic currents was
in the nineteenth century when Aldini (Aldini 1804) (Galvani’s nephew) and other
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researchers (Arndt 1869) used transcranial electrical simulation to treat melancholia
and depression. In the 1960s and 1970s, this method had a brief comeback (Lippold
and Redfearn 1964; Redfearn et al. 1964), with a more sustained revival at the turn of
the millennium (Guleyupoglu et al. 2013).

Conventional tDCS uses one anode electrode and one cathode electrode on the
scalp to modulate a particular brain area by inducing a controlled electrical current
which flows from the anode to the cathode. Due to the high electrical resistance of
the skull (Barker et al. 1985), only 25 (to 50%) of the transcranially applied direct
current reaches the brain, the rest being shunted through the extracranial soft tissues,
as demonstrated by calculations on realistic head models, validated both in animal
(Rush and Driscoll 1968; Voroslakos et al. 2018) and human (Dymond et al. 1975;
Voroslakos et al. 2018) experiments.

tDCS modulates the cellular membrane potential facilitating or inhibiting spon-
taneous neuronal activity (Moreno-Duarte et al. 2014; M. A. Nitsche et al. 2008).
Anodal stimulation will produce inward current flow, resulting in depolarization of
pyramidal cortical neurons and apical dendrite hyperpolarization, while cathodal
stimulation will typically produce outward current flow resulting in somatic hyper-
polarization of pyramidal cortical neurons and apical dendrite depolarization
(Radman et al. 2009; Zaghi et al. 2010a). The depolarization under the anode will
result in an increase of firing and excitability under the anode, whereas the firing rate
and excitability are decreased under the cathode (Bindman et al. 1964; M. A. Nitsche
and Paulus 2001).

However, tDCS often results in a delayed clinical effect (Fujiyama et al. 2014;
Stramaccia et al. 2015), which cannot be explained by the immediate effect of tDCS

Fig. 3 Different forms of tES: tDCS delivers direct current, tACS and tRNS deliver alternating
current. tES can be applied with two electrodes or more. When more electrodes are used it is called
high-definition transcranial electrical stimulation (HD-tES)
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on pyramidal or interneuron cell firing. Therefore, two other mechanisms have been
proposed to be involved in tDCS: glial and stem cell modulation. One type of glial
cells, astrocytes are possibly modulated by tDCS (Monai and Hirase 2018;
Ruohonen and Karhu 2012). Astrocytes control the formation, maturation, function
(and elimination) of synapses through various secreted and contact-mediated signals
(Clarke and Barres 2013) and can thereby regulate neural circuit development and
function (Clarke and Barres 2013). Furthermore, another type of glial cell, microglia,
who prune synapses, might also be involved (Mishima et al. 2019). It has indeed
been shown that tDCS activates microglia both under anode and cathode (Rueger
et al. 2012). Thus, glial cells might be modulated by tDCS resulting in synapse
formation and/or elimination, which takes time and can therefore better explain the
delayed effects of tDCS.

Furthermore, microglial and astrocytic activation by tDCS may have a
neuroimmunomodulatory effect (Goerigk et al. 2021) by altering the expression of
immune-mediating genes (Rabenstein et al. 2019).

But apart from modulating neurons, both pyramidal and interneurons and glial
cells, both astrocytes and microglia, tDCS could exert its delayed effects via stem
cell activation. Indeed, tDCS seems to recruit proliferating neural stem cell under the
cathode (Rueger et al. 2012) thereby opening the possibility of regenerative capac-
ities for tDCS and an even more delayed clinical effect of tDCS. The neurogenesis
and improved rehabilitation effects of tDCs have been shown in animal models
(Zhang et al. 2020).

The effects of tDCS depend on a lot of factors, both patient-related and device-
related factors (Table 1). Some factors cannot be controlled, such as the resistance of
several cephalic structures including the skin, skull, blood vessels, and brain tissue
(Brunoni et al. 2012; Medeiros et al. 2012; Moreno-Duarte et al. 2014; Wagner et al.
2007). Device related factors include (1) polarity of the electrodes, (2) size of the
electrodes, (3) the position of the electrodes, (4) the intensity of stimulation or the
amount of current delivered (in mA), and (5) the duration of the stimulation (varies
between 20–40 min in most studies) (Brunoni et al. 2012; Moreno-Duarte et al.
2014; Nitsche et al. 2015; Wagner et al. 2007). By varying these tDCS parameters,
stimulation protocols can be customized to a certain extent to achieve the desired
direction, strength, focality, and duration of effects on cortical activity and excit-
ability (Brunoni et al. 2012; Nitsche et al. 2015).

In general, no serious adverse events are seen by tDCS application, as evaluated
in more than 10,000 subjects investigated in the contemporary tDCS literature
(1998–2014) (A. R. Brunoni et al. 2011; Fregni et al. 2015). The safety of tDCS
depends on the strength of current, the size of the electrodes, the contact media and
the duration of the stimulation (Iyer et al. 2005; Poreisz et al. 2007).

There have been no reports of a serious adverse effect or irreversible injury across
over 33,200 sessions and 1,000 subjects with repeated sessions protocols in human
trials (�40 min, �4 mA, �7.2 C). tDCS has not produced any severe side effects
(Bikson et al. 2016). The threshold for adverse events has been investigated in a
safety study in rats, where the current density needed to induce brain damage in rats
was found to be at least 100-times higher than the current density used in tDCS trials
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(Liebetanz et al. 2009). The most frequent side effects include a tingling sensation
during stimulation, predominantly under the anode (A. R. Brunoni et al. 2011;
Poreisz et al. 2007), an itching sensation (A. R. Brunoni et al. 2011; Fertonani
et al. 2015; Poreisz et al. 2007) right under the electrodes, headache (A. R. Brunoni
et al. 2011; Poreisz et al. 2007), moderate fatigue (Poreisz et al. 2007) and burning
sensation (A. R. Brunoni et al. 2011; Fertonani et al. 2015; Poreisz et al. 2007).

tDCS has been shown to modulate not only the areas underlying anodal and
cathodal stimulation (Antal et al. 2004; Brunoni et al. 2012; Dieckhofer et al. 2006;
Matsunaga et al. 2004; Zaehle et al. 2011), but also functional and effective
connectivity (Alon et al. 2011; Chib et al. 2013; Keeser et al. 2011a, b; Meinzer
et al. 2012, 2013; Pena-Gomez et al. 2012; Polania et al. 2011, 2012b; Stagg et al.
2013; Vanneste and De Ridder 2011; Weber et al. 2014), thereby possibly changing
the emergent property of the symptom-generating network (Luft et al. 2014). These
functional and effective connectivity changes permit modulation of areas beyond the
effects of tDCS under the stimulation electrodes (Lang et al. 2005).

The effect of tDCS has been investigated on the physiology of the motor cortex
(Brunoni et al. 2012), the visual cortex (Antal et al. 2004), the somatosensory cortex
(Dieckhofer et al. 2006; Matsunaga et al. 2004), and the auditory cortex (Zaehle et al.
2011).

Single sessions of tDCS, tACS, and tRNS have been used for elucidating the
involvement of specific brain networks in tinnitus pathophysiology and repeated
sessions have been investigated as a potential therapeutic approach for tinnitus
patients. In comparison with the large number of studies performed by rTMS, tES
has been investigated less frequently and most of these studies focused on the effects
of single sessions of tDCS. The targets for stimulation have been either the auditory
cortex, the temporoparietal cortex or the dorsolateral prefrontal cortex.

Initial studies demonstrated transient tinnitus reduction for anodal, but not cath-
odal tDCS over the temporoparietal cortex, but this effect could not be consistently
replicated by further studies (Yuan et al. 2018). Thus, the most promising
approaches in single session studies over the auditory cortex were left anodal
tDCS and bilateral tRNS. Both approaches were tested as a potential treatment in
controlled studies, in which repeated sessions were applied, but unfortunately the
results were disappointing, as there was no superiority of tDCS over sham stimula-
tion (Lefaucheur et al. 2017) or a control treatment (Kreuzer et al. 2019)
respectively.

In addition to the studies focusing on temporal and temporoparietal areas, several
studies have targeted the DLPFC, mostly by using a bifrontal electrode montage.
A single session of bifrontal anode right/cathode left tDCS reduced tinnitus intensity
or distress in about one third of the patients, whereas anode left/cathode right tDCS
had no effect (Vanneste et al. 2010). In a further study, the same group investigated
whether the efficacy of bifrontal tDCS can be increased, if the electrode polarity is
informed by gamma connectivity in EEG measurements (De Ridder and Vanneste
2012), but this was not the case. The bifrontal tDCS protocol with anode right and
cathode left was also investigated as therapeutic approach with repeated sessions in
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uncontrolled pilot studies, which revealed preliminary promising effects (Frank et al.
2012; Shekhawat and Vanneste 2018).

A meta-analysis demonstrates that tDCS can improve tinnitus distress, but not
loudness perception in tinnitus patients (Wang et al. 2018a), confirming an earlier
meta-analytic study (Song et al. 2012). Yet, another meta-analysis found no benefit
(Lefebvre-Demers et al. 2020). In stark contrast, a recent network meta-analysis
revealed that from all non-invasive neuromodulatory approaches, cathodal tDCS
over the left DLPFC combined with tRNS over the bilateral auditory cortex was
associated with the greatest improvement in tinnitus severity and quality of life
compared with the controls (J. J. Chen et al. 2020)

tDCS has also been combined with different forms of auditory stimulation (Lee
et al. 2017; Shekhawat et al. 2014; Teismann et al. 2014). However tDCS could
enhance neither the therapeutic effects of hearing aids on tinnitus complaints
(Shekhawat et al. 2014) nor the effects of notched music training, a specific form
of individualized auditory stimulation (Teismann et al. 2014).

In summary, tDCS effects on tinnitus are promising but also variable, analogous
to what is seen in rTMS. Due to the many influencing factors this is not surprising,
and further development of the more promising tDCS approaches is mandatory.

High-Definition tDCS

HD-tDCS has been recently introduced to improve the spatial accuracy, by using
arrays of smaller “high-definition” electrodes, instead of the two large pad electrodes
of conventional tDCS (Datta et al. 2009; Dmochowski et al. 2011; Guleyupoglu
et al. 2013; Heimrath et al. 2015; Shekhawat et al. 2015; Villamar et al. 2013) (Fig. 3,
right image). For high-definition tDCS, studies using 4 � 1 ring configuration with
intensities up to 2 mA for up to 20 min have demonstrated its tolerability in both
healthy (Borckardt et al. 2012; Kuo et al. 2013; Nikolin et al. 2015) and patient
populations (Donnell et al. 2015; Villamar et al. 2013). No significant differences
were found between 2 and 3 mA, suggesting the safety limits can be extended to
3 mA (Reckow et al. 2018). High-definition tDCS has a higher spatial resolution
which allows more focal targeting (Borckardt et al. 2012). Furthermore, HD-tDCS
permits simultaneous multifocal stimulation, permitting to develop network stimu-
lation (Ruffini et al. 2014).

HD-tDCS has been used in tinnitus, with higher benefit associated with longer
stimulation duration and higher stimulation intensities (Shekhawat et al. 2015), but
no clinical difference has been noted between the benefit of conventional and
HD-tDCS (Jacquemin et al. 2018).

3.2.4 Transcranial Alternating Current Stimulation (tACS)

The main mechanisms by which tACS influences brain physiology have been
attributed to frequency-specific entrainment, i.e. phase alignment of endogenous
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brain oscillations to externally applied oscillating electric currents (Thut et al. 2011;
Witkowski et al. 2015; Zaehle et al. 2010), and modulation of spike-timing depen-
dent plasticity (Polania et al. 2012a; Vossen et al. 2015). It has been shown that
alpha-tACS enhances the individual alpha frequency (Zaehle et al. 2010), but the
functional effect depends on background activity (Kanai et al. 2008). tACS boosts
motor excitability at 140 Hz (Moliadze et al. 2010) and decreases excitability at
15 Hz (Zaghi et al. 2010b). It has been demonstrated that tACS can influence
perception (Kanai et al. 2008), memory (Marshall et al. 2006), motor function
(Brignani et al. 2013), and higher-order cognition (Santarnecchi et al. 2013).

tACS of the auditory cortex does not seem to improve tinnitus (Vanneste et al.
2013a, b), neither in single nor in multiple sessions (Claes et al. 2014).

3.2.5 Transcranial Random Noise Stimulation (tRNS)

tRNS is a modification of tACS (see Fig. 3). The tRNS device generates alternating
current, which follows a white noise structure, i.e. all frequencies (0.1–640 Hz) have
equal power, with a Gaussian amplitude structure. Low frequency tRNS is defined as
0.1–100 Hz random noise stimulation, whereas high frequency tRNS is limited to
frequencies between 100 and 640 Hz. tRNS has a higher perception threshold than
tDCS (1,200 μA vs 400 μA) (Ambrus et al. 2010).

Importantly, both for tACS and tRNS low and high amplitudes seem to have an
opposite effect. Both tACS and HF-tRNS at 0.4 mA are inhibitory but switch to
excitatory modulation at 1 mA (Moliadze et al. 2012).

High frequency tRNS seems to increase excitability (Terney et al. 2008), and its
mechanisms of action are still unknown. It could theoretically increase excitability
by a stochastic resonance effect mediated through repeated subthreshold stimula-
tions (Terney et al. 2008) that prevent homeostasis of the system (Fertonani et al.
2011). Another possible working mechanism is through desynchronization of (path-
ological) rhythms (Paulus 2011), but none of the abovementioned mechanisms of
action have been proven. tRNS modulates perception (Romanska et al. 2015),
memory (Mulquiney et al. 2011), learning (Herpich et al. 2015; S. Tyler et al.
2015), and other cognitive functions (Cappelletti et al. 2013) possibly by NMDA-
receptor independent but sodium-channel blocker and benzodiazepines sensitive
plasticity (Chaieb et al. 2015).

Low and high frequency tRNS have been clinically used for tinnitus, both with
beneficial results on loudness perception and distress (Joos et al. 2015; Vanneste
et al. 2013a). In a head to head comparison of tDCS, tACS, and tRNS, it was shown
that tRNS was the only efficacious transcranial electrical stimulation for tinnitus
suppression (Vanneste et al. 2013a). Interestingly, both low and high frequency
tRNS were beneficial but the combined low + high frequency tRNS was ineffica-
cious for tinnitus suppression (Joos et al. 2015). In a further pilot study tACS and
tRNS, respectively, were applied bilaterally over the temporal cortices. This study
revealed transient suppression of tinnitus for tRNS, but not for tACS. Furthermore,
repeated sessions were more beneficial than single sessions (Claes et al. 2014).
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Yet, when performing daily sessions of HF-tRNS, in contrast to the more traditional
2–3 weekly sessions, no benefit was obtained (Kreuzer et al. 2019), suggesting that
too much stimulation may be counterproductive. Adding bifrontal DLPFC tDCS to
auditory cortex tRNS was superior to only auditory cortex tRNS (To et al. 2017).
And this multisite tRNS approach has indeed shown promise by confirmatory
studies (Mohsen et al. 2018, 2019).

3.2.6 Vagus Nerve Stimulation (VNS) and Transcutaneous Vagal Nerve
Stimulation (tVNS)

The combination of auditory stimulation with vagal stimulation via implanted
electrodes has demonstrated highly impressive results in an animal model of tinnitus
(Engineer et al. 2011). Based on the rationale that vagal stimulation renders the
simultaneously presented sounds more salient, the combined treatment almost
completely reversed neurophysiological and behavioral signs of tinnitus, which
was not the case with auditory stimulation alone. In subsequent human pilot studies
the efficacy of the invasive VNS + auditory stimulation treatment was confirmed
(De Ridder et al. 2014b, 2015a; R. Tyler et al. 2017) albeit the effects were clearly
less pronounced than in animals. Furthermore, a study in which VNS stimulation
was performed via implanted electrodes to treat epilepsy found equally good tinnitus
attenuating results (Wichova et al. 2018). But since these patients did not receive the
paired auditory stimulation, the relevance of the paired auditory stimulation is yet
unclear.

In these abovementioned studies, vagus nerve stimulation has been performed by
the implantation of a neurostimulation device connected to an electrode located
along the cervical branch of the vagus nerve. However, recently a non-invasive
approach for stimulating the vagus nerve has been developed. This so-called trans-
cutaneous vagus nerve stimulation (tVNS) takes advantage of the fact that the vagus
nerve has an afferent branch that is located medially to the tragus at the entry of the
acoustic meatus and that innervates the external ear canal. For reliable stimulation of
the auricular branch of the vagal nerve specific devices have been developed that
provide electrical stimulation. Analogous to invasive VNS, stimulation of the vagus
with tVNS is typically performed on the left side to minimize potential effects on
cardiac rhythm (Kreuzer et al. 2012). In a pilot study the feasibility and safety of
6 months of tVNS were investigated in patients with tinnitus. The stimulation was
well tolerated, but did not lead to a relevant improvement of tinnitus complaints
(Kreuzer et al. 2014). However, there was a trend towards a reduction of depressive
symptoms in treated patients (Kreuzer et al. 2014). Further support for a tVNS
induced stress attenuation comes from another study (Ylikoski et al. 2017). In this
study the effect of tVNS on heart rate activity was investigated in 173 tinnitus
patients and it was found that tVNS can attenuate the sympathetic activation of
tinnitus patients

In two small pilot studies tVNS was combined with auditory stimulation, and these
studies showed promising effects on tinnitus (Lehtimaki et al. 2012; Shim et al. 2015).
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These findings are in line with the animal data (Engineer et al. 2011), where the
pairing of vagus nerve stimulation with tones excluding the tinnitus frequency was
critical for the reduction of tinnitus, whereas vagal nerve stimulation alone had no
effect on tinnitus related behavior.

But tVNS has also been performed without auditory pairing, also demonstrating
some benefit (Suk et al. 2018), again questioning the relevance of the paired sound
presentation.

3.2.7 Bimodal (Auditory and Sensory) Stimulation

Central auditory circuits are influenced by the somatosensory system, a relationship
that may underlie tinnitus generation (Basura et al. 2015; Dehmel et al. 2008;
Dehmel et al. 2012; Shore 2005; Shore et al. 2008; Stefanescu et al. 2015).

Bi- or multimodal stimulation is presumably more effective for the induction of
neuroplastic effects than unimodal stimulation, as synchronicity of events is an
important criterion for the induction of neuroplastic effects. This was first expressed
by Donald Hebb many decades ago: “Neurons that fire together, wire together”
(Hebb 1949). Unimodal stimulation can induce activity-dependent neuroplastic
changes such as long-term potentiation or long-term depression, whereas bimodal
stimulation provides the additional opportunity to induce alterations of neuronal
activity by the mechanisms of spike-timing dependent plasticity (Basura et al. 2015).
However, the experimental investigation of bimodal stimulation is more challeng-
ing, because of the much larger parameter space.

In recent years different approaches of bi- or multimodal stimulation have been
proposed for the treatment of tinnitus. Apart from the combination of vagal stimu-
lation, tDCS and rTMS with auditory stimulation, the combination of auditory
stimulation and somatosensory stimulation has been investigated. The somatosen-
sory stimulation was either performed via the trigeminal nerve or via C2 afferents.
The combined auditory and somatosensory modulation is motivated by an increasing
understanding of the relevance of the somatosensory system for tinnitus pathophys-
iology (Shore et al. 2016). The clinical phenomenon, that many patients can mod-
ulate their tinnitus by face or neck movements, can be explained by the interaction
between somatosensory and auditory afferents on the level of the dorsal cochlear
nucleus (Levine 1999). This knowledge in turn motivated two different approaches
of combined somatosensory and auditory stimulation.

One approach aims at the modulation of activity in the central auditory pathway
by exerting an inhibitory effect on the level of the dorsal cochlear nucleus. The
somatosensory and auditory stimuli were presented at specific intervals, derived
from basic neurophysiological studies in animals describing stimulus timing depen-
dent plasticity in the dorsal cochlear nucleus (Marks et al. 2018). These findings
were translated into a clinical pilot trial with 20 patients, in which the combination of
sounds with transcutaneous electrical stimulation of the C2 nerve at the level of the
neck was applied over 28 days. The bimodal treatment reduced tinnitus loudness and
intrusiveness, whereas the control condition (auditory stimulation alone) did not
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deliver benefit (Marks et al. 2018). Yet, the effect was short-lasting, especially for
loudness perception, which did not outlast the 3-week bimodal stimulation period,
and the distress improvement only lasted for 3 weeks.

In another approach, sounds are simultaneously applied in combination with
electrical stimulation of the trigeminal nerve at the level of the tongue (Conlon
et al. 2019; D’Arcy et al. 2017). This approach is based on the idea that tinnitus is
caused by auditory deafferentation and that bimodal stimulation might compensate
the auditory deafferentation by providing stimuli over the somatosensory system.
The combined application of sounds and electrical stimulation of the tongue, for a
period of 3 months, was investigated in two large trials (with more than 500 patients)
(Conlon et al. 2020). Similar to other studies the bimodal stimulation resulted in a
clinical benefit for tinnitus distress, but data for loudness improvement were not
provided. In contrast to the C2-auditory bimodal stimulation study, long-lasting
results (1 year) were obtained (Conlon et al. 2020).

3.2.8 Invasive Brain Stimulation for Tinnitus

Auditory Cortex Stimulation

The procedure is based on a pathophysiological model that the auditory cortex is
involved in a pathologically functioning neuronal network that generates tinnitus
and that interference with this network activity by auditory cortex stimulation can
alleviate tinnitus and follows a four-step rationale (De Ridder et al. 2012b):

1. Tinnitus is related to increased activity in the auditory and frontal cortex.
2. The anatomical location of the tinnitus generator can be determined by fMRI

(De Ridder et al. 2011b).
3. The abnormal neuronal activity can be modulated by neuronavigated TMS

resulting in transient tinnitus reduction (De Ridder et al. 2004).
4. If TMS can transiently suppress the tinnitus, electrical stimulation through an

electrode implanted on the same area can provide permanent tinnitus suppression
(De Ridder et al. 2004, 2006a, 2007a, 2011c).

Multiple small and one larger series of patients with auditory cortex electrodes
have been published. A series of 43 patients with severe treatment resistant tinnitus
(grade 3 and 4 tinnitus according to the tinnitus questionnaire (Goebel and Hiller
1994)) were implanted with a cortical electrode overlying the secondary auditory
cortex (De Ridder et al. 2011c). Surgical eligibility was based on 2 positive TMS
sessions. Although all patients reacted to TMS, 1 out of 3 patients did not respond to
the cortical stimulation with tonic stimuli after implantation. Among the responders
to cortical stimulation there was an average decrease in the perceived tinnitus
loudness of 51.3%. There was a significant but weak positive correlation
(r ¼ 0.34, p < 0.05) between the amount of the suppression effect from the test
TMS and cortical stimulation after implantation, even though TMS could not predict
who would and who would not respond to the implant (De Ridder et al. 2011c).
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This may be due to the fact that the mechanism of action of TMS and implanted
electrodes is different.

When switching tonic stimulation to burst stimulation (De Ridder et al. 2010) half
of the non-responding patients demonstrated change, thereby improving the total
response rate from 1 in 3 to 2 out of 3 patients. Burst stimulation was specifically
superior to tonic stimulation for suppressing noise-like tinnitus (De Ridder et al.
2011c), analogous to what has been described for TMS (De Ridder et al. 2007c). In
contrast to TMS, where the suppression effect decreases with longer tinnitus dura-
tion, no correlation was found between the effect of electrical cortical stimulation
and tinnitus duration for the same study population, again suggesting that electrical
cortical stimulation acts on tinnitus by a different mechanism than TMS.

Treatment effects also depended on tinnitus type. Pure tone tinnitus could be
improved more than narrow band noise or the combination of pure tone and narrow
band noise, and unilateral tinnitus better than bilateral tinnitus. This surgical
neuromodulatory approach of the auditory cortex has been repeated by other centers.
A French case study obtained persisting 65% tinnitus reduction in a women using an
fMRI based extradural auditory cortex implant (Litre et al. 2009, 2010). Another
study of eight patients using a similar technique but different hardware found no
permanent tinnitus suppression (Friedland et al. 2007). Temporary effects on tinnitus
perception were observed in six out of the eight patients. However, tinnitus distress
decreased slowly over time, even without suppression of tinnitus intensity. An
electrode with only two contacts was used which limits the way the electrodes can
be programmed.

In four patients an intradural electrode on the primary auditory cortex was
inserted in the Sylvian fissure, stimulating gray matter of the primary auditory cortex
(De Ridder et al. 2004, 2006a). In two patients the purpose was to obtain stabiliza-
tion of tinnitus suppression, because the stimulus parameters had to be
reprogrammed every 2–3 days. In both patients the intradural positioning resulted
in a stabilized suppression of their tinnitus.

Another approach has been proposed, inserting a wire electrode in the white
matter beneath layer 6 of the primary auditory cortex. This has been performed
successfully, using magnetic source imaging for target localization, resulting in
tinnitus suppression (Seidman et al. 2008). Interestingly, in patients with tinnitus,
intracortical stimulation does not generate a sound percept associated with the
delivered current. This is in contrast to patients with epilepsy, in whom intracortical
electrical stimulation within Heschl’s gyrus does generate sound percepts, the
loudness of which correlates with the delivered amplitude (Donovan et al. 2015).

From a mechanistic point of view it was shown that the success of the auditory
cortex implant critically depended on activity in the parahippocampal area, which is
related to auditory memory (De Ridder et al. 2006b). Responders to the implant were
characterized by high beta3 and gamma band activity in the parahippocampal area,
even though the electrodes were overlying the auditory cortex. Only those patients
who had functional connections between the area of the implant, i.e. the auditory
cortex and the parahippocampal area, benefited from the auditory cortex implant
(De Ridder and Vanneste 2014).
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Multisite stimulation may benefit tinnitus perception, analogous to what is noted
in non-invasive neuromodulation. In a partial responder to auditory cortex implan-
tation, complete resolution of the pure tone component of his tinnitus was obtained,
without any beneficial effect on the noise-like component of the tinnitus, even after
switching to burst stimulation (De Ridder and Vanneste 2015). After an initial
successful treatment of his noise-like component with transcutaneus electrical
nerve stimulation, a wire electrode was inserted subcutaneously and connected to
his internal pulse generator. With the dual stimulation his pure tone tinnitus remains
abolished after 5 years of stimulation and his noise-like tinnitus is improved by 50%,
from 8/10 to 4/10. This case report suggested that multitarget stimulation might be
better than single target implantation (De Ridder and Vanneste 2015).

In some case reports implants were also performed on the dorsolateral prefrontal
cortex (De Ridder et al. 2012b), anterior cingulate cortex (De Ridder et al. 2016a)
and parahippocampal area (De Ridder et al. 2012b) following the same 4-step
approach described above. In the two anterior cingulate implants one patient
responded whereas another patient did not benefit from the electrode insertion.
The responder also had increased functional connectivity to a tinnitus distress
network in contrast to the non-responder (De Ridder et al. 2016a). This suggests
that analogous to non-invasive stimulation, brain stimulation via implanted elec-
trodes requires functional connectivity to carry the delivered stimulus throughout the
symptom generating network (Fox et al. 2014).

Deep Brain Stimulation

Deep brain stimulation (DBS) has been performed as well, in an attempt to treat
tinnitus. This was based on a case report of a woman who became tinnitus-free after
a stroke in the locus coeruleus (LC) area of the caudate nucleus while undergoing
DBS for Parkinson’s disease (Larson and Cheung 2013). Initially, tinnitus was
evaluated in patients in whom DBS was performed to alleviate movement disorders.
In a first study, tinnitus loudness reductions were found in 4/7 patients, of which
most clearly by ventral intermediate nucleus (VIM) stimulation for tremor [256]. In
another observational study in six patients with comorbid tinnitus, the concomitant
effect on tinnitus perception was evaluated: In five participants where the DBS lead
tip traversed area LC, tinnitus loudness in both ears was suppressed to a nadir of
level 2 or lower on a 0–10 rating scale. In one subject where the DBS lead was
outside area LC, tinnitus was not modulated (Cheung and Larson 2010; Larson and
Cheung 2011).

A large multicenter study evaluated the clinical impact of DBS on tinnitus in
patients undergoing DBS for movement disorders: the THI tinnitus questionnaire
improved only after subthalamic nucleus stimulation [254], suggesting this target
may be selected to treat tinnitus related distress. After encouraging results from these
observational studies, a phase I study was performed targeting the caudate nucleus as
goal to treat severe intractable tinnitus. Tinnitus distress measures improved for three
of five patients and one patient had a profound loudness suppression (7.8 points
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improvement on NRS). This suggests that the caudate nucleus may be a target
worthwhile of further exploration, using different stimulation designs and different
electrode configurations. Even though the target space may be narrowed down, the
stimulation parameter space for optimal improvement is still large.

4 Conclusion

In the last decades, neuroscientific research has contributed to an increasingly better
understanding of the pathophysiological mechanisms that underlie the generation
and maintenance of tinnitus. Based on this knowledge, a large variety of different
neuromodulatory interventions have been developed.

Most studies for rTMS have targeted the temporal, temporoparietal, and the
frontal cortex. Recent meta-analyses have shown that rTMS may be beneficial for
tinnitus, improving the suffering, but not the loudness perception. The recent rTMS
European guideline (Lefaucheur et al. 2020) recommended that repeated sessions of
low frequency-rTMS of the temporoparietal cortex of the left hemisphere or contra-
lateral to the affected ear have a possible effect in tinnitus. Many questions remain
concerning the use of this technique in everyday practice, such as what could be the
optimal treatment target(s) protocol and what could be the role of individual
susceptibility to auditory cortex stimulation.

Different forms of transcranial electrical stimulation (tDCS, tACS, tRNS),
applied over the frontal and temporal cortex, have been investigated in tinnitus
patients. Recent meta-analysis suggests that also tES may be beneficial in chronic
tinnitus, and that especially the combination of bifrontal tDCS and auditory cortex
tRNS may attenuate tinnitus. Cortex and deep brain stimulation with implanted
electrodes have shown benefit but there is insufficient data to support their routine
clinical use.

Two decades of research in non-invasive neuromodulatory interventions in
tinnitus have yet to result in regular clinical routine use. The most recent meta-
analyses do suggest that a transition from experimental to clinical applications of
non-invasive stimulation may be in view. Furthermore, research has revealed impor-
tant insights in the pathophysiology of tinnitus, in particular in the relevance of
non-auditory brain areas as well in the heterogeneous nature of tinnitus. Recently,
bimodal stimulation approaches have also revealed promising results and it appears
that targeting different sensory modalities in temporally combined manners may also
be a promising avenue.
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Abstract Tinnitus, or the phantom perception of sound, arises from pathological
neural activity. Neurophysiological research has shown increased spontaneous firing
rates and synchronization along the auditory pathway correlate strongly with behav-
ioral measures of tinnitus. Auditory neurons are plastic, enabling external stimuli to
be utilized to elicit long-term changes to spontaneous firing and synchrony. Patho-
logical plasticity can thus be reversed using bimodal auditory plus nonauditory
stimulation to reduce tinnitus. This chapter discusses preclinical and clinical evi-
dence for efficacy of bimodal stimulation treatments of tinnitus, with highlights on
sham-controlled, double-blinded clinical trials. The results from these studies have
shown some efficacy in reducing the severity of tinnitus, based on subjective and
objective outcome measures including tinnitus questionnaires and psychophysical
tinnitus measurements. While results of some studies have been positive, the degree
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of benefit and the populations that respond to treatment vary across the studies.
Directions and implications of future studies are discussed.

Keywords Auditory-somatosensory · Bimodal · Clinical trial · Plasticity · Tinnitus

1 Introduction

Tinnitus is the phantom perception of sound commonly referred to as “ringing” in
the ears. Nearly 50 million people in the United States alone have tinnitus
(Shargorodsky et al. 2010), which can be devastating to many sufferers. While
commonly associated with and triggered by hearing loss (Eggermont and Roberts
2004), tinnitus can occur in participants with clinically normal audiograms (Schaette
and McAlpine 2011; Gu et al. 2012), suggesting that the disorder arises from
pathological neural activity in the central auditory pathway (Shore et al. 2016).
Mounting evidence, from many labs, implicates pathologically altered homeostatic
plasticity in tinnitus generation (Eggermont and Roberts 2004; Roberts et al. 2010;
Wu et al. 2016b).

This chapter first discusses the role of neural plasticity in generating tinnitus as
demonstrated in animal model preclinical studies. We will then highlight peer-
reviewed, translational studies emanating from these rigorous preclinical studies to
demonstrate how counteracting pathological plasticity can reduce and, in some
cases, eliminate tinnitus. Detailed studies of spike-timing-dependent plasticity
(STDP) in the cochlear nucleus (CN) and altered firing patterns in the auditory
cortex (AC) have led to novel treatment paradigms based on reversing the patho-
logical neural plasticity discovered in animal models. Each approach combines
auditory and nonauditory stimulation. In the CN plasticity-derived treatment, audi-
tory stimulation is combined with electrical stimulation of the somatosensory system
in a precise temporal relationship to reduce aberrant STDP. In the AC plasticity-
derived treatment, auditory stimulation is paired with vagal nerve stimulation (VNS)
to normalize rearranged cortical maps. Other types of bimodal stimulation are also
briefly discussed.
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1.1 Animal Model Development of Tinnitus Treatments

1.1.1 Dorsal Cochlear Nucleus Plasticity as a Basis for Tinnitus
Treatment

Dorsal Cochlear Nucleus Fusiform Cells Integrate Multisensory Information

The CN is the first nucleus in the auditory pathway and integrates auditory nerve
input from the cochlea (Fig. 1) with somatosensory input from the dorsal column and
trigeminal systems (Itoh et al. 1987; Kanold and Young 2001; Shore et al. 2003;
Zhou and Shore 2006). Fusiform cells, the principle output neurons of the dorsal
cochlear nucleus (DCN), receive auditory nerve input on their basal dendrites and

Fig. 1 Schematic of cochlear nucleus circuitry involved in tinnitus. Auditory nerve fibers (ANF)
from the cochlea synapse on the cell bodies of bushy cells (BCs), dendrites of T-stellate (TS) cells
and vertical cells (VCs), cell bodies and dendrites of D-stellate (DS) cells, and basal dendrites of
fusiform cells (FCs). Multimodal auditory and somatosensory projections synapse on the dendritic
fields of DS cells and BCs in the ventral cochlear nucleus (VCN) and granule cells (GCs). The
axons of GCs terminate on the apical dendrites of FCs and inhibitory cartwheel cells (CW). DS cells
provide wideband inhibition, and VCs provide narrowband inhibition to the output neurons of the
VCN and DCN (from Shore and Wu 2019)
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indirectly receive somatosensory input via granule cell axons on their apical den-
drites (Osen et al. 1995; Fujino and Oertel 2003). The apical dendrite synapses are
plastic so that their strength and ability to excite fusiform cells can sum over time,
while the basal dendrites are not (Fujino and Oertel 2003).

The fusiform-cell circuit is an example of a cerebellar-like circuit, exhibiting
structural and functional similarity to neurons in the cerebellum (Oertel and Young
2004; Tzounopoulos et al. 2004). Integration of auditory and somatosensory
input by fusiform cells involves spike-timing-dependent plasticity (STDP), so that
the order and time interval between the auditory and somatosensory stimuli deter-
mine whether increases or decreases in fusiform-cell excitability will occur
(Tzounopoulos et al. 2004; Koehler and Shore 2013b). When the temporal relation-
ship between auditory and somatosensory stimulation increases fusiform-cell excit-
ability, the process is referred to as long-term potentiation (LTP), while decreases in
fusiform-cell excitability are termed long-term depression (LTD). To determine
whether STDP is primarily comprised of LTP or LTD, the intervals between
auditory and somatosensory stimulations are varied, and fusiform-cell firing rate is
measured as a percent change in spikes from pre- to post-auditory-somatosensory, or
bimodal, stimulation. The percent change in spikes plotted versus the bimodal
interval is referred to as a “timing rule.” In the guinea pig, evoked LTP or LTD in
the fusiform-cell circuit can last for up to 90 min (Shore 2005; Dehmel et al. 2012).
Bimodal auditory-somatosensory activation of the fusiform-cell circuit can be
elicited by combining sound with deep brain stimulation of somatosensory path-
ways, or noninvasively by combining sound with transdermal stimulation applied to
the face (activating trigeminal pathways) or neck (activating dorsal column path-
ways) (Wu et al. 2015) (Fig. 2).

Tinnitus-Linked Neural Plasticity First Arises in the Cochlear Nucleus

Noise overexposure leading to cochlear damage elicits homeostatic changes to
neural circuitry of the central auditory system, beginning in the CN (Zhang and
Kaltenbach 1998; Kaltenbach and Afman 2000) and extending throughout the
auditory pathway, including in the inferior colliculus (IC) (Bauer et al. 2008;
Sturm et al. 2017), thalamus (Kalappa et al. 2014) and auditory cortex (Norena
and Eggermont 2003; Seki and Eggermont 2003; Engineer et al. 2011). However,
not all noise overexposure or hearing loss produces tinnitus (Roberts et al. 2010).
Behavioral tests to assess tinnitus status in animals are required to understand how
altered neural plasticity and electrophysiology produce tinnitus. The most widely
used paradigm relies on gap-prepulse inhibition of the acoustic startle reflex
(GPIAS) (Turner et al. 2006). GPIAS tests rely on two behaviors. First, animals
will startle when presented with a loud sound pulse embedded in a background
noise. Second, in normal-hearing animals, this startle is inhibited when a silent gap
in the background noise closely precedes the startle pulse. However, in animals with
tinnitus that matches the background noise, the tinnitus reduces detectability of the
gap, resulting in the animals startling as if the gap were not present. The GPIAS
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paradigm thus allows for tinnitus detection as well as providing a measurement of
the animal’s tinnitus spectrum.

DCN STDP is significantly altered in animals with noise-induced tinnitus,
shifting STDP timing rules toward LTP (Koehler and Shore 2013a). Fusiform-cell
timing rules in animals with tinnitus are also broader, meaning that more bimodal

Fig. 2 Spike-timing rules in fusiform cells. (a) When apical dendrites in fusiform cells are
activated, they can enhance the amplitude of excitatory postsynaptic potentials (EPSPs), termed
long-term potentiation (LTP), represented by the red line. Conversely, when the spikes occur prior
to apical dendritic activation, this reduces the EPSP amplitude, known as long-term depression
(LTD), represented by the purple line. (b) Percent change in EPSP amplitude relative to EPSP spike
timing is known as a timing rule. Positive values on the x-axis represent EPSPs before the spike
activation, and negative values represent EPSPs after the spike activation. The y-axis represents %
change in EPSPs (from Shore and Martel 2019). (c) Percent change in fusiform-cell firing rate after
auditory-somatosensory bimodal stimulation as a function of bimodal interval. Normal and noise-
overexposed guinea pigs with and without tinnitus are compared. Values on the x-axis represent the
bimodal intervals; negative intervals indicate auditory before somatosensory (transdermal electri-
cal) stimulation, and positive intervals indicate auditory after somatosensory stimulation.
Nonexposed control animals (black) had equivalent LTP and LTD; exposed, tinnitus animals
(red) had more LTP than LTD, indicating enhanced firing in the neural circuits; exposed,
non-tinnitus animals (blue) had more LTD than LTP (from Koehler and Shore 2013a)
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stimulus pairs elicit LTP compared to animals without tinnitus. Fusiform cells in
animals with tinnitus also show narrowly tuned increases in spontaneous firing rate
(SFR) and cross-unit synchrony at neurons with best frequencies close to behavioral
tinnitus frequencies (Wu et al. 2016a) (Fig. 3). In contrast, animals without behav-
ioral evidence of tinnitus, as well as nonexposed control animals, do not show
increases in SFR or cross-unit synchrony. The fusiform-cell firing patterns in the
animals with tinnitus are consistent with human psychophysical tinnitus measure-
ments, in which tinnitus is characterized as tone-like or narrowly tuned bands
(Roberts et al. 2006, 2008). Importantly, fusiform-cell increased spontaneous activ-
ity can arise as soon as 1 h after noise exposure (Kaltenbach and Afman 2000),
suggesting that tinnitus-related increases in spontaneous activity in the auditory
pathway first occur in the DCN (Kaltenbach and Zhang 2007; Finlayson and
Kaltenbach 2009; Manzoor et al. 2013a), which then propagate through the more
central pathways.

Toward a Tinnitus Treatment

As demonstrated in several studies, whether auditory-somatosensory bimodal stim-
ulation elicits primarily LTP or LTD depends on order and the time interval between
the auditory and the somatosensory stimulation (Fig. 4) (Koehler and Shore 2013a).
The specific auditory-somatosensory order and timing that reduce fusiform-cell

Fig. 3 Spontaneous
synchrony and firing rate are
increased in animals with
tinnitus compared to
animals without.
Spontaneous synchrony (a)
and firing rates (b) are
increased in animals with
tinnitus (ET ¼ exposed
tinnitus) compared to
animals without
(NE ¼ noise-exposed or
nonexposed sham animals,
ENT ¼ exposed
non-tinnitus). Tinnitus index
is a comparison of pre- and
postexposure gap detection:
larger tinnitus index values
represent more impaired gap
detection abilities after noise
exposure, i.e., more tinnitus
(from Wu et al. 2016a)
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excitability in the DCN through LTD create the opportunity for a potential tinnitus
treatment. By reducing fusiform-cell excitability, SFR and cross-unit synchrony will
decrease with corresponding reductions in tinnitus behavior.

Marks et al. (2018) used the bimodal auditory-somatosensory stimulation para-
digm to develop a treatment for tinnitus based on STDP. The specific temporal
sequence chosen to induce LTD was derived from the in vivo recordings in the DCN
of guinea pigs. To test this hypothesis, Marks et al. (2018) noise overexposed guinea
pigs with a 7 kHz-centered half-octave noise band presented at 97 dB SPL for 2 h,
resulting in 72.7% of the guinea pigs having chronic tinnitus after 8 weeks. Animals
with tinnitus had significantly increased synchrony ( p < 0.001) and spontaneous
activity ( p < 0.001) in fusiform cells compared to the normal-hearing animals and

Fig. 4 Bimodal auditory-somatosensory stimulation can induce LTP and LTD in the fusiform-cell
circuit. In a representative fusiform-cell pair, the peak cross-correlation coefficient decreased after
auditory stimulation occurred 10 ms before somatosensory stimulation (a top) but increased when
stimuli were presented in the opposite order (a bottom). This unit pair exhibited a Hebbian-like
learning rule (b) where activation of fibers increased neural synchrony. However, in a different
fusiform-cell pair (c and d), the stimulation resulted in opposite anti-Hebbian-like learning rule
where the activation weakened neural synchrony (from Wu et al. 2016a, b)
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noise-exposed non-tinnitus animals (Fig. 5). Additionally, the tinnitus group showed
a significantly higher proportion of unit pairs that exhibited LTP-only learning rules
compared to the normal-hearing and non-tinnitus animals that displayed LTD-only
learning rules ( p ¼ 0.001) (Fig. 5). These results demonstrated that the neural
pathway in animals with tinnitus was prone to exhibiting increased synchrony,
spontaneous activity, and LTP compared to control and non-tinnitus animals.

Based on those findings, Marks et al. (2018) then hypothesized that inducing
LTD should result in the opposite pattern of neural activity, i.e., decreased SFR,
synchrony, and resulting tinnitus. Bimodal auditory-somatosensory stimulation was
tested to determine which interval provided the greatest LTD. Transcutaneous

Fig. 5 Tinnitus animals show increased synchrony, SFR, and LTP-only learning rules. In Fig. a,
following noise overexposure, animals with tinnitus (ET ¼ exposed tinnitus) show increased
synchrony via mean cross-correlation coefficient, weighted by the proportion of synchronous unit
pairs compared to normal-hearing (N) and exposed-but-no-tinnitus (ENT) animals. Figure b shows
increased mean spontaneous firing rate (SFR) for ET animals compared to N and ENT animals.
Figures c and d show a shift in proportion of learning rules for ET animals toward Hebbian-like
(Heb; x-axis) and long-term potentiation (LTP; y-axis) for synchrony (c) and SFR (d). Normal-
hearing and ENT animals demonstrated anti-Hebbian-like (aHeb) and long-term depression (LTD)
characteristics (from Marks et al. 2018)
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electrical stimuli consisted of three 100 μs, biphasic pulses of 2–5 mA, paired with
10 ms pure tones presented at 40 dB SL. The stimuli were randomly tested at six
different intervals (�5, �10, and �20 ms) with electrical-first or auditory-first
ordering. Results showed that auditory stimulus presented 5 ms before electrical
stimulation produced the most instances of LTD across DCN fusiform cells. GPIAS
behavioral testing revealed that 8 kHz was the most prevalent tinnitus frequency
observed in the noise-overexposed guinea pigs. Thus, the stimuli chosen for the
treatment consisted of 8 kHz tone bursts and the �5 ms auditory electrical stimula-
tion interval that induced the greatest LTD.

To evaluate this treatment paradigm, tinnitus was induced in guinea pigs by noise
overexposure, followed by 25 days of the bimodal treatment for 20 min per day.
Three control treatment groups were assessed: unimodal sound stimulation,
unimodal somatosensory stimulation, and sedative only. Guinea pigs receiving the
specific bimodal auditory-somatosensory stimulation treatment designed to induce
LTD showed a significant decrease in tinnitus index scores (differences in gap-startle
responses pre- and posttreatment) at the treatment sound frequency. Furthermore, the
bimodal treatment group also showed significant reductions in fusiform-cell SFR
and cross-unit synchrony associated with tinnitus whereas the sham group and
unimodal sound group did not show any decrease in tinnitus index ( p < 0.01).
There were no significant changes in tinnitus in the unimodal auditory stimulation or
sedative-only groups, while the animals receiving unimodal electrical stimulation
showed increases in tinnitus behavior at some frequencies. Moreover, animals
receiving unimodal auditory stimulation and sedative-only groups did not show
changes in fusiform-cell SFR and cross-unit synchrony, consistent with a lack of
LTP induction (Marks et al. 2018). The unimodal electrical stimulation showed
some decreases, but also increases in SFR and synchrony reflecting LTP induction
consistent with previous studies showing LTP induction by parallel fiber stimulation
(Koehler et al. 2011). These results indicate that the bimodal auditory-
somatosensory stimulation paradigm in animals shows promising capability of
reducing physiological and behavioral indications of tinnitus.

Noise Overexposure Alters Excitability Throughout the Auditory Pathway

Physiological changes in the auditory pathway are passed on to more central
auditory stations culminating in the auditory cortex. Studies have shown that
reduced input from the auditory nerve results in homeostatic decreases in inhibitory
neurotransmitters (Wang et al. 2009; Middleton et al. 2011) as well as increases in
excitatory neurotransmitters (Wang et al. 2009; Barker et al. 2012; Zeng et al. 2012;
Heeringa et al. 2018). The increased SFR generated by the CN has been observed in
the IC (Manzoor et al. 2013b; Kalappa et al. 2014; Sturm et al. 2017), but tinnitus-
specific behavioral and physiological measures are lacking in most studies in the
IC. It is likely that changes in the IC related to tinnitus are a result of receiving altered
input from the CN’s primary output neurons. Since there are no physiologically or
morphologically identified cells in the IC that respond to defined inputs and outputs,
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it is probable that IC cells receiving input predominantly from the CN would mimic
the tinnitus phenotype that is generated in the CN (Shore and Wu 2019).

1.1.2 Cortical Plasticity as a Basis for Tinnitus Treatment

Tinnitus has also been proposed to arise as the result of aberrant cortical plasticity
due to reduction of auditory input following cochlear damage (Eggermont and
Roberts 2004). This theory is akin to the decrease in cortical input associated with
phantom limb pain after peripheral amputation (Flor et al. 1995). The resulting
cortical changes after cochlear damage include frequency-map reorganization, as
well as increases in neural synchrony, spontaneous activity, excitability, and recep-
tive field size (Engineer et al. 2013). Other studies have shown that increased SFR
and synchrony are also observed in the medial geniculate body (Sametsky et al.
2015), which correlate with tinnitus behavior, suggesting that the cortex receives the
already generated tinnitus-specific input from thalamocortical neurons (Llinás et al.
1999; De Ridder et al. 2015). It is likely that the thalamus itself is receiving already-
processed tinnitus neural activity generated in the DCN. Since the thalamocortical
output to the cortex is both excitatory and inhibitory, the increased activity from the
thalamus likely alters the normal excitatory/inhibitory balance in the cortex
(Rauschecker et al. 2010; Hamilton et al. 2013; Natan et al. 2017). These findings
suggest that increased activity from subcortical neurons is the driving force behind
cortical changes, rather than purely cortically driven homeostatic plasticity arising
from decreased input (Shore and Wu 2019).

Treating Tinnitus by Reversing Pathological Cortical Plasticity in Animals

If pathological cortical plasticity contributes to tinnitus, then reversing the plasticity
should reduce tinnitus. Previous studies showed that pairing auditory and electrical
stimulation of subcortical structures could alter tuning in the auditory cortex through
release of acetylcholine from the nucleus basalis (Kilgard and Merzenich 1998) or
norepinephrine from the locus coeruleus (Edeline et al. 2011). However, direct
stimulation of these structures to drive targeted cortical plasticity is highly invasive,
making treatments of this type less practical. Instead, Engineer et al. (2011) devel-
oped a somewhat less invasive procedure that utilized vagus nerve stimulation
(VNS) paired with sound. In animal studies using rats, a cuff electrode was placed
on the left cervical vagus nerve to eliminate cardiac complications. Stimulation
parameters were derived from previous VNS studies in rats and in humans suffering
from epilepsy, with values set to approximately 1% of the approved levels used to
treat depression and seizures (Engineer et al. 2013). In the first experiment, 0.8 mA
pulses were delivered via the cuff electrode at a rate of 30 Hz with a pulse duration of
100 μs and were paired simultaneously with tones at 9 kHz or 19 kHz. This
VNS-tone combination was presented in 500 ms bursts once approximately every
30 s for 2.5 h (totaling 300 stimulations per day), for 20 consecutive days. Cortical
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map recordings from the rats showed that the incidence of the primary auditory
cortex (A1) neurons with best frequency in the frequency region of the tones was
increased 70–79% compared to control animals 24 h after the paired VNS-tone
stimulation. This finding demonstrated that paired VNS-tone pairs could be used to
drive long-lasting plasticity in the auditory cortex.

A follow-up experiment aimed to examine whether this same mechanism could
also be utilized to alleviate tinnitus by reversing pathological changes in the cortex
after noise overexposure. A prevailing cortico-centric theory in tinnitus generation is
that following cochlear damage, there is an overrepresentation of auditory cortical
neurons that are tuned to the tinnitus frequency, which contributes to increased
neural synchronization and spontaneous activity that correlates with the perception
of tinnitus (Eggermont 2006). Accordingly, if VNS-tone pairs can expand the
frequency map in the cortex outside of the tinnitus frequencies by pairing VNS
with tones outside of the tinnitus frequency, this would decrease the overrepresented
region corresponding to the tinnitus frequency. To test this theory, Engineer et al.
(2011) exposed rats to 115 dB SPL noise at 16 kHz and demonstrated a significant
increase in spontaneous activity and in synchrony in A1 neurons. GPIAS testing
revealed that all noise-overexposed animals showed evidence of tinnitus in at least
one frequency band, demonstrating both physiological and behavioral correlates of
tinnitus.

The authors then paired VNS with multiple tones outside of the tinnitus frequency
range. For the experimental group, these multiple VNS-tone pairs were randomly
interleaved and presented 300 times/day using the same parameters from part 1 of
the experiment. The controls were animals that received tone-only stimulation,
VNS-only stimulation, or no stimulation. After 10 days of therapy, behavioral test
results showed improved gap detection at the putative tinnitus frequency for rats
receiving the active treatment but did not for rats receiving the sham treatment,
indicating a reduction in tinnitus behavior (Fig. 6). These improvements were still
observed 3 weeks after the end of the treatment. Furthermore, cortical excitability
and synchronization both decreased to control levels, but spontaneous activity was
unaffected. Collectively, these results demonstrated that VNS-tone pair therapy
could reverse some of the pathophysiological changes in the auditory cortex asso-
ciated with tinnitus in rats. These animal studies established a foundation in basic
neuroscience investigating mechanisms of neuronal plasticity involved in tinnitus.
The findings of these studies then informed the development of potential therapeutic
treatments for tinnitus in humans.
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1.2 Translating Animal Studies to Humans

1.2.1 Bimodal Auditory-Somatosensory Stimulation to Reduce Tinnitus
in Humans

The improvements in both behavioral and physiological correlates of tinnitus in
animal studies were used as the basis for clinical bimodal auditory electrical stim-
ulation experiments in humans. Using the precisely timed stimulation paradigm
developed in the preclinical studies, a clinical study was performed in humans
(Marks et al. 2018). Since the auditory portion of the bimodal stimulation in guinea

Fig. 6 Animals receiving bimodal VNS-sound stimulation, but not sound alone, showed improve-
ments in tinnitus behavioral measures. Four weeks after noise overexposure, animals in both groups
were less likely to detect the gaps at the putative tinnitus frequency compared to gaps in broadband
noise or at non-tinnitus frequencies. After 10 days of paired tone-VNS treatment, the experimental
group (a) gap detection at the putative tinnitus frequency improved to pre-noise exposure levels,
whereas the gap detection for the sham group (b) did not improve after the sham treatment (from
Engineer et al. 2011)
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pigs was a tone burst centered at the tinnitus frequency, for the human study, a
complex tone burst derived from the participant’s tinnitus spectrum (Roberts et al.
2008) served as the auditory portion of the bimodal stimulus. The sound was paired
with transdermal electrical stimulation using the bimodal interval and order identi-
fied in the animal studies to produce maximum LTD in DCN fusiform cells. The
sound was presented at 40 dB SL (sensation level) and was limited to no higher than
90 dB SPL to prevent hearing damage. Sound stimuli were delivered through a
calibrated earphone, and somatosensory stimulation was provided via electrodes
placed on either the cheek or cervical spine region of the neck. The electrical
stimulation levels were just above the participants’ threshold and well below levels
that evoked muscle contractions. The device usage and function was monitored
through device software to identify open and short circuits while receiving treatment.
Software-controlled treatment was paused if electrode placement was altered.

Twenty participants were recruited into a double-blind, sham-controlled, cross-
over designed study. All participants had constant bothersome tinnitus, clinically
normal-hearing thresholds with no hearing loss>40 dB HL up to 8 kHz (Fig. 7), and
the ability to modulate their tinnitus with a somatic maneuver. Half of the partici-
pants were randomly assigned to the sham group (n ¼ 10), which first received
unimodal auditory treatment, and the other half were assigned to the active bimodal
treatment group (n ¼ 10) and had used no new tinnitus treatments 4 weeks prior to
starting the study. Participants crossed over to the other treatment after 8 weeks
(Fig. 7), so that each participant received both treatments and served as their own
controls. Double-blinding and participant compliance, defined as daily use of the
device for the full treatment period, was enabled by device software.

Participants were evaluated weekly for changes in their tinnitus spectra using
interactive computer program (TinnTester) (Roberts et al. 2008) and tinnitus life
impact using the Tinnitus Functional Index (TFI) (Meikle et al. 2012). Given that
previous studies have shown that unimodal auditory stimulation does not elicit
STDP (Koehler and Shore 2013a, b) and thus have not been expected to have a

Fig. 7 Average audiogram
from subjects in Marks et al.
(2018)
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long-lasting influence on tinnitus perception (Terry et al. 1983; Henry and Meikle
2000), the unimodal auditory stimulation was used as the sham treatment.

The participants receiving active treatment were given the bimodal auditory-
somatosensory stimulation for 30 min per day for 28 consecutive days, while
participants receiving the sham treatment were given the auditory stimulation for
the same amount of time (Fig. 8). After 28 days, both treatment sessions were
followed by a 4-week washout period to evaluate lasting impacts. Using the
TinnTester software (Roberts et al. 2008), participants’ tinnitus loudness and tinnitus
spectrum data were collected throughout the entirety of the study.

Participants receiving the active bimodal treatment showed cumulative, statisti-
cally significant decrements in tinnitus loudness with a peak reduction of 13 dB over
the 4 weeks of the study. Two participants reported complete elimination of their
tinnitus. In comparison, the sham participants showed a nonsignificant reduction of
3 dB in tinnitus loudness. Absence of change in tinnitus loudness with unimodal
auditory stimulation is consistent with the results from the animal studies, which
demonstrated that unimodal sound stimulation was ineffective at eliciting fusiform-
cell plasticity (Fujino and Oertel 2003; Dehmel et al. 2012; Wu et al. 2015), as would
be expected by activation of fusiform-cell basal dendrites. The tinnitus life impact
measured through TFI also showed cumulative, statistically significant reductions in
overall scores during the active treatment (7.51 points) and active washout (6.71
points) compared to the sham periods ( p< 0.001). A correlation showed there was a
significant moderate relationship between the change in TFI scores and the change in
tinnitus loudness (both relative to baseline) during the active treatment period, r
(78) ¼ 0.31, p ¼ 0.015. Thus, a reduction in tinnitus loudness during the active
treatment was related to improved quality of life (Figs. 9 and 10). Clinically
significant reductions in TFI (a decrease of >13 points) (Meikle et al. 2012) were
seen in 10/20 participants during the active treatment. Moreover, it was also found
that the TFI improvements outlasted the reduction in tinnitus loudness following
active treatment, with the most considerable improvements seen in sleep quality and
reductions in tinnitus intrusiveness. The prolonged improvements in TFI scores
could be due to alterations in the hippocampus, a part of the limbic system, which

Fig. 8 Study design schematic from Marks et al. (2018)
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could result in a reduced emotional response to tinnitus. Evidence for this is provided
by tinnitus-specific physiological changes that occur in the hippocampus of guinea
pigs after noise overexposure (Zhang et al. 2019).

1.2.2 Bimodal Auditory VNS to Treat Tinnitus in Humans

Based on preclinical VNS findings (Engineer et al. 2011), Tyler et al. (2017)
conducted a prospective randomized double-blind controlled pilot study using
paired VNS-tone treatment in humans. Thirty adults with chronic tinnitus that
were unsuccessful with at least one other form of tinnitus treatment were selected
for participation in the study. Participants were implanted with a VNS cuff electrode
on their left cervical vagus nerve along with an internal pulse generator that was
placed in the left pectoral region. Audiological and tinnitus assessments were
performed to determine hearing levels and tinnitus pitch matching. Participants
had average hearing thresholds ranging from normal mild to moderate sensorineural
hearing loss from 500 to 8,000 Hz. Electrical stimulation of 0.8 mA, 100 μs pulses
were delivered at a rate of 30 Hz; these were presented in pulse trains of 500 ms
(totaling 15 stimulations per train). Tones ranging in frequency from 170 to
16,000 Hz were presented via circumaural headphones at a level based on each

Fig. 9 Participants
receiving active treatment,
and not sham, show
significant reductions in
measured tinnitus loudness
and TFI during bimodal
auditory-somatosensory
treatment. Participants
receiving active treatment
show significant reductions
in measured tinnitus
loudness (dB SPL, a) and
TFI (points, b) during the
active bimodal auditory-
somatosensory treatment
phase, but not during the
sham treatment phase (from
Marks et al. 2018)
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participant’s hearing thresholds and comfort (Fig. 11). The electrical pulses were
paired with tones that were randomly selected from the frequency range excluding
tones that were within a half-octave band of each participant’s tinnitus frequency.
The paired VNS-tones were presented approximately every 30 s for 2.5 h, totaling
300 stimulations per treatment session.

Participants were divided into two groups – a paired VNS-tone treatment group
(n ¼ 16) and a control group (n ¼ 14) – and were randomly assigned to one of the
groups in a double-blind crossover design. For the first 6-week arm of the study,
participants in the treatment group received paired VNS-tone stimulation, and the
control group received VNS treatment that was not paired with tones. After this
period of experimental or sham treatment, both groups were unblinded, and the
control group was crossed over to receive paired VNS-tone treatment, while the
experimental group continued to receive active treatment for an additional 6 weeks.
After the 12-week crossover trial, participants were allowed to continue using the
device under less strictly controlled parameters if they wished, i.e., keeping the

Fig. 10 Correlations for changes in TFI scores and changes in tinnitus loudness. Relative to
baseline, changes in participants’ TFI scores were compared to their changes in tinnitus loudness
measures (dB) for each arm of the study. There was a significant positive correlation for reductions
in TFI scores and decreases in tinnitus loudness during the active treatment arm of the study; as
scores on the TFI decreased (improved), the loudness of tinnitus also decreased (improved). There
were no other significant correlations between the two measures for the active washout, sham, or
sham washout arms of the study (adapted from Marks et al. 2018)

310 T. L. Riffle et al.



devices implanted and using them for shorter periods of time for fewer days per
week for up to 1 year after the baseline visit. Outcome measures were assessed at
baseline, 6 weeks, 12 weeks, 6 months, and 1 year.

The participants were assessed using subjective tinnitus life impact question-
naires and a loudness severity rating, as well as minimum masking level and tinnitus
loudness matching. At the end of the 6-week blinded interval, results showed that the
experimental group had a significant reduction of 17.7% in mean THI from baseline
( p ¼ 0.001), whereas the control group had a nonsignificant reduction (mean
reduction of 7.3%, p ¼ 0.156) (Figs. 12 and 13). There were no other significant
differences in any outcome measurements from baseline scores to the week 6 scores
for either group.

For the 12-week analysis after the control group had been unblinded and crossed
over, results showed a significant reduction in scores on the questionnaire measures
at the 6- and 12-week measurements (Figs. 12 and 13). However, there were no
significant differences between groups, nor were there any interactions for these
measures. There were also no significant results for any of the psychophysical
measures. At the end of 6 weeks, 50% of the experimental group and 28% of the
control group had clinically meaningful reductions in their THI scores although this
was not significantly different ( p ¼ 0.23). At 12 weeks, the experimental group rate
was 56%, and the control group improved to 43%. Lastly, the authors observed that
treatment appeared to be more effective for participants that did not have hissing
and/or blast-induced tinnitus, although no rationale was provided (Tyler et al. 2017).
After removing 11 such participants, separate analyses were run on a subgroup of

Fig. 11 Average audiogram from subjects in Tyler et al. (2017)
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Fig. 12 Individual participant changes in THI pre- to post-VNS treatment. Individual participant
changes in THI scores pre- to post-VNS treatment. Blue lines indicate participants with blast-
induced and/or tonal tinnitus (paired-VNS group ¼ 6, control group ¼ 5) (from Tyler et al. 2017)

Fig. 13 Study design schematic from Tyler et al. (2017)
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participants with tonal tinnitus. These results showed that the experimental group
had statistically significant improvements of 24.3% at 6 weeks and 34% at 12 weeks
compared to the 2% improvement in the control group at both 6 and 12 weeks
( p ¼ 0.05 and p ¼ 0.004, respectively), although these analyses were likely
exploratory in nature (Tyler et al. 2017). This study by Tyler et al. (2017) showed
reductions in subjective tinnitus scores but had minimal effects on more objective
psychophysical measures. Approximately 50% of participants showed clinically
meaningful decreases on questionnaire scores after paired VNS-tone treatment,
consistent with the findings by De Ridder et al. (2014). The treatment appeared to
be more efficacious on a subset of the participants who had tonal tinnitus compared
to those with hissing or blast-induced tinnitus (Tyler et al. (2017).

Based on previous studies showing that tinnitus patients display increased gamma
band activity and reduced alpha band activity in the temporal cortex (Weisz et al.
2007; van der Loo et al. 2009), Vanneste et al. (2017) further examined the effects of
paired VNS-tone treatment with electroencephalography (EEG) measures. EEG
analysis showed a significant posttreatment reduction of gamma band activity,
indicating a decrease in synchronized activity in the left auditory cortex, although
no significant effects were observed in delta, theta, alpha, or beta frequency bands
(Vanneste et al. 2017).

1.2.3 Open-Label Pilot Studies Using Bimodal Auditory Electrical
Stimulation

Several open-label pilot studies have been performed using various methods of
bimodal auditory electrical stimulation as potential tinnitus treatments. These studies
have used noninvasive transcutaneous VNS (tVNS) paired with sound. Two studies
utilized either a small electrode placed on the tragus (Lehtimaki et al. 2013) or
concha of the external ear (Shim et al. 2015) to stimulate an afferent branch of the
vagus nerve known as Arnold’s nerve. Lehtimaki et al. (2013) tested ten adults using
an electrode providing electrical impulses of 25 Hz at 0.8 mA paired with classical
music presented in free field with a spectral notch corresponding to the participants’
tinnitus frequency. Treatments were administered for 45–60 min/day for seven
treatment sessions over 10 days. Posttreatment results showed statistically signifi-
cant improvements on life impact questionnaires, as well as an overall reduction in
cortical N1m amplitude measured by magnetoencephalography (MEG). The N1m is
the MEG counterpart to the N1 wave that is commonly used as an electrophysio-
logical measurement of cortical response to sound, which has been shown to be
elevated in some patients with tinnitus (Lehtimaki et al. 2013). This finding suggests
that tVNS could achieve some level of cortical neuromodulation via the afferent
branch of the vagus nerve.

Shim et al. (2015) tested 30 adults using similar stimulation parameters as
Lehtimaki et al. (2013): 25 Hz electrical stimulation at 1–10 mA and tailored
notched classical music presented in free field. Treatments were comprised of
30 min/session for ten sessions that were spaced 1–4 days apart depending on the
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participants’ condition, although no rationale was given for these differences.
Posttreatment results showed that 50% of participants reported at least some
improvement measured on a global improvement questionnaire, and mean overall
tinnitus loudness ratings decreased by 18%, but THI scores were unaffected by the
treatment. Both tVNS pilot studies were open-label non-randomized designs with no
sham treatment or control groups used. Additionally, both studies implemented a
short treatment session of only 7–10 treatments with no washout periods to examine
any lasting effects. Therefore, the true effectiveness of the treatment method is still
unclear, but tVNS could be investigated further as a noninvasive alternative to
implanted VNS tinnitus treatment.

Referencing earlier studies that have indicated the involvement of the somato-
sensory system in tinnitus (Koehler et al. 2011; Engineer et al. 2011; Koehler and
Shore 2013a, b; Wu et al. 2015) and a previous bimodal treatment in humans
(De Ridder et al. 2014), another method of bimodal auditory-somatosensory stimu-
lation has been investigated as a potential tinnitus treatment involving electrical
stimulation of the tongue paired with sound. Hamilton et al. (2016) performed an
open-label pilot study that utilized broad-spectrum noise with temporal fluctuations
paired with electrical impulses delivered through a tongue stimulator. The tongue
was chosen as a site of trigeminal nerve stimulation, although there were no
referenced preclinical studies investigating this method of somatosensory activation.

Fifty-four adults with chronic tinnitus and sensorineural hearing loss of >25 dB
HL in at least one ear and one frequency up to and including 8,000 Hz were recruited
for the study, and 44 participants were used in the final analysis. The treatment
device was an electrical stimulator consisting of an array of 32 transcutaneous
electrodes placed on the antero-dorsal surface of the tongue, used in combination
with headphones. Electrical stimuli were biphasic pulses of 17.5 μs duration and
variable amplitude. The electrical stimulation was created by temporally and spec-
trally transposing the auditory stimuli to have a tonotopic organization spread across
the 32 electrodes. Auditory stimuli consisted of broadband noise that was mixed
with recorded rainfall and classical music, digitally processed to compensate for the
participants’ hearing loss and presented via high-fidelity headphones. The electrical
and auditory stimulations were presented simultaneously during the treatment, and
participants could adjust both levels based on comfort. The participants were
instructed to use the device daily for 30–60 min for 10 weeks.

Outcome measures were the THI, tinnitus loudness matching, and minimum
masking level (MML); these were measured at baseline and every 2 weeks through-
out the duration of the study. Tested participants showed a significant reduction of
8.6 points on the THI and 8.1 dB on MML measurements (both ps < 0.001). There
was a nonsignificant reduction of 5.4 dB on the tinnitus loudness measure. Clinically
meaningful reductions on the THI (�7 points) and MML (�5.3 dB) were observed
in 45% and 64% of participants, respectively. The authors also analyzed treatment
compliance using a lenient exploratory criterion of 66% total device usage compared
to 80% that is typically used in pharmaceutical studies (Hamilton et al. 2016). Based
on this criterion, 30 participants were compliant with the recommended device usage
and 14 were not. When analyzing the results for these groups separately, the
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compliant group showed significant reductions of 11.7 points on the THI, 7.5 dB on
tinnitus loudness matching, and 9.8 dB on MML ( p < 0.001). In contrast, the
noncompliant group showed nonsignificant reductions of 1.9 points, 0.9 dB, and
4.7 dB, respectively. When the percentage of participants showing a clinically
meaningful reduction of TFI and MML were further analyzed based on compliancy,
the compliant group showed a greater percentage of responders for the THI (57%)
and MML (73%) compared to the noncompliant group (21% and 43%, respectively).

Results of the study demonstrated the feasibility of the treatment, particularly for
those who were compliant with the instructions. However, like other open-label pilot
studies, all participants knowingly received active bimodal treatment, and there was
no control group, sham treatment, or crossover period, so positive results for tongue
sensory stimulation in conjunction with auditory stimuli for tinnitus treatment have
not been well-established. The study by Hamilton et al. (2016) was designed to serve
as pilot data for a future randomized, blinded clinical trial aimed to further investi-
gate ideal parameter settings as well as the specific versus nonspecific therapeutic
effects and their permanency. D’Arcy et al. (2017) and Conlon et al. (2019) have
published experimental protocols and rationale for clinical trials utilizing this treat-
ment device, but to date there have been no published supporting data.

2 Discussion

The methods of bimodal auditory electrical stimulation for tinnitus treatment that
have been used in randomized controlled double-blinded clinical studies have solid
foundations in preclinical basic science data. Prior studies studying the physiology
of the auditory pathway showed that apical dendrites of DCN fusiform cells
displayed STDP based on the timing of auditory and somatosensory stimulation.
Guinea pigs that showed behavioral evidence of tinnitus displayed LTP patterns of
neural activity associated with increased spontaneous firing rate and synchrony and
that LTD neural patterns associated with a decrease in spontaneous firing rate and
synchrony could be achieved by presenting auditory stimuli with a precise separa-
tion from the electrical stimulation (Koehler and Shore 2013a; Marks et al. 2018). In
another approach, Engineer et al. (2011) found that stimulation of the vagus nerve
paired with synchronous auditory stimulation could alter cortical plasticity in the
auditory cortex and reverse cortical physiology patterns that are associated with
tinnitus. Other studies have used the principles of STDP to investigate unimodal
acoustic coordinated reset tones to desynchronize neural networks for tinnitus
treatment (Tass et al. 2012), as well as bimodal acoustic transcranial magnetic
stimulation of the auditory cortex to alter cortical excitability in normal-hearing
participants without tinnitus (Frank et al. 2012). However, these studies do not fit the
criteria of bimodal stimulation for tinnitus treatment and therefore are beyond the
scope of this chapter.

These studies used a variety of study designs to administer and investigate the
efficacy of the treatments. The Marks et al. (2018) study used a randomized, double-
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blind crossover design in which all participants received active and sham treatments,
and washout periods followed both treatment periods. In the Tyler et al. (2017)
study, half of the participants received active treatment, while the other half received
the sham treatment for the initial period. After the initial period, both groups were
unblinded, and the sham group began receiving active treatment, and the active
group continued to receive active treatment. Participants that initially received active
treatment did not receive the sham treatment at any point in the study, and there was
no washout period for either group. Lastly, the Tyler et al. (2017) study allowed
participants to continue using their devices for up to 1 year after the initial 12-week
investigation. In contrast, several open-label pilot studies did not use blinded, sham-
controlled experimental paradigms (Lehtimaki et al. 2013; De Ridder et al. 2014;
Shim et al. 2015; Hamilton et al. 2016). Additionally, the treatment durations among
these studies varied considerably (see Table 1). Therefore, the ideal treatment time
and the length of any lasting benefits from the treatments are still being investigated,
and future studies may help answer these questions.

Studying tinnitus in humans is complicated by the wide variability in symptoms
including onset, duration, frequency range, tonal quality, hearing levels, and etiol-
ogy. The treatments in the auditory-somatosensory clinical study (Marks et al. 2018)
as well as the paired VNS-tone clinical studies (Tyler et al. 2017; De Ridder et al.
2014; Vanneste et al. 2017) were derived from preclinical animal studies. Electrical
stimuli in both auditory-somatosensory and VNS-tone studies utilized low-current
electrical impulses, but auditory stimuli differed considerably. Marks et al. (2018)
used auditory stimuli representative of the participants’ tinnitus spectrum with
precise timing relative to electrical stimuli, to induce LTD in those DCN fusiform
cells with tinnitus-related hyperactivity. The paired tone-VNS studies used pure
tones outside of the participant’s tinnitus frequency. These stimuli were chosen to
restructure a cortical map that had an overrepresentation of cortical activity
corresponding to the tinnitus frequency. Thus, the auditory-somatosensory stimuli
aimed to reduce activity in the putative tinnitus generation site, whereas the paired
tone-VNS stimuli aimed to increase the activity of areas surrounding the tinnitus site
to normalize the overall cortical map. A future avenue of research could investigate
stimuli parameters to optimize individual settings for participants with tinnitus
characteristics that did not respond to the treatments tested previously.

The improvements observed in the paired tone-VNS studies (Tyler et al. 2017;
Vanneste et al. 2017) were revealed only through subjective questionnaires and not
by more objective tinnitus loudness measurements. Thus, it is not clear if these
findings reflect changes in emotional state or tinnitus (Deklerck et al. 2020). Psy-
chophysical loudness measures and perceived loudness ratings are often poorly
correlated, with ratings typically reflecting the person’s reaction to the tinnitus rather
than the actual loudness (Henry 2016). Thus, future studies would ideally incorpo-
rate outcome measures including subjective questionnaires, psychoacoustic mea-
sures, and physiological measures to assess any improvements that may be observed
by tinnitus treatments. Non-paired VNS has been typically used for the treatment of
depression and epilepsy (Engineer et al. 2013). Therefore, it is possible that paired
tone-VNS treatment could primarily be influencing depression and not tinnitus per
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Table 1 Comparison of human bimodal stimulation pilot study and clinical trial parameters,
structure, and outcome measures

Paired-notched
music with
transcutaneous
VNS (Shim et al.
2015)

Auditory-
somatosensory
treatment
(Hamilton et al.
2016)

Paired tone-VNS
implanted device
(Tyler et al. 2017)

Auditory-
somatosensory
treatment (Marks
et al. 2018)

Study design Open-label pilot
study

Open-label pilot
study

Double-blind,
sham-controlled
partial crossover

Double-blind,
sham-controlled
crossover

Device
placement

Transcutaneous
electrode pad on
auricular concha
of left ear, free-
field speaker

Transcutaneous
electrodes on
antero-dorsal
tongue surface,
high-fidelity
headphones

Implanted cuff
electrode on cer-
vical vagus nerve,
circumaural
headphones

Transcutaneous
electrodes on
cheek or neck,
ear bud
headphone

Participants 30 adults 54 adults (44 used
for analysis)

30 adults 20 adults

Treatment
timeframe

10 sessions,
spread over 10–
40 days

10 weeks of
active tx

6 weeks of active
or sham tx,
followed by
6 weeks of active
tx, 12 weeks total

4 weeks of active
or sham tx
followed by
4 weeks of
washout (2�),
16 weeks total

Treatment
usage

30 min/session 30–60 min/day 180 min/day 30 min/day

Electrical
stimuli

200 μs pulse
width, 1–10 mA
amplitude, 25 Hz
pulse rate

Biphasic anodic
pulses 17.5 μs
duration, variable
amplitude,
temporal-spectral
transformation of
auditory stimuli

100 μs pulse
width, 0.8 mA
amplitude, 30 Hz
pulse rate, pulse
train ¼ 0.5 s

Biphasic pulses
100 μs duration,
2–5 mA
amplitude

Auditory
stimuli

Tailored notched
classical music
with 1/2 octave
nearest tinnitus
frequency
removed

Wideband noise
with high rate of
temporal fluctua-
tions (recorded
rainfall) mixed
with classical
music, presented
at comfortable
level

Tones ranging
from 170 to
16,000 Hz,
excluding 1/2
octave around
most prominent
tinnitus fre-
quency, presented
at comfortable
level, modified to
have 3D spatial
location, 500 ms
duration

Matched tinnitus
spectrum
presented at
40 dB SL, 10 ms
duration with
1 ms linear rise/
fall time

Bimodal
stimuli
presentation

Audio presented
simultaneously
with electrical
stim

Audio presented
simultaneously
with electrical
stim

Audio presented
simultaneously
with electrical
stim

Audio presented
5 ms prior to
electrical stim

(continued)
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se. In order to understand the effectiveness of VNS for tinnitus, future studies should
aim to separate therapeutic effects on tinnitus loudness from emotional components
(Deklerck et al. 2020).

A major difference between the double-blinded clinical studies examining
auditory-somatosensory and paired tone-VNS therapy is the degree of invasiveness
of the treatment devices. Bimodal auditory-somatosensory treatment is noninvasive
and only requires superficial placement of electrodes on the skin, thus posing
minimal risk to participants. Paired tone-VNS treatment devices require an invasive
surgical procedure to implant the electrode around the cervical vagal nerve and the
subcutaneous stimulator. Implantation is a safe and relatively common procedure
that has been performed on as many as 100,000 people worldwide for treatment of
depression and epilepsy; however, there are still associated risks (e.g., hoarseness,
soreness after implantation, general surgical risks, cost of procedure) as there are
with any surgical procedure. Thus, tinnitus patients seeking this therapy must weigh
the risks over potential benefits from undergoing the procedure (Deklerck et al.
2020). Additionally, noninvasive tVNS may present another alternative to a surgical
intervention for tinnitus, but more new research on this placement with more
rigorous study designs must first be undertaken.

Both blinded clinical studies utilized a sham treatment consisting of unimodal
auditory stimulation. Given that the electrical impulses might be perceptible, one
weakness of the bimodal stimulation studies is the possibility that participants can
determine which treatment is the sham (Hesse 2016). This issue was addressed in the
auditory-somatosensory study of Marks et al. (2018) by intentionally setting the
electrical stimuli at a level where perception was barely noticeable (just above
threshold) and adapted over time, increasing the likelihood of maintaining blinding.

Table 1 (continued)

Paired-notched
music with
transcutaneous
VNS (Shim et al.
2015)

Auditory-
somatosensory
treatment
(Hamilton et al.
2016)

Paired tone-VNS
implanted device
(Tyler et al. 2017)

Auditory-
somatosensory
treatment (Marks
et al. 2018)

Outcome
measures

THI, tinnitus
loudness scale,
tinnitus aware-
ness scale, global
improvement
scale

THI, tinnitus
loudness
matching, MML

THI, THQ, TFI,
tinnitus loudness
rating, tinnitus
loudness
matching, MML

TFI, tinnitus
loudness
matching (via
TinnTester)

Results for
blinded por-
tion
(if applicable)

50% reported
relief in global
improvement,
significant reduc-
tion in loudness
and awareness,
no change in THI

Significant reduc-
tions in THI and
MML. Responder
rate ¼ 45% for
THI, 64% for
MML

Significant reduc-
tion in THI scores
for active group
but not sham. No
other significant
findings.
Responder
rate ¼ 50%

Significant
reductions in
loudness mea-
sure and TFI
scores during
active tx but not
sham. Responder
rate ¼ 50%
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For the best study results, steps must be taken to minimize this phenomenon as much
as possible, and analyses of sham treatments should be considered accordingly.

All bimodal treatments discussed here utilized auditory stimuli along with elec-
trical stimulation. Thus, the hearing ability of the participants is an important factor
in each treatment, requiring that participants were able to hear the stimuli. Both
clinical studies utilized participants with similar average hearing profiles, i.e., normal
sloping to mild or moderate sensorineural hearing loss, steady chronic tinnitus, and
no history of retrocochlear pathology or Meniere’s disease. While participants with
severe hearing loss were excluded from the studies, the efficacy of treatments for
those with more severe hearing loss should also be investigated in the future with
modifications in the auditory stimulation paradigms. In some studies, reorganization
of the auditory cortex was most pronounced in participants with severe hearing loss,
but not tinnitus, supporting previous findings that found no cortical reorganization in
participants with tinnitus and near-normal hearing, suggesting that the observed
cortical reorganization is a result of hearing loss and not tinnitus (Langers et al.
2012; Koops et al. 2020). Therefore, it is likely that tonotopic reorganization in the
cortex in the described studies is due to hearing loss and not tinnitus per se. Future
therapeutic treatments should aim to target plasticity originating in subcortical
pathways that are independent of hearing loss (Koops et al. 2020).

Bimodal auditory-electrical stimulation continues to be an exciting avenue of
research for tinnitus alleviation. While the treatments discussed in this chapter differ
in several ways, the bimodal treatments use a combination of electrical and auditory
stimulation to modulate plasticity changes along the auditory pathway that target the
underlying pathophysiology of tinnitus. As with any developing technology targeted
for therapeutic use in humans, a strong basic science framework from animal studies
should be used to inform feasibility and safety for pilot studies in a clinical
population. Once these stipulations have been met, it is important that rigorous
large-scale double-blinded sham-controlled clinical trials be performed to truly
investigate the efficacy of each treatment and rule out any placebo effects. Tinnitus
continues to prove to be a challenging area to research, especially in humans given
the subjectivity and variability of the symptoms, as well as the subjective nature of
many methods of capturing data (e.g., questionnaires and rating scales). Determining
the most appropriate types of supporting electrophysiological data that could be used
in conjunction with the subjective data would help quantify outcome measures.
Future research should investigate the effects of treatments for different tinnitus
subtypes, enabling a broader scope of treatment to be established to benefit the
largest possible number of patients.
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Abstract Emotional stress has accompanied humans since the dawn of time and has
played an essential role not only in positive selection and adaptation to an ever-
changing environment, but also in the acceleration or even initiation of many
illnesses. The three main somatic mechanisms induced by stress are the
hypothalamus-pituitary-adrenal axis (HPA axis), the sympathetic-adreno-medullar
(SAM) axis, and the immune axis. In this chapter, the stress-induced mechanisms
that can affect cochlear physiology are presented and discussed in the context of
tinnitus generation and auditory neurobiology. It is concluded that all of the
presented mechanisms need to be further investigated. It is advised that clinical
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practitioners ask patients about stressful events or chronic stress preceding the
tinnitus onset and measure the vital signs. Finally, taking into account that tinnitus
itself acts as a stressor, the implementation of anti-stress therapies for tinnitus
treatment is recommended.

Keywords Catecholamines · Cytokines · Glucocorticoids · Glutamate
excitotoxicity · HPA axis · Immune axis · SAM axis · The cochlea

1 Introduction

The association between emotional stress and tinnitus has long been known,
appearing in medical journals for at least 200 years ago (Curtis 1841). The crosstalk
between tinnitus and stress is still a subject of intense research (Szczepek and
Mazurek 2017; Aydin and Searchfield 2019; Biehl et al. 2019; Brueggemann et al.
2019; Moossavi et al. 2019). An epidemiological study with 12,166 subjects dem-
onstrated that the correlation between tinnitus incidence and stress is as strong as
between tinnitus and noise exposure (Baigi et al. 2011). The authors of another study
that involved 658 tinnitus patients demonstrated a direct effect of stress level on
tinnitus loudness and tinnitus distress (Probst et al. 2016). However, the question of
how stress affects the auditory pathway to induce tinnitus remains open.

Non-auditory health conditions strongly associated with stress include depression
and anxiety (Craske and Stein 2016; Michaelides and Zis 2019). Interestingly,
tinnitus patients frequently report having depressive and anxious symptoms (Zöger
et al. 2006; Adoga et al. 2008; Zirke et al. 2013; Gomaa et al. 2014; Salviati et al.
2014; Conrad et al. 2015; Waechter and Brännström 2015; Bruggemann et al. 2016;
Brueggemann et al. 2019). Also, tinnitus patients are significantly more likely to
have symptoms of depression and anxiety when compared to age-matched control
subjects (Danioth et al. 2020) and a higher incidence of anxiety (26.1%) and
depressive symptoms (25.6%) as compared to age-matched persons without tinnitus
(9.2% incidence of anxiety and 9.1% of depressive symptoms) (Bhatt et al. 2017). In
agreement, current epidemiological studies suggest a direct correlation between
tinnitus and anxiety or depression (Hébert et al. 2012).

Definitive scientific evidence demonstrating that stress causes tinnitus is still
lacking. There are multiple reasons for this knowledge gap, the main being the
patients’ diffuse knowledge about the time of onset of the phantom sound and a lack
of medical and psychological information from that period. The other reason is that
the persons who developed tinnitus may not necessarily be bothered by it. What is
not lacking is the abundant clinical data demonstrating that the individuals affected
by tinnitus are more likely to experience a higher level of stress than this experienced
by tinnitus-free patients (Betz et al. 2017; Biehl et al. 2019; Mazurek et al. 2019).
Accordingly, various therapeutic methods such as cognitive-behavioral therapy
(CBT), mindfulness-based cognitive therapy (MBCT), mindfulness-based stress
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reduction (MBSR), brief solution-focused therapy, narrative therapy, acceptance and
commitment therapy (ACT), and eye movement desensitization and reprocessing
(EMDR) have been used to reduce the tinnitus-induced burden (National Guideline
2020). The success of these types of therapeutic approaches in treating tinnitus
points towards the essential role that stress plays in tinnitus pathobiology. However,
the outstanding questions are if and how the stress-induced responses affect the
auditory pathway to produce a sensory activation without an acoustic stimulus.
Before an attempt to answer that question, the mechanism evoked by stress needs
to be described.

2 Stressors

Two general types of stressors are recognized: psychological and physical stressors.
Psychological stressors include mental stressors (concentration tasks, memory
requirements, intelligence tests) (Kirschbaum et al. 1993), social stress situations,
and stressors acting throughout life (posttraumatic stress disorder after deprivation or
abuse), which produce changes in stress regulation patterns over a lifetime and
induce a central hyper-responsiveness (Heim and Nemeroff 2009; Lupien et al.
2009; Slavich and Shields 2018). Environmental (physical) stressors include hypo-
or hyperthermia, noise, over-illumination, or overcrowding.

The effects of some physical stressors – namely noise and temperature changes –
were and still are studied extensively in the auditory system (Seifert et al. 1998; El
Ganzoury et al. 2012; Sliwinska-Kowalska and Davis 2012; Lie et al. 2016; Le et al.
2017). Also, the effects of psychological stressors on the auditory system have been
investigated, providing insights into the pathophysiology of tinnitus and hyperacusis
(Horner 2003; Mazurek et al. 2010b; Hasson et al. 2013; Mazurek et al. 2015).
Interestingly, tinnitus itself is considered to be a stressor.

3 Neurobiological Mechanisms Associated with Tinnitus
Induction

Tinnitus is a symptom, and the conditions associating with tinnitus are discussed in
detail elsewhere in this book. In this chapter, selected processes leading to tinnitus
are listed, and later, their association with stress is demonstrated.

It is well accepted that tinnitus initiation is associated with damage to the auditory
periphery, whereas tinnitus maintenance correlates with the progressive changes in
the central auditory system (Eggermont 1990; Eggermont and Roberts 2015; Haider
et al. 2018). The cochlear structures that could be damaged include outer and inner
hair cells, supporting cells, and spiral ganglion neurons. On the molecular level, the
injury can be induced by glutamate excitotoxicity (Puel et al. 2002; Ryan and
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Bauer 2016; Kim et al. 2019), an excess of free radicals (Evans and Halliwell 1999;
Huang et al. 2000; Rybak et al. 2019), and all processes leading to apoptosis (Op de
Beeck et al. 2011; Gauvin et al. 2018). On the structural level, cochlear
synaptopathy has been proposed to represent an important mechanism contributing
to tinnitus onset (Liberman and Kujawa 2017; Altschuler et al. 2019). However,
this mechanism has recently been questioned for humans (Guest et al. 2017) and
animals (Pienkowski 2018).

Interestingly, accumulating evidence supports the view that the limbic system
makes an essential contribution to the onset and maintenance of tinnitus percept
(Jastreboff 1990; Lockwood et al. 1998; Mühlau et al. 2006; Landgrebe et al. 2009;
Leaver et al. 2016; Ryan and Bauer 2016; Caspary and Llano 2017; Qu et al. 2019;
Kapolowicz and Thompson 2020). The limbic system was proposed to provide
negative feedback to the central auditory system and, thus, to turn off the perception
of the tinnitus sound. However, the stress-affected limbic system no longer provides
that negative feedback, leaving the phantom sound uncancelled (Rauschecker et al.
2010). Corroborating studies have demonstrated significant volume reduction of
grey matter in the (left) parahippocampal cortex of tinnitus patients (Landgrebe et al.
2009; Besteher et al. 2019; Liu et al. 2019).

4 Stress-Induced Responses

The term stress has been in use for about a century. Physicists first introduced it in an
attempt to describe a distribution of energy leading to tension. In the twenties of the
last century, an American physiologist Walter Cannon used the term stress when
describing fight or flight response (Cannon 1922). A few years later, a Hungarian-
Canadian endocrinologist, Hans Seyle originated the research on emotional stress
(Selye and Fortier 1949; Selye 1950). The experiments performed with animals led
to the discovery of the hypothalamus-pituitary-adrenal axis (HPA axis) (Fortier and
Selye 1949), which we will describe later in detail. He also introduced the concept of
positive or negative stress and explored various states of stress reactions. The
followers of Seyle’s model of stress continue to conduct research trying to under-
stand how the emotional status may influence the functioning of cells, tissues, and
the entire organism, leading in some cases to somatic pathologies.

The factors inducing stress are termed stressors and can be divided into physical
and psychological stressors. The physical stressors (such as pain, heat, or cold) can
cause similar but not identical effects on the organism compared to emotional
stressors (Hermann et al. 2019). Also, duration of stress is an essential factor,
where the outcome of acute, short-time stress differs from the chronic exposure to
stress (Bryant 2018). Therefore, the result of stress differs, depending on the type of
stressor, age, gender, genetics, social status, and education of the affected person
(Fig. 1) (Oyola and Handa 2017).
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4.1 The Hypothalamus-Pituitary-Adrenal Axis (HPA Axis)

The pioneering work of Hans Seyle paved the way for understanding the somatic
mechanisms induced by emotional stress (Selye 1937). The principal pathway
caused by stress is the hypothalamic-pituitary-adrenal axis (HPA axis). HPA axis
encompasses the following structural elements: the hypothalamus (paraventricular
nucleus, PV), pituitary gland (the anterior lobe), and the adrenal cortex. The hypo-
thalamic neurons in PV are capable of synthesizing vasopressin and corticotropin-
releasing hormone (CRH). These two peptides are secreted upon stress and stimulate
adrenocorticotropic hormone (ACTH) release from the pituitary gland. ACTH pro-
motes the production and release of corticosteroids from the adrenal gland. The
corticosteroids-driven negative feedback mechanism tightly regulates the HPA axis
(Fig. 2). In humans, the principal corticosteroid produced is cortisol, whereas in
rodents, it is corticosterone.

Fig. 1 Schematic
illustration of the factors
influencing the outcome of
stress. The stressors
involved in the stress event
(physical, psychological, or
both) induce effects,
depending on age, gender,
stress duration, and several
other factors. The outcome
of stress may range from
staying healthy to acquiring
a health condition
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In response to diurnal rhythm or stress, cortisol is released to the bloodstream to
act on all tissues and cells of the body, influencing the metabolism and gene
transcription regulation. The metabolic effect of cortisol is associated with the de
novo production of glucose (gluconeogenesis) in the liver, kidney, intestine, muscle,
and brain (Yip et al. 2016). In contrast, gene transcription regulation occurs almost in
each somatic cell due to glucocorticoid receptors’ ubiquitous presence (Fig. 3). The
glucocorticoid-mediated transcriptional modulation is complex and comprises sev-
eral types of processes involving direct binding of glucocorticoid-glucocorticoid
receptor complex to specific sequences on the genomic DNA and activation/deacti-
vation of several transcription factors through various mechanisms. Upon binding its
receptor (GR) and translocation to the nucleus, GR inhibits or stimulates the
expression of several genes – these genes belong to the so-called glucocorticoid-
responsive genes. The glucocorticoid-
responsive gene pattern differs depending on the cell type. For instance, in adipo-
cytes, corticosteroids bind to 8,848 sites on the genomic DNA to upregulate the
expression of 421 and downregulate the expression of 198 genes (Yu et al. 2010). In
contrast, only 4,392 sites are bound by corticosteroids in A549 epithelial cell line
carcinoma (Reddy et al. 2009). Similarly, in the neuronal cell line PC12, a unique,

Fig. 2 The schematic HPA pathway. Upon stress, the CRH is released from the hypothalamus to
activate the pituitary gland and induce adrenocorticotropic hormone (ACTH) release. In response to
ACTH, the adrenal gland produces and releases glucocorticoid hormones, which in turn inhibit the
production of ACTH and CRH. The green color indicates the stimulatory pathway, while the red
color indicates the inhibitory pathway
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cell-type restricted GR specificity was described, demonstrating 1,183 genomic
binding sites (Polman et al. 2012). The processes regulated by corticosteroids in
the neuronal cells include neuron projection morphogenesis, neuron projection
regeneration, synaptic transmission, and regulation of apoptosis, suggesting a strong
influence of corticosteroids on neuronal plasticity.

The nuclear and mitochondrial DNA can be expressionally regulated by stress
and glucocorticoids (Hunter et al. 2016), adding to the complexity of glucocorticoid
effects in the cells, tissues, and entire body. Exposure to stress results in an inhibition
of mitochondrial complex I activity and an increase in reactive oxygen species
(ROS) production, damaging the affected cells (Fig. 3). The physiological signifi-
cance of mitochondria affected by stress was demonstrated in the animal models of
anxiety-related disorders and human anxiety disorders (Misiewicz et al. 2019).

Under ideal physiological circumstances, the HPA axis can be quickly activated
by stress and promptly stopped by negative feedback via corticosteroids (cortisol in
humans). However, under chronic stress, the inhibitory mechanisms are either no
longer in place or aberrant. In response to experimental social stress (Trier Social
Stress Task (Kirschbaum et al. 1993)), healthy subjects produce free cortisol detect-
able in saliva 30 min later (Hébert and Lupien 2007). Tinnitus patients were shown
to have delayed reactions to the same stressor, suggesting anomalous HPA axis
responses.

The potential effects of the HPA axis on the cochlea and its hypothetical
contribution to the onset of tinnitus are discussed below.

Fig. 3 The effect of corticosteroid on the cell on the molecular level. The corticosteroid attaches to
the glucocorticoid receptor (GR) and translocates to the nucleus and the mitochondria, acting as a
transcription factor. Upon binding to the chromosomal or mitochondrial DNA, GR influences gene
transcription in both organelles, leading to altered transcription/translation (nucleus and mitochon-
dria) and oxidative stress (mitochondria)
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4.2 Potential Involvement of the Stress-Activated HPA Axis
in Tinnitus Generation

4.2.1 Mitochondrial Damage and ROS Formation

The association between mitochondrial DNA (mtDNA) integrity and cochlear
physiology is clearly seen in the human genetically-mediated syndromic and
non-syndromic deafness, caused by the mutations in mtDNA (Kokotas et al.
2007). Moreover, some of the isoforms and mutations in mitochondrial DNA have
been associated with presbyacusis in humans and the mouse model and correlated
with a loss of spiral ganglion neurons (Pickles 2004; Crawley and Keithley 2011). In
addition, it was shown that some specific mutations in the mitochondrial DNA,
which associate with tinnitus, are ethnically distributed (Mostafa et al. 2014;
Lechowicz et al. 2018). Some other mutations in the mtDNA, which targeted the
12S rRNA gene known to predispose to ototoxicity, are also associated with a
sudden tinnitus onset (Fischel-Ghodsian et al. 1997).

In the cochlea of humans and animals and the organ of Corti-derived cell line,
ototoxic medications such as cisplatin or gentamicin were shown to induce
overproduction of reactive oxygen species leading to mitochondrial damage and
finally, hair cell death (Bertolaso et al. 2001; Poirrier et al. 2010; Sheth et al. 2017;
Desa et al. 2018; O’reilly et al. 2019). Collectively, this evidence strongly implies
the detrimental role of damaged mitochondria and the overproduction of reactive
oxygen species in cochlear pathology. Even though no studies have examined the
role of the HPA axis in the generation of ROS in the cochlea, this process might still
play a role in the induction of cochlear hearing loss and tinnitus.

4.2.2 Glucocorticoid-Modified Expression of Genes

Glucocorticoid- (GR) and mineralocorticoid receptors (MR) are expressed in the
cochlea by various cell types such as inner and outer hair cells, spiral ganglion cells,
supporting cells (ten Cate et al. 1993; Zuo et al. 1995; Kil and Kalinec 2013). Stria
vascularis expresses mainly MR, whereas fibrocytes type IV mainly GR (Kil and
Kalinec 2013). In an animal model, the short-term acute restrain was used to study
the effect of non-auditory stress on the auditory pathway. In the spiral ganglion
neurons, the restrain has induced GR’s nuclear translocation, whereas in the cochlea,
it downregulated the expression of cochlear GR. The changes occurred 24 h after
stress and indicated negative feedback mechanism (Tahera et al. 2006a). The GR
translocation was associated with protection against noise-induced injury (Tahera
et al. 2006b). In contrast to short-term stress, long-term stress was shown to be
associated with an increased incidence of hearing loss and tinnitus in humans,
indicating that the general dysregulation of the HPA axis might be detrimental to
the auditory system (Canlon et al. 2013; Herr et al. 2018).

Many studies of gene expression in the cochlea following exposure to cortico-
steroid have been performed using synthetic steroid dexamethasone. These studies
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demonstrated, for instance, that dexamethasone modulates the expression of genes
encoding apoptosis-relevant proteins in the cochlea (Hoang et al. 2009). The some-
what limited evidence obtained using the stress model is consistent with cochlear
gene expression being modulated during or after stress. However, only a few genes
were investigated, of which hypoxia-inducible factor 1 (Hif1) was downregulated in
the cochlea of Wistar rats 7 days after mild, 24-h-long stress (Mazurek et al. 2010a).

To summarize, the influence of stress released corticosteroids on gene transcrip-
tion in the cochlea should be further studied using a global approach (e.g., mRNA
sequencing) and with a large-scale data.

4.2.3 Influence of HPA Axis on Glutamate Signaling

The role of cochlear glutamate-depending signaling in the generation of tinnitus has
been suggested (Puel et al. 2002; Sahley et al. 2013). The model has been supported
by a study using C57BL/6J mice that provided evidence of an imbalance between
cochlear NMDA and AMPA receptors during a long-term administration of salicy-
late, associated with the induction of tinnitus (Cui et al. 2019). Consistent with this
observation, salicylate-induced tinnitus could be inhibited by selective NMDA
blocker memantine (Ralli et al. 2014). In primary hippocampal cultures, corticoste-
rone was shown to increase the endocytosis of AMPAR, leading to its surface
decrease (Martin et al. 2009). It remains to be determined if the HPA axis influences
overexpression of NMDA or downregulation of AMPA receptors in the cochlea,
therefore contributing to cochlear synaptic plasticity and eventually to a generation
of tinnitus.

Stress (e.g., forced swim stress and restraint stress) has been shown to increase
glutamate release in the medial prefrontal cortex, hippocampus, striatum, and
nucleus accumbens in rats (Moghaddam 1993). Moreover, corticosterone applica-
tion on rats hippocampal brain slices rapidly increased the glutamate release via MR
(Karst et al. 2005). Although this phenomenon has not yet been investigated in the
cochlea, it was demonstrated that spiral ganglion neurons (Furuta et al. 1994) and the
inner hair cells express MR (Yao and Rarey 1996), making the glucocorticoid-
mediated rapid glutamate release in the cochlea hypothetically possible. Such a
quick release of glutamate could stimulate the auditory pathway without acoustic
stimuli. Also, depending on a local concentration of freshly released glutamate, it
could lead to excitotoxicity associated with peripheral deafferentation and tinnitus
(Sahley and Nodar 2001).

4.3 The Sympathetic-Adreno-Medullar (SAM) Axis

The sympathetic-adreno-medullar axis is one of two stress axes, which alongside the
HPA axis acts as a mediator for specific stress responses and adaptation to psycho-
logical and environmental stressors. The SAM axis mediates quick responses that
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activate fight or flight reaction. During that reaction, several tissues and organs
necessary for survival are activated (e.g., muscles, heart, and respiratory function),
whereas tissues and organs with tasks that are non-essential for survival (e.g.,
digestion) are suppressed at the same time. The SAM axis comprises the hypothal-
amus, sympathetic neurons, and catecholamines (epinephrine and norepinephrine)
(Fig. 4). Similar to the HPA axis, there is a negative feedback system mediated by
epinephrine, which extinguishes the SAM activation.

4.4 Potential Involvement of the Stress-Activated SAM Axis
in Tinnitus Generation

4.4.1 Arterial Hypertension

Arterial hypertension has often been considered a cause of tinnitus. This causative
relationship’s suggested mechanism is damage to cochlear microcirculation, induc-
tion of hearing loss, and deafferentation of the auditory periphery. Studies using

Fig. 4 The schematic presentation of the sympathetic-adreno-medullar (SAM) axis. Stress acti-
vates the hypothalamus, which in turn activates sympathetic neurons. The sympathetic neurons
projecting to the adrenal medulla induce epinephrine (adrenaline) release into the bloodstream.
Epinephrine increases the supply of glucose and oxygen to the brain and muscles (flight or fight)
and suppresses the body’s non-crisis functions (e.g., digestion). The sympathetic neurons them-
selves release the norepinephrine (noradrenaline) and, thus, activate all cells expressing adrenergic
receptors. The effects of norepinephrine range from an increase in the blood volume pumped by the
heart, expanding the respiratory pathway in the lungs, narrowing the blood vessels in non-essential
organs, and pupil dilation
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spontaneously hypertensive (SH) and wild-type rats demonstrated differences in
age-related hearing loss between the two rat strains (Borg and Viberg 1987). A
progressive loss of the outer hair cells was observed in the SH but not wild-type rats
already at the age of 3 months. A threshold shift in the high frequencies (16 and
24 kHz) was seen in the 21-month-old SH but not in wild-type rats.

Interestingly, the study scrutinizing the effect of noise on the cochlear vascular
system in the SH and wild-type rats demonstrated dramatic differences between the
two types of animals and suggested hypertension-induced cochlear vascular damage
(Axelsson et al. 1983). In addition to vascular damage, arterial hypertension nega-
tively affected the endocochlear potential (Mosnier et al. 2001). In agreement with
that, several clinical studies have reported an association between arterial hyperten-
sion, hearing loss, and tinnitus (Figueiredo et al. 2015; Yang et al. 2015; Figueiredo
et al. 2016). Also, a study with 80 tinnitus patients and 80 tinnitus-free subjects
demonstrated that the nighttime systolic and diastolic blood pressure of tinnitus
patients is higher than in the age-matched control subjects (Değirmenci et al. 2014),
suggesting possible continuous upregulation of SAM axis.

4.4.2 Catecholamines

Catecholamines released during activation of the SAM axis mediate their effects
through various receptors. One of those receptors is a G-protein coupled α2-adren-
ergic receptor, mediating vascular smooth muscle reaction, inhibiting the norepi-
nephrine release, and platelets’ activation. The presence of α2-adrenergic receptors
in cochlear microvasculature was verified in an animal model (gerbils), and α2-
adrenergic stimulation provided experimental evidence for catecholamine-induced
cochlear vasoconstriction (Carrasco et al. 1990). Moreover, vasoconstriction is
associated with hypoxia or ischemia. In the inner ear, experimentally induced
hypoxic and ischemic events lead to hair cell loss in an animal model (Shirane and
Harrison 1987; Mazurek et al. 2003), followed by threshold shift (Sawada et al.
2001) and likely tinnitus. The expression of α2-adrenergic receptors was also
demonstrated on the outer and inner hair cells and the supporting cells, the spiral
ganglion neurons, stria vascularis, and all five types of fibrocytes in the cochleae of
developing rats (Cai et al. 2013).

Brimonidine, an α2 adrenergic agonist (activator), protected the auditory hair
cells from gentamicin-induced toxicity (Cortada et al. 2017). Surprisingly, inhibition
of the α2a adrenergic receptor with istradefylline (α2 adrenergic antagonist) also
protected the hair cells from glutamate excitotoxicity (Han et al. 2019). However, the
above experiments were performed on an isolated organ of Corti and might not
reflect the real-life situation, where the interplay of hypoxic/ischemic and toxic
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events and the protective mechanisms would yield an extrapolated role for α2-
adrenergic receptors in the inner ear. Here too, more research should be performed
to address the unanswered questions.

4.5 The Immune Axis

The immune system consists of specialized cells (neutrophils, eosinophils, baso-
phils, lymphocytes, and monocytes) circulating in the blood, existing in primary
lymphoid organs, or permanently residing in other tissues (e.g., resident macro-
phages). Under the steady-state condition, the immune system continually commu-
nicates with the endocrine and nervous systems, and there is a homeostatic balance
between the three. During stress, the activation of the HPA and SAM axes leads to
the release of mediators acting directly on the immune cells (Fig. 5), e.g., changing
the number of circulating B cells (McGregor et al. 2016) or increasing the number of
circulating T cells (Gupta et al. 2017). Also, chronic stress can change the activation
status of immunocytes (Arranz et al. 2009) and modify cytokines’ release (Jung et al.
2019).

The mediators set free by activation of the HPA and SAM axes (corticosteroids,
norepinephrine, and epinephrine) act directly on the immune cells and modify their
release from the primary lymphoid organs, affect their migration and alter the
cytokine expression patterns.

Fig. 5 Stress-induced immune axis
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4.6 Potential Involvement of the Stress-Activated Immune
Axis in Tinnitus Generation

4.6.1 A Direct Influence of Stress on the Immune Cells in the Cochlea

Several types of immune cells have been found in a steady-state, healthy cochlea of
humans and animals (Hu et al. 2018). The cochlear immunocytes include resident
macrophages (Hu et al. 2018; Liu et al. 2018; Kishimoto et al. 2019), NK cells
(Iguchi et al. 1997), and T cells (Liu and Rask-Andersen 2019). Of all the immune
cell types, resident macrophages’ cochlear function has been studied in the most
detail. Macrophages phagocytose the damaged hair cells in Corti’s organ, thus
preventing cochlear inflammation and consecutive hearing loss (Hirose et al.
2017). In addition to phagocytic features, cochlear macrophages possess still not
well-understood repair abilities that enable regeneration of ribbon synapses after
noise exposure (Kaur et al. 2019). It is tempting to speculate that cochlear macro-
phages’ activity might be impaired by the stress mediators, especially by corticoste-
roids. This impairment could be of a long duration during chronic stress and might
result in reduced phagocytosis, migration, and a compromised spiral ganglion repair
process upon acoustic injury. Macrophages also reside in the stria vascularis, where
they regulate the cochlear intrastrial fluid–blood barrier. Here, long-term suppression
of resident macrophages via stress hormones could result in modulation of
endocochlear potential, which might induce hearing loss and tinnitus, similarly to
what is observed during the aging process (Keithley 2020). Cochlear immunology is
a rapidly developing field, and information is being published frequently, advancing
our understanding of immune- and non-immune processes mediated by the cochlear
immune cells.

4.6.2 Influence of Cytokines

Cytokines released by the immune and non-immune cells, such as interleukin 1-beta
(IL-1beta), IL-6, and TNF-alpha, were shown to influence the plasticity in the brain
and the peripheral nervous system (Aldskogius and Kozlova 1998; Levin and
Godukhin 2017). The influence of the cytokines on the synaptic strength, plasticity,
and integrity varies depending on the co-signaling molecules, the presence of other
cells, and many other factors. Cytokines can act directly on neurons and different cell
types (e.g., cochlear immunocytes), and the outcome ranges between cochlear
regeneration and cell death (Barald et al. 2018). Studies using an animal model of
noise-induced hearing loss (NIHL) indicated that NIHL induced the expression of
proinflammatory cytokine tumor necrosis factor-alpha (TNF-alpha) in the cochlea
(Frye et al. 2019) and was associated with the development of tinnitus (Wang et al.
2019) and that pharmacological intervention or using genetically modified mice
prevented this detrimental development. Further, in an animal model of salicylate-
induced tinnitus, increased expression of genes encoding TNF-alpha and IL-1-beta
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was observed in the cochlea and correlated with behaviorally tested tinnitus (Hwang
et al. 2011). In a sample of 30 patients with chronic tinnitus, a correlation was found
between TNF-alpha in serum and tinnitus loudness, total perceived stress, tension,
and depression (Szczepek et al. 2014). Another study investigating tinnitus in the
elderly noted a negative association between IL-10 and tinnitus loudness and
duration (Haider et al. 2020). It remains to be clarified if cytokines’ systemic
concentration reflects that in the cochlea and how aging, inflammation, and infec-
tions may affect this balance.

5 Summary and Conclusions

Tinnitus is a symptom that may arise as a result of various changes in the auditory
system. Persons with disturbing tinnitus perceive it as an unpleasant, distressing
signal that negatively affects life quality, associates with anxiety and depression, and
may last a lifetime. The accepted view on the primary mechanism inducing tinnitus
is that it is a consequence of a cochlear lesion, which could have been caused by
noise, ototoxic medications, the physiological aging process, or other means. Here,
the evidence was reviewed for the emotional stress-induced mechanisms, which
could contribute to cochlear pathologies and, in consequence, to tinnitus (Fig. 6).
These mechanisms involve HPA axis-induced corticosteroid action on MR and GR,
possibly leading to glutamate excitotoxicity and altered gene expression in the
cochlea. The immune axis of stress can also be affected by the HPA axis, leading
to modulation of the resident cochlear macrophages’ function. Lastly, corticosteroids
released upon HPA activation could contribute to the NMDA/AMPA disbalance.

Fig. 6 Hypothetical model of some of the stress-induced events that could lead to cochlear
pathologies and tinnitus
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The SAM axis might increase blood pressure that induces degenerative changes in
the cochlear microvasculature and changes in the organism’s immune cells’ reper-
toires, affecting cochlear immune cells.

Furthermore, SAM-induced vasoconstriction in the cochlea might likely cause
hypoxia/ischemia, detrimental to the auditory hair cells and spiral ganglion neurons.
It is concluded that all of the presented mechanisms need to be further investigated in
the animal or ex vivo models. It is recommended for clinical practitioners to collect
information about stressful events or chronic stress preceding the tinnitus onset.
Furthermore, knowing the vital signs could add information to the stress-related
status of a patient. Finally, taking into account that tinnitus itself acts as a stressor,
the implementation of anti-stress therapies for tinnitus treatment is recommended.
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Abstract In this chapter, I address the topic of tinnitus in the context of the patient’s
trajectory of care, with special attention to psychological comorbidities. Although
most patients will cope with tinnitus and need no more than information and
reassurance from professionals, a proportion of patients will need more supportive
management. Assessment of psychological comorbidities is important to determine
how urgent they should be seen in the clinic and their specific needs. The most
frequent complaints are stress, depression, and anxiety. Although the direction of
this relationship is still unclear (are comorbidities at the origin of tinnitus or are they
a consequence of it), it is evident that the more serious comorbidities are at the onset
of tinnitus, the worse the prognosis. Therefore, an assessment at the initial visit in the
clinic is of utmost importance. There are valid and reliable psychometric tools to
quickly draw a portrait of the psychological state of patients that can be used by
audiologists, psychologists, or doctors. Therapeutic avenues can then be discussed
with the patients to ensure them the best support possible.
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1 Introduction

Individuals who have recently noticed, with a variable degree of alarm, the constant
presence of an unwanted sound in their ears will usually turn to a health professional
(most often a family doctor or ENT specialist, McFerran et al. 2018; Stockdale et al.
2017; Wu et al. 2018) to enquire about a possible formal medical diagnosis.

2 Diagnosis and Assessment of Tinnitus

A thorough audiological and psychological assessment of tinnitus (and patient’s
hearing status) is an important next step in tinnitus management. Assessment of the
psychoacoustic properties of tinnitus (e.g., pitch and loudness, maskability, depth
and duration of residual inhibition, location) and audiological comorbidities (e.g.,
hearing damage, hyperacusis) will help with selection and adjustment of appropriate
sound therapy, if needed (Searchfield et al. 2017; Tyler et al. 2020). Assessment of
the psychological comorbidities of tinnitus is also essential (Cima et al. 2019).
Indeed, while the majority of individuals adapt to tinnitus without much problem
(Bhatt et al. 2016), the experience of tinnitus as an unwelcome at best, and even
threatening, sound can impair daily life significantly. Even diagnosis from a quali-
fied health professional can be extremely distressing in itself, let alone learning that
tinnitus will be chronic, that there is no universal cure to eliminate the sound, and
that its time course is unpredictable. Understandably, the patients’ ultimate prefer-
ence would be for the sound to be removed in order to recover silence, or at least for
a reduction in loudness (Pryce et al. 2018). Health professionals’ goals are to bring
patients to have realistic hopes in the face of available therapeutic options, that is, to
increase knowledge about tinnitus, to dampen tinnitus awareness, and to relieve
anxiety and stress (Husain et al. 2018). Recognition of the extent and severity of
psychological comorbidities may help health professionals in the planning of the
best possible management for individual patients. Tinnitus patients may have
insights about the fact that their emotional reaction to the sound is somewhat distinct
from the sound itself, i.e., that at times they have less tolerance towards their tinnitus
and experience more distress, whereas at other times, they have the ability to cope
with sound of a similar level (Colagrosso et al. 2019). Therefore, the management of
psychological comorbidities provides a handle to decrease distress and improve
quality of life.
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3 Stress, Anxiety, and Depression Are Frequent
Comorbidities of Tinnitus

Tinnitus onset shortly after the death of a loved one was reported long ago (Curtis
1841). Although obviously not all patients have stress at the inception of tinnitus,
emotional stress is often reported as a contributor to the etiology of tinnitus (Khedr
et al. 2010; Kreuzer et al. 2012; Probst et al. 2016b). A recent review on the
association between stress and tinnitus onset estimated its prevalence at 13.5% to
28.3% in three studies including over 200 patients (Elarbed et al. 2020). However,
tinnitus patients report different autobiographical memories than healthy controls,
self-reporting alone may be biased, and therefore, such percentages might be either
over- or under- estimate the stress-tinnitus axis (Andersson et al. 2013). Therefore,
further studies are needed using precise definition of stress at recent tinnitus onset, a
structured interview considering event recall, and independent corroboration by a
third party.

A substantial proportion of patients subjectively report that emotional or mental
stress makes their tinnitus worse (Pan et al. 2015). Although intuitive, this assump-
tion is difficult to reproduce in the laboratory using controlled stressful tasks given
the time constraints for measurement (e.g., Hébert and Lupien 2007, but see Betz
et al. (2017) for a perceived increase in “tinnitus presence” concomitant with stress).
Nonetheless, higher levels of self-reported tinnitus distress are associated with
higher levels of self-reported stress (Biehl et al. 2019; Ciminelli et al. 2018; Hébert
and Lupien 2009; Probst et al. 2016a) and with the occurrence of stress symptoms
such as muscle tension, pain, and headaches (Scott and Lindberg 2000). Work-
related stress has also been reported to be associated with worse tinnitus, as in
orchestra musicians (Hasson et al. 2009), workers in large companies (Herr et al.
2016), and operators in call centers (Lin et al. 2009).

Large-scale population studies focusing on the relationship between stress and
tinnitus have reported that stress is a significant risk factor for severe tinnitus. From
the analysis of questionnaires returned by 9,756 working individuals (16–64 years
old) enrolled in the Swedish Longitudinal Occupational Survey of Health, Hasson
et al. (2011) reported clear and mostly linear correlations between hearing problems
and work-related stressors, long-term illness, and several other health variables. In a
sub-sample of the same study in which the focus was set more specifically on tinnitus
(Hebert et al. 2012), specific factors – namely hearing loss, uncomfortable loudness
levels, and long-term stress – were identified as significant predictors of tinnitus
prevalence; moreover, long-term exposure to stressful conditions was highly corre-
lated with tinnitus severity (Hebert et al. 2012). In yet another large-scale study,
exposure to either stress or noise increased tinnitus prevalence about equally,
whereas exposure to stress was the main determinant of transition from mild to
severe tinnitus, in either sex (Baigi et al. 2011).

In smaller scale studies, psychosocial stress, depressive symptoms, and anxiety at
tinnitus onset have all been identified as predictive factors of severe tinnitus (Holgers
et al. 2000, 2005; Wallhausser-Franke et al. 2017). That is, the more severe these
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comorbidities are at the onset of tinnitus, the greater the subsequent tinnitus distress
will be. In the context of catastrophic thinking – a tendency to overstate the impact of
a condition and to expect negative consequences – tinnitus patients who misinterpret
their tinnitus as catastrophic at onset have higher subsequent tinnitus-related distress
scores and worsening quality of life (Cima et al. 2011; Weise et al. 2013). These data
underline the importance of a thorough assessment as early as possible since the
prognosis will differ according to the initial psychological state of the patients.
Validated questionnaires that are used for assessment in this context are the Beck-
Depression Inventory II (BDI-II (Beck et al. 1996), depressive symptomatology),
Anxiety State and Trait Inventory (ASTA-STAI (Spielberger et al. 1970), trait and
state anxiety), and Hospital Anxiety and Depression Scale (HADS (Zigmond and
Snaith 1983), combined anxiety and depression). Validated stress questionnaires
such as the Perceived Stress Questionnaire (Levenstein et al. 1993) and the Depres-
sion Anxiety Stress Scale (Lovibond and Lovibond 1995) are used less frequently
but should also be considered for full assessment.

Using the objective measure of the stress hormone cortisol, studies have shown
overall normal diurnal patterns in tinnitus (Hébert et al. 2004), but blunted cortisol
responses to acute psychosocial stress (Hébert and Lupien 2007), which were
interpreted as an indication of possible exhaustion of the hypothalamic-pituitary-
adrenal axis (Simoens and Hébert 2012). One study (Kim et al. 2014) examining
blood levels of norepinephrine (NE), epinephrine, a metabolite of serotonin
(5-HIAA), and cortisol, did not find any differences in the global levels of these
hormones between tinnitus and control groups matched for depression; however, a
greater proportion of tinnitus was identified among individuals with elevated NE or
5-HIAA. In a pilot study looking at the response of young men to mental stress (one
measure before and one after), Alsalman et al. (2016) did not find any differences in
cortisol and neopterin hormones between tinnitus and control participants, but they
did identify a blunted response of salivary α-amylase in the tinnitus group, reflecting
an impaired sympathetic reactivity to stress. Likewise, Betz and colleagues reported
a blunted heart rate response to stress, but without modification of heart rate
variability (Betz et al. 2017). Heinecke and colleagues did not find any differences
between tinnitus and controls in their stress responses when measuring skin con-
ductance levels and muscle (EMG) activity (Heinecke et al. 2008). In general, the
investigation of hormones and nervous system activity requires stringent inclusion
and exclusion criteria, as well as several measurement time points and appropriate
sample sizes. Not all studies conform to these conditions, and this can explain at least
partly the conflicting data or lack of significant findings. In addition, tinnitus
duration (recent versus chronic) and age at onset may be important factors to control
(patients with later onset suffer more than those with an earlier onset in life, Schlee
et al. 2011). Therefore, there is room for additional well-controlled and adequately
powered research using stress biomarkers.
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4 Depression or Severe Tinnitus?

Depression, either clinical or subclinical, is a frequent comorbidity of tinnitus. In
clinical depression, defined by feelings of extreme sadness and hopelessness,
reduced energy and decrease in activity lasting for at least 2 weeks, as well as
rumination of the past (to distinguish from anxiety), depression has been identified
for over 20 years as a comorbidity of tinnitus (Halford and Anderson 1991) and their
association remains an important research topic (Husain 2020; Langguth et al. 2011;
Weidt et al. 2016). Numerous studies have reported significant and rather strong
correlations between questionnaires assessing depressive symptoms (sometimes
along with anxiety symptoms) and those assessing tinnitus distress or handicap
(Kehrle et al. 2016; Oishi et al. 2011). On the basis of some overlap between
questions, it has been suggested that the correlations may have been artificially
inflated (Ooms et al. 2011, 2012). However, it is likely that such overlap might be
the direct consequence of the similarity of symptoms between distressful tinnitus and
depression and that tinnitus questionnaires were developed to reliably reflect com-
plaints of tinnitus patients (Langguth et al. 2011). In addition, cognitive (episodic/
autobiographical memory) patterns differ between patients with depression versus
tinnitus (Andersson et al. 2013); this is in accordance with the notion that, whereas
tinnitus and depression have some degree of phenomenological overlap, they display
distinct psychopathological features. Longitudinal data suggest that tinnitus-related
distress decreases concomitantly with depressive symptoms (Hébert et al. 2012).
However there is conflicting evidence for the effectiveness of antidepressants in
tinnitus (e.g., tricyclic antidepressants, selective serotonin reuptake inhibitor) (Baldo
et al. 2012; Chang and Wu 2012; Oishi et al. 2011; Robinson et al. 2005) as the
quality of evidence is limited by differences between studies with regard to the
selection criteria (e.g., patient selection, assessment of depression and tinnitus-
related distress, presence or absence of clinical depression), the treatment regimen
(e.g., dosage), and the study design (e.g., presence of control groups).

5 Therapeutic Avenues for Decreasing Comorbidities
of Tinnitus

A substantial number of meta-analyses deriving the highest level of evidence from
clinical studies have reported that cognitive behavioral therapy (CBT) is efficient
and cost-effective for the improvement of mood (i.e., depression and anxiety) and
quality of life, as well as to decrease tinnitus-related distress as measured with
questionnaires (R. F. Cima et al. 2012; Fuller et al. 2020; Grewal et al. 2014;
Hesser et al. 2011; Landry et al. 2020; Maes et al. 2014). CBT is a clinically
recommended solution for treating tinnitus according to the clinical practice guide-
line by the American Academy of Otolaryngology – Head and Neck Surgery
(Tunkel et al. 2014). CBT was originally designed to treat depression and focuses
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on the development of personal coping strategies to change unhelpful patterns in
cognition, behaviors, and emotional regulation. Face-to-face and internet-delivered
CBT is also efficient to treat anxiety (Guo et al. 2020), another frequent comorbidity
of tinnitus (Karaaslan et al. 2020; Pattyn et al. 2016).

When considering associations between stress and tinnitus, and despite uncer-
tainties concerning the direction of the relationship (cause or consequence), it is
natural that a therapeutic goal would be to reduce stress (Stattrop et al. 2013).
However, it remains to be tested, with adequate stress questionnaires and measure-
ments, whether CBT and any other forms of therapies aiming at specifically reducing
stress might be efficient and for how long (see Elarbed et al. 2020, for the most recent
and thorough scoping review on stress and tinnitus).

6 Final Remarks

Despite the established efficiency of CBT to improve tinnitus patients’ quality of
life, some individuals cannot or do not want to participate in this type of intervention,
whereas others do not improve significantly. Therefore, for CBT as well as for other
interventions, an interesting and new research avenue would be to develop objective
measures to predict which patients will do better, why, and in how long, according to
a personalized approach. For instance, what type of patients’ initial symptoms
(Uckelstam et al. 2019), what type of tinnitus, and socio-demographic profiles
(Joutsenniemi et al. 2012), or what therapists’ characteristics (Tschuschke et al.
2015) are the most important predictors for successful therapy in patients with
different features? Are there indications in patients’ language (Goodwin et al.
2019), facial expressions (Dibeklioglu et al. 2018), body movements (Kacem et al.
2018), or dyadic interactions (Scherer et al. 2014), which can predict outcome? Are
there mandatory “stages,” or a specific trajectory (De Smet et al. 2020), which
patients must pass while evolving towards adaptation/acceptance stages at which
tinnitus becomes increasingly tolerable? Answering these questions would undoubt-
edly help professionals to set goals for improved personalized therapy of their
severely distressed tinnitus patients.
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Abstract To improve tinnitus management we have to gain more knowledge of
factors that explain how a persistent distressing tinnitus develops. The central aim of
this systematic review was to identify longitudinal studies that investigated psycho-
social variables predicting the transition from an acute to a chronic, disabling tinnitus
(i.e. tinnitus decompensation) or tinnitus outcomes in chronic tinnitus sufferers. We
conducted a systematic literature search of electronic databases and searched man-
ually reference lists. We identified 16 eligible studies: Four longitudinal studies
targeted predictors of the transition from acute to chronic tinnitus and 12 longitudinal
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studies investigated predictors of tinnitus distress (k ¼ 9 observational, longitudinal
studies; k ¼ 3 ecological momentary assessment [EMA] and diary studies). The
results of this systematic review showed that tinnitus distress, general psychological
distress, tendencies to somatize, tinnitus-related delay of sleep onset, certain health
behaviors, general illness coping, and certain personality traits (e.g. neuroticism)
predicted the transition from acute to chronic, disabling tinnitus. General psycho-
logical, mental disorders, tinnitus distress, tinnitus disability (e.g. in different
domains of physical, emotional, and social functioning; sleep disturbances), certain
health behaviors (e.g. physical exercise), the level of physical and social functioning,
and the report of other somatic problems such as pain were predictors of tinnitus
outcomes in chronic tinnitus patients at a later follow-up. Studies that examined
psychosocial variables as predictors of tinnitus distress are rare and had substantial
methodological shortcomings. Future research should focus on core outcome
domains and use standardized outcome measures to improve the comparability of
results from different studies. Numerous psychosocial variables that have already
been investigated as correlates of tinnitus sufferers’ functioning in cross-sectional
studies are worth investigating with longitudinal designs in future research. Identi-
fied predictors of the transition from acute to chronic, disabling tinnitus have to be
addressed by health care practitioners who commonly function as the first contact
person of individuals with acute tinnitus in the healthcare system.

Keywords Disability · Distress · Ecological momentary assessment · EMA ·
Longitudinal · Predictor · Psychosocial · Tinnitus

1 Introduction

Tinnitus lasting for more than 5 min is a common phenomenon and affects approx-
imately 34% of the general population (McCormack et al. 2016). However, not
every individual who reports tinnitus perceives the ringing in the ear as debilitating
and bothering. The prevalence of persistent tinnitus that has a moderate to severe
effect on the ability to lead a normal life is approximately 1.0–2.8% (Davis 1989;
Fujii et al. 2011; McCormack et al. 2016). Moreover, a significant proportion of
tinnitus sufferers can be helped to improve their symptom management with
low-intensity interventions (e.g. self-help interventions based on cognitive behavior
therapy) (Hesser et al. 2011; Nyenhuis et al. 2013). Nonetheless, there is also a
significant number of individuals with tinnitus who are at an increased risk of
developing psychological distress and disability (Bhatt et al. 2017).

Health care systems worldwide lack efficient management plans to significantly
reduce the number of individuals developing a persistent distressing tinnitus (Wise
et al. 2015). To improve tinnitus management, more knowledge of factors is needed
that explain how an acute tinnitus becomes chronic and of factors that predict the
course of tinnitus outcomes. Researchers in the field of tinnitus have developed
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numerous theories to address tinnitus decompensation, which means the transition
from an acute phantom sound to a disorder that is associated with severe suffering
and disability (De Ridder et al. 2014a; Hallam et al. 1984; Jastreboff 1990;
Searchfield et al. 2012; Sedley et al. 2016). For example, Hallam and colleagues
(Hallam et al. 1984) postulated that individuals developed feelings of distress
towards a ringing in their ear when they were not able to learn to tolerate
it. Habituation towards tinnitus is described as a healthy process of adjustment that
can be disturbed by individual factors (e.g. tinnitus characteristics, hearing loss,
central nervous system pathology, certain information processing styles), sensory
factors (e.g. masking level), or perceptual factors (e.g. competing attentional
demands). Jastreboff (1990) emphasized in his neurophysiological model that tinni-
tus is a complex process that involves somatic, psychological, and social factors. The
model assumes that the tinnitus perception is processed not only on each level of the
auditory pathway but also in non-auditory systems. Jastreboff (1990) hypothesized
that factors such as emotions, negative thoughts, and learning processes are involved
in the process of developing a bothering ringing in the ear. Searchfield et al. (2012)
postulate in their adaptation level theory that the tinnitus percept is a weighted
product of the magnitude of the tinnitus stimulus itself, the magnitude of
the background sound, and residual factors such as psychological factors
(e.g. personality traits). Attention is considered in this model as a weighting factor.
Sedley et al. (2016) and de Ridder et al. (2014b) propose a new framework that
builds on a so-called predictive coding approach. According to this approach, our
brain uses sensory inputs (from the environment or from spontaneous sensory
activity) to update memory-based beliefs that help us to predict our world. The
precision of the sensory input, the tinnitus precursor, can be increased by various
factors, such as attention, stress, or emotional distress.

These models have commonly conceptualized that bothering and disabling tin-
nitus is not only a perception of a phantom sound but is a multidimensional
phenomenon that involves – in addition to a sound sensational dimension – emo-
tional, cognitive, and behavioral dimensions. In addition to audiological and tinnitus
characteristics, cognitive, emotional, and behavioral variables are supposed to play
an important role as predisposing and perpetuating factors of persistent and debili-
tating tinnitus. Evidence for these models mainly build on studies that implement
cross-sectional designs. Psychosocial correlates of tinnitus distress, such as person-
ality traits (e.g., Durai et al. 2017), cognitive processing styles (Conrad et al. 2015;
Weise et al. 2013), anxiety sensitivity (e.g., Hesser and Andersson 2009), or fear
avoidance (Cima et al. 2011; Kleinstäuber et al. 2013) have been explored. However,
cross-sectional study designs do not reach conclusions about how well psychosocial
variables predict tinnitus outcomes. For this purpose, longitudinal trial designs with
repeated observations of the same variables within the same subjects would be
needed.

The central aim of this systematic review is to identify and summarize findings of
longitudinal studies that either investigated psychosocial variables predicting the
transition from an acute to chronic and disabling tinnitus (i.e. tinnitus decompensa-
tion) or the course of tinnitus outcomes in chronic tinnitus sufferers. The review shall
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provide an insight into how previous research has recognized psychosocial factors as
potential predisposing or perpetuating factors of chronic tinnitus distress in compar-
ison to other variables, such as audiological or tinnitus characteristics.

2 Methods

2.1 Search Procedure

We searched the following electronic databases: Pubmed, Web of Science, Psyndex,
PsycINFO, and Pubpsych (during January 2020). We updated our search of elec-
tronic databases twice: on 3 May 2020 and on 29 October 2020. We manually
searched lists of references of relevant reviews. Date and language restrictions were
not applied to the searches. The complete search strategy for each electronic database
is available in Table S1 (Supplementary Material).

2.2 Study Selection

The literature search resulted in 8,921 hits in total. After eliminating duplicates,
abstracts and titles of 5,414 records were screened. At this stage 5,342 references
were excluded. Two reviewers (MK, CW) independently screened the full texts of
the remaining 72 articles. Disagreements were resolved by consensus. Finally,
16 studies (23 references) were included in this systematic review. Figure 1 sum-
marizes the process of study selection. Table S2 (Supplementary Material) summa-
rizes references of all studies that were excluded after the review of full texts.

2.3 Eligibility Criteria

Studies were included if they met the following inclusion criteria:

(a) Participants suffered from subjective tinnitus.
(b) The study implemented a longitudinal study design with at least two data

collection points.
(c) At least one psychosocial variable, tinnitus characteristic, or audiological char-

acteristic was measured at minimum one data collection point. At least one
tinnitus-related outcome (e.g. tinnitus severity, distress, disability, loudness, or
sequelae [e.g., tinnitus-related emotional disturbances or sleep difficulties]) was
assessed at minimum one data collection point. The measurement of the psy-
chosocial variable/tinnitus characteristic/audiological characteristic (¼predictor)
had to be dated before the measurement of the tinnitus outcome.
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Animal research was excluded from this review. Repeated measures to evaluate a
trial’s control intervention (e.g. predictor assessed at the baseline of a placebo
intervention or a waitlist control group predicting the outcome at the end of the
control intervention) were not included to this review.

3 Results

Details of the results of all studies included to this review are summarized in
Table S3 (Supplementary Material). An overview of variables that were studied as
predictors of tinnitus decompensation are summarized in Table S4 (Supplementary
Material).

Fig. 1 PRISMA flow diagram
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3.1 Predictors of the Transition from Acute to Chronic,
Disabling Tinnitus

Our literature search revealed four studies that examined individuals with an acute
tinnitus (i.e. within 4 weeks after the phantom sound started) and followed them up
to investigate tinnitus decompensation in the chronic phase, between 3 and
24 months post-tinnitus onset (Jäger et al. 2004a, b, 2006, 2005; Langenbach et al.
2005; Olderog et al. 2004; Vielsmeier et al. 2020; Wallhäusser-Franke et al. 2015,
2017; see Table 1). Only information about the study design was reported for one of
the four studies (Jäger et al. 2004b), but results of this one study were reported
without sufficient detail as part of conference abstracts (Jäger et al. 2004a, 2006,
2005). We therefore excluded this one study from our systematic review. Sample
sizes in the remaining three included studies ranged between 44 and 49 participants.
Participants’ average age ranged between 41 and 47 years (Langenbach et al. 2005;
Vielsmeier et al. 2020; Wallhäusser-Franke et al. 2017). Two studies recruited
participants in an outpatient ENT settings (Langenbach et al. 2005; Vielsmeier
et al. 2020), one study gained participants from an inpatient ENT clinic
(Wallhäusser-Franke et al. 2017).

All three included studies (Langenbach et al. 2005; Olderog et al. 2004;
Vielsmeier et al. 2020; Wallhäusser-Franke et al. 2015, 2017) examined different
outcomes as indicators of tinnitus decompensation:

• tinnitus distress,
• tinnitus loudness (i.e. subjective perception),
• tinnitus disability in different domains of daily life, and,
• chronic manifestation of distressing tinnitus.

Psychosocial variables within the domains of:

• tinnitus distress (i.e. negative emotions and feelings of distress caused by tinnitus,
e.g. tinnitus-related depressive symptoms or annoyance),

• tinnitus sequelae (including tinnitus disability in different domains physical,
emotional, and social functioning, and sleep and concentration difficulties),

• general psychological distress (i.e. general psychological problems and symp-
toms of psychopathology that are not [necessarily] related to tinnitus,
e.g. symptoms of depression or anxiety),

• health behaviors (e.g. alcohol use),
• personality traits,
• illness coping, and,
• resilience (i.e. a combination of serious risk experiences and a relatively positive

psychological outcome despite those experiences (Rutter 2006)),

that were assessed in the acute phase of tinnitus and were explored as potential
predictors of tinnitus decompensation in the chronic phase (see Table S4/Supple-
mentary Material).
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Results demonstrated that tinnitus distress (e.g., tinnitus was experienced to be
tedious or agonizing or was associated with tension, stress or suicidal thoughts) in
the acute phase post-tinnitus onset was an important predictor of tinnitus decom-
pensation 6 months past tinnitus onset (Langenbach et al. 2005; Olderog et al. 2004;
Wallhäusser-Franke et al. 2015, 2017). Tinnitus sequelae in the acute phase were
demonstrated to predict chronic tinnitus distress at a 6-month follow-up post-tinnitus
onset. For example, individuals with increased levels of tinnitus-related disability in
different domains of daily living in the acute phase were at risk of experiencing high
levels of disability 6 months past tinnitus onset (Wallhäusser-Franke et al. 2015,
2017). Tinnitus-related delayed sleep onset, but not sleep disruption, in the acute
phase predicted tinnitus decompensation in the chronic phase (Langenbach et al.
2005; Olderog et al. 2004). Concentration difficulties shortly after tinnitus onset did
not predict tinnitus distress at a 6-month follow-up post-tinnitus onset (Wallhäusser-
Franke et al. 2015, 2017). Interestingly the studies consistently demonstrated that
general psychological distress (e.g., symptoms of depression or anxiety) and a
general tendency to somatize in the acute phase were risk factors of developing a
persistent disabling tinnitus (Langenbach et al. 2005; Olderog et al. 2004;
Wallhäusser-Franke et al. 2015, 2017). Vielsmeier et al. (2020) identified health
behaviors, alcohol use in particular, during the acute phase as a significant predictor
of a chronic manifestation of distressing tinnitus 6 months post-tinnitus onset.
Langenbach et al. (2005) investigated personality traits as predictors of tinnitus
decompensation: Whereas a general satisfaction with life was identified to be a
protective factor, individuals who were generally more emotionally-inclined and
excitable (i.e. behavioral excitability, increased sensitivity to instigation behavior,
and lack of self-control) and who reported somatic complaints more frequently, such
as insomnia, headaches or gastrointestinal problems, for example, were at a higher
risk of decompensating in the later course of their tinnitus (Langenbach et al. 2005).
Vielsmeier et al. (2020) investigated general optimism and pessimism during the
acute tinnitus phase and did not find any relationship to a chronic manifestation of
distressing tinnitus 6 months post-symptom onset. Wallhäusser-Franke et al. (2017)
investigated styles of general illness coping as predictors of tinnitus decompensa-
tion. Interestingly, individuals who coped with illness in an active and problem-
oriented manner during the acute phase of their tinnitus, were at risk of developing
increased tinnitus distress, loudness, and negative impact of tinnitus on family
relationships 6 months post-tinnitus onset (Wallhäusser-Franke et al. 2017). Self-
distraction and self-affirmation as illness coping strategies were related to increased
tinnitus loudness and work-related disability 6 months post-tinnitus onset
(Wallhäusser-Franke et al. 2017). Other illness coping styles such as religiousness,
searching for meaning in events that happened in life or exercising trivialization
measured during the acute phase tinnitus did not predict tinnitus decompensation
6 months post-tinnitus onset (Wallhäusser-Franke et al. 2017). Resilience towards
stressful events during the acute phase of tinnitus was not related to tinnitus
decompensation in the chronic phase (Wallhäusser-Franke et al. 2017).

Besides psychosocial variables, tinnitus and audiological characteristics as pre-
dictors of tinnitus decompensation were examined. The temporal pattern of the acute
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tinnitus (onset, persistence) was not related to tinnitus decompensation 6 months
post-tinnitus onset (Langenbach et al. 2005; Olderog et al. 2004). Tinnitus localized
in the right ear (Langenbach et al. 2005; Olderog et al. 2004) and tinnitus loudness
(Wallhäusser-Franke et al. 2015, 2017) in the acute phase predicted higher levels of
tinnitus distress and tinnitus loudness, respectively, in the chronic phase. Other
tinnitus characteristics, such as tinnitus awareness, distractibility or discomfort
measured within 4 weeks post-tinnitus onset were not related to a chronic tinnitus
manifestation 6 months later (Vielsmeier et al. 2020). The most frequently studied
audiological characteristic of individuals with tinnitus was hearing loss. Hearing
loss in the acute phase predicted tinnitus loudness but not distress in the chronic
phase (Wallhäusser-Franke et al. 2015, 2017). In the contrary, noise sensitivity
measured shortly after the onset of tinnitus was related to more tinnitus distress
(Vielsmeier et al. 2020; Wallhäusser-Franke et al. 2015, 2017) but not loudness
(Wallhäusser-Franke et al. 2015, 2017) 6 months post-tinnitus onset. Individuals
who experienced vertigo and ear pressure accompanying the tinnitus in the acute
phase were at increased risk of developing chronic tinnitus distress 6 months post-
tinnitus onset (Langenbach et al. 2005; Olderog et al. 2004; Vielsmeier et al. 2020).

The results reported so far were gained from bivariate analyses. Multivariate
analyses confirmed delayed sleep onset, symptoms of anxiety and depression, low
general life satisfaction, and active, problem-solving illness coping as robust pre-
dictors of chronic decompensation 6 months post-tinnitus onset.

3.2 Predictors of Tinnitus Outcomes in Individuals
with Chronic Tinnitus: Longitudinal Studies with �2
Data Collection Points

Our literature search revealed nine studies that assessed individuals with chronic
disabling tinnitus at several data collection points to investigate variables that predict
tinnitus-related outcomes (see Table 1). Sample sizes varied across the studies,
between N ¼ 26 and N ¼ 2,571. The average age of participants ranged between
49 and 61 years, except for participants in two studies (Clifford et al. 2019; Dawes
and Welch 2010). Clifford et al. (2019) investigated a young cohort of individuals,
aged 22 years on average. Dawes and Welch (2010) evaluated participants from one
birth cohort (age at follow-up: 32 years) gained from the Dunedin Multidisciplinary
Health and Development Study. Participants had suffered from their tinnitus on
average between 7 months and 6 years. Of the nine eligible studies, six recruited in
outpatient ENT departments or specialized tinnitus clinics (Bleich et al. 2001;
Erlandsson and Persson 2009; Hallam 1996; Holgers et al. 2005; Olsen et al.
2013; Westin et al. 2008), two studies gained data from longitudinal population
studies (Dawes and Welch 2010; Hébert et al. 2012), and one study recruited active
Navy and Marine servicemen (Clifford et al. 2019). Three studies had short follow-
up intervals lasting between 1 week and 7 months (Clifford et al. 2019; Hallam 1996;
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Westin et al. 2008), the remaining six studies had longer follow-up periods between
1.5 and 17 years (see Table S3/Supplementary Material).

The studies examined the following outcomes:

• tinnitus severity,
• tinnitus distress and tinnitus-related symptoms of depression and anxiety,
• tinnitus loudness,
• tinnitus progression (i.e. worsening of symptoms),
• tinnitus persistence,
• tinnitus-related sequelae (i.e. tinnitus disability in different domains physical,

emotional, and social functioning, and negative impact of tinnitus on individuals’
quality of life), and,

• tinnitus acceptance (i.e. pursuit of life activities regardless of tinnitus [Westin
et al. 2008]).

The following domains of psychosocial variables:

• tinnitus sequelae (i.e. disability or feeling of disturbance in different domains of
physical, emotional, and social functioning due to tinnitus, reduced employment,
sleep disturbances),

• tinnitus acceptance,
• tinnitus distress,
• general psychological distress,
• mental disorders (i.e. diagnosed mental health conditions, e.g. PTSD or person-

ality disorders),
• health behaviors (e.g. diet, physical exercise, nicotine or alcohol use),
• general physical, mental, and social functioning (e.g. level of energy, physical

mobility, or social isolation),
• distressing and traumatic events (e.g. traumatic events during deployment), and,
• report of somatic symptoms and medical conditions (e.g. TBI, pain).

were explored as potential predictors of tinnitus outcomes.
The predictive value of tinnitus sequelae and tinnitus acceptance was investi-

gated in three studies (Bleich et al. 2001; Holgers et al. 2000; Westin et al. 2008).
Different measures of tinnitus disability (e.g. social isolation, lack of energy) and
sleep disturbances were associated with an increased tinnitus-related absence from
work at an 18-month follow-up (Holgers et al. 2000). Reduced employment (due to
tinnitus in 29% of the cases) resulted in lower quality of life but also higher tinnitus
acceptance 7 months post-baseline assessment (Westin et al. 2008). How much
individuals felt disturbed in their level of functioning by their tinnitus did not predict
how much individuals felt distressed by their tinnitus at a 7-month or 5- to 10-year
follow-up (Bleich et al. 2001; Westin et al. 2008). How well individuals were able to
pursuit with life activities despite of their tinnitus, i.e. of tinnitus acceptance, was
neither associated with symptom acceptance nor with tinnitus distress, nor with
quality of life at a 7-month follow-up (Westin et al. 2008).

Tinnitus distress was investigated as predictive variable in two studies (Hallam
1996; Westin et al. 2008). Tinnitus distress predicted increased tinnitus distress,
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symptoms of depression and anxiety, reduced quality of life and less tinnitus
acceptance at a 7-month follow-up (Westin et al. 2008). Tinnitus annoyance
predicted sleep difficulties one week post-baseline assessment (Hallam 1996).

Health behaviors, general physical, mental, and social functioning and report of
somatic symptoms, pain in particular, were examined as predictors of tinnitus out-
comes in one study (Holgers et al. 2000). An increased body mass index and lack of
regular physical exercise were associated with increased tinnitus disability at an
18-month follow-up. Neither alcohol use nor smoking were related to tinnitus
disability at the 18-month follow-up. Individuals who reported pain symptoms
were at increased risk of experiencing more tinnitus-related disability at the
18-month follow-up. Several indicators of general physical and psychosocial func-
tioning were found to be predictors of tinnitus distress at the 18-month follow-up
(Holgers et al. 2000): Individuals with chronic tinnitus who experienced less energy
in general, whose physical mobility was restricted, and who lived socially more
isolated were at risk of experiencing more disability due to their tinnitus at the
follow-up assessment.

General psychological distress or pre-existing mental disorders predicted
tinnitus-related outcomes in four studies (Clifford et al. 2019; Erlandsson and
Persson 2009; Hébert et al. 2012; Holgers et al. 2000). Symptoms of depression
were found to predict increased tinnitus severity at a 2-year follow-up (Hébert et al.
2012). Tinnitus sufferers with increased emotional disturbances were at risk of
developing more tinnitus disability at an 18-month follow-up (Holgers et al.
2000). One study (Erlandsson and Persson 2009) investigated a subgroup of tinnitus
sufferers with personality disorders. Individuals with one or more personality dis-
orders showed increased symptoms of anxiety and depression at an 18-month
follow-up compared to those tinnitus sufferers without personality disorder.

Seven studies examined tinnitus and audiological characteristics as predictors of
tinnitus outcomes (Bleich et al. 2001; Clifford et al. 2019; Dawes and Welch 2010;
Hébert et al. 2012; Holgers et al. 2000; Olsen et al. 2013; Westin et al. 2008). Three
studies (Bleich et al. 2001; Hébert et al. 2012; Westin et al. 2008) investigated
tinnitus characteristics as predictors of different tinnitus outcomes (including tinni-
tus severity, loudness, and duration). Tinnitus severity at a baseline assessment
predicted tinnitus severity at a 2-year follow-up (Hébert et al. 2012). Neither tinnitus
loudness nor tinnitus onset were associated with tinnitus distress at a 7-month or 5-
to 10-year follow-up (Bleich et al. 2001; Westin et al. 2008). Audiological charac-
teristics were investigated as predictors of different tinnitus outcomes in seven
studies (Bleich et al. 2001; Clifford et al. 2019; Dawes and Welch 2010; Hébert
et al. 2012; Holgers et al. 2000; Olsen et al. 2013; Westin et al. 2008). Results
regarding the impact of hearing loss were contradictory and appeared to be moder-
ated by additional factors. Two studies consistently showed that hearing loss was not
associated with tinnitus distress 7 months or 5–10 years post-baseline assessment
(Bleich et al. 2001; Westin et al. 2008). Hearing loss also did not predict tinnitus
distress, symptoms of depression or anxiety, changes of quality of life, or tinnitus
acceptance at a 7-month follow-up (Westin et al. 2008). One study showed hearing
loss to be a risk factor of increased tinnitus severity 2 years post-baseline assessment
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(Hébert et al. 2012), whereas another study showed no predictive association
between both variables (Olsen et al. 2013). The relationship between hearing loss
and tinnitus persistence or disability probably depends on additional factors. One
study (Dawes and Welch 2010) demonstrated that individuals who suffered in their
childhood from hearing loss and additionally from an otitis media were at particular
risk of developing a more persistent tinnitus in adulthood, compared to individuals
with childhood hearing loss only. Another study (Holgers et al. 2000) demonstrated
that hearing loss in ranges of lower frequency (0.5–2 kHz) was associated with an
increased risk of tinnitus disability at an 18-month follow-up. Other audiological
abnormalities (e.g. tympanic membrane abnormality, deviations in acoustic reflex
threshold or speech recognition) in childhood were not associated with tinnitus
outcomes at later follow-up assessments (Olsen et al. 2013).

As mentioned earlier, the study by Clifford et al. (2019) examined a specific
sample of tinnitus sufferers, active Navy and Marine servicemen. The trial investi-
gated risk factors of tinnitus progression (which means worsening tinnitus status or
maintaining worst tinnitus status) after deployment. The authors showed that hear-
ing loss, partial post-traumatic stress disorder (PTSD), and traumatic brain injury
before the deployment and stressful, traumatic events (i.e. combat intensity) during
the deployment were risk factors for tinnitus progression 3 months after the end of
deployment. Combat intensity is defined as combat-related circumstances such as
firing a weapon, being fired on, being attacked, or witnessing an attack.

The results that have been reported so far have been based on bivariate analyses.
Multivariate analyses were performed in two studies (Hébert et al. 2012; Holgers
et al. 2000). One of these studies (Holgers et al. 2000) confirmed emotional
disturbances due to tinnitus, lack of regular physical exercise, physical immobility,
hearing loss in ranges of low frequency and sleep disturbances as robust predictors
of work-related disability due to tinnitus at an 18-month follow-up. Another study
(Hébert et al. 2012) demonstrated that symptoms of depression, hearing loss, and
tinnitus severity were robust predictors of tinnitus severity at a 2-year follow-up in a
multivariate analysis controlled for gender, age, and income. An overview of vari-
ables that were studied as predictors of tinnitus outcomes are summarized in
Table S5 (Supplementary Material).

3.3 Predictors of Tinnitus Outcomes in Individuals
with Chronic Tinnitus: Ecological Momentary
Assessment (EMA) and Diary Studies

In three studies predictors of tinnitus-related outcomes were examined with a diary
(Andersson et al. 1997) or ecological momentary assessment (Goldberg et al. 2017;
Probst et al. 2016). Participants in these studies were on average between 43 and
60 years old and had suffered from their tinnitus over 10 months to 15 years. All
three studies focused on stress or emotional states as predictors of tinnitus-related
outcomes.
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The diary study by Andersson et al. (1997) was published in the 1990s and is
based on a small sample (N ¼ 20) of individuals with Menière’s disease. Data
interpretation is therefore limited and cannot be generalized to the entire population
of tinnitus sufferers. Amongst other variables, perceived stress (as predictor), and
tinnitus severity (as outcome) were assessed once daily with a visual analogue scale
(VAS) over 194 days on average. The results showed no relationship between
tinnitus severity and perceived stress measured the day or 2 days before.

Goldberg et al. (2017) studied the relationship between tinnitus bother, loudness,
the overall emotional feeling, level of stress, and noise environment in 40 individuals
with chronic tinnitus with four daily EMA assessments over a 2-week period. The
authors demonstrated that, on an individual level, tinnitus bother, loudness, and
stress all vary together over time. That means when an individual experienced
increased stress over time the person also experienced increased tinnitus bother
and loudness. Analyses showed that these changes over time were all caused by
the same underlying factor that varies over time. The authors also demonstrated that
all five EMA variables varied across participants. This means in individuals who
reported higher levels of stress or negative feelings tinnitus bother was likely to be
higher, compared with individuals reporting lower levels of stress and negative
feelings. The authors’ model suggested the underlying factor that explained changes
within subjects and across individuals was stress.

Probst et al. (2016) investigated 306 users of the Track Your Tinnitus app with
five daily EMA assessments over 2 months on average. They examined the rela-
tionship between the individuals’ emotional state and tinnitus distress or loudness.
Tinnitus-related outcomes were measured with VAS. The quality and intensity of the
emotional state were assessed with Self-Assessment Manikin scales. Probst et al.
then created a score indicating the extent of intra-individual variability of affect
intensity (“pulse” score) and affect quality (“spin” score). The authors demonstrated
that the effect of tinnitus loudness on tinnitus distress was moderated by the pulse
and spin score. This means that tinnitus loudness predicted more tinnitus distress in
individuals who experienced more dynamics in the intensity and quality of their
emotions. Spin and pulse scores both were not associated with the increase of
tinnitus distress over time. The level of variability between different feelings was
associated with tinnitus loudness. The level of variability of affect intensity was not.

4 Discussion

The central goal of this systematic literature review was to summarize previous
research of psychosocial variables that predict tinnitus decompensation (i.e. the
transition from an acute to a chronic disabling tinnitus) and tinnitus outcomes in
individuals suffering from chronic tinnitus. Although epidemiologic studies showed
that a significant proportion of individuals with tinnitus develop serious levels of
distress and disability from their ringing in the ear (Davis 1989; Fujii et al. 2011;
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McCormack et al. 2016), we have limited knowledge about factors that explain this
transition from an acute to a chronic, debilitating tinnitus.

Our systematic literature search revealed only four longitudinal studies that
examined tinnitus sufferers during the acute phase of their tinnitus and then moni-
tored their transition to a chronic, decompensated status. Only three of these four
studies reported sufficient results to become included to this systematic review.
These three studies targeted both psychosocial and audiological or tinnitus charac-
teristics as predictors of tinnitus decompensation. General psychological distress
(i.e. symptoms of anxiety and depression), individuals’ report of other somatic
symptoms, and tinnitus-related delay of the sleep onset were identified as robust
predictors of the development of a decompensated ringing in the ear. These results
were in accordance with findings of cross-sectional studies of emotional well-being
in individuals with chronic tinnitus compared with healthy individuals (Trevis et al.
2018). Symptoms of anxiety and depression, somatoform symptoms, and sleep
difficulties were found to be consistently increased in tinnitus sufferers compared
with healthy individuals (Trevis et al. 2018). One study (Wallhäusser-Franke et al.
2017) investigated illness coping as predictor. Interestingly individuals who applied
active, problem-solving coping strategies during the acute stage were at risk of
developing tinnitus decompensation during the chronic phase. Studies of other
chronic medical conditions such as inflammatory pain conditions (e.g. rheumatoid
arthritis) (Englbrecht et al. 2013) or HIV (Chan et al. 2006) revealed similar findings.
Active and problem-solving coping was associated with less physical functioning
and less emotional well-being. One way of explaining this result could be that active
problem-solving does not well apply to manage persistent symptoms such as
tinnitus. Individuals repeatedly report the experience that their attempts to cope
fail. They feel frustrated and struggle to develop symptom acceptance. Several
personality traits were identified to predict tinnitus decompensation in the chronic
phase. Individuals who tended to be more emotional or excitable and who often
reported somatic complaints were at higher risk of decompensating from their
chronic ringing in the ear. Individuals who were in general more satisfied with
their life were able to better compensate their tinnitus. The findings of longitudinal
studies in this review are consistent with results of cross-sectional studies that have
repeatedly demonstrated a relationship between neurotic, hysterical, and extraverted
personality traits and tinnitus decompensation (Durai et al. 2017; Langguth et al.
2007; Trevis et al. 2018).

Psychosocial predictors of tinnitus outcomes in individuals with a chronic ringing
in their ear were investigated in longitudinal observational as well as in EMA and
diary studies. Tinnitus distress as well as general psychological distress and
pre-existing mental disorders were demonstrated to be robust predictors of negative
tinnitus outcomes across several studies. EMA studies showed that negative emo-
tional states and stress experience predicted negative tinnitus outcomes in daily life
of chronic tinnitus sufferers. Study findings that targeted the predictive value of
psychosocial variables other than tinnitus-related or general psychological distress
have to be interpreted with caution, because they were mostly examined in only one
study. A study on health behaviors and the level of functioning for example (Holgers
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et al. 2000, 2005) showed that physical activity and physical mobility predicted
better tinnitus outcomes at a later follow-up. The protective effect of physical
exercise has already been demonstrated in numerous studies of other medical
conditions (Baum and Posluszny 1999; Stewart and Yuen 2011). Several pathways
are assumed to explain the protective impact of physical exercise, for example, it can
buffer stress, it improves physical functioning and resilience (Baum and Posluszny
1999; Stewart and Yuen 2011). One study investigated the predictive value of
tinnitus acceptance (Westin et al. 2008). Acceptance was not associated with tinnitus
outcomes at a later follow-up. The results from longitudinal observational studies
contradict findings from cross-sectional analyses that show acceptance to be corre-
lated with less negative tinnitus impact (Trevis et al. 2018). Similar to the studies that
examined predictors of tinnitus decompensation, the report of other somatic symp-
toms or medical conditions, such as pain, predicted negative tinnitus outcomes in
chronic tinnitus sufferers.

The number of longitudinal observational studies (excluding EMA and diary
studies) that examined tinnitus characteristics or audiological characteristics as
predictors of tinnitus decompensation and tinnitus outcomes in individuals with
chronic tinnitus was equal to the number of studies that examined psychosocial
variables as predictors. The results on tinnitus characteristics or audiological char-
acteristics as predictors of tinnitus outcomes were, however, less consistent than on
psychosocial variables. For example, hearing loss was the most frequently investi-
gated audiological variable (Bleich et al. 2001; Clifford et al. 2019; Dawes and
Welch 2010; Hébert et al. 2012; Holgers et al. 2000; Olsen et al. 2013; Westin et al.
2008). It can be assumed that the relationship between hearing loss and tinnitus
outcomes is more complex than expected and is determined by other factors such as
the type of tinnitus outcome (tinnitus distress vs. loudness vs. severity), the fre-
quency range in which the hearing loss is present or ENT conditions in childhood
(Dawes and Welch 2010; Holgers et al. 2000, 2005).

This systematic review shows that there are still many gaps in the knowledge of
predictors of tinnitus outcomes. Observational, longitudinal studies are rare, in
particular those that examined the transition from an acute tinnitus to a chronic
debilitating tinnitus. In this systematic review the quality of the included studies was
low. Six out of the 16 included studies had a sample size smaller than N ¼ 50 and
loss to follow-up was increased in several studies (e.g., Erlandsson and Persson
2009; Hébert et al. 2012). Most of the included trials lacked power calculations to
determine their optimal sample size. We assume that six of the included 16 studies
were not primarily conceptualized as longitudinal studies of predictors of tinnitus
outcomes (Bleich et al. 2001; Dawes and Welch 2010; Erlandsson and Persson
2009; Hébert et al. 2012; Holgers et al. 2005; Olsen et al. 2013). Another shortcom-
ing is that several predicting variables were investigated in only one study and the
results would need to be replicated before they can be interpreted appropriately.
Most of the statistical analyses of predictors and outcomes were bivariate. Multivar-
iate analyses were performed in only four studies (Hébert et al. 2012; Holgers et al.
2005; Langenbach et al. 2005; Wallhäusser-Franke et al. 2017), multilevel analyses
in only 2 studies (Goldberg et al. 2017; Probst et al. 2016) out of 16 studies.

376 M. Kleinstäuber and C. Weise



Furthermore, we have to consider critically that tinnitus outcomes varied substan-
tially across the studies, as did the measures of the predictors of tinnitus outcomes.
To increase the comparability between studies in the future it would be important to
follow standards of core outcomes and measures (Landgrebe et al. 2010, 2012).
Finally, most of the studies assessed tinnitus outcomes with self-report measures.
We suggest that future research should apply also other modes of measures, such as
neurophysiological or behavioral measures. For example, an outcome of interest
could be psychophysiological response to stress, measured through cardiovascular
outcomes (e.g. heart rate variability). Research on other persistent somatic symp-
toms, such as chronic pain for example, shows that the chronic, distressing experi-
ence of a somatic symptom is associated with cardiovascular changes (Tracy et al.
2016). In pain research behavioral, observational measures are used to assess the
level of disability and limitations in mobility caused by the somatic symptom, such
as the Back Performance Scale (Strand et al. 2002) for example. A similar approach
could be applied to assess tinnitus disability.

In summary, this systematic review shows that general psychological distress,
individuals’ report of somatic complaints, tinnitus-related delay of sleep onset,
active illness coping, and certain personality traits (e.g. neuroticism) predict the
transition from an acute to a chronic, disabling tinnitus. General psychological and
tinnitus-related distress, the report of other somatic problems such as pain, certain
health behaviors and the level of physical and social functioning are predictors of
tinnitus outcomes at a later follow-up in chronic tinnitus patients. The number of
psychosocial predictors that have been investigated in longitudinal study designs is
still limited. Results from cross-sectional studies showed that there are several
psychosocial variables that correlate with tinnitus sufferers’ level of functioning,
such as cognitive processing styles (Weise et al. 2013), anxiety sensitivity (e.g.,
Hesser and Andersson 2009), symptom catastrophizing (Weise et al. 2013) or fear
avoidance (Cima et al. 2011; Kleinstäuber et al. 2013). It would be important to
examine these variables also with longitudinal study designs. Moreover future
research should consider variables that correlated with outcomes in individuals
with other chronic conditions, such as chronic pain for example. Examples of
these variables are social support (e.g., Gallant 2003), health locus of control (e.g.,
Stewart et al. 2018), discomfort intolerance (e.g., Schmidt et al. 2006), dispositional
mindfulness (e.g., Garland and Fredrickson 2019; Tomlinson et al. 2018), or dispo-
sitional optimism (e.g., Stanton et al. 2007). Future tinnitus research should examine
these variables as potential predictors of the transition from acute to chronic,
disabling tinnitus, and other outcomes in chronic tinnitus sufferers. Finally the
results of our review have important implications for clinical practice and delivery
of health services to individuals with acute tinnitus. Psychosocial variables that
robustly predict a risk of developing a chronic, decompensating tinnitus should be
assessed and addressed by clinicians who are commonly contacted by individuals
with acute tinnitus. Depending on the structure of a national healthcare system,
audiologists, general practitioners, or ENT specialists are commonly the first contact
person for individuals with acute tinnitus. Besides the audiological and medical
examination, characteristics such as pre-existing mental health problems, increased
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levels of distress associated with the acute tinnitus, sleep difficulties, an increased
report of other somatic symptoms, and certain problematic health behaviors should
be assessed.
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Abstract Ecological momentary assessment is a valuable research technique meant
to capture real-time data and contextualize disease. While more common in neuro-
psychiatric research, this methodology is exceptionally fit for tinnitus. Tinnitus has
been shown to be affected by many patient-level and environment-specific factors.
From an individual’s baseline anxiety to the level of ambient noise in their environ-
ment, the level of bother experienced by those with tinnitus can vary widely. Only
assessing tinnitus within a clinical environment can distort the true impact of the
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disease. Ecological data can minimize bias while generating an individualistic
picture of the burden being experienced by the patient. Individual data can also
compliment new research methods rooted in precision medicine, providing clearer,
better-suited treatments for each patient on the tinnitus spectrum.

Keywords Application · Assessment · Ecological · EMA · Momentary ·
Smartphone · Tinnitus

1 Introduction: Momentary Assessment

Self-reported health information using out-of-office ecological assessments are
common in biomedical research practice for well-known neuropsychiatric illnesses
that display a range of fluctuating symptoms. Ecological momentary assessment
(EMA) is a research tool that allows for self-reported data to be collected with
context. Clinically, this translates to gathering relevant data while also assessing the
surrounding factors and individual experience of those factors (Kubiak and Smyth
2019). A wide variety of sampling techniques and recording styles of self-reported
data have been studied in a broad range of illnesses including insomnia (Buysse et al.
2007), headache (Kikuchi et al. 2006), schizophrenia (Granholm et al. 2008), and
many others (Stone et al. 1998; Hufford et al. 2002; Wonderlich et al. 2007).
Ecological assessment has evolved from pencil and paper diaries to utilizing modern
technologies like pagers, preset watches, computers, and mobile phones.

With the turn of the millennium, the NIH endorsed self-reporting as an important
consideration for the future of biomedical research (Stone et al. 2000). The ensuing
decades of technical innovation brought along devices that make this kind of self-
reporting simple and allowed for easy data abstraction. Smartphones can notify their
users in real-time, record responses, and timestamp data and then store or send the
information with increasing simplicity. This simplicity of collecting data and mon-
itoring compliance addresses commonly cited shortcomings of EMA such as the
feasibility of administering multiple assessments for each patients and whether the
participant is completing the assessments at the appropriate time rather than
backfilling the information. The built-in functionality with smartphone applications
may open the floodgates to a new strata of research design and patient-centered
clinical practice.

EMA is beneficial for providing a more longitudinal “real-world” picture of
disease severity. It is also recognized as novel in its ability to discern specific
symptom variability (Ross et al. 2007). The continuity of symptom reporting and
patient-engagement paints a more precise landscape of the progression of diseases
than can be obtained with scheduled assessment. Collinearity or sequentiality of
symptom changes is more easily discerned with the granularity of data provided by
EMA. The strength of this data is that it can be used to see reductionist principles as
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well as the bigger clinical picture. The methodology allows for multiple samplings to
break down disease processes and the specific effects on patients, which delineates
the progression for diagnoses with complex etiologies and stochastic progressions
(Moskowitz and Young 2006).

The use of EMA for measurement in tinnitus is likely to avoid some of the
systematic biases that are common in retrospective reporting tools such as the
tinnitus questionnaire (TQ) (Hallam et al. 1988), Tinnitus Functional Index (TFI)
(Meikle et al. 2012), and Tinnitus Handicap Inventory (THI) (Newman et al. 1996).
The fluctuating nature of tinnitus symptoms and the retrospective nature of patient-
reported outcome measures leave them vulnerable to recall bias. Human memory is
imperfect, and the data captured by memory tends to be biased to an individual’s
personal heuristics; human recall is not like playing back a recorded movie but rather
reconstructing events and experiences based on these rules and heuristics (Gorin and
Stone 2001).

The structure of EMA is one which attempts to mitigate the effects of subjective
bias by minimizing the need to rely on these heuristics. Common pitfalls of retro-
spective surveys are peak and recency bias, where the patient preferentially recalls
extremes or the most recent of their symptoms. EMA provides a more accurate
picture of a subject’s experience by making them more aware of their symptoms
throughout the period of study (Stone et al. 1997). When the subject completes
multiple surveys in a day, recency and peak bias are spread across multiple data
points, providing a higher resolution of symptomatic burden over time. How much
resolution is possible can vary depending on what disease is being studied, how the
data is collected, what questions are being asked, and how often the subject is
reporting symptoms (Ross et al. 2007).

1.1 Designing an Ecological Assessment

EMA is a useful tool but does not exist as a singular protocol that will be inherently
useful for all diseases. Formatting the EMA questionnaire and the dissemination for
a specific research question are an important aspect of its design. EMA is a sampling
technique, which requires thoughtful research design that accounts for questions,
hypotheses, practicality of the intervention, and background knowledge of the
disease being studied. Additionally, with this sampling method, investigators must
consider the sampling schedule in the specific ecological context being assessed.
Sampling can be event based, where the subject voluntarily inputs data during a
pre-defined experience or symptom, or it can be time based. Time-based sampling is
further divided into structured sampling where data collection is planned for specific
times during the day, and it can also be randomly collected by using phone
applications. There is no benefit to using one method versus the other outright;
however, it is important to consider one’s research question when making the
decision about sampling methodology.
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When considering the use of EMA to study tinnitus, there is no single “correct”
methodology. Tinnitus can be considered a syndrome with varying levels of com-
plexity (Han et al. 2009), which complicates straightforward study design. Since
EMA can be constructed to handle event-based or time-based questions (Ross et al.
2007), depending on the outcome of interest, one must first define that outcome. If
one were interested in something discrete, say the number of times a subject
experiences ringing in their ears throughout the day, then it would be as simple as
instructing the subject to record each instance of tinnitus in an event-based strategy.
On the other hand, if we were interested in a patients’mood throughout the day, then
a time-based collection would be more useful to gather a relevant distribution of
temperament, which is known to fluctuate throughout the day (Stone et al. 1994).
The benefit of using EMA comes from its ability to discern small changes in a
subject’s symptoms or affect throughout the day, which makes it keenly useful for
therapeutic trials where fluctuation in these attributes is expected.

1.2 Precision Medicine and Ecological Data Sampling

Traditional research designs rooted in retrospective questionnaires and individual
office visits may not be able to answer all questions on the origin, severity, and
treatment effectiveness of a disease clearly or thoroughly. Depending on the research
question, there can be a benefit to using a hybrid model that allows for event
sampling with additional time-based surveys. In this hybrid method, the subject
serves as their own control where the time-based surveys can give contrast to the
event-based reporting of particular symptoms or sequelae of interest. This within-
subject case-control method may be the most useful to consider for something as
complex as tinnitus as it will allow for modification of therapy or reassessment of
clinical triggers such as anxiety levels, loudness of ambient environment, and social
stressors.

Reassessment of clinical triggers is a fundamental tenant of patient-centered
medicine. EMA is integral to precision medicine and specifically precision clinical
trials (PCT). The PCT framework aims to generate individualized treatments through
various methods meant to target complex neurobehavioral and somatic disorders.
These methods include enriching target populations with brief run-in periods
(dubbed “treatment-targeted enrichment”) designed to identify those susceptible to
specific treatments or therapies and modifying treatments during the trial for optimal
patient outcomes (Lenze et al. 2020). The PCT design is heavily reliant on very
precise and reliable feedback about outcomes, compliance, and other predictors.
This new patient-centered precision medicine is highly congruous with the capabil-
ities of EMA and can inform the next generation of clinical trials. A review article by
Torous and Keshavan suggests that PCTs are ideal for those with a high clinical risk
for psychosis; using smartphone tools like digital phenotyping can offer affordable,
scalable, and personalized intervention (Torous and Keshavan 2020).
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2 Analytical Approaches to Ecological Data

The massive amounts of longitudinal data that are generated from an EMA study
provide a unique opportunity to use statistical methods originally used for economic
time-series data. The longitudinal data provides individual and contextual patterns
for illnesses, which informs a personalized medicine approach. The statistical
methodologies for EMA have been adapted by clinical researchers in psychology
and psychiatry to assess causes over time for related variables. Vector autoregression
(VAR) is one of these statistical methods (Lutkepohl 2007), which allows testing of
how different variables relate within a single individual over time. For example, a
patient could report on negative thinking, stress, and tinnitus bother repeatedly. VAR
techniques can test which of these variables might plausibly cause the others over
time within an individual. Interpretation of the data from PCTs can be difficult
because each subject becomes a single study. A technique that looks at both
individuals and the group as a whole is preferable. This preferable situation can be
assessed with multilevel extension of dynamic structural equation modeling
(ML-DSEM), where group and individual models can both be examined (Schwartz
and Stone 1998; Shiffman 2014; Muthén and Muthén 2017).

ML-DSEM allows longitudinal data to be modeled with respect to subjects’ level
of tinnitus bother, cognitive symptoms, anxiety symptoms, and potentially other
variables (e.g., psychological or medical symptoms; anything that can vary over time
and that the individual can report). Using ML-DSEM, a researcher or clinician could
examine whether cognitive symptoms or anxiety may prospectively predict tinnitus
bother at a later time point for a single individual. The degree to which a person’s
tinnitus bother is predicted by anxiety symptoms can then become a variable to
predict response to treatment and functional connectivity with key brain networks. In
other words, the characteristics of patients’ individual profiles can be used to predict
both treatment response and imaging results.

3 Use and Utility of Momentary Assessment in Other Fields

When considering the spectrum of disease processes, EMA is particularly useful in
research surrounding chronic, complicated, and not well-understood diagnoses. This
is not a tool equipped to take the place of physicians in determining a general
diagnosis but rather an adjuvant useful in specifying sub-characteristics. The diag-
nostic capacity of EMA lies less in its ability to inform which disease is likely but
rather which subtype of a particular disorder may be present as well as how the
disease changes over time. EMA helps to create sections of complicated diseases
with nonuniform phenotypes, which can be helpful to identify which domains of a
disease are affecting a patient’s health. This ability to define domains of disease can
be useful for diagnoses that do not fit in specific “boxes” and may require a more
complicated treatment approach. This more complicated presentation is a common
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phenomenon in many psychiatric disorders. Commonly described barriers for pro-
gress related to mental disorders include the preferential focus on the diagnosis
rather than the network of interrelated symptoms (Borsboom 2008; Borsboom and
Cramer 2013; Cramer et al. 2010, 2012) as well as the predilection to focus on
groups of patients within a single diagnosis rather than how symptoms persist as
ongoing processes within an individual (idiographic) (Fisher and Boswell 2016;
Fisher 2015; Molenaar 2013). These tendencies are equally relevant in tinnitus
research, and it is possible that tinnitus can be better understood as a spectrum of
experiences originating from different sources. Meaning, that for one person with
tinnitus, the experience of anxiety may predominant, while for another person,
cognitive symptoms may be most significant. Further, how strongly these symptoms
are associated with tinnitus may vary widely among patients due to unknown factors.

While tinnitus is relatively new to the world of ecological assessment, there are
many examples of EMA’s capacity to better define the complexity of a diagnosis. For
example, eating disorders are a complicated amalgam of behaviors and psycholog-
ical principals that have generally been classified into restrictive and binge type
(Bailey et al. 2014). But many experts agree that patients don’t typically fit one set of
criteria for any particular disease, and the present systems of classification don’t
reflect patients’ clinical realities (Uher and Rutter 2012). Clinical realities for eating
disorders are inherently ecological, and EMA has been a useful tool for character-
izing this pathology more clearly. Specifically, studies have used EMA to assess
symptoms that are commonly employed in models for disordered eating like emo-
tional avoidance and cognitive behavioral theory (Haynos et al. 2015; Lavender et al.
2013). Emotional avoidance is the concept that an individual will displace negative
feelings and affect with behaviors like food restriction (Wildes et al. 2010). One
study found that for patients with anorexia nervosa, high levels of food restriction
were not associated with avoidance of negative emotions, which is discordant with
the emotional avoidance model as previously described (Haynos et al. 2015).
Another study looking at the cognitive behavioral theory of “body checking,” a
manifestation of elevated concerns about one’s body, weight, and eating, found the
frequency of body checks to be directly associated with level of dietary restriction
(Lavender et al. 2013). The ability of EMA to associate isolated symptomatology
with specific actions, emotions, or settings allows for a more granular understanding
of both the disease process and its variability. A similar methodology would be
useful to assess the direct associations of tinnitus with negative ideation, anxiety
levels, or catastrophizing.

4 Tinnitus

4.1 Tinnitus as an Ecological Entity

There are numerous sources that debate the etiology of tinnitus as well as a litany of
neuroimaging correlations with behavioral measures and suggestions for treatment.
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The consensus on tinnitus has evolved to the likely conclusion that there is no
unifying consensus. Clinically, the spectrum of tinnitus severity ranges from mildly
irritating to incapacitating (Han et al. 2009). Initially, the severity of disease was
postulated to be due to a singular biological underpinning. For example, there are
several regions of the brain that are associated with the symptoms of tinnitus
including the auditory cortex (Burton et al. 2012; Kim et al. 2012; Landgrebe
et al. 2009; Maudoux et al. 2012; Vanneste et al. 2011a, b), attention centers
(Burton et al. 2012; Roberts et al. 2013), basal ganglia (Maudoux et al. 2012),
prefrontal cortex (Kim et al. 2012; Maudoux et al. 2012; Schlee et al. 2009; Seydell-
Greenwald et al. 2012), parahippocampal regions (Maudoux et al. 2012; Vanneste
et al. 2011a; Schmidt et al. 2017), and insula (Burton et al. 2012; Vanneste et al.
2011b). Tinnitus has also been associated with the limbic system, and its severity
fluctuates with a person’s emotional state (Jastreboff and Hazell 1993). These
associations suggest that tinnitus is a manifestation of heterogeneous disease pro-
cesses with different biological manifestations. This heterogeneity is consistent with
the existence of a spectrum of patient profiles. While it is possible the heterogeneity
of etiology research can be explained by methodological and sampling inconsis-
tencies (Hall et al. 2013; Husain and Schmidt 2014; Scott-Wittenborn et al. 2017),
the existing findings are also consistent with a spectrum of patient profiles. Tinnitus
is also the result of interactions between a patient’s neuroplasticity, cognition, and
surroundings. These connections between the patient and their environment are
important mediators in the perception of tinnitus and indirectly of these patient
profiles (Searchfield 2014). This spectrum of profiles within different researchers’
sampling suggests different and not necessarily contradictory conclusions among
different individual studies. The use of an ecological approach in tinnitus can
provide a supplementary understanding to the neurophysiologic research.

Previous work on the ecology of tinnitus focused on the interaction of the
interplay between social, environmental, and psychosocial factors (Fig. 1). The
model itself stems from Adaptation Level Theory (ALT) which suggests that tinnitus
varies constantly and is dependent on “subtle changes in cochlear outflow, emotion,
context, and attention.” The presentation of this model includes a mathematical
relationship suggested by Heson (Helson 1964); however, Searchfield writes that
the model is generally showing “the interplay between sound, tinnitus signal,
individual psychology, and attention” (Searchfield 2014). Searchfield suggests two
models to test the ecological model of tinnitus: (1) long-term follow-up using a
variety of assessments and methods and (2) addition of ecological validity to the
existing reductionist method, by allowing focus on individual differences within a
group (Searchfield 2014). Both of these models can be readily interrogated using
EMA as either a primary or adjuvant tool. The ability to deliver assessment tools to a
smartphone simplifies the methodology for long-term follow-up while incorporating
ecological context by being available consistently throughout the day.

The experience of sound is not the same for everyone; it is the product of personal
neurobiological phenomenon in constant interaction with our environment. Upper-
level auditory processing is also prone to change and adapt with changes in sound
perception (Rabinowitz et al. 2011). These realities of the communication between
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changing physiology and sound perception suggest a more complex story of tinnitus.
A story with many chapters which require synthesizing to create a coherent narra-
tive. The perceived impact of tinnitus is not a simple metric of intensity but an
interplay between personal heuristics and contextual perception of sound; as a
whole, the compound effect is a combination of volume, attention, and tinnitus
severity (Schmidt et al. 2014). Variations in things like time of day (Probst et al.
2017), amount of ambient sound (Tyler and Baker 1983), and anxiety levels
(Dauman et al. 2017) can alter an individual’s tinnitus experience. The combination
of varying external stimuli and individual psychosocial factors reinforces the idea
that tinnitus is a highly personal affliction, the measurement of which dramatically
changes over time. Things like anxiety, stress, and depression are linked to worsened
perception of tinnitus symptoms (Pattyn et al. 2016; Reiss et al. 1986). Even
personality has been suggested to affect response to sound, and those with tinnitus
are more likely to be socially withdrawn, isolated, reactive to stress, and have poorer
self-control (Welch and Dawes 2008). Comorbid health issues, coping strategies,
and baseline acceptance are also contributors to tinnitus. Not only can physical
health affect the presence of tinnitus directly, but comorbidities such as cardiovas-
cular disease (Stobik et al. 2005) and arthritis (Nondahl et al. 2011) further exacer-
bate its severity. On top of physical health, acceptance and coping strategies are also
implicated in the perception of tinnitus bother: specifically, avoiding
catastrophizing, seeking out support systems, and attempting to avoid focusing on
the perceived sound of tinnitus can decrease bother (Budd and Pugh 1996; Sullivan
et al. 1994).

Moreover, while tinnitus and any associated hearing complaints may be the
identifiable primary complaint for many of these patients, it is important to recognize
the broader implications of this diagnosis. That is, tinnitus is not so much an auditory
stimulus as it is a psychopathological reaction to a perceived auditory stimulus.
Many problems for these patients aren’t necessarily due to the direct effects of the
tinnitus sounds but rather the downstream social and cognitive impairments. The
sequelae of tinnitus can lead to social isolation and withdrawal due to the inability to
communicate (Dauman et al. 2017). The inability to control the progression of
hearing loss and misunderstanding from potential support networks contributes to
learned helplessness and the loss of appropriate coping behaviors (Overmier 2002).
The overall effect being the potential to adopt emotionally maladaptive mechanisms
for living with tinnitus (Budd and Pugh 1996). Another avenue to utilize the
infrastructure of EMA is being able to collect and analyze data quickly, giving
providers additional information about the patient’s experience that cannot be
feasibly collected during a clinic visit. This is especially true when reporting
psychosocial problems which may affect the patient in complex ways that are not
easily, quickly, or clearly expressed directly to the physician during a visit. There are
many and varied causes, effects, and psychosocial modulators of tinnitus. To capture
a representative set of data about each of these considerations, we must be able to
record data as they occur. We cannot expect a patient to recall every instance of
feeling helpless or recognize when they are being socially isolative. These are the
responsibility of the researcher to design the appropriate questionnaires and survey
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schedules to extract the factors intensifying these patients’ tinnitus. The recognition
of the multifactorial impacts on tinnitus has led to the development of questionnaires
meant to capture this information. Tools such as the TFI (Meikle et al. 2012), the
THI (Newman et al. 1996), the Fear of Tinnitus Questionnaire (FTQ), the Tinnitus
Catastrophizing Scale (TCS) (Cima et al. 2011), and the Perceived Stress Question-
naire (PSQ-30) (Levenstein et al. 1993) are all validated and commonly used in
tinnitus-related research. These tools are meant to incorporate the personal experi-
ence of tinnitus and capture individual characteristics that may exacerbate its impact.
While a step in the direction of capturing a more holistic picture of tinnitus, the
retrospective capturing of this data continues to pose the same reporting biases and
eschews ecological validity. The development of these tools is an incredible asset
and has provided the first starting point for ecological studies about tinnitus (Wilson
et al. 2015; Goldberg et al. 2017; Henry et al. 2012). They have proved very
adaptable and easy to implement (Fig. 2). The initial data from momentary assess-
ment using established questionnaires helps to interrogate the ecological validity of
these already existing, reductionist questions, as suggested by Searchfield (2014).
Essentially, while the questionnaires capture a tiny puzzle piece of information about
the disease, EMA is used to see if we can generate multiple pieces to see if they fit
into a clearer picture.

4.2 Current Assessment

While there are no specific, physiological tests for tinnitus, it is worth comparing to a
phenomenon which often accompanies tinnitus: hearing loss (Meikle and Taylor-
Walsh 1984). Current clinical assessments of hearing also tend to lack real-world, or
ecological, validity (Keidser 2016) and variably reflect self-reported hearing, with
moderate correlations at best (Timmer et al. 2015). This is similar to the discordance
experienced by tinnitus patients with equivocal measures of disease severity and no
delineated treatment protocol. Tinnitus is notoriously complicated in its severity,
frequency, onset, and progression (Han et al. 2009). Therefore, designing an EMA
tool appropriate for tinnitus must incorporate many patient-centric factors leading to
a more dynamic tool than is customary in current practice. Beyond intentional
design, one must also consider the possibility of fatigue when it comes to constant
sampling using EMA. Of the limited existing literature concerning ecological
sampling techniques, patients with tinnitus showed very good compliance in using
phone-based EMA (Wilson et al. 2015; Goldberg et al. 2017; Henry et al. 2012).
Initial ecological studies of tinnitus are a proof-of-concept that using EMA is a
feasible bridge to personalized treatments for our patients with tinnitus that can
provide crucial data about its clinical heterogeneity.
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Fig. 2 A real-life example of the simple interface for integrating previous reductionist techniques
within an ecologically valid platform. Using the smartphone interface, the researcher can assess
when and where the patient is experiencing symptoms and the severity of the experience. Survey
questions were accessible through smartphone’s internet browser. Reprinted from “Ecological
Momentary Assessment of Tinnitus Using Smartphone Technology: A Pilot Study” in, by Michael
B. Wilson et al., vol 152, issue 5, pp. 897–903. Copyright ©May 2015 by Otolaryngology – Head
& Neck Surgery. Reprinted by Permission of SAGE Publications, Inc. retrieved from https://www.
ncbi.nlm.nih.gov/pmc/articles/PMC4580970/. While every effort has been made to ensure that the
contents of this publication are factually correct, neither the authors nor the publisher accepts, and
they hereby expressly exclude to the fullest extent permissible under applicable law, any and all
liability arising from the contents published in this Article, including without limitation, from any
errors, omissions, and inaccuracies in original or following translation, or for any consequences
arising therefrom. Nothing in this notice shall exclude liability which may not be excluded by law.
Approved product information should be reviewed before prescribing any subject medications
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4.3 Examples of EMA

The existing investigations of EMA in tinnitus have laid the foundation for this new
technology, by studying compliance, risk to well-being, and effects of repeated
measures. In a study of 20 participants with tinnitus, 79.4% (889/1120) surveys
were completed over a 2-week time period, suggesting the broad feasibility of using
smartphone EMA in a tinnitus sample (Wilson et al. 2015). In a pilot study of EMA
use in tinnitus patients, Henry and colleagues showed that 24 subjects did not have a
significant change in tinnitus distress over a 2-week period (Henry et al. 2012). In
2016, Schlee and colleagues performed a cohort analysis using a smartphone
application called Track Your Tinnitus (TYT) to follow 857 subjects between
April 2014 and February 2016. Similar to Henry’s findings, regular testing through
the application was shown to not have an influence on perceived tinnitus loudness or
distress. They also reported a sub-analysis of groups with more than 1 month of data
reporting (n ¼ 66) compared to those with less than 1 month (n ¼ 134) which also
showed no difference. Little difference between the different lengths of surveys
suggests that extended surveys can be used in this population without exacerbating
tinnitus bother. This study also utilized a customizable administration of their daily
questionnaires, allowing the user to accept random allocation or to customize when
to receive their questions (Schlee et al. 2016).

TYT has also been used to assess how emotional stress impacts tinnitus. Probst
et al. surveyed 658 subjects about their experience of tinnitus along with the self-
assessment manikin which is used to assess emotional arousal and valence. Their
findings showed that emotional states affect perception of tinnitus loudness and
subsequent distress (Probst et al. 2016). Probst followed this work with another
study using TYT, which found time of day affected both perceived loudness and
distress in tinnitus patients. Probst and colleagues utilized multilevel modeling
which allowed to control for nesting within the model (Probst et al. 2017). Multilevel
modeling was also used in a 6-week observational study by Goldberg and colleagues
to test a 2-level confirmatory factor analysis model assessing within-individual and
between-individual responses. The findings suggest a significant association
between perceived stress and tinnitus bother (Goldberg et al. 2017). Goldberg
et al. utilized multilevel modeling strategies to show within-person and between-
individual differences. The model explored the association between individual
question responses from consecutive time points. It assessed that if one answer
increases in severity whether other answers are also likely to change along with it
for that single participant. Participants were also compared to each other such that if
a participant reported a higher severity for an EMA item compared to another
participant, were other answers likely to be more severely rated for the former
participant, as well? These results can be used to quantify a latent factor which
summarizes an individual’s vulnerability to tinnitus bother (Fig. 3) (Goldberg et al.
2017).
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4.4 Where We Are

The examples of EMA use in tinnitus provide prerequisite proof-of-concept that
tinnitus patients will respond to frequent, ecological questionnaires, and the use of
EMA in longitudinal studies is feasible and appropriate. Further, many of the reports
show that while tinnitus bother may increase at times, overall, the levels are
consistent, suggesting there is no systemic bias introduced by the repeated measures
design (Schlee et al. 2019). Furthermore, one study also reported that 80% of
participants approved of using EMA to report tinnitus to a medical professional
(Goldberg et al. 2017). Statistical techniques capable of properly assessing this kind
of data are available. The multilevel modeling and factor analysis techniques serve
as models for future studies. The use of customizable data entry methods by Schlee

Fig. 3 The ability to assess different aspects of tinnitus bother within and among subjects is a key
benefit of the analysis of EMA data. In the final model, noise was not included on the within-
individuals factor. Single-headed arrows represent standardized factor loadings. Double-headed
arrows represent correlations. All standardized estimates are significant at P < 0.001. Used with
permission of JAMA Otolaryngology – Head & Neck Surgery, from “Evaluation of Ecological
Momentary Assessment for Tinnitus Severity” in, by Rachel L. Goldberg et al., vol 143, issue
7, July 2017, retrieved from https://jamanetwork.com/journals/jamaotolaryngology/fullarticle/
2618944
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and colleagues is a feasible implementation of EMA for precision medicine methods,
such as PCT (Lenze et al. 2020; Schlee et al. 2016).

4.5 Limitations of Momentary Assessment

EMA is not without limitations. Much of the literature on real-time data capturing
such as EMA has focused on correcting the biases inherent in retrospective collec-
tion. The field does not yet know what biases lurk in this new format, and there is the
possibility that we are swapping the known bias of retrospective data collection with
the unknown biases of real-time data collection.

Furthermore, the lack of supervision by a member of the research team means
there is no way to confirm the identity of who is filling out the survey nor is there a
way to assure correct usage of the survey or device. Lastly, to expect all patients to
have access to a smartphone and the Internet will bias these studies toward technol-
ogy users and against those with low socioeconomic status.

5 Future Directions

Clinical research should adapt to new technologies. New tools will be developed to
best utilize the benefits of these technologies. We are in a phase of constant
transformation and growth as we begin to incorporate the new field of ecological
data. Initial strategies are using ssmartphone applications to disseminate already-
validated clinical questionnaires (Wilson et al. 2015; Goldberg et al. 2017; Henry
et al. 2012). Future studies may incorporate tools more attuned to the inherent
benefits of EMA. With the vast amount of data available, machine learning algo-
rithms could be developed and trained to identify participants most likely to respond
to different therapies (Chekroud et al. 2016).

Adoption of EMA in tinnitus requires investment of time and resources on the
side of the researchers as well as the patients. To be effective tools, researchers
cannot expect unreasonable amounts of detail from patients and must have realistic
expectations of how data can be interpreted and used. It has been noted that even
with modern data collection technologies, there can still be significant burden on
both participants and the research team in EMA-based studies (Burke et al. 2017).
Ideally, there will exist a future where most EMA can be automated via biosensors,
and a few questionnaires will automatically capture data, which will be stored in a
centralized data repository, and analyzed in real time.

A cursory search using the terms “Ecological Momentary Assessment” and
“Tinnitus” using the NIH Research Portfolio Online Reporting Tool (RePORTER,
version 7.41.0) (Research Portfolio Online Reporting Tools (RePORT) 2020) yields
a single study funded from the beginning of 2019 through the time of this chapter’s
writing (May 2020). When the word “Tinnitus” is removed from that search criteria,
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the total number of grants is 374. Funding barriers in hearing research in general (and
tinnitus specifically) have always existed due to conflicting evidence and lack of a
clearly marketable product (McFerran et al. 2019). The good news is the trend for
funding is upward, and with the accumulation of promising data to support the
validity and effective use of EMA in tinnitus, we anticipate its broad acceptance.

6 Conclusion

EMA has made great strides as a relevant clinical research methodology. It has also
gained acceptance in many fields, most notably in psychiatry and psychology. The
initial proof-of-concept for EMA’s use in tinnitus has been completed, proving this is
a viable research methodology for the tinnitus patient population. The existence of
tools like the TYT smartphone application make data collection easier and method-
ology like ML-DSEM allows that data to be interpreted clearly. The tools are ready
to be used; we just need to use them.
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Abstract The lack of an objective measure of tinnitus has led to self-report ques-
tionnaires as the best option to evaluate tinnitus symptoms and quantify the degree to
which quality of life is negatively impacted. There are many tinnitus questionnaires
to choose from and it can be difficult to decide which one is best. From an evidence-
based perspective, knowing how the questionnaire is designed, including its
intended purpose, can help determine if it is appropriate or not to use. For example,
a questionnaire designed to screen for the presence or absence of tinnitus should not
be used as an outcome measure to answer questions about treatment effectiveness.
Often, using more than one questionnaire is preferable to relying on just one. This
chapter will review important factors to consider when selecting a questionnaire for
research purposes and/or routine clinical care.
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1 Introduction

1.1 Characteristics of Questionnaires

In his chapter “Psychometrics in Clinical Settings,” Dr. Hamilton Fairfax, a counsel-
ing psychologist, addresses two main principles underlying psychometric testing:
“One principal use of psychometrics clinically is to establish if a particular diagnosis,
problem or attribute is present in an individual at a given time. The second main aim
[principle] is to establish to what degree the person has the quality being tested.”
(Fairfax 2017). The first principle, applied to the focus of this chapter, translates to
diagnosing the presence or absence of tinnitus, including subtypes, and the second
principle addresses establishing the degree of tinnitus-related distress. These princi-
ples highlight the rationale for why questionnaires are used in research and clinical
practice. Specifically, questionnaires are measurement tools that can ascertain if
tinnitus is present and if so, quantify its effects. Because of the reliance on ques-
tionnaires, it is essential to use valid and reliable ones so that researchers and
clinicians have confidence in applying the results to answer scientific questions
and help patients make informed decisions as to the best course of action.

1.2 Item Wording and Measurement Scales

How a questionnaire’s items and instructions are worded influences a patient’s
response, as does the number and ordering of response options. Many tinnitus
questionnaires use verbal rating scales. Consistent with a patient-centered approach,
which emphasizes the need to focus on the patient’s perspective, individuals select a
rating associated with their level of distress for each question. There is often a trade-
off between the number of response options and the precision of the measurement,
such that fewer response options can result in a less precise measure. Also, if the
instructions and responses are too complex, reading level becomes a bigger factor
and there is an increased likelihood of the patient or research participant experienc-
ing fatigue. These factors highlight why it is important for clinicians and researchers
to verify their patients and/or participants understand the instructions and how they
are to respond to each item on a questionnaire.

Table 1 shows examples of instructions and response options for two question-
naires that use verbal rating scales. The first example is from the World Health
Organization Disability Assessment Schedule (WHODAS), a quality of life
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assessment tool that assesses six domains of functioning and has five response
options (Üstün et al. 2010). The second example is a question from the Hearing
Handicap Inventory for Adults, which, as its name suggests, assesses self-perceived
hearing handicap and has three response options (Newman et al. 1991). These two
non-tinnitus questionnaires were selected as examples so as not to show preference
of one tinnitus questionnaire over another. They are provided to demonstrate how
the wording of a questionnaire’s instructions and response options influence decision
making.

The three most commonly used rating scales are the verbal rating scale, numeric
rating scale, and visual analog scale. Visual analogue scales and numeric rating
scales are most commonly used to evaluate pain (Johnson 2005) and have been
adapted to evaluate tinnitus symptoms (see Fig. 1a, b). These scales are used in a
variety of ways, both as a means to gauge and document acute effects, such as
immediately following a therapeutic session, and to evaluate if benefit sustains, such
as a month after therapy has been completed. Meikle et al. (2008) reviewed the
strengths and weaknesses of using rating scales for tinnitus. Their main strengths are
that they are easy to administer and interpret; their main weakness is that they do not
have established criteria as to how much of a change is needed pre- vs. post-
intervention to be considered meaningful improvement (Meikle et al. 2008).

Standardized versions of visual analogue and numeric rating scales for tinnitus do
not exist. These measures are a perfect example of how the instructions given and
choice of anchors can influence the patient’s response. Consider how responses
might differ if asked to make a judgment based on “the last 3 days” compared to “at
this moment.”Another caveat to using these types of scales to rate aspects of tinnitus
is the uncertainty as to what exactly these instruments are “measuring” in terms of
tinnitus perceptions, such as loudness and pitch, versus reactions, meaning the
negative impact or effects of tinnitus, i.e., tinnitus-related distress (Henry 2016;
Theodoroff et al. 2017).

Table 1 Example of verbal scale instructions and response options: The World Health Organiza-
tion disability assessment schedule and hearing handicap for adults

Instructions Response options

WHODAS 2.0

This questionnaire asks about difficulties due to health conditions. Health
conditions include diseases or illnesses, other health problems that may be
short or long lasting, injuries, mental or emotional problems, and problems
with alcohol or drugs
Think back over the past 30 days and answer these questions, thinking about
how much difficulty you had doing the following activities. For each ques-
tion, please circle only one response

None
Mild
Moderate
Severe
Extreme, or
cannot do

Hearing handicap inventory for adults

The purpose of the scale is to identify the problems your hearing loss may be
causing you. Check Yes, Sometimes, or No for each question. Do not skip a
question if you avoid a situation because of your hearing problem

Yes
Sometimes
No
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Using self-reported measures is good practice, but it is important to remember
that bias is inherent in self-assessment, which influences judgments and responses.
Due to the subjective nature of tinnitus, a valid and reliable questionnaire offers a
means to determine from the patient’s point of view, if symptoms have improved or
worsened following an intervention. When evaluating treatment-related change,
because of the diversity in patients’ goals and expectations, it is essential to know
not only how much of a change matters, but also what kind of change is considered
important to the patient. It is imperative to have this knowledge prior to starting any
type of intervention or management approach to minimize the chances of a discon-
nect between patients’ and clinicians’ treatment expectations, which unfortunately
happens all too often (Husain et al. 2018).

How loud is your tinnitus?

On the scale below, please draw a vertical line indicating how loud your tinnitus has been
over the last 3 days.

Predominant Tinnitus

No Tinnitus Extremely Loud

A

How loud is your tinnitus?

On the scale below, please draw a vertical line to indicate the loudness of your tinnitus 
at this moment.

B

______________________________________________________________________________________

0            1             2             3             4             5             6          7           8             9          10

NO                                                                                                         VERY
TINNITUS                                                                                                                     LOUD

Fig. 1 (a and b) An example of a Visual Analogue Scale is provided in (a) and a Numeric Rating
Scale in (b)
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2 Psychometric Properties

Psychometric properties such as validity, reliability, interpretability, acceptability,
and responsiveness describe attributes of a measurement tool. Validity indicates how
well an instrument, such as a questionnaire, truly measures what it purports to
measure. There are multiple types of validity tests that all focus on how well an
instrument can measure the underlying construct of interest (Lohr 2002; Bolarinwa
2015). Reliability addresses to what degree the instrument’s result, such as the total
score, is free from measurement error and can be replicated. Two types of reliability
testing are (1) internal consistency and (2) test–retest reliability. Internal consistency
addresses the degree to which the questionnaire’s items all measure the same
underlying construct. This is typically determined by examining correlations
between the items. The most common test statistic used to evaluate this attribute is
Cronbach’s alpha, but other methods can be used to assess this type of reliability (for
a review, see McNeish 2018). Test–retest reliability addresses how well a question-
naire’s results are reproducible from one time point to another (Bolarinwa 2015).
This type of reliability examines the stability of the scores from the same individuals
across two time points; it evaluates how well a questionnaire yields the same
outcome, one that is not expected to vary from time point 1 to time point 2.

Any field that employs questionnaires needs to be concerned with the psycho-
metric characteristics of the instruments used for outcome assessments. Lohr
(2002) recommends evaluating health status and quality of life instruments using
a set of criteria recommended by the Medical Outcomes Trust Scientific Advisory
Committee (SAC). The SAC developed these criteria to serve as a guideline to
judge the quality of health status survey instruments, which includes tinnitus
questionnaires. Table 2 lists the eight attributes recommended by the SAC, which
are (1) conceptual and measurement model; (2) reliability; (3) validity; (4) respon-
siveness; (5) interpretability; (6) respondent and administrative burden; (7) alterna-
tive forms; and (8) cultural and language adaptations (translations). Lohr (2002)
goes on to stress:

An instrument that works well for one purpose or in one setting or population may not do so
when applied for another purpose or in another setting or population. The relative impor-
tance of the eight attributes may differ depending on the intended uses and applications
specified for the instrument. Instruments may, for instance, document the health status or
attitudes of individuals at a point in time, distinguish between two or more groups, assess
change over time among groups or individuals, predict future status, or some combinations
of these. Hence, the weight placed on one or another set of criteria may differ according to
the purposes claimed for the instrument. (Lohr 2002, p. 197).

Overall, these criteria can guide researchers and clinicians to find the appropriate
questionnaire to accomplish their respective aims and goals, such as testing research
hypotheses or conducting a needs assessment for a tinnitus patient. The following
sections address how to select among questionnaires if the intended use is for
evaluation and assessment or quantifying improvement in symptoms following an
intervention (i.e., outcome).
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Table 2 Attributes and criteria for reviewing questionnaires

Attribute Review criteria

1. Conceptual and measurement model
The rationale for and description of the
concept and the populations that a measure
is intended to assess and the relationship
between these concepts

• Concept to be measured
• Conceptual and empirical bases for item content
and combinations
• Target population involvement in content deriva-
tion
• Information on dimensionality and distinctiveness
of scales
• Evidence of scale variability
• Intended level of measurement
• Rationale for deriving scale scores

2. Reliability
The degree to which an instrument is free
from random error
Internal consistency
The precision of a scale based on the
homogeneity (intercorrelations) of the
scale’s items at one point in time
Reproducibility
Stability of an instrument over time (test–
retest) and inter-rater agreement at one
point in time

Internal consistency
• Methods to collect reliability data
• Reliability estimates and standard errors for all

score elements (classical test) or standard error of
the mean over the range of scale and marginal reli-
ability of each scale (modern IRT)
• Data to calculate reliability coefficients or actual

calculations of reliability coefficients
• Above data for each major population of inter-

est, if necessary
Reproducibility
• Methods employed to collect reproducibility

data
•Well-argued rational to support the design of the

study and the interval between first and subsequent
administration to support the assumption that the
population is stable
• Information on test–retest reliability and inter-

rater reliability based on intraclass correlation coef-
ficients
• Information on the comparability of the item

parameter estimates and on measurement precision
over repeated administrations

3. Validity
The degree to which the instrument mea-
sures what it purports to measure
Content-related: Evidence that the domain
of an instrument is appropriate relative to
its intended use
Construct-related: Evidence that supports
a proposed interpretation of scores based
on theoretical implications associated with
the constructs being measured
Criterion-related: Evidence that shows the
extent to which scores of the instrument
are related to a criterion measure

• Rationale supporting the particular mix of evi-
dence presented for the intended uses
• Clear description of the methods employed to

collect validity data
• Composition of the sample used to examine

validity (in detail)
•Above data for each major population of interest
• Hypothesis tested and data relating to the tests
• Clear rationale and support for the choice of

criteria measures

4. Responsiveness
An instrument’s ability to detect change
over time

• Evidence on the changes in scores of the
instrument
• Longitudinal data that compare a group that is

expected to change with a group that is expected to
remain stable

(continued)
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Table 2 (continued)

Attribute Review criteria

• Population(s) on which responsiveness has been
tested, including the time intervals of assessment,
the interventions or measures involved in evaluating
change, and the populations assumed to be stable

5. Interpretability
The degree to which one can assign easily
understood meaning to an instrument’s
quantitative scores

• Rationale for selection of external criteria of
populations for purposes of comparison and inter-
pretability of data
• Information regarding the ways in which data

from the instrument should be reported and
displayed
• Meaningful “benchmarks” to facilitate interpre-

tation of the scores

6. Burden
The time, effort, and other demands placed
on those to whom the instrument is
administered (respondent burden) or on
those who administer the instrument
(administrative burden)

Respondent burden
• Information on: (a) average and range of the

time needed to complete the instrument, (b) reading
and comprehension level, and (c) any special
requirements or requests made of respondent
• Evidence that the instrument places no undue

physical or emotional strain on the respondent
• When or under what circumstances the instru-

ment is not suitable for respondents
Administrative burden
• Information about any resources required for

administration of the instrument
• Average time and range of time required of a

trained interviewer to administer the instrument in
face-to-face interviews, by telephone, or with
computer-assisted formats
• Amount of training and level of education or

professional expertise and experience needed by
administrative staff

7. Alternative modes of administration
These include self-report, interviewer-
administered, trained observer rating,
computer-assisted interviewer-adminis-
tered, performance-based measures

• Evidence on reliability, validity, responsiveness,
interpretability, and burden for each mode of
administration
• Information on the comparability of alternative

modes

8. Cultural and language adaptations or
translations
Involves two primary steps:
1. Assessment of conceptual and lin-

guistic equivalence
2. Evaluation of measurement

properties

• Methods to achieve conceptual equivalence
• Methods to achieve linguistic equivalence
• Any significant differences between the original

and translated versions
• How inconsistencies were reconciled

Lohr (2002) specifies that developers are expected to provide definitions, descriptions, explana-
tions, and/or empirical information. Adapted with permission from Lohr, KN. Assessing health
status and quality-of-life instruments: Attributes and review criteria, Qual Life Res, 2002, 11:193–
205. Table 1, pp. 196–197
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3 Assessment

3.1 Tinnitus Case History

When considering which instrument to use for an intake history, clinical practice
guidelines recommend asking questions to determine what type of tinnitus the
patient has. Again, there is no standardized questionnaire for this purpose, but
there are published recommendations to assist the clinician and researcher in this
endeavor (e.g., Tinnitus Sample Case History Questionnaire, see Langguth et al.
2007; Somatosensory Tinnitus, see Michiels et al. 2018). Identifying and character-
izing tinnitus subtypes and symptoms provide the clinician or researcher essential
information to develop an appropriate treatment plan, which many times warrants
taking an interprofessional approach (Newman and Sandridge 2016).

For example, at this stage in the evaluation process, the clinician can learn what, if
any, triggers exist that exacerbate or improve the patient’s tinnitus. If patients report
that jaw movements change their tinnitus, referral to a dentist would be appropriate
to determine the possibility of comorbid temporomandibular joint dysfunction.
Other examples that might lead to taking an interprofessional approach include
reports of headaches exacerbating a patient’s tinnitus, which might lead to a neurol-
ogy consult and reports of stress or anxiety associated with tinnitus-distress, which
could lead to engaging a mental health professional in the care of the patient. When
taking an interprofessional approach, it is helpful to know which specific screening
tools your health care collaborators prefer. Using these tools, such as to screen for
depression or anxiety, will greatly assist in this process of knowing when it is
appropriate to involve other health professionals in the care of tinnitus patients.

Many patients with tinnitus have comorbid hearing loss. In these instances,
communication difficulties are often misattributed to be due solely because of the
tinnitus rather than the hearing loss, e.g., “I can’t hear you because of my tinnitus.”
Tinnitus-related problems are often intertwined with other auditory-related issues,
making it difficult for the patient to disentangle tinnitus-related problems from
hearing-related problems. Because of this, Henry et al. (2015) developed the Tinni-
tus and Hearing Survey. This brief and easy to administer questionnaire is validated
to differentiate tinnitus-related problems from hearing-related problems. The Tinni-
tus and Hearing Survey is an excellent counseling tool that can be used as part of the
needs assessment to evaluate and discuss with the patient whether tinnitus and/or
hearing problems are impacting aspects of daily life.

3.2 Performing a Needs Assessment

The concept of performing a needs assessment to understand the patient’s experience
and satisfaction with treatment is not new and is routinely used in mental health and
other medical fields (Davidson et al. 2004). A needs assessment provides valuable
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insight into the patient’s perspective regarding how their tinnitus impacts their daily
functioning as well as their motivation and readiness to accomplish the goals of
treatment. Evaluating self-efficacy is often included as part of the needs assessment.
Smith and Fagelson (2011) developed the Self-Efficacy for Tinnitus Management
Questionnaire (SETMQ). The SETMQ is a valid and reliable questionnaire that can
be used to determine how confident the patient or research participant is in managing
their tinnitus in terms of: (1) routine tinnitus management; (2) emotional response;
(3) internal thoughts and interactions with others; (4) tinnitus concepts; and (5) using
devices.

Other questionnaires that are available for needs assessment include the Sound
Therapy Option Profile (STOP; Newman and Sandridge 2006), the Tinnitus Activ-
ities Questionnaire (TAQ; Tyler et al. 2007), and the Client Oriented Scale of
Improvement in Tinnitus (COSIT; Searchfield 2019). The COSIT fosters a collab-
orative relationship between the clinician and patient in that it is an open-ended
questionnaire used pre-therapy to ascertain patient-specific priorities related to goals
and treatment expectations. It is also used post-therapy to determine to what degree
the patient’s goals were met by having the patient answer these two questions:
(1) “With the tinnitus therapy, my tinnitus is. . .” worse; no different; slightly better;
better; much better; and (2) “I am annoyed by my tinnitus. . .” almost always; most of
the time; half the time; occasionally; hardly ever.

3.3 Screening Tools and Outcome Measures

An outcome measure is distinguished from a screening tool in that it was designed to
identify treatment-related change associated with an intervention, which is the
psychometric property known as responsiveness. Hall et al. make the distinction
between an outcome domain and outcome measure by stating: “First, the outcome
domain refers to any aspect of that condition which matters most to patients and
clinicians, such as tinnitus intrusiveness, sense of control, or impact on work.
Second, the outcome instrument refers to how that domain is to be measured.”
(Hall et al. 2018, p. 2). When selecting an outcome instrument, it is important to
keep these concepts in mind.

In the last two to three decades, numerous tinnitus questionnaires have been
developed for screening and/or outcome purposes in various countries and lan-
guages. Widely used ones include the Tinnitus Questionnaire (TQ; Hallam et al.
1984), Tinnitus Handicap Questionnaire (THQ; Kuk et al. 1990), Tinnitus Reaction
Questionnaire (TRQ; Wilson et al. 1991), Tinnitus Handicap Inventory (THI;
Newman et al. 1996), Tinnitus Functional Index (TFI; Meikle et al. 2012), and the
Tinnitus Primary Function Questionnaire (TPFQ; Tyler et al. 2014). Each of these
questionnaires has strengths and weaknesses, like all self-reported instruments. To
determine which questionnaire to use for screening purposes or outcome assessment,
it is recommended to become familiar with how the questionnaire was developed,
paying close attention to if its results will be meaningful for your patient population
and intended purpose (i.e., screening tool vs. outcome measure).
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To aid in the decision-making process, Greenhalgh et al. (1998) created a
checklist to facilitate comparing different questionnaires. The checklist provides a
systematic method to evaluate and compare instruments in the following seven
areas: (1) purpose; (2) background; (3) description; (4) user-centeredness, which is
the extent that an instrument captures the desired outcomes from the viewpoint of
multiple stakeholders; (5) psychometrics; (6) feasibility; and (7) utility. Checklists
for the common tinnitus questionnaires mentioned above are found in Tables 3, 4, 5,
6, 7, and 8. References are included so that additional information, such as the
population used to develop the questionnaire, can be found.

To determine how well results on a questionnaire will generalize to your patient
population, it is important to know the population that was sampled from to establish
its validity and reliability. This information is typically found in the Methods section
of the publication about the questionnaire’s development. How were the individuals
recruited? Were they selected from a group of treatment-seeking patients with
tinnitus? Were they native speakers of the language used in the questionnaire?
Was the sample drawn from native speakers of the language used in the question-
naire? When a questionnaire is translated into different languages, it is important to
verify that appropriate cultural and language adaptations are made. This point is

Table 3 Greenhalgh et al. (1998) checklist – Tinnitus Questionnaire (TQ)

Purpose Meet the need for a tinnitus-specific psychological measure; developed to
evaluate tinnitus-related reactions, specifically annoyance and emotional
distress

Description 52-item questionnaire; only 41 of the 52 are included in the scoring
Total score depends on how many items included; could be scored 0–84 or
0–104
Response options: True, Partly True, or Not True; point value 0, 1, 2 is
determined by each question and certain items are reversed scored; higher value
indicates presence of complaint often indicated by a response of “true”
Five domains: (1) Emotional distress; (2) Auditory perceptual difficulties;
(3) Intrusiveness; (4) Sleep disturbance; (5) Somatic complaints

User-
centeredness

Developed over the course of a few years at the Royal National Throat Nose and
Ear Hospital in London to evaluate psychological interventions for tinnitus (e.g.,
Cognitive Behavioral Therapy); many of the questions designed to ask about
patients’ beliefs and emotional distress

Psychometrics The psychometric properties of the TQ have been extensively tested and show
the TQ is a valid and reliable instrument

Feasibility Self-administered
Takes approximately 15–20 min to complete

Clinical utility The TQ is used in a wide variety of research and clinical settings
Some questions are reversed scored

Other
comments

Recommended scoring is based on clinical populations
Shortened TQ (33-items) available for clinical purposes, not recommended for
research purposes

Sources Hallam et al. (1984, 1988); Henry and Wilson (1998); Jacquemin et al. (2019)
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Table 4 Greenhalgh et al. (1998) checklist – Tinnitus Handicap Questionnaire (THQ)

Purpose Meet the need for an instrument to reliably measure a patient’s perceived
handicap attributed to tinnitus

Description 27-item questionnaire
Total score calculated as average score based on all items; higher score reflects
increased tinnitus handicap
Response options: 0 (disagree) to 100 (strongly agree)
Three domains/factors: (1a) Physical health; (1b) Emotional status; (1c) Social
consequences of tinnitus; (2) Hearing difficulties associated with tinnitus;
(3) Patient’s views related to tinnitus

User-
centeredness

Developed in two phases:
Phase 1 involved item development
Phase 2 determines psychometric properties of questionnaire items developed
during phase 1 in a clinical population

Psychometrics The psychometric properties of the THQ reported in Kuk et al. (1990) show it to
be a valid and reliable instrument
Only Factors 1 and 2 were established as reliable for comparison with normative
data

Feasibility Self-administered

Clinical utility The THQ is used in research and clinical settings

Other
comments

Recommended scoring is based on clinical populations
Shortened version available for clinical purposes, not recommended for research
purposes

Source Kuk et al. (1990)

Table 5 Greenhalgh et al. (1998) checklist – Tinnitus Reaction Questionnaire (TRQ)

Purpose Meet the need to evaluate psychological distress associated with tinnitus

Description 26-item questionnaire
Total score 0–104
Response options: 5-point scale (scored 0–4) “not at all”; “a little of the time”;
“some of the time”; “a good deal of the time”; “almost all of the time”

User-
centeredness

Developed using three clinical populations
Factor analysis grouped items into the following domains: (1) General distress;
(2) Interference; (3) Severity; and (4) Avoidance; 4-factor analysis revealed
small degree of variance; majority of variance accounted for by factor 1 (Gen-
eral distress)

Psychometrics The psychometric properties of the TRQ reported in Wilson et al. (1991) show it
to be a valid and reliable instrument with moderate to high correlations with
measures of depression and anxiety

Feasibility Self-administered

Clinical utility The TRQ is used in both research and clinical settings
Some questions are reversed scored

Other
comments

Recommended scoring is based on clinical populations
Shortened version available for clinical purposes, not recommended for research
purposes

Source Wilson et al. (1991)
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emphasized in #8 of Table 2, which notes this process involves two primary steps:
(1) assessment of conceptual and linguistic equivalence and (2) evaluation of
measurement properties. When reading articles about questionnaires that were
translated into another language, the methods should address steps taken to achieve
conceptual equivalence, linguistic equivalence, and how inconsistencies for any
significant differences between the original and translated versions were reconciled
(Lohr 2002).

There is no consensus on which questionnaire(s) to use to evaluate tinnitus
treatment effectiveness. Lack of agreement makes comparison of the same treatment
across clinics and/or research groups challenging. The need for standardized out-
comes has been discussed for over a decade, but due to the complexity of the issue,
widespread agreement does not exist as to which questionnaires to use for research
studies or clinical purposes, nor whether or not new questionnaires should be
developed to address this need (Meikle et al. 2008; Williamson et al. 2012; Hall
et al. 2018).

Regardless of which questionnaires are used, as mentioned earlier, there are
multiple sources of bias inherent in self-reported outcomes. Consequently, results
can be influenced by a variety of factors including non-tinnitus health concerns such
as hearing loss, insomnia, post-traumatic stress disorder, memory issues, and so
on. Therefore, when making decisions based on questionnaire data for a patient, it is
helpful to keep these influential factors and other sources of measurement error
in mind.

Table 6 Greenhalgh et al. (1998) checklist – Tinnitus Handicap Inventory (THI)

Purpose Meet the need to have a quick, easy to administer and interpret self-reported
measure of tinnitus handicap

Description 25-item questionnaire
Total score 0–100
Three response options: No (0); Sometimes (2); Yes (4)
Three domains: (1) Functional; (2) Emotional; (3) Catastrophic

User-
centeredness

Developed in two Phases:
Phase I: Item development
Phase 2: Tested the validity and reliability of the THI using two different tinnitus
patient populations, civilian tinnitus patients and United States Veterans with
tinnitus

Psychometrics The psychometric properties of the THI have been extensively tested and show
the THI is a valid and reliable instrument

Feasibility Self-administered
Takes approximately 10–15 min to complete
The questions are easy to understand

Clinical utility The THI is used in a wide variety of research and clinical settings

Other
comments

Recommended scoring is based on clinical populations
Provides an overall score of tinnitus-related distress
12-item screening version available

Sources Newman et al. (1996, 2008); Kamalski et al. (2010)
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3.4 Permission for Use

Prior to using a questionnaire for clinical or research purposes, it is necessary to
contact whomever holds the questionnaire’s license and obtain permission for its
use. The license grants you the right to use the print or electronic version and will
specify if the permission is for commercial or non-commercial uses, as well as for
clinical or research purposes. It is important to note that obtaining a license to use a
questionnaire in one language is not transferable to the same questionnaire in a
different language, which usually requires a separate agreement.

Table 7 Greenhalgh et al. (1998) checklist – Tinnitus Functional Index (TFI)

Purpose Meet the need to have a tinnitus questionnaire sensitive to treatment-related
change (i.e., responsiveness)

Description 25-item questionnaire
Total score 0–100
Likert-type scale for each item (0–10)
Eight subscales/domains: (1) Intrusiveness; (2) Sense of Control; (3) Cognitive;
(4) Sleep; (5) Auditory; (6) Relaxation; (7) Quality of life; (8) Emotional

User-
centeredness

Phase 1: Panel of 17 experts formed to review nine widely used questionnaires;
panel members identified domains of tinnitus distress and items most likely to be
responsive to treatment effects
Phase 2: Clinical evaluation of questionnaire (Prototype 1) tested at five clinics
to determine construct validity of instrument; patients provided follow-up data
at 3- and 6-months post-treatment
Phase 3: A priori criteria were used to construct next version of TFI (Prototype
2), which was tested at four clinics, including patients who provided follow-up
data at 3- and 6-months post-treatment
Phase 4: Results synthesized and used to create final version of TFI

Psychometrics The psychometric properties of the TFI have been extensively tested and show
the TFI is a valid and reliable instrument to evaluate treatment responsiveness;
provides a measure of clinically important change

Feasibility Self-administered
Takes approximately 10–15 min to complete
The questions are easy to understand

Clinical utility The TFI is used in a wide variety of research and clinical settings

Other
comments

Recommended scoring is based on clinical populations
Provides an overall score of tinnitus-related distress and individual subscale
scores
Research-based guidelines established to determine bothersome
tinnitus vs. non-bothersome as well as degree of tinnitus impact: “not a prob-
lem”; “small problem”; “moderate problem”; “big problem”; “very big
problem”

Sources Meikle et al. (2012); Henry et al. (2016); Jacquemin et al. (2019)
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4 Summary

Questionnaires are useful tools to evaluate patients’ needs and engage them to
actively participate in the decision-making process regarding their health care
(Theodoroff and Saunders 2019). A critical first step, regardless if the intended use
is for research or clinical purposes, is to verify the appropriateness of the selected
questionnaire for its intended purpose. This chapter has outlined suggested criteria
that can be used to guide researchers and clinicians in this endeavor. Additional help
to compare commonly used tinnitus questionnaires is provided in the form of
checklists following the recommendations of Greenhalgh et al. (1998).

Due to the heterogeneity of tinnitus and the fact that individual differences in
tinnitus attributes and severity greatly impact what is considered “bothersome,”
interpreting tinnitus questionnaire scores is not always straightforward. Administer-
ing more than one questionnaire can help gain insight into what domains of
functioning are negatively impacted and what health services are most appropriate
to pursue to best meet the needs of patient care or the research objectives.
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Table 8 Greenhalgh et al. (1998) checklist – Tinnitus Primary Function Questionnaire (TPFQ)

Purpose Meet the need to evaluate primary activities of a patient’s life impacted by
tinnitus

Description 12-item questionnaire
Total score 0–100; calculated from average of each subscale summed and then
divided by 4
Response options: 0 (completely disagree) to 100 (completely agree)
Four domains: (1) Emotion; (2) Hearing; (3) Sleep; (4) Concentration

User-
centeredness

Developed in two phases:
Phase 1 first version “Tinnitus Activities Questionnaire” 20-items
Phase 2 shortened to 12-items

Psychometrics The psychometric properties of the TPFQ reported in Tyler et al. (2014) show it
to be a valid and reliable instrument

Feasibility Self-administered
Takes approximately 5–10 min to complete

Clinical utility The TPFQ is used in research and clinical settings

Other
comments

Recommended score based on clinical population
Can use 20-item or 12-item version (subset of 20-items)

Source Tyler et al. (2014)
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Abstract Tinnitus, the perception of sound in the absence of a physical sound in the
environment, is highly heterogeneous. It varies in its etiology, characteristics, and
impact on an individual’s life. The sound is commonly described as “ringing,”
“buzzing,” “crickets,” “hissing,” “humming.” Tinnitus can be acute or chronic,
mild or disabling. It can be perceived unilaterally or, more commonly, bilaterally.
The sound and its location differ from person to person and fluctuate in the same
individual over a certain period of time. This heterogeneity in characterization has
important implications for research and clinical practice. Identifying patterns in how
tinnitus sounds and its relationship to hearing may aid in identifying different forms
of tinnitus and revealing their underlying mechanisms. However, the subjective
nature of characterizing tinnitus makes it difficult to reliably define and measure.
This chapter will focus on reviewing the psychoacoustic assessment of tinnitus, its
relationship to cognitive and behavioral aspects of tinnitus, and its
neuropathophysiology. In particular, it will describe the heterogeneity of tinnitus
and tinnitus matching, and how individual variability in measures may be used to
guide treatment and as a prognostic factor.

Keywords Assessment · Loudness · Masking · Pitch · Psychoacoustic · Tinnitus

1 Introduction

1.1 Overview of Clinical Characteristics of Tinnitus

It is important to evaluate and quantify tinnitus so as to understand its mechanisms
and possible means of treatment (Henry et al. 2004). Psychoacoustic measurements
have been obtained primarily for two reasons: (1) to define the auditory features
related to how it is perceived by the patient and (2) to define to what degree external
sounds have an effect on the tinnitus (Henry 2016). There is now increasing interest
in how psychoacoustic measures can inform treatment and serve as prognostic tools.
Pitch and loudness measurements aid in determining the auditory attributes of
tinnitus, while masking and residual inhibition effects reveal how a patient’s tinnitus
behaves following the application of an external sound (Henry 2016). In addition to
characterizing the auditory features of tinnitus and its response to auditory stimuli,
conducting psychoacoustic measurements is important for a number of secondary
reasons: (1) to understand the underlying etiology and mechanisms of tinnitus, (2) to
be able to replicate the patient’s tinnitus and demonstrate its characteristics and
features to both the patient and their family, (3) to reassure the patient and their
family that the tinnitus is real, (4) to explore management options and select the
treatment most beneficial to an individual patient, (5) to monitor any changes in the
tinnitus and its perception, (6) to determine if a patient is likely to benefit from a
certain type of treatment, (7) to determine the effects of treatment on tinnitus and its
perception, (8) to reproduce the patients tinnitus for use in treatments such as sound
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therapy, (9) to aid in the exploration and characterization of different tinnitus sub-
categories, and (10) to assist in legal issues (Henry et al. 2004; Henry et al. 2013;
Manning et al. 2019; Moore 2014; Nageris et al. 2010; Ristovska et al. 2019; Sandlin
and Olsson 1999; Schechter and Henry 2002; Switalski and Sanchez 2019; Tyler
2000; Vernon 2000).

Tinnitus has traditionally been classified as being one of the two general types:
(1) the rare objective type (somatosounds) generated as an acoustic signal located in
the head or neck as a result of muscular, skeletal, respiratory, or vascular irregular-
ities/disturbances or (2) the more common subjective type (true tinnitus) thought to
arise within the auditory and non-auditory pathways as a result of lesion-induced
reactive neural plasticity (Douek 1981; Henry 2016). This review is focused on
subjective tinnitus.

Patients describe their tinnitus percept in a number of ways: most commonly as a
ringing or hissing sensation, but in some cases as more complex sounds such as
crickets and even music (Table 1). It is not uncommon for patients to report hearing
more than one sound (together or separately) and/or complex sounds (Douek 1981;
Meikle and Taylor-Walsh 1984; Tyler 2000). For example, some individuals might
experience a high-pitched whistle and low-pitched “ocean waves” in the same ear,

Table 1 Patients’ descriptions of their tinnitus percept. Responses were obtained from the OHSU
Tinnitus Clinic Database 1981–1994 (n ¼ 1,625) and Stouffer and Tyler (1990) (n ¼ 528)

Sound
OHSU tinnitus clinic 1981–1994 % of
responses

Stouffer and Tyler (1990) % of
responses

Ringing 56.9 37.5

Hissing 19.5 7.8

Clear tone 17.3 –

High tension
wire

14.2 –

Buzzing 12.0 11.2

Sizzling 7.6 –

Transformer
noise

7.1 –

Crickets, insects 6.2 8.5

Pulsating 6.0 3.8

Whistle 6.0 6.6

Hum 6.0 5.3

Roaring 4.8 4.5

Pounding 1.1 0.4

Clicking 0.5 0.6

Music/musical
note

0.4 4.2

Other 21.9 9.8

OHSU ¼ Oregon Health and Science University. OHSU data reflects all patients regardless of
number of predominant sounds reported and amounts to a total value greater than 100% as patients
were permitted to provide multiple responses (Meikle et al. 2004)
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with perhaps one of the sounds fluctuating while the other is continuous (Tyler
2000), or may describe their tinnitus as sounding like music (Vanneste et al. 2013).
Further, tinnitus can have multiple and/or variable localizations, being perceived in
the ear (s) or frequently in various locations in/or around the head (Meikle and
Taylor-Walsh 1984; Tyler 2000).

1.2 The Historic Foundations of Tinnitus Matching

Psychoacoustics is the study of the perception of sound and can trace its roots to
Aristotle and later Leonardo De Vinci. However our understanding of psychoacous-
tics has accelerated with the development of telecommunications (Yost 2015). The
history of tinnitus assessment has followed a similar trajectory (Stephens 1984). In
the early nineteenth century, French physician Jean Marie Itard outlined early
attempts at describing tinnitus masking, including piercing a tiny hole in a water-
filled vase and letting the water trickle into a large copper bowl of the same capacity,
burning greener or slightly damp firewood, and even advising tinnitus sufferers to
take up residence near a water mill (J.M.G. Itard, quoted in Stephens 1984). As early
as 1903, Spaulding acknowledged the advantages of matching a patient’s tinnitus to
musical notes of the same pitch. His approach included playing musical scales on his
violin and instructing patients to indicate when they felt a note best-matched the
pitch of their perceived tinnitus (Spaulding 1903). Spaulding was one of the first
along with Josephson (1931) to identify and shed light on the temporary suppression
of tinnitus following sound, known as residual inhibition (Vernon and Fenwick
1984). Building on Spaulding’s work, Josephson (1931) designed a method for the
measurement of both tinnitus pitch and “intensity.” For the evaluation of tinnitus
pitch, he employed a pure-tone pitch-matching method in which the pitch of the
tinnitus was estimated by stimulation over a range of frequencies. Throughout his
masking experiments, Josephson noted that tinnitus did not appear to behave as an
external sound. If it did, a summation of the tinnitus and pitch-matched sound
loudness would have been observed, instead masking occurred (Josephson 1931).
According to his methods, the “intensity” of tinnitus could be measured by defining
the difference between the threshold of the superimposed sound as compared to the
normal hearing threshold at that frequency (Josephson 1931). The pure-tone method
was also implemented by Wegel (1931), who used measurements of pitch and
loudness to construct masking curves of tinnitus. The work of these researchers
both set the scene and laid the foundation for the more detailed investigations that
were to follow. Pivotal contributions to tinnitus measurement were made mid-last
century by Edmund Prince Fowler, the first researcher to determine tinnitus loudness
in dB sensation level (dB SL) by balancing the tinnitus loudness in one ear with the
loudness of a tone in the contralateral ear (Fowler 1936, 1937). Fowler emphasized
the importance of psychoacoustic measurements in defining the spectral character-
istics of tinnitus. He also considered the possibility that features such as tinnitus tone,
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frequency, intermittency (or conversely constancy), and reaction to masking and
environmental noise might suggest different etiologies and site of lesion (Fowler
1940). Fowler described methods of pitch and loudness matching that are compara-
ble to what is being used in clinics and research today. He also identified many of the
issues and limitations of psychoacoustic measures that clinicians and researchers still
remain mindful of when assessing patients.

Goodhill (1952) believed that the validity with which patients described their
tinnitus depended to a great degree on their knowledge of musical terms, having
observed that a number of his patients had difficulties with defining their tinnitus.
Reed (1960) conducted the first large-scale tinnitus study, using audiometric testing
to evaluate the spectral features of tinnitus in 200 patients. Instead of applying the
tinnitus measurement techniques available (such as those described by Fowler and
others), he chose to develop his own method for matching tinnitus “frequency,
content, and loudness,” commenting on the inability to replicate the methods of
others due to the lack of sufficient detail provided. In addition to defining the
localization, intermittency (or conversely constancy), degree of hearing loss,
description of tinnitus sound, frequency, and loudness, Reed (1960) also noted
that the severity of a patient’s tinnitus did not appear to be correlated with any of
the psychoacoustic measures (central frequency, bandwidth, or loudness). Further-
more, he advised that tinnitus without a degree of hearing loss is rare, occurring in
only 7.5% of tinnitus cases. Exploring tinnitus and hearing loss in more depth,
Graham and Newby (1962) assessed the characteristics of tinnitus in four different
groups of patients; those with normal hearing sensitivity, sensorineural hearing loss,
conductive hearing loss, and mixed sensorineural-conductive hearing loss. The
study found that the pitch matches for patients with conductive hearing loss were
significantly lower in frequency than for patients in the other two hearing loss
groups. Graham and Newby (1962) suggested that this might reflect an underlying
mechanism for the generation of tinnitus in patients with conductive hearing loss that
is distinct from that experienced by patients with other types of hearing loss.

The first systematic evaluation of tinnitus masking was conducted by Feldmann
(1971), who investigated the effect that sounds of certain frequencies had on the
tinnitus sensation of 200 patients. Feldmann (1971) noted that sound-on-sound
masking generates five different masking patterns (see The Minimum Masking
Level section): one similar to sound-on-sound masking in which the closer the
frequency of the masker is to the frequency of the tone being masked, the lower
the intensity required to mask it. The others did not follow conventional sound-on-
sound masking principles (Feldmann 1971).

Forty years ago efforts were made at a Ciba Foundation Conference in London to
promote the standardization of tinnitus characterization procedures, advocating for
the routine measurement of four features of tinnitus deemed crucial to its evaluation,
namely tinnitus pitch and loudness, the maskability of tinnitus (ability of an external
sound to conceal the tinnitus), and residual inhibition (reduction or complete elim-
ination of the perception of tinnitus following auditory stimulation) (Evered and
Lawrenson 1981). Working closely with the Ciba Symposium, Vernon and Meikle
(1981) designed a protocol detailing the methods for conducting these four
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measurements. However, despite these efforts, standardized methods have not been
adopted universally (Henry et al. 2004). The absence of standardization presents
severe limitations to the obtainment of valid and reliable psychoacoustic measure-
ments. It also prevents the collation, comparison, and interpretation of data across
clinics and research laboratories on a global scale, in turn impeding progress in the
field of tinnitus research.

2 Psychoacoustic Measures: Pitch

Pitch is the perceptual equivalent of the frequency of sound. Pitch matching of
tinnitus is a fundamental psychoacoustic measure in most clinical or research
assessment protocols. This section will consider the values and shortcomings of
different measures of tinnitus pitch. Pitch measures:

• Aid in characterizing the perceived tinnitus and can be used as a reference point
(useful for monitoring changes in tinnitus, especially during treatment).

• Help/support the clinician in determining an optimal route of treatment for a
particular patient.

• Aid in the selection and fitting process for acoustic instrumentation and sound
therapy.

• Form a critical component for establishing and implementing therapeutic
masking for tinnitus.

• Contribute to our understanding of tinnitus including its origin and etiology by
allowing interindividual comparisons to be made, focusing on patients who
experience different tinnitus frequencies, have hearing loss in addition to their
tinnitus, or an altogether different comorbidity (Kim et al. 2017; Nageris et al.
2010; Switalski and Sanchez 2019).

2.1 Methodologies of Tinnitus Pitch Matching

2.1.1 Test Ear

The ear chosen for the test stimuli is important as it can influence the results of pitch
matching and in turn the final tinnitus-matched frequency (Tyler 2000). If the tone is
presented to the same ear where the tinnitus is heard (i.e. ipsilaterally), then the tone
could affect the tinnitus perception in some way. Alternatively, if it is presented in
the ear opposite to that where the tinnitus is heard (i.e. contralaterally), there is a risk
of binaural diplacusis occurring, giving rise to inaccurate pitch matching (Tyler
2000). If the tester/investigator chooses to present the tone binaurally, the patient
might experience confounding by both of these effects, in turn finding it hard to not
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only define their perceived tinnitus, but do so accurately and reliably from trial
to trial.

A number of researchers suggest ipsilateral sound presentation, primarily to avoid
any effects of binaural diplacusis. Though the majority of patients have bilateral
tinnitus (Meikle and Taylor-Walsh 1984), recommendations have been made to
conduct monaural ipsilateral testing in each ear separately (if they are found to
differ), making sure to perform at least seven replications, with the examiner noting
down the test ear each time (Tyler and Conrad-Armes 1983a; Vernon and Fenwick
1984). Conversely, there are also those who stand in support of contralateral test tone
presentation, maintaining that it is less confusing for patients during pitch-matching
procedures to have the tone presented in the ear that is free from distracting sound
sensations (Evered and Lawrenson 1981; Sandlin and Olsson 1999).

In most cases it simply does not matter which ear the sound is presented to
(Baguley et al. 2013; Vernon and Fenwick 1984). The best procedure is to play a test
tone to the patient separately in each ear and allow them to decide for themselves
which ear they would like to have the tones presented (see Vernon and Fenwick
1984). In the case that they feel more comfortable with the tones being presented to
the contralateral ear, it is recommended that the examiner repeats the final
pitch-match tone on the ipsilateral side to account for possible diplacusis-related
complications and ensure that the tinnitus-matched frequency established in the
contralateral ear also holds for the ipsilateral ear (Vernon and Fenwick 1984). An
alternative approach, advocated when there are hearing asymmetries, is to choose the
better hearing ear; this is likely to have least disruption of tonotopicity, frequency
resolution, and less complications related to cochlear recruitment.

2.1.2 Matching Method

Numerous methods of pitch matching have been developed and tested, with varying
levels of success. These methods include, but are not limited to, the adjustment,
limits, and adaptive methods (Tyler and Conrad-Armes 1983a), 2-alternative forced-
choice (2AFC) method (Vernon and Fenwick 1984), binary-2AFC (Henry et al.
2001), forced-choice double-staircase (FCDS) technique (Penner and Bilger 1992;
Penner and Klafter 1992), heptatonic scale (Ohsaki et al. 1990), subject-guided
procedure (Henry et al. 2004), and tinnitus likeness ratings (also known as tinnitus
spectrum measurements) (Norena et al. 2002; Roberts et al. 2006) (see Table 2).

Tyler and Conrad-Armes (1983a) were among the first to investigate psycho-
acoustic measures, developing three methods (adjustment, limits, and adaptive) and
evaluating their ability to define the pitch and loudness of tinnitus for ten partici-
pants. The adaptive and limits methods share a similar protocol, while the method of
adjustment differs primarily in that it is patient-guided; the patient “adjusts” the main
frequency dial of a pulsed-tone oscillator to localize the frequency most representa-
tive of their tinnitus, before making further adjustments using a fine-control dial to
more precisely define and finalize their tinnitus frequency (Tyler and Conrad-Armes
1983a). Although the methods varied in their respective protocols, no significant
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Table 2 Summary of methods used to characterize and evaluate tinnitus pitch

Method

Studies
using this
method,
number of
participants
(n) Protocol

Test ear (to which
sound is presented
to) General comments

Conventional
single-tone
pitch
matching
(2AFC)

Vernon and
Fenwick
(1984),
n ¼ review

A tinnitus synthe-
sizer is used to pre-
sent two loudness-
matched tones sepa-
rated by 1,000 Hz in
an alternating man-
ner so that each tone
is heard four to five
times. The subject is
instructed to choose
which of the two
tones is most like
their tinnitus. This is
done using a
bracketing approach
(in which the
patient’s decision
dictates the subse-
quent frequencies
presented) until the
frequency of the tin-
nitus has been
established. Once
the tinnitus fre-
quency has been
defined, it is verified
in the ipsilateral ear
to avoid binaural
diplacusis

Ipsilateral and
contralateral
(determined by
patient preference)

N/A

Ohsaki et al.
(1990),
n ¼ 55

Not disclosed Reproducibility of
pitch matching is
not as good as for
the heptachord
method

Binary-2AFC Henry et al.
(2001),
n ¼ 20

The 2AFC proce-
dure is followed;
however, binary
bracketing is
applied, narrowing
the testing frequen-
cies down until tin-
nitus frequency is
reached. First, the
subject is presented
with two frequencies
and is instructed to
decide which is
closer in pitch to
their tinnitus. This
initial frequency

Contralateral Pitch matches could
be obtained within
20–25 min, with
response reliability
being good for
some subjects but
not others

Henry et al.
(2004),
n ¼ 42

Contralateral Excellent response
reliability for about
half of the subjects.
Defining the range
of pitch matches
might be more
appropriate than
identifying single
pitch matches

(continued)
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Table 2 (continued)

Method

Studies
using this
method,
number of
participants
(n) Protocol

Test ear (to which
sound is presented
to) General comments

choice results in
binary bracketing,
either to the lower or
upper frequency
range. Movement to
new frequencies
progresses in octave
steps, and the com-
puter further
brackets the pitch
match to within an
octave. Following
this, matches are
made in 1

3 octave
steps

Recursive
2-interval
forced-choice
(RIFT)

Korth et al.
(2020),
n ¼ 117

The RIFT procedure
is similar to the
2AFC. 17 tones are
presented in the
range from 1 to
16 kHz in ¼ octave
steps. First, the level
of the tones is man-
ually adjusted by the
participant using a
scrolling volume
slider until the tinni-
tus and presented
tone is matched in
loudness. Following
this, the stimulus
frequency is then
limited to the highest
frequency that is
audible to the par-
ticipant. Two tone
pairs (2 octaves
apart) are presented
and the participant is
instructed to indicate
the frequency most
representative of
their tinnitus. Based
on their decision,
further tone pairs are

Ipsilateral (unilat-
eral tinnitus)
OR
Ear with more
dominant tinnitus
perception/less
average hearing
loss (bilateral
tinnitus)

Reliable estima-
tions of tinnitus
pitch can be
obtained as long as
initial and redun-
dant sessions, and
participants with
poor pitch-match
performance are
excluded

(continued)
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Table 2 (continued)

Method

Studies
using this
method,
number of
participants
(n) Protocol

Test ear (to which
sound is presented
to) General comments

presented, reducing
the octave step each
time until a decision
on the smallest step
of a twelfth octave is
reached and one
final frequency is
chosen. If the sub-
ject’s choices are
contradictory twice
in a row, the test is
cancelled and
restarted

Tinnitus like-
ness ratings

Norena
et al.
(2002),
n ¼ 10

A pure tone with a
pseudo-randomly
selected frequency is
presented and sub-
jects are asked to
match the intensity
of the tone to the
loudness of their
tinnitus. If the sub-
ject indicates that the
pitch of the pure
tone corresponds to
a component of their
tinnitus sensation,
they are to rate on a
ten-point scale the
degree to which this
pitch contributes to
their overall tinnitus
percept

Ipsilateral In most cases, the
“internal tinnitus
spectra” demon-
strated a broad peak
sitting within the
range of hearing
loss

Roberts
et al.
(2006),
n ¼ 32

Tones are chosen
from a set of three
stimuli depending
on the subjects tin-
nitus (tonal, ringing,
or hissing). Subjects
are then instructed to
rate the pitch of each
presented sound for
similarity to their
perceived tinnitus
using a Borg CR100

Not disclosed Results are in
agreement with
Norena et al.
(2002); however, it
is important to con-
sider the effect
hearing loss has on
the perception of
sounds used to
measure the tinnitus
spectrum

(continued)
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Table 2 (continued)

Method

Studies
using this
method,
number of
participants
(n) Protocol

Test ear (to which
sound is presented
to) General comments

scale (0 ¼ not at all
similar, 30 ¼ not
very similar,
50 ¼ somewhat
similar, 70 ¼ very
similar, and
100 ¼ identical)

Hoare et al.
(2014),
n ¼ 28

11 tonal or narrow-
band sound clips are
presented to sub-
jects, with each
sound being played
three times in a ran-
dom order. Subjects
are asked to rate the
similarity of the
pitch of each of the
sounds presented to
their tinnitus on a
100-point scale

Not disclosed Tinnitus likeness
rating across a
range of frequen-
cies is highly vari-
able and
unpredictable

FCDS Penner and
Bilger
(1992),
n ¼ 11

In the double-
staircase, the experi-
menter selects two
starting points for
two sequences of
trials; one with the
comparison stimuli
clearly above the
patients tinnitus
pitch, and the other
clearly below it. In
the forced-choice
procedure, the
experimenter pre-
sents the tinnitus
(“standard”) stimu-
lus, accompanied by
a 750 ms flash of
light, followed by an
external comparison
tone also marked
with a flash of light.
The subject is
instructed to choose
which of the two

Ipsilateral Within-session var-
iability of pitch
matching to the tin-
nitus pitch for the
FCDS procedure is
consistent and
greater than for a
method of adjust-
ment (bracketing
technique similar to
the method of
adaptation – not to
be confused with
the adjustment
method developed
by Tyler and
Conrad-Armes
(1983a))

(continued)
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Table 2 (continued)

Method

Studies
using this
method,
number of
participants
(n) Protocol

Test ear (to which
sound is presented
to) General comments

stimuli is “lower” or
“higher” in fre-
quency (depending
on the experi-
menter’s instruc-
tion). 100-Hz step
sizes are employed
for obtaining pitch
matches

Penner and
Klafter
(1992),
n ¼ 7

The FCDS proce-
dure is followed, but
step sizes are
reduced to 0.2%

Ipsilateral
OR
Ear in which tin-
nitus is louder

The step sizes used
in the original
FCDS procedure
(Penner and Bilger
1992) were sub-
stantially larger
than the frequency
difference limen for
normal-hearing
subjects. Following
step size reduction,
the frequency dif-
ference limen for
tinnitus matches is
comparable to that
obtained for exter-
nal stimuli

Subject-
guided

Henry et al.
(2004),
n ¼ 42

Loudness-matched
test frequency is
presented at random
(from a selection of
17 frequencies)
using an automated
computer system.
The subject then has
the option to
respond and alter the
tone so that it
becomes “higher,”
“much higher,”
“lower,” or “much
lower” in frequency
until a tone is
presented that is
equal in pitch to the
subjects tinnitus

Contralateral Excellent response
reliability for about
half of the subjects.
Defining the range
of pitch matches
might be more
appropriate than
identifying single
pitch matches

(continued)
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Table 2 (continued)

Method

Studies
using this
method,
number of
participants
(n) Protocol

Test ear (to which
sound is presented
to) General comments

Heptatonic
scale

Ohsaki et al.
(1990),
n ¼ 55

A heptachord gener-
ator is used to pre-
sent 56 tones in eight
octaves. Presenta-
tion of the tones is
done in ascending
runs. A tone is con-
sidered representa-
tive of the patients
tinnitus frequency
when it has been
obtained twice con-
tinuously in increas-
ing runs

Not disclosed The heptachord
method is more
reliable and accu-
rate than the con-
ventional “one-
octave-interval”
method, with coin-
cidence ratios as
high as 100%,
94.8%, and 88.9%,
respectively, for
intra-daily varia-
tion, intra-weekly
variation, and eight
consecutive mea-
surements in one
test

Method of
limits

Tyler and
Conrad-
Armes
(1983a),
n ¼ 10

The subject is
instructed to state
whether their tinni-
tus is “higher” or
“lower” in pitch than
the tone presented
by the tester. The
tester then presents a
sequence of pulsed
tones and allows the
subject to make a
decision. The tones
are presented in
ascending and
descending runs,
with an ascending
run always being
accompanied by a
descending run
(order of presenta-
tion is randomized).
The last “higher”
and “lower”
responses (in the
respective ascending
and descending
runs) are averaged to

Ipsilateral No significant dif-
ferences were
found in the group
means or standard
deviations for the
tinnitus frequencies
obtained using
these three
methods. For clini-
cal use, it is
recommended that
the adaptive or
adjustment method
be used due to their
time efficiency
(only 1–2 min per
pitch match). Ipsi-
lateral presentation
is recommended to
avoid binaural
diplacusis. Seven to
nine pitch matches
are recommended
per subject due to
large variability in
pitch
reproducibility

(continued)
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differences were observed in either the group means or standard deviations for the
pitch matches. Tyler and Conrad-Armes (1983a) suggested that the adaptive and
adjustment methods were superior for use in the clinical setting due to their ability to

Table 2 (continued)

Method

Studies
using this
method,
number of
participants
(n) Protocol

Test ear (to which
sound is presented
to) General comments

give the overall tin-
nitus pitch

Adaptive
method

The subject is
instructed as per the
“method of limits,”
with the tester
presenting a series
of pulsed tones and
allowing the subject
to make a “higher”
or “lower” decision.
The first stage
includes locating
the subjects tinnitus
pitch to within a
1-octave band. In
the second stage,
tones are presented
whose frequencies
are within the
1-octave range
determined in stage
1, with the final
pitch being located
to within a 1

6-octave
range

Adjustment
method

The subject is
instructed to adjust
the pitch of the
pulsing tone using a
dial on the pitch-
matching appara-
tus, first making
wide sweeps with
the dial and then
gradually
narrowing down to
the pitch most rep-
resentative of their
tinnitus
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obtain single pitch matches within 1–2 min (compared with 4–5 min for the method
of limits). A second recommendation was to conduct a minimum of seven pitch-
match replicates for each patient to account for the large variability in a patient’s
ability to accurately reproduce their tinnitus pitch (Tyler and Conrad-Armes 1983a).

The 2AFC procedure has received the most attention and gained wide acceptance
as the conventional method for tinnitus pitch assessment due to its simplicity for
patients and relatively short completion time (Kim et al. 2017). Development of the
2AFC method began as an attempt by Vernon and Fenwick (1984) to provide a
standardized measure for tinnitus characterization. Over the years, progressive
advances in technology have enabled 2AFC to be applied using different platforms:
manual and computer-automated (Henry et al. 2004), web-based (Mahboubi et al.
2012), through portable media players (Wunderlich et al. 2015), and iPods (Korth
et al. 2020). Korth et al. (2020) used an adaptation of the 2AFC, known as the
recursive 2-interval forced-choice test (RIFT), in an iPod-based automated tinnitus
pitch-matching procedure. The study found that recursive matching resulted in
reliable tinnitus pitch matching in patients with tonal tinnitus once initial and
redundant sessions, and patients with poor pitch-matching performance were
excluded (Korth et al. 2020).

Penner and Bilger (1992) explored the FCDS procedure (Jesteadt 1980) as a
psychoacoustic measure for tinnitus pitch and loudness, believing it had a number of
advantages over measures based on bracketing and sequential presentation of tones.
For one, methods which present matching tones in a monotonic series (such as those
in which the experimenter adjusts the frequency in equal steps according to a
subject’s request to raise or lower it) are subject to response bias as a result of
sequential effects. FCDS avoids response bias by not presenting successive tones in
a predictable sequence, instead forcing the subject to judge each stimulus indepen-
dent to the judgment of previous stimuli as the stimuli bear no relation to each other
(Penner and Bilger 1992). Further, the FCDS enables the subject to classify com-
parison stimuli with respect to their tinnitus rather than simply matching pure tones
to the percept, as is the protocol applied in most pitch (and loudness) matching
measures. Evaluating the pitch-match reliability of the FCDS relative to that
obtained using a “method of adjustment,1” the investigators observed a lower
within-session variability with the FCDS procedure. Although the method has
been reported as being capable of producing reliable pitch matches, it is rarely
used in the clinical setting due to issues regarding comprehension of the testing
concept and the lengthy completion time involved (Henry et al. 2013; Kim et al.
2017).

Most methods available today share a similar basis for pitch matching (namely
presenting a series of tones at varying frequencies and adjusting them according to

1The “method of adjustment” as referred to by Penner and Bilger (1992) is simply a bracketing
method in which the subject attempts to match their tinnitus to tones presented by the experimenter
(for more detailed protocol, see Penner and Bilger (1992)). It is not to be confused with Tyler and
Conrad-Armes (1984) “method of adjustment.”
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the subject’s response until the tinnitus frequency is achieved). They differ only in
the finer details such as the instructions given to the subject, sequence in which the
tones are presented, or perhaps the frequency differences of test tones. Novel
approaches have been trialed including matching using the standard musical “do-
re-mi” scale (Ohsaki et al. 1990). The usefulness of this method is limited by the
nature of musical tonality which begins to break down above 4,000 Hz. As will be
discussed shortly, many patients perceive their tinnitus pitch above this frequency;
hence, it becomes difficult to apply methods using music intervals for testing and
pitch matching.

Perhaps the most complete pitch-matching procedures are the tinnitus likeness
rating methods developed by Norena et al. (2002) and Roberts et al. (2006). Instead
of participants’ choosing between test tones in an “all-or-nothing”manner, they were
instructed to rate each presented tone for the degree to which the particular tone
contributed to the overall tinnitus sensation. What is generated as a result is an
“internal tinnitus spectrum” which shows the frequency components of an individ-
ual’s tinnitus, highlighting dominant frequencies. Roberts et al. (2006) used tinnitus
likeness software to evaluate psychoacoustic properties of tinnitus and residual
inhibition in 32 tinnitus patients. After identifying the quality of sound of their
tinnitus (“tonal,” “ringing,” or “hissing”), the patients were instructed to match the
loudness of 11 “tonal,” “ringing,” or “hissing” sounds depending on their initial
selection (each with increasing center frequency) to the loudness of their tinnitus.
Once the loudness was established, the patients were then replayed with each of the
11 sounds at this level, rating the sounds based on their likeness (similarity) to the
tinnitus, in turn generating a spectrum of tinnitus frequency components. The most
prominent component was replayed to the patients, and they were asked to rate the
sound based on its similarity to the tinnitus percept using a Borg CR100 scale
approach where 0 ¼ “not at all,” 30 ¼ “not very similar,” 50 ¼ “somewhat similar,”
70 ¼ “very similar,” and 100 ¼ “identical.” The study revealed a tendency for the
tinnitus spectra to span the region of hearing loss in agreement with the results of
Norena et al. (2002) who also found that the majority of their participants displayed a
broad peak sitting within the range of hearing loss. Likeness ratings offer more
complete account of participants’ tinnitus, but the method is time-consuming,
limiting its clinical applicability compared to the 2AFC method.

2.2 Tinnitus Pitch and Hearing Loss

It is not uncommon for patients to complain about difficulties in hearing as a result of
their tinnitus; however, it appears that this is primarily a consequence of an under-
lying hearing loss rather than the tinnitus itself (Ratnayake et al. 2009). Auditory
processing mechanisms do appear to be disrupted by tinnitus in a pitch specific
manner; specifically, auditory streaming of tones is disrupted at tinnitus pitch (Durai
et al. 2019).
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As demonstrated by the tinnitus likeness rating measurements, there is a clear
relationship between tinnitus pitch and hearing loss. Individuals who suffer from
tinnitus are highly likely to have some degree of hearing loss (Axelsson and
Ringdahl 1989; Henry 2016; Josephson 1931; Moore 2012; Moore and Vinay
2010; Norena et al. 2002; Ristovska et al. 2019; Roberts et al. 2008; Schechter
and Henry 2002; Vernon 1977; Ward and Baumann 2009; Wegel 1931). While the
exact pitch perceived varies from patient to patient, most patients tend to match their
tinnitus to a high-frequency tone at or above 3,000 Hz (Meikle and Taylor-Walsh
1984; Mitchell et al. 1984; Reed 1960; Roeser and Price 1980; Sandlin and Olsson
1999; Stouffer and Tyler 1990; Tyler 2000; Vernon 2000). The high-frequency locus
of tinnitus has, for some time, been thought to be linked to the idea that tinnitus is
closely related to hearing loss, in particular, high-frequency hearing loss, in many
cases due to noise induced trauma/exposure (Henry 2016). Conducting the first
large-scale tinnitus study, Reed (1960) found that in 38% of cases the tinnitus was
pitch matched to a pure tone within the 3,000–5,000 Hz range; several subsequent
studies have observed similar trends (Meikle and Taylor-Walsh 1984; Roeser and
Price 1980; Sandlin and Olsson 1999; Stouffer and Tyler 1990; Tyler 2000; Vernon
2000). Mitchell et al. (1984) confirmed that most patients suffer from a high-pitch
tinnitus, however noted a broader range of reported pitch-match frequencies
(1,000–8,000 Hz). The high-frequency nature of tinnitus is not only evident from
the results of psychoacoustic testing, but has also been demonstrated by patient
complaints (Stouffer and Tyler 1990; Tyler 2000).

Although the pitch of tinnitus commonly falls in the high-frequency range, this is
not always the case. A study by Pan et al. (2009) identified various trends in pitch
matching among 195 tinnitus patients; those who described a tone-like tinnitus
reported a higher pitch (mean ¼ 5,385 Hz) relative to those experiencing a noise-
like sensation (mean ¼ 3,266 Hz). Further, patients with a flat audiogram demon-
strated a higher chance of describing a tinnitus that was noise-like, unilateral, and
had a pitch-match frequency < 2,000 Hz. In addition, those with a notched audio-
gram often identified a pitch �8,000 Hz, while those with normal hearing up to
8,000 Hz often matched a pitch �8,000 Hz (Pan et al. 2009).

Alongside the fairly universal acceptance of a general relationship between the
frequency of hearing loss and tinnitus pitch, specific theories relating the degree of
hearing loss to tinnitus have been proposed to explain tonal pitch matches. The two
most widely recognized theories are the “edge frequency” and “region of maximal
hearing loss” theories. The edge frequency theory posits that the pitch of a patient’s
tinnitus corresponds to the “edge frequency” of the audiogram; more specifically, the
frequency at which hearing loss transitions from normal to abnormal hearing
relatively abruptly (Josephson 1931; Moore 2014; Moore and Vinay 2010). Moore
and Vinay (2010) found that patients’ final pitch matches were generally at the lower
end of the spectrum (1,630 Hz) with a strong correlation (r ¼ 0.94) between the
matches and edge frequency of the audiogram. The edge theory is concordant with
the tonotopic reorganization model of tinnitus; when a certain frequency region is
affected as a result of hearing loss, there is a lack of inhibition from neurons that
were once tuned to that particular region. This then leads to a downstream release of
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lateral inhibition and resultant increase in neural activity in adjacent regions where
there is less or no hearing loss; the consequence is tinnitus with a dominant
frequency that corresponds to the audiometric edge (Moore and Vinay 2010).

Several psychoacoustic studies have failed to find strong support for the edge
frequency theory (Pan et al. 2009; Ristovska et al. 2019; Sereda et al. 2011).
Ristovska et al. (2019) reported a clear relationship between tinnitus pitch and
hearing loss, however found no relationship between tinnitus pitch and the edge
frequency of the audiogram. The tinnitus pitch corresponded to the edge frequency
in only 16.5% of patients; comparatively, the tinnitus frequency corresponded to the
frequency range of hearing loss and greatest region of hearing loss in 70.8% and
37.3% of cases, respectively. Pan et al. (2009) and Sereda et al. (2011) found a subset
of participants in which the tinnitus pitch was associated with the audiometric edge.
Sereda et al. (2011) reported that these participants exhibited a narrow tinnitus
bandwidth. It is possible that a relationship between tinnitus pitch and the audiogram
edge exists, but perhaps only in certain subgroups, possibly alluding to different
underlying mechanisms involved (Pan et al. 2009).

A number of researchers believe that tinnitus pitch corresponds to a frequency
range where the hearing loss was greatest, giving rise to the “region of maximal
hearing loss” theory (Moore 2012; Sandlin and Olsson 1999). This theory is
supported by the homeostatic plasticity hypothesis which posits that tinnitus is the
result of homeostatic mechanisms acting to compensate for the reduced sensory
input that occurs in hearing loss by reducing inhibitory and/or increasing facilitatory
mechanisms (Schecklmann et al. 2012). Changes in neuronal activity take place in
the frequency ranges where there is sensory deprivation, in turn leading to ongoing
increased neuronal activity and/or synchrony in the affected central auditory path-
ways. This increase in central gain and resultant neuronal hyperactivity are thought
to represent a neural correlate of tinnitus, with the frequency of tinnitus
corresponding to the frequency of hearing loss (Norena 2011; Schaette and Kempter
2009; Schecklmann et al. 2012).

Patients with hearing loss generally face challenges when performing tinnitus
pitch matches as their ability to hear and discriminate between the matching tones
presented is limited to frequency regions of normal hearing (Ward and Baumann
2009). Considering the fact that the tinnitus frequency is often found in regions of
hearing loss, it is important to accommodate for this by presenting the matching
sound at a level that is safe but audible to the patient (Mitchell et al. 1984). It has also
been noted that patients with significant hearing loss can experience difficulties in
pitch matching due to the testing tone not having a clear pitch. This is often the case
when the frequency of the sound used for pitch matching leads to maximum basilar
membrane vibration in the region of the cochlea where the number of functioning
inner hair cells and/or neurons is scarce or even nonexistent; this is known as the
cochlear dead region (Moore 2014). Even with training, these patients are still
limited in their ability to make appropriate pitch matches (Henry et al. 2001).

Although there is a clear link between tinnitus pitch and hearing loss, it does not
explain the tinnitus experienced by individuals clear of any hearing difficulties.
Recent findings have demonstrated that even individuals with a normal/healthy
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audiogram are likely to have some small degree of hearing injury (“hidden hearing
loss”) which might in turn give rise to the tinnitus (Plack et al. 2014).

2.3 Reliability of Pitch-Matching Measures

Pitch-matching measures are complicated by the fact that pitch matching reliability
varies widely across patients. As such, it becomes difficult to discern whether the
reliability of a measure has been compromised by the method itself or is simply a
reflection of the heterogenous nature of the patient’s tinnitus.

The reliability of pitch matching is also complicated due to the oversimplification
of a patient’s tinnitus through the use of single tones during psychoacoustic testing.
Even in cases where tinnitus is described as “tonal,” it is often comprised of a
spectrum of frequencies, in turn intrinsically limiting pitch-match reliability (Hébert
2018). Hébert (2018) investigated individual test–retest reliability of the 2AFC and
tinnitus likeness rating methods in 31 patients over a one-month period. The study
reported a superior test–retest reliability for the tinnitus likeness rating relative to the
2AFC protocol, with at least one of three dominant tinnitus frequencies being
reproducibly identified at the second session by the majority of participants
(>80%), and two dominant frequencies being reproducibly identified by half of
the patients. Only 13% of patients could reproducibly identify as many as three
dominant tinnitus frequencies; this is similar to the proportion of patients in whom
the final tinnitus frequency could be determined at the same ear using the 2AFC
method (Hébert 2018). Though the tinnitus likeness rating protocol has been praised
for its ability to offer a more complete view of an individual’s tinnitus, it is not
immune to problems and complications; in particular relating to its methodology.
Unlike in the case of conventional methods where the complexity of tinnitus can be
severely underestimated by use of single-tone pitch matches, tinnitus likeness ratings
risk the tinnitus sensation being described as having a broad spectral pattern, when in
fact it may be narrow (Norena et al. 2002). This could occur due to patient laxity or
perhaps misunderstanding of the protocol. For instance, a broad spectral pattern
would arise if a patient is not strict enough in their likeness-rating criteria, in turn
simply rating the overall similarity between the presented tone and their tinnitus
sensation rather than the degree to which the presented tone contributed to their
overall tinnitus percept. Neff et al. (2019) found that the 2AFC and tinnitus likeness
rating (as well as the adjustment method) all had good reliability, with participants
being less satisfied with the 2AFC method, and the likeness rating protocol being
more time-consuming.

A source of pitch-match inaccuracy and complication comes from octave confu-
sion, where patients find it difficult to differentiate frequencies one octave apart from
each other, considering them to be identical (Graham and Newby 1962; Kim et al.
2017). Though the effect is widely recognized and has been identified in a number of
studies (Graham and Newby 1962; Kim et al. 2017; Ristovska et al. 2019), there are
researchers who have failed to observe octave confusion among patients (Penner
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1983; Tyler and Conrad-Armes 1983a) or have identified the effect in only a small
subset of patients (Ristovska et al. 2019). Even so, testing for octave confusion has
been recommended as an integral part of a standard tinnitus evaluation battery and
should be performed to ensure patients are generating reliable matches true to their
tinnitus pitch (Evered and Lawrenson 1981). The protocol involves presenting the
matching sound one octave above and below the initial match and allowing the
patient to determine which – if either – of the tones appears to be a better match to
their tinnitus relative to the initial frequency chosen (Hazell and Wood 1981).

In addition to test reliability, the heterogeneous nature of tinnitus – and its
perceived pitch – must also be considered. Conducting an “in-depth” tinnitus
characterization study on 528 patients, Stouffer and Tyler (1990) noted approxi-
mately 36% of patients reporting regular fluctuation in pitch of their tinnitus varying
from day to day (Stouffer and Tyler 1990). It was not uncommon for patients to
report noticing a change in their tinnitus since its onset; while 76% reported they
experienced no change, 19% of patients found their tinnitus pitch increased, and 5%
observed a decrease in pitch Stouffer and Tyler (1990). The majority of patients
(73%) reported that their tinnitus has always been constant, while those who
indicated that their tinnitus changed to a completely different sound noted that this
change either occurred suddenly (16%) or gradually (11%) (Stouffer and Tyler
1990).

The 2AFC method is widely used due to its easy-to-follow instructions and
efficient time to complete; however, its pitch-matching reliability has been
questioned (Hébert 2018; Neff et al. 2019). The FCDS procedure has been found
to demonstrate a good degree of pitch-matching reliability as have the likeness tests;
however, these methods are time-consuming; as such, they are rarely implemented in
the clinical setting. Those conducting psychoacoustic evaluations should be mindful
of the high level of pitch-matching variability across patients – whether it be due to
daily fluctuations in tinnitus pitch, changes in pitch over time, or even difficulties in
discerning an accurate and reflective pitch match – and consider the importance of
obtaining several pitch-match replications (Tyler 2000).

3 Psychoacoustic Measures: Loudness

The two most common methods of defining the loudness of tinnitus are loudness
matching and loudness rating. Although it has been suggested that loudness ratings
are the more useful measure, loudness matching appears to be the more widely used
technique, with loudness being determined by having the patient adjust an external
pure tone stimuli so that it is equal in loudness to their tinnitus (Henry 2016; Moore
2014; Tyler 2000). Loudness rating is based on a more holistic approach, with
ratings reflecting the impact of tinnitus rather than the perception itself (Henry
2016). Most of the measures available for the assessment of tinnitus pitch have
been developed in such a way that they can be implemented for the determination of
tinnitus loudness, including the adaptive, limits, and adjustment methods (Tyler and
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Conrad-Armes 1983a), 2AFC method (Vernon and Fenwick 1984), and the FCDS
protocol (Penner and Bilger 1992; Penner and Klafter 1992).

There appears to be a lack of correlation between loudness matching and loudness
rating (Henry et al. 1999; Henry 2016). This is likely due to the two methods
assessing slightly different aspects of loudness perception. Psychoacoustic matching
is primarily based on the sensory judgment of tinnitus loudness, while loudness
rating also depends on emotional and cognitive factors, perhaps being more reflec-
tive of what the subject is experiencing and feeling (Adamchic et al. 2012). Incor-
poration of cognitive and behavioral aspects by both the psychoacoustic match and
ratings may be required to achieve effective evaluation of tinnitus loudness.

It is essential to validate a loudness measurement method that is accurate, reliable,
and capable of detecting changes in tinnitus loudness. While tinnitus loudness
matching typically demonstrates good reliability, with the great majority of loudness
matches achieved between 0 and 20 dB SL (Goodwin and Johnson 1980; Graham
and Newby 1962; Meikle and Taylor-Walsh 1984; Reed 1960; Ristovska et al. 2019;
Roeser and Price 1980; Sandlin and Olsson 1999; Tyler and Conrad-Armes 1983b;
Vernon 2000), it is not immune to the effects of interindividual variability (Burns
1984; Schechter and Henry 2002). Still, it must be noted that the reliability of
loudness matching procedures is far superior to that observed in pitch matching
(Penner 1983; Henry et al. 1999). Loudness ratings may be more easily influenced
by factors such as annoyance or impact on quality of life than loudness matches
(Henry 2016; Manning et al. 2019) but loudness matches are also not immune from
psychological modifiers (Searchfield et al. 2012).

3.1 Tinnitus Loudness Matching and Choice of Units

There are a number of ways in which the magnitude of the matching tone can be
specified, but there are questions as to their test–retest reliability (Hall et al. 2017).
The simplest way of expressing tinnitus loudness is using intensity matches in either
dB hearing level (HL) or dB sound pressure level (SPL); these reflect the dial values
of equipment. The most common method is to use dB sensation level (SL), the
difference between the loudness match and threshold to the same sound. The dB HL
or dB SPL method is not independent of the listener’s hearing threshold, so a person
with hearing loss will have a higher dB HL match than a person with normal hearing,
even if the perceived loudness were the same. The test–retest reliability of the SL
measure may be less than SPL and HL methods, as it is the difference between the
loudness match (dB HL on an audiometer) and auditory threshold (dB HL) meaning
two measurements are required, increasing the chance of error. None of the intensity
matches, whether it be dB HL, dB SPL, or dB SL, may truly reflect tinnitus loudness
(Stevens and Davis 1938). Individuals can report different loudness to the same
physical intensity of sounds, and loudness perception is influenced by context,
memory, and personality (Searchfield et al. 2012).
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In addition to the measure not representing loudness, Tyler and Conrad-Armes
(1983b) found that the dB SL of a tinnitus loudness-matched tone depended on the
pure-tone frequency used during matching. More specifically, tinnitus loudness
matches are generally greater in frequency regions of normal hearing sensitivity,
whereas loudness matches in frequency regions where hearing thresholds are ele-
vated are often matched to only a few decibels above threshold (generally between
0 and 20 dB SL) (Goodwin and Johnson 1980; Graham and Newby 1962; Meikle
and Taylor-Walsh 1984; Penner 1986; Reed 1960; Ristovska et al. 2019; Roeser and
Price 1980; Sandlin and Olsson 1999; Tyler and Conrad-Armes 1983b; Vernon
2000). This may be explained by loudness recruitment (Tyler and Conrad-Armes
1983b). In an attempt to resolve this issue and offer a means of better understanding
the loudness of tinnitus, Tyler and Conrad-Armes (1983b) converted dB SL mea-
sures into tinnitus loudness in sones, a conventional psychoacoustic unit of loudness.
One sone is the loudness of a 1,000 Hz tone with a level of 40 dB SPL (Moore 2014).
Tyler and Conrad-Armes (1983b) believed that there were several advantages to
using the sone as a measure of tinnitus loudness: (1) it has diagnostic significance
and can help identify those who complain of a very loud tinnitus but match their
loudness to a soft tone, (2) presentation at the same sone for another listener (e.g. in
demonstrating the percept to family and supplement counseling) should be the
equivalent loudness, (3) it allows for comparisons to be made across patients,
(4) it can be used as a quantitative measure to monitor changes in tinnitus with
treatment, and (5) it offers a more meaningful psychoacoustic measure of the
discomfort and annoyance that results from tinnitus (Tyler and Conrad-Armes
1983b).

Although Tyler and Conrad-Armes (1983b) suggested that using the sone was a
more appropriate way of measuring tinnitus loudness, using the measure in the
clinical setting presents two challenges. First, the sone scale is unfamiliar to many
clinicians and as such makes it difficult for them to conceptualize the result
(Matsuhira et al. 1992). This in turn presents a challenge with respect to not only
validating and making sense of a patient’s tinnitus percept, but providing the patient
(and their family) with effective counseling. Secondly, the sone is based on loudness
functions that represent complete loudness recruitment (see Tinnitus loudness,
recruitment, and hyperacusis section); as such, the measure tends to result in the
overestimation of tinnitus loudness as it assumes complete recruitment, which is not
always the case in tinnitus patients (Matsuhira et al. 1992). In addition, loudness
growth formulas are likely too general for application to specific individuals, in turn
suggesting individualized functions need to be established at each loudness
matching frequency (Henry and Meikle 2000).

Highlighting a number of these limitations, Matsuhira et al. (1992) proposed a
method to account and correct for the effect of recruitment in tinnitus loudness
matches using information obtained from standard clinical evaluation. The investi-
gators devised an “average loudness function” which converted measures in dB SL
into an estimate of the effective loudness level and corrected for abnormally rapid
loudness growth by adjusting the mean loudness function for each participant using
data generated by the individual (Henry and Meikle 2000; Matsuhira et al. 1992).
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The measure was essentially the same as the phon scale, an alternative measure of
loudness level, except for the difference in reference level (Matsuhira et al. 1992).
However, the results of the study (Matsuhira et al. 1992) were highly variable,
probably due to the large inter-subject variability in loudness recruitment between
participants, even with the same level of hearing loss. The method has not been
widely adopted.

Another method for quantifying tinnitus loudness is to use the personal loudness
unit (PLU) developed by Hinchcliffe and Chambers (1983). They proposed calcu-
lating individualized loudness functions for each tinnitus patient and specifying the
loudness match in terms of this loudness function. Much like the sone and phon
measures, the PLU uses a loudness function at 1,000 Hz as the reference level;
however, instead of using dB SL as unity, it employs the “most comfortable loudness
level.” Though the authors promoted the use of this method in the clinic, it has not
been widely used likely due to clinical time constraints and difficulty in comprehen-
sion (Henry and Meikle 2000).

In summary, the measurement of dB SL has become the de facto unit for tinnitus
loudness matching. It does have flaws, but its limitations should be considered in
light of tinnitus being a complex concept. The need for precision in the measurement
of loudness should also be balanced against time and benefits. At present: a precise
loudness match is unnecessary for demonstrating the experience of tinnitus to a third
party (i.e. family member/partner); loudness is not diagnostic or prognostic, and no
treatment currently requires the measurement to be effective. As new treatments are
developed precision of loudness match may become more important.

3.2 Tinnitus Loudness, Recruitment, and Hyperacusis

Tinnitus loudness tends to be matched to a relatively low intensity tone, often only a
few decibels above threshold. The majority of matches have been reported to be
within the 0–20 dB SL range (Goodwin and Johnson 1980; Graham and Newby
1962; Meikle and Taylor-Walsh 1984; Reed 1960; Ristovska et al. 2019; Roeser and
Price 1980; Sandlin and Olsson 1999; Tyler and Conrad-Armes 1983a, b; Vernon
2000). Meikle and Taylor-Walsh (1984) evaluated the tinnitus percept of over 1,800
patients, reporting extensive fluctuations in loudness in 24% of cases (17% reported
fluctuations from time to time, 55% reported a constant tinnitus, and 4% were not
able to answer the question). Similar analyses were conducted by Stouffer and Tyler
(1990) in 528 participants; loudness fluctuated in 56% of the tinnitus patients,
changing either suddenly (25%) or gradually (31%). Further, half of the patients
reported that the loudness of their tinnitus varied daily, while the remaining half did
not notice daily fluctuation. Changes in tinnitus loudness since onset were also
observed, with 33% of patients noticing an increase in loudness and 7% experienc-
ing a decrease (there was no change for 60%).

Fowler, a pioneer in loudness measurement, was the first to note a paradoxical
relationship between loudness matches as measured using psychoacoustic methods
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and subjective patient report (Fowler 1944). He found that although tinnitus loud-
ness was matched only a few dB above the threshold of hearing, the subjectively
perceived loudness of tinnitus was often been described by patients as being
intolerable (Fowler 1944). Fowler (1944) suggested clinicians use the loudness
matched tinnitus as a “factual foundation” for counseling patients, demonstrating
that their perceived tinnitus is in fact a very soft sound. Fowler did not consider
loudness recruitment, which has since been identified as a significant contributor to
low-level loudness matches (Goodwin and Johnson 1980; Henry et al. 1999; Tyler
and Conrad-Armes 1983b). Loudness recruitment is a phenomenon associated with
hearing loss, in which there is disproportionately rapid loudness growth following
increases in sound intensity (Goodwin and Johnson 1980; Penner 1986; Raj-Koziak
et al. 2018; Tyler and Baker 1983). In turn what is found is that the growth of
loudness for an external tone is more rapid when matches are made at the tinnitus
frequency versus at frequencies outside of the tinnitus region (Eggermont and
Roberts 2004; Mitchell et al. 1993; Penner 1986). As such, it comes as no surprise
that large differences have been reported between loudness matches obtained at the
tinnitus frequency, and at frequencies very different from the tinnitus pitch
(Goodwin and Johnson 1980; Mitchell et al. 1993; Tyler and Conrad-Armes
1983b). Specifically, recruitment results in tinnitus being matched to a tone at a
lower sensation level in regions affected by hearing loss (often the tinnitus fre-
quency) than in regions of normal hearing (Penner 1986; Vernon and Fenwick
1984). In an attempt to avoid recruitment and better represent true tinnitus loudness,
Vernon and Fenwick (1984) suggested routinely conducting loudness matches both
at the tinnitus frequency and at a second frequency distinct from tinnitus in the
normal hearing portion of the patient’s audiogram. However, a number of
researchers have noted that even when this method is applied, mean dB SL values
are still too low to correspond to patient complaints (Henry and Meikle 1996; Jakes
et al. 1986). A study by Hulshof (1986) considered the effects of recruitment by
evaluating and comparing tinnitus loudness in those who are affected by the
phenomenon versus those who are not (at least in one ear). The results demonstrated
that although loudness recruitment has an effect on the measurement of tinnitus
loudness, its effects are very small. Similarly, Henry and Meikle (1996) conducted
measures of loudness growth at both reference and tinnitus frequencies, finding that
the recruitment phenomenon is only responsible for 25% of the variability in
loudness matching. The source of the remaining 75% of that variability remains
unsolved.

Tinnitus is also associated with hyperacusis, a reduced tolerance to everyday
sounds that cause significant discomfort, distress, and even pain (Baguley 2003;
Moore 2014). It has been reported that approximately 85% of those with hyperacusis
also suffer from tinnitus (Anari et al. 1999; Sheldrake et al. 2015). Often in cases
where tinnitus is accompanied by hyperacusis, loudness discomfort measures are
performed as part of the test battery. As in the case of psychoacoustic tinnitus
measures, these testing protocols for hyperacusis evaluation vary and are not stan-
dardized (Goldstein and Shulman 1996). Loudness discomfort levels (LDL) are most
frequently used to assess hyperacusis, defining the intensity level at which a sound is
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reported as being uncomfortable. Patients with hyperacusis will have lower LDLs
than normal due to increased sensitivity to sound (Pienkowski et al. 2014). Gener-
ally, LDLs of 95 dB or greater are considered normal, whereas LDLs between 80 and
90 dB reflect mild hyperacusis, those between 65 and 75 dB imply moderate
hyperacusis, and below 60 dB signify severe hyperacusis (Goldstein and Shulman
1996). More work is required to establish universally agreed upon frequencies for
assessment and number of repetitions per judgment, as well as to determine norms
for the range of LDLs for those with specific degrees and types of hearing loss
(Goldstein and Shulman 1996; Pienkowski et al. 2014).

3.3 Tinnitus Loudness: Annoyance and Severity

A frequent complaint by tinnitus patients is the annoyance and distress experienced
as a result of the perceived loudness of the tinnitus (Hallam et al. 1988). Several
researchers have failed to identify a significant relationship between tinnitus loud-
ness and annoyance, proposing that loudness is not a significant contributor to the
perceived distress caused by tinnitus (Rosito et al. 2013; Sandlin and Olsson 1999).
Andersson (2003) noted the lack of a relationship between loudness in dB SL and
tinnitus annoyance, but reported a correlation when the loudness was expressed in
dB HL, proposing that the degree of hearing loss was an important factor to consider
when evaluating the impact of loudness on the perceived tinnitus distress. Meikle
and Taylor-Walsh (1984) also reported that tinnitus severity was not correlated with
loudness in dB SL, instead finding that loudness judgments are influenced by
emotional factors. Loudness ratings, which reflect tinnitus impact (reactions) rather
than actual loudness (percept), are found to significantly correlate with the severity
of annoyance and distress reported by the patient (Henry 2016; Hiller and Goebel
2006; Schechter and Henry 2002; Stouffer and Tyler 1990; Tyler 2000; Ward and
Baumann 2009). Factors other than loudness determine the perceived annoyance and
in turn severity of tinnitus, including the duration since tinnitus onset (habituation
factors) and the psychological state of the patient (Tyler 2000). Although tinnitus
perceived at a greater loudness is generally more likely to be annoying, it does not
necessarily mean that a softer tinnitus is any less severe of an issue for certain
patients; in other words, it is often the case that the perceived intensity of tinnitus
does not dictate how a patient reacts to their tinnitus and in turn how distressing they
find it (Folmer et al. 1999; Tyler 2000). Ward and Baumann (2009) aimed to clarify
the relationship between loudness and perceived distress using annoyance caused by
aircraft noise near airports as an example. What is apparent is that although the
relationship between aggregated loudness of flyovers and community annoyance is
generally stable, there still remains a large amount of variability after the day-night
noise level is accounted for (Ward and Baumann 2009). A subset of this variability is
the result of differences in annoyance thresholds, which are also influenced by a
number of variables such as fear of crashes and political interactions with airports;
however, there are other unknown factors that are likely community-specific, as well
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as hypersensitive people who get annoyed by noises that are negligible to most
people (Ward and Baumann 2009). As such, it appears that though loudness might
influence tinnitus annoyance and distress, it is likely to be one of many factors
defining overall tinnitus severity. For example, a low-level tinnitus might not be
bothersome for one individual, but for another presenting with hyperacusis it might
be highly disruptive (Hiller and Goebel 2006). The incorporation of cognitive and
behavioral aspects (such as memory, attention, context, and personality) may pro-
vide a more meaningful understanding of a patient’s tinnitus (Hiller and Goebel
2007; Searchfield et al. 2012; Welch and Dawes 2008).

3.4 Tinnitus Loudness, Magnitude, and the Adaptation Level
Theory

Some of the variability in loudness matching could potentially be ascribed to
auditory context, attention, and individual psychology (e.g. personality, memories,
emotional state) (Searchfield et al. 2012). The adaptation level theory (ALT) of
tinnitus (Searchfield et al. 2012) is founded in a psychoacoustical model proposing
that stimuli do not act as singular entities, but instead interact with and influence each
other (Helson 1964). In the context of tinnitus, it is proposed that the perceived
tinnitus intensity is governed by several factors, not the least of which is the
personality of the patient (Searchfield et al. 2012). The attitudes, ideals, experiences,
learning, interpersonal relations, and intellectual and emotional behavior of an
individual shape an individual’s “frame of reference,” which in turn dictates their
response to stimuli. This is supported by findings suggesting a patient’s response on
a visual analogue scale (VAS) is correlated with the extent to which the individual is
impacted by their tinnitus (Zenner et al. 2005).

Helson (1964) defined the adaptation level as the weighted product of focal,
background, and residual stimuli, using a simple mathematical equation to demon-
strate the ALT:

A ¼ X
p
BqRr

where tinnitus audibility in the environment is the combined result of tinnitus
magnitude (X), background sound (e.g. sound therapy, B), and residual factors (R)
such as personality, as influenced by weighting factors related to attention and
auditory scene analysis (ASA). By adopting this theory, Searchfield et al. (2012)
hypothesize that the variability in loudness matching and individual patient’s overall
response to tinnitus may be attributable to their internal reference for tinnitus
loudness and be determined by interactions among many affecting factors.

A straightforward example of the ALT is its use in the context of chronic pain.
Patients who suffer from chronic pain (Boureau et al. 1991; Rollman 1979) or have
been severely injured in the past (Dar et al. 1995) have higher unpleasantness
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thresholds and find experimental pain less intense and more bearable than pain-free
individuals. According to the ALT, chronic pain (as well as severe acute pain) can
alter the internal anchor points for the subjective evaluation of pain; this in turn
results in patients having a different adaptation level than a normal subject, which is
demonstrated by the observed increase in pain threshold. Searchfield et al. (2012)
considered the plausibility of this scenario in the context of tinnitus, using it to
potentially explain the loudness match discrepancy. According to Searchfield et al.
(2012), the experimental condition itself, as well as the introduction of a comparison
sound (such as that used in loudness matching), can easily bias the adaptation level
and in turn give rise to variability. Specifically, when a patient is asked to rate or
describe the loudness of their tinnitus, they are often comparing their tinnitus to the
quiet environment of the consultation room or research facility. However, when that
same patient is instructed to perform tinnitus loudness matches using an external
matching stimulus, they are no longer comparing loudness to the absence of sound,
but rather to a new adaptation level which includes the test sound and the existing
perceived tinnitus magnitude of tinnitus (Searchfield et al. 2012). In turn, it is the
interaction between the stimulus (loudness matching sound) and the tinnitus itself
which governs the overall magnitude of the tinnitus percept. Hence, adding the
matching sound changes the internal anchor point for the subjective evaluation of
tinnitus magnitude and results in tinnitus being matched to a tone at a level that is
lower than expected (Searchfield et al. 2012). In addition to this interaction with the
external matching stimulus, subjective loudness estimates vary from patient to
patient as they are likely to have different concepts of tinnitus loudness relative to
their own adaptation level (Mitchell et al. 1984).

It is possible that ALT could offer a more holistic approach to understanding
tinnitus. For example, it could:

• Help determine the relative contributions of psychoacoustic, emotional, and
cognitive aspects to tinnitus.

• Clarify why patients perceive their tinnitus in a certain way – what factors
actively contribute to the intolerability of their tinnitus, and how these factors
might be influenced in an attempt to “shift” the response to tinnitus.

• Identify attributes or elements that are potential risk factors for perceiving tinnitus
in a negative and distressing manner, which could aid in grouping of tinnitus
patients.

• Help form predictions for the success of tinnitus treatment for a given patient.
• Help identify the optimal route of treatment for a given patient, in turn not only

forming a more rounded treatment approach, but also one tailored at the individ-
ual level.
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4 Confusion of Pitch and Loudness: The Circular Problem

One of the most common issues that surfaces when performing psychoacoustic
tinnitus matching is the confusion between pitch and loudness. Patients often find
it difficult to conduct pitch matches if the matching sound differs in loudness from
the tinnitus sound to which it is being matched; the same applies in the case of
loudness matching to a sound distinct in pitch from the tinnitus (Mitchell et al. 1984;
Moore 2014; Vernon and Fenwick 1984). Consequentially, this leads to patients
deciding against a tentative tinnitus frequency match on the basis of loudness
differences, or confirming an inappropriate pitch match simply because the loudness
was comparable to the tinnitus (Vernon and Meikle 1981). This leads to the circular
problem; in order to accurately measure pitch, the stimulus tone should be presented
at the loudness of tinnitus, but in order to obtain an accurate measure of loudness, the
tone should be presented at tinnitus pitch (Fowler 1940; Vernon and Meikle 1981).
Further research disentangling pitch from loudness is needed.

5 The Minimum Masking Level

Tinnitus loudness and changes to it are often determined by the presence or absence
of external auditory stimuli; for instance, tinnitus can be rather audible in quiet
conditions, but less obvious in a noisy environment (Fowler 1944). Masking
involves using an external sound to reduce or even fully conceal the tinnitus and is
performed with the aim of determining how the addition of external stimuli might
affect tinnitus and its perception. Often considered as the most critical aspect of
psychoacoustic testing, masking can aid clinicians in deciding whether or not a
patient will be a good candidate for sound therapy (Switalski and Sanchez 2019). It
has been suggested that the lower the minimum level of broadband noise required to
completely conceal a patient’s tinnitus (known as the minimum masking level,
MML), the more likely they are to benefit from masking therapy (Henry 2016).

Tinnitus is maskable in the large majority of cases (Roeser and Price 1980;
Sandlin and Olsson 1999; Vernon and Meikle 2003), but tinnitus masking does
not behave the same way as sound-on-sound masking does (Mitchell 1983; Mitchell
et al. 1993; Searchfield et al. 2016; Tyler and Conrad-Armes 1984). There is a great
degree of individual variability with respect to the frequency and sensation level
(SL) required to mask tinnitus (Feldmann 1971; Tyler and Conrad-Armes 1984). A
broadband sound cannot be masked by a pure tone, but a broadband tinnitus can be
masked by a pure tone. Neither the pitch nor loudness of the tinnitus percept
correlates with its maskability (Mitchell 1983). These findings have led to the
realization that the neural processes underpinning tinnitus masking differ greatly
from those responsible for the masking of external auditory stimuli (Vernon 2000)
(see Table 3).
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Tuning curves are an additional source of evidence that tinnitus differs from an
external sound. While psychophysical tuning curves (PTC) depict the level of
narrowband masker required to mask an acoustic narrowband signal of a fixed
level (e.g. sinewave or narrow band of noise), tinnitus tuning curves (TTC) reveal
the masker level that is needed to mask tinnitus (Moore 2014). For normal-hearing
individuals, the PTC typically exhibits a V-shaped pattern, revealing a sharp tip at
the signal frequency in normally hearing individuals; specifically, the closer the
frequency of the masker is to the target, the lower the level required to mask the
target (Fournier et al. 2019). This pattern is thought to arise from cochlear mecha-
nisms; if tinnitus is processed in the same way as an external sound, a similar pattern
would be observed. However, little similarity has been found between PTCs and
TTCs; often the distinctive V-shape can only be observed for PTC, indicating
tinnitus is unlikely to have a cochlear origin (Burns 1984; Penner 1987; Tyler and
Conrad-Armes 1984). However, a recent study by Fournier et al. (2019) examining
the shapes of PTCs and TTCs in 32 tinnitus patients found that 30% of cases
demonstrated a V-shaped pattern for both PTC and TTC, suggesting that there is
perhaps a subset of patients for whom tinnitus-related activity may share similar
processing pathways with external sounds. The authors proposed that this might
have implications for tinnitus research and treatment in terms of subtyping tinnitus

Table 3 Differences between tinnitus and sound-on-sound conventional masking (Mitchell 1983;
Switalski and Sanchez 2019; Tyler and Conrad-Armes 1984; Vernon 2000)

Sound-on-sound conventional masking Tinnitus masking

Frequency • It is difficult for a pure tone to mask
a band of noise
• There is an orderly frequency rela-
tionship: sounds that are higher in fre-
quency than the masking sound are
easier to mask than those below it

• Noise-like tinnitus can be masked
by pure tones
• Individual variability is high in
terms of the frequency and intensity of
sound required for effective masking
of tinnitus

Critical band • There is a “critical band” of fre-
quencies surrounding the sound that is
to be masked; frequencies within this
band are effective maskers, while those
outside are not

• There is no “critical band” for tin-
nitus masking – any frequency could
be effective for a given patient

Beats • In monoaural conventional masking,
it is easy to generate the sensation of
“beats” when two sounds of identical
loudness are similar, but not exact, in
regard to frequency and phase

• In the case of pure tone tinnitus it is
very rare to generate “beats”

Sound pre-
sentation
(ear)

• Contralateral masking has limited
effect

• Strong contralateral masking is
possible

Level of
sound being
masked

• Upon masking cessation, the sound
being masked is perceived as being at
its original (pre-masking) level unless
auditory fatigue is experienced

• Upon masking cessation, the
patient will often experience residual
inhibition (a temporary reduction or
even absence of their tinnitus
sensation)
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and acoustic therapies (in particular those based on tinnitus frequency) (Fournier
et al. 2019). Furthermore, the discrepancy between the conventional V-shape and the
patterns observed in some TTC could simply reflect the fact that tinnitus, for some, is
not narrowband in nature, but represents a broadband complex sound (Norena et al.
2002).

Fowler (1940) noted subgroups with respect to TTC profiles, claiming that his
participants fell into one of the three groups: (1) tinnitus could be masked by tones at
low SLs irrespective of its frequency, (2) high masker SPLs were required for all
frequencies, and (3) tinnitus could not be masked at all. Feldmann (1971) replicated
and extended these findings, exploring the effects that tones of selected frequencies
had on the perception of tinnitus. Pure tones, narrow-band noise, and white noise
were presented to 200 patients both ipsilaterally and contralaterally, plotting the
intensities of the tones and noises just sufficient to mask the tinnitus so as to generate
masking curves (Feldmann 1971). Feldmann identified five different tinnitus profiles
based on masking pattern: convergent, divergent, congruent, distant, and persistent
(Table 4). Results similar to that of Feldmann (1971) have been reported by others
(Mitchell 1983; Penner 1987; Tyler and Conrad-Armes 1984). The heterogeneous
nature of tinnitus, in particular with respect to its response to masking, suggests that
tinnitus does not arise in the cochlea; it requires central involvement and higher-
order processing (Tyler 2000).

6 Auditory Residual Inhibition

Auditory Residual Inhibition (ARI) reflects the temporary suppression or complete
elimination of the tinnitus sensation that takes place following auditory stimulation
(Henry 2016). Josephson (1931) was one of the first to describe what we now know
to be ARI. The effect was initially named residual inhibition (RI) by Vernon and
Schleuning (1978) in recognition of Feldmann’s reporting that tinnitus “remains
silent for a certain period of time after cessation of the inhibitory stimulus”
(Feldmann 1971). To avoid confusion between acoustical RI and that observed in
non-acoustical contexts, such as in neural transcranial magnetic stimulation
(Vanneste and De Ridder 2012; van Zwieten et al. 2016), “auditory” is
recommended to be routinely added to residual inhibition (auditory residual
inhibition, ARI).

The clinical test for ARI is usually the presentation of broadband noise
(2–12 kHz) binaurally to patients at 10 dB above their minimum masking level
(MML). Exposure to the noise lasts 60 s before abrupt termination, at which time the
participant is asked to report any perceived changes to their tinnitus percept (Henry
2016). In cases where tinnitus is suppressed, the patient is asked to describe any
changes to the tinnitus sensation as it recovers and resumes its initial level. Changes
to the tinnitus percept, as well as duration of the ARI, are noted and classed
according to four categories (Henry 2016; Switalski and Sanchez 2019):
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1. Positive-complete: Tinnitus is entirely absent, ARI may vary from 1 s to several
hours; ARI has been reported to last <2 min in 60% of patients, and <4 min in
80% of patients (Meikle et al. 2004).

2. Positive-partial: Tinnitus is still present, but less audible than prior to the testing
procedure. Changes in the quality of the tinnitus might be reported.

3. Negative: No change in tinnitus loudness.

Table 4 Feldmann’s tinnitus masking profiles and their prevalence among tinnitus patients as
reported in several studies (Feldmann 1971 (n ¼ 200), Mitchell 1983 (n ¼ 32), and Tyler and
Conrad-Armes 1984 (n ¼ 10))

Masking
pattern Prevalence

Type I:
Convergence

Common. Found in patients with high-pitch tinni-
tus and high-frequency hearing loss. Threshold and
masking curves converge from low to high fre-
quencies, meeting at the frequency corresponding
to the tinnitus pitch and coinciding for higher fre-
quencies. Occurs mostly in industrial deafness and
sensorineural hearing loss associated with high-
pitched tinnitus.
Most like the masking of true sounds

• Feldmann (1971): 34%
of patients
• Mitchell (1983): 53%
of patients
• Tyler and Conrad-
Armes (1984): 80% of
patients

Type II:
Divergence

Very rare. Defined by threshold and masking curve
diverging from low to high frequencies. No clear
pathologies associated

• Feldmann (1971): 3%
of patients

Type III:
Congruence

Common. Threshold and masking curve coincide
within an intensity range of maximally 10 dB; any
tone or narrowband noise raised at a level just
above threshold will mask the tinnitus. Found in
cases with a flat threshold curve, particularly in
Meniere’s disease, sudden deafness, and otoscle-
rosis. Tinnitus may be tonal or noise-like

• Feldmann (1971): 32%
of patients
• Mitchell (1983): 19%
of patients
• Tyler and Conrad-
Armes (1984): 10% of
patients

Type IV:
Distance

Relatively common. Masking sound has to be
considerably louder than threshold in order to mask
the tinnitus. Threshold curve and masking curve are
therefore distant from each other. Present in cases
of various pathologies of the middle and inner ear

• Feldmann (1971): 20%
of patients
• Mitchell (1983): 22%
of patients
• Tyler and Conrad-
Armes (1984): 10% of
patients

Type IVa:
Dispersion

In type I–III the intensities required for masking
with pure tones and narrowband noises are gener-
ally equal. In type IV however there can be differ-
ences in that higher intensities of pure tones are
needed than for narrowband noises. This gives rise
to type IVa

–

Type V:
Persistence

Tinnitus cannot be masked irrespective of the
stimulus. Often occurs in patients with severe sen-
sorineural hearing loss or complete deafness

• Feldmann (1971): 11%
of patients
• Mitchell (1983): 6% of
patients
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4. Rebound or Exacerbation: Increase in tinnitus loudness level in response to
masker presentation (in these cases, the time taken for the tinnitus to return to
its initial “original” level is recorded).

ARI has been reported in around 70% of tinnitus patients (Ristovska et al. 2019;
Roberts et al. 2008), with some claiming an even higher prevalence of nearly 90%
(Vernon 2000). However, results are variable. A study by Roeser and Price (1980)
evaluated the efficacy of tinnitus masking, reporting either partial or complete ARI
in around 64% of their sample, no effect in 23%, and exacerbation in around 5%
(masking was ineffective in 8% of the sample). Mitchell et al. (1984) also examined
changes in tinnitus following masking, observing ARI in only 42% of participants.
Of those who did not experience ARI, 26% noted that the masking sound alleviated
their tinnitus (while it was being presented), while the rest felt the sound was simply
“one more noise on top of the tinnitus,” in some cases even aggravating the tinnitus.
Though the prevalence of ARI is somewhat variable, it appears that those who
experience ARI tend to do so consistently (Henry et al. 2013).

The duration of the effect can last anywhere between 1 s and several hours, in
some cases even days (Sandlin and Olsson 1999; Switalski and Sanchez 2019). The
magnitude and duration of ARI are dictated by several factors, including the
intensity, duration, and frequency of the masker (Terry et al. 1983; Vernon and
Meikle 1981). High-intensity and long duration maskers have been found to produce
longer relief from tinnitus through extending post-masking effects (ARI) (Tyler
2000). Terry et al. (1983) maintained that the greater the masker intensity, the
greater the period of ARI. Evaluating the relationship between masker composition
(frequency, bandwidth, intensity, and duration) and the magnitude and duration of
ARI, the investigators found that ARI was proportional to the masker intensity given
the tinnitus was fully masked (partial masking will result in little or no ARI). In
addition, the time course of ARI demonstrates a linear increase as a function of the
logarithm of masker duration for durations between 10 s and 10 min (Terry et al.
1983). The duration of the effect, measured as time taken to achieve complete
recovery of tinnitus, increased to around 100 s for maskers presented for a period
of 100 s, but only increased to 200 s for maskers presented at tenfold greater
durations (Terry et al. 1983). Tyler and Conrad-Armes (1984) evaluated the percep-
tion of tinnitus following termination of a masker in 10 participants with sensori-
neural tinnitus, noting several different responses: low-level and short-duration
maskers generally resulted in the tinnitus being heard immediately following masker
termination, while higher-level and higher-duration masker presentation (and sub-
sequent termination) led to (1) a silent period followed by an abrupt return to the
pre-masking level, (2) a silent period followed by a more gradual return, (3) an
increase in tinnitus loudness, (4) a reduction in tinnitus loudness, (5) a “wobbling” of
the tinnitus, and (6) no ARI effect.

In addition to the well-known influence of masker intensity and duration on ARI,
a number of studies have proposed that the post-masking effect is also, to some
degree, frequency-dependent (Fournier et al. 2018; Sockalingam et al. 2007). Terry
et al. (1983) found that ARI is in general maximal when the frequency of the masker
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is lower than the tinnitus frequency. Sockalingam et al. (2007) and Fournier et al.
(2018) proposed that the closer the masker frequency is to the patient’s tinnitus, the
greater the ARI. Sockalingam et al. (2007) also noted that while the duration of ARI
increased with increasing duration of frequency-matched stimuli, no such correlation
was identified for non-frequency-matched stimuli.

6.1 Cautions and Application

There is limited evidence to suggest that temporary threshold shift (TTS) is produced
during ARI (Terry et al. 1983; Vernon and Fenwick 1984); however, use of the test
with persons who experience reduced sound tolerance is not recommended. ARI has
some, limited, potential prognostic value in terms of masker-based therapies, deter-
mining the likelihood that a patient will benefit from sound therapy (Vernon 1977).
In addition, it gives many individuals a feeling of renewed hope that their tinnitus
can be managed and is not intractable. The demonstration that tinnitus can be
altered – even if only for a brief moment – can be particularly rewarding if the
patient is someone who has suffered from constant, unremitting tinnitus for a long
period of time (Vernon 2000). Further, it shows patients that tinnitus relief might be
possible by using external sounds to modify the percept.

7 The Future of Psychoacoustic Measures: Methods
and Application to Therapy

7.1 Methods

Tinnitus evaluation is currently most commonly conducted using a standard audi-
ometer primarily due to the availability, simplicity, and familiarity of the equipment.
However, there are well-known limitations associated with assessing tinnitus using a
conventional pure-tone audiometer (McFadden 1982; Vernon and Fenwick 1984).
Audiometers are restricted in the range of frequencies they present, allowing only
gross estimates of tinnitus to be obtained (Kostek and Poremski 2013). Frequencies
above 8,000 Hz are often not available, resulting in those with tinnitus frequencies
above 8,000 Hz not being appropriately and accurately pitch matched (McFadden
1982; Schechter and Henry 2002). Additionally, the typical 5 dB intensity level
increments of audiometers may be too large to enable precise loudness matching of
tinnitus (Kostek and Poremski 2013). While some audiometers allow for smaller
increments (1 to 2 dB) to be used, this extends test duration (Kostek and Poremski
2013). The flexibility of digital platforms (software, apps) should free clinicians
from the limitations of pure-tone audiometers, but with new innovative methods
comes the potential for even less standardization. Kostek and Poremski (2013)
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evaluated the use of a multimedia-based synthesizer for measuring the
psychoacoustical properties of tinnitus, noting its superiority over conventional
audiometer use. The tinnitus synthesizer has many benefits above the use of an
audiometer: (1) it obtains results more quickly, (2) it has a greater capacity for
allocating the acoustic parameters of sound (in turn representing it more accurately),
and (3) the participant does not have to be in close cooperation with the examiner or
verbally describe the perceived listening experience, which is often challenging for a
number of people.

The current pitch and loudness match of tinnitus offer a limited “cartoon-like”
representation of the sensation. The use of pure tones as comparison stimuli has
limitations, as the majority of individuals describe a broader more complex tinnitus
spectra (Table 1). Patients and research participants are instructed to match to the
prominent pitch of their tinnitus; however, this is often difficult to do (Henry et al.
2013; Moore 2014). Though the use of pure tones as comparison stimuli is not ideal,
there are claims that it is still a reasonable methodological choice, having a number
of advantages over the use of complex tones or noise bands (Norena et al. 2002). The
pitch of pure tones is defined almost exclusively by their frequency; conversely, the
perceptual attributes of complex tones and noise bands are defined by various
physical parameters, including their fundamental frequency, center frequency, band-
width, and spectral shape (which is in turn governed by the amplitude of their
frequency constituents) (Norena et al. 2002).

Tinnitus likeness measures appear a compromise as they use tonal stimuli, but
across a wide spectrum (Norena et al. 2002; Roberts et al. 2006). TLR have
demonstrated a greater degree of reliability relative to several alternative methods
(Kay and Searchfield 2008; Hébert 2018) and have tentatively been shown to
improve the validity of pitch matching (Roberts et al. 2006). However, these
methods still only offer a simplified representation of the global tinnitus experience,
focusing solely on frequency and intensity components; two aspects that contribute
to, but do not wholly define the sensation. They are also time-consuming. However,
the use of complex and noise stimuli for tinnitus matching need not be a difficult and
lengthy procedure. Kostek and Poremski (2013) recommended that for a patient
reporting noise-like tinnitus a narrowband noise be presented with a center fre-
quency equal to tonal pitch match. If the patient feels that the pure tone more closely
resembles their tinnitus than the noise, this tone is the final match and no further
testing needs to be conducted. If the patient feels the noise was a closer match to their
tinnitus, the most appropriate form of noise should be determined by comparing
broadband noise (speech noise or white noise) with narrowband noise.

More complex approaches such as tinnitus likeness ratings (TLR) are a step
towards a more “complete” representation of the tinnitus sensation. Future methods
of assessment may require more accurate and/or “realistic” replicas of tinnitus
(Searchfield 2014). There appear to be two approaches to creating realistic copies
of tinnitus. One is to start and build on basic building blocks of sound (frequency and
intensity), the other is to start with complex sounds (real world) and modify them to
match tinnitus (Kay and Searchfield 2008). In order to achieve appropriate tinnitus
avatars (complex replicas of the tinnitus experience), future matches may need to
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incorporate several different sounds (Drexler et al. 2016), using real-world or
complex sounds (Kay and Searchfield 2008), and defining tinnitus in
3-dimensional space (Searchfield et al. 2015).

7.2 Application to Treatment

Tinnitus heterogeneity may be responsible for the variable treatment responses seen
among tinnitus patients (Cederroth et al. 2019; Simoes et al. 2019). Until recently,
treatments have been largely independent of psychoacoustic measures. However, the
increase in management strategies requiring accurate pitch and loudness matches
including desynchronization with patterned tones (Reavis et al. 2010), tonotopic
reorganization using sound and vagus nerve stimulation (De Ridder et al. 2015),
active discrimination (Roberts and Bosnyak 2011; Wise et al. 2016), and categori-
zation training tasks (Jepsen et al. 2010) has been a driving force for the need for
accurate measurements. A treatment based on sound presentation in and around
tinnitus pitch is likely to be compromised if the treatment sound is inaccurately
prescribed.

Therapies currently attempting to personalize tinnitus therapy often only focus on
one aspect of the percept such as pitch, loudness, sound preference, or maskability
rather than considering the percept as the complex combination of these factors
(Searchfield et al. 2017).

8 Summary

Psychoacoustic measures are crucial for characterizing and evaluating the perceptual
properties of tinnitus. However, common approaches to the psychoacoustic
matching of tinnitus are faced with a number of limitations, including:

• Lacking standardized protocols for psychoacoustic measures.
• Pitch-matching issues: equipment-based limitations, octave confusion, effects of

cochlear dead regions, and tinnitus complexity.
• Loudness-matching issues: ample choice of loudness units of questionable rele-

vance and appropriateness, effects of loudness recruitment.
• Masking based issues: variability and unpredictability of tinnitus behavior in

response to an external sound.
• Residual inhibition-based issues: unpredictability in terms of whether or not a

patient will demonstrate residual inhibition.

Despite these limitations, the current measurements are likely to be sufficiently
accurate for counseling and as adjunct measures to questionnaires in research.

Throughout this chapter we have discussed and critiqued current psychoacoustic
methods, offering suggestions for their improvement and a view of what successful
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tinnitus evaluation might look like and encompass. It is clear that a broader com-
prehension of tinnitus is required, taking into consideration not only its acoustic
parameters and underlying pathophysiology, but also factors such as patient person-
ality and activity within the neural networks (auditory, attention, memory, and
emotion centers) affected by tinnitus. The heterogeneous nature of tinnitus should
be taken into consideration at every stage of tinnitus assessment.
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Abstract This volume has highlighted the many recent advances in tinnitus theory,
models, diagnostics, therapies, and therapeutics. But tinnitus knowledge is far from
complete. In this chapter, contributors to the Behavioral Neuroscience of Tinnitus
consider emerging topics and areas of research needed in light of recent findings.
New research avenues and methods to explore are discussed. Issues pertaining to
current assessment, treatment, and research methods are outlined, along with rec-
ommendations on new avenues to explore with research.
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1 Introduction

In this chapter, we consider the current status of tinnitus research with a focus on new
and emerging topics. Advances in research hypothesized to be essential for future
research are discussed. The literature reviewed is primarily from the last decade.

2 Tinnitus Is, What Tinnitus Is

Tinnitus is a complex experience and its management is made challenging by
individual responses to treatments. Simply stated, tinnitus is composed of its per-
ception (hearing a sound) and its reaction (the degree to which hearing the sound is a
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problem for the person). Advanced neuroimaging technology reveals tinnitus-
associated changes in neuronal activity and connectivity involving multiple neural
networks, both in human patients (Boyen et al. 2014; Husain and Schmidt 2014;
Kraus and Canlon 2012; Leaver et al. 2011; Maudoux et al. 2012; Song et al. 2012;
Vanneste et al. 2011; Vanneste and De Ridder 2012) and animal models (Chen et al.
2014). It has been increasingly recognized by the international tinnitus research
community that disabling tinnitus is unlikely to originate from a single pathological
source, but rather complex network changes involving not only the auditory system
but also other sensory systems and systems related to memory, emotion, attention,
and stress (Henry et al. 2014; Knobel and Sanchez 2008; Leaver et al. 2016; Roberts
et al. 2010; Simonetti and Oiticica 2015).

A more complete understanding of tinnitus will emerge when we can tie tinnitus-
related behaviors with neuroscience and this must consider both intrinsic and
extrinsic factors that shape an individual, their perception and reaction (Searchfield
2014). Tinnitus is difficult to define, but it can be viewed as a false perception of
sound, which can cause emotional, cognitive, behavioral, and autonomic reactions,
leading to functional and behavioral changes, potentially disabling the person
experiencing it. Tinnitus is perceived as a sound, but it is the creation of central
processing, not a sensation of the external world. Our response to real-world sounds
is based on prior knowledge and experience of the sound; the same cannot be said for
tinnitus. Normally, our perception and reaction to sound are determined by its
source, which tinnitus lacks. The absence of an external source introduces a sense
of discomfort, for the individual cannot locate where the sound is coming from and
what is causing it, challenging the listener’s reality of sound perception (Feldmann
1992). Brefczynski-Lewis and Lewis (2017) proposed a neurobiological model of
auditory perception describing the interaction between bottom-up and top-down
influences. This model classifies sounds according to three basic categories of
sound-source: (1) action sounds produced by living things; (2) action sounds
produced by non-living things; and (3) vocalizations. The effect and attention
capturing characteristics of tinnitus could be examined by extending the model
from real-world natural sounds (Brefczynski-Lewis and Lewis 2017) to include
false sounds such as tinnitus and hallucinations.

Calls to recognize the heterogeneity of tinnitus have become more frequent, and
over the last decade, this heterogeneity has led to an increased drive for the subtyping
of tinnitus and the development of personalized therapeutic approaches (Cederroth
et al. 2019a; McFerran et al. 2019; Simoes et al. 2019; Van de Heyning et al. 2015).
Therefore, in the next decade, we will most likely see advancement in at least two
broad areas, individualized identification of tinnitus-related network activity and
individualized treatment targeting those networks (e.g., emotion, attention, hearing).

3 The Pathway to Precision in Assessment

No two patients are likely to experience tinnitus in precisely the same way; their
percept will differ relative to its psychoacoustic characteristics, related
comorbidities, their personality, and psychological reaction to the tinnitus
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(Searchfield 2014), individual genetics (Maas et al. 2017; Veile et al. 2018), and
even their lifestyle (Veile et al. 2018). It is clear that in order to make progress in
tinnitus assessment, we must adopt a holistic stance. A broader comprehension of
tinnitus is required. Accumulating evidence suggests complex interactions between
genetic, demographic, lifestyle, and other environmental factors influence tinnitus. It
can be assumed that epigenetics may also become involved in the genetic and
environmental interaction that leads to tinnitus (Lopez-Escamez et al. 2016).
Request has been made for reinforced efforts to create large datasets that incorporate
a broader spectrum of information from each participant to understand further
tinnitus heterogeneity (Schlee et al. 2018). As part of these efforts, a multi-omics
approach to bridge tinnitus-related metabolomic data with proteomic,
transcriptomic, and genomic data combined with data on a wide array of individual,
lifestyle and environmental factors, is needed. Furthermore, the question needs to be
addressed whether environmental influences translate epigenomics to different tin-
nitus phenotypes. These types of information are often missing from current
datasets, but are nevertheless important for unravelling the biological basis of
tinnitus.

Another challenge for precise assessment is the temporal dynamic of the subjec-
tive tinnitus perception. Patients often report that their perception of tinnitus fluctu-
ates between days, and also within days (Probst et al. 2017). These patients report
that there are moments with loud and pronounced tinnitus perception, but also
moments with reduced tinnitus perception. Early work in this line of research
demonstrated substantial variability in the tinnitus loudness as well as the tinnitus
distress measures (Henry et al. 2012; Schlee et al. 2016; Wilson et al. 2015). The
underlying neurobiological mechanisms of this moment-to-moment fluctuation are
largely unknown. Yet, a better understanding of these mechanisms could reveal
innovative ways for clinical interventions.

3.1 Biomarkers of Tinnitus

The search for physiological and behavioral markers of tinnitus has a long history
(Ciba Foundation Symposium 85 1981), but methods are now emerging that suggest
the distinction between tinnitus and non-tinnitus is becoming possible by examining
cortical/subcortical morphology (Liu et al. 2019) and patterns of EEG activity
(Vanneste et al. 2018). Imaging and EEG methods, with the aid of machine learning
algorithms, offer new possibilities to accurately distinguish tinnitus from
non-tinnitus neural activity at an individual level (Durai et al. 2020; Han et al. 2019).

The investigation of genetic and blood-based biomarkers for tinnitus is at an
exploratory phase (Haider et al. 2020; Szczepek et al. 2014). While platelet volume
and distribution (Ulusoy et al. 2018) and activity of circulating proteasomes (Yun
et al. 2020) may be indicative of tinnitus in humans, they must be differentiated from
other concomitant pathologies such as mild cognitive impairment (Yun et al. 2020).
Acoustic trauma in rats changes several metabolic pathways (He et al. 2017), some
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of which may also be associated with tinnitus, and highlights the importance of
networks of biochemical variables in determining changes in auditory function
(He et al. 2017). Transient tinnitus induced in rats using salicylate induces
dysregulation of cytokines and N-methyl D-aspartate receptor subunit 2A genes
(Chen and Zheng 2017). The genotype A/T at glutamate metabotropic receptor
7 (GRM7) (Haider et al. 2017) may be a marker for tinnitus severity in humans.
Evaluation of tinnitus heritably in twins and careful recording and control of
phenotypes in studies will aid the development of genetic markers of tinnitus,
which may in turn guide drug development (Lopez-Escamez et al. 2016). In a similar
approach, large-scale metabolomics analysis in noise trauma has been postulated to
be able to diagnose tinnitus in rats (He et al. 2017).

Molecular genetics studies are needed in humans to define the genes and biolog-
ical processes involved in tinnitus severity. The mechanisms leading to severe
tinnitus seem to be independent of hearing loss (Lopez-Escamez and Amanat
2020). Evidence is beginning to emerge to support a genetic predisposition to
develop severe tinnitus. Concordance studies in twins and adoptees support herita-
bility in bilateral tinnitus (Cederroth et al. 2019b; Maas et al. 2017) and familial
aggregation studies reveal that severe tinnitus clusters in families and this effect is
stronger in women (Trpchevska et al. 2020).

3.2 Acute, Chronic, Bothersome, and Disabling Tinnitus

A potentially fruitful avenue for increasing our understanding of tinnitus is the
differentiation of tinnitus based on its etiology (e.g., noise, ototoxicity, or blast
trauma), stage of pathogenesis (acute, chronic), and severity of symptoms
(non-bothersome, bothersome, disabling) which may aid in the discovery of thera-
pies best attuned to different mechanisms. For example, in the management of pain,
there has been considerable progress in efforts to predict the risk and mitigate the
transition from acute to chronic pain (George et al. 2020; Traeger et al. 2016). The
development of similar frameworks may aid tinnitus management across its pro-
gression from acute to chronic, perhaps informing practices that could prevent
chronification.

Animal models are important in research due to the ability to control the mode of
tinnitus induction, the duration of pathology, and the use of more invasive measure-
ment techniques to assess structural and functional changes linked to structure and
function. Animal models have helped progress knowledge from a gross understand-
ing of pathophysiology (e.g., from peripheral to central mechanisms) to single-cell
populations (e.g., fusiform cells in the DCN (Shore and Wu 2019) and the role of
receptors (e.g., GABAA receptor function in thalamic circuits (Caspary and Llano
2017) and targets for therapy (e.g., attention (Brozoski and Bauer 2016)). Basic
research in animals is also contributing to understanding the roles of different
pathologies in explaining some of the heterogeneity in tinnitus, such as
distinguishing neural changes due to hearing loss from tinnitus (Shore and Wu
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2019), chronic noise-induced tinnitus from that resulting from salicylate ototoxicity
(Eggermont 2016) and blast trauma (Zhang 2019). The effects of stress are also now
being modelled in animals (Jiang et al. 2017) in an attempt to mimic the stress-
tinnitus axis seen in humans. Clues as to the role of stress and tinnitus in humans are
being explored through indicators of stress, such as salivary markers, blood pressure,
and heart rate (Alsalman et al. 2016; Aydin and Searchfield 2019; Betz et al. 2017).
Stress markers may clarify how the acute onset of the false perception of sound can
evolve into disabling chronic tinnitus. However, the auditory system of different
species (Szczepek et al. 2018) and of different sexes (Keesom et al. 2018; Willott
2009) may respond differently to stress. Thus, fundamental work on tinnitus-related
stress responses in animals as well as in humans must be pursued.

Acute and chronic, mild and disabling tinnitus may have distinct pathophysio-
logical markers in humans. Resting-state fMRI from persons with mild acute tinnitus
appears similar to controls (Wineland et al. 2012). Resting-state fMRI to distinguish
tinnitus chronicity from tinnitus severity has revealed disrupted connectivity
between the precuneus and other default mode regions, which could be an indicator
of long-term tinnitus, with the strength of the disruption correlated with tinnitus
severity (i.e., with more bothersome tinnitus demonstrating more substantial
decreases) (Schmidt et al. 2017). Individual differences in auditory and
non-auditory systems may impact how tinnitus is perceived and how “bothersome”
it is.

EEG studies also demonstrate that, in some patients with tinnitus, cognitive
functions may worsen with activity changes in the hippocampus, the pregenual
and subgenual anterior cingulate cortex extending into the right insula (Vanneste
et al. 2016). A careful review found mixed support for the claim that tinnitus impairs
working memory, executive attention, and selective attention (Mohamad et al.
2016). However, as they are all complex concepts in themselves, the relationship
of cognition and executive function to tinnitus requires further evaluation. The
continued development of biomarkers indicative of sequelae and different dimen-
sions of tinnitus may lead to treatments that may be more effective at one given
phase of tinnitus development than another.

3.3 Psychoacoustic Measures

Tinnitus is a more complicated perception than the relatively simple psychoacoustic
matches used today imply. Psychoacoustic assessments can be improved both in
their reliability and efficiency (Hebert and Fournier 2017). Tinnitus patients describe
their perception in a number of ways: most commonly as a ringing or hissing
sensation, but in some cases as more complex sounds such as crickets and even
music (Meikle et al. 2004). Most methods of tinnitus synthesis are based on the
adjustment of a pure tone to match the dominant pitch of tinnitus (Bertet et al. 2013;
Burns 1984; Henry and Meikle 2000; Mitchell et al. 1993; Penner and Klafter 1992).
More complex approaches such as Tinnitus Likeness Ratings are a step towards a
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broader and more “complete” representation of the tinnitus sensation through the
demonstration of its spectral constituents (Basile et al. 2013). But even these
advanced matching methods do not capture all of the acoustic parameters that likely
define tinnitus, for example timing and location (Searchfield et al. 2015). There is
still a need to develop accurate and realistic tinnitus avatars (complex replicas of the
tinnitus experience). There appear to be two approaches to creating realistic copies of
tinnitus, one is to build on basic building blocks of sound (frequency and intensity),
the other is to start with complex sounds (real world) and modify them to match
tinnitus. The resources and time required for more involved measures (cost-benefit)
need to be ascertained. The need for greater accuracy in pitch-matching is becoming
urgent, as new therapies based around sounds presented in or around tinnitus pitch
become available (Korth et al. 2020).

3.4 Standardized Outcome Measures

One of the major methodological limitations for cross-study comparisons is the lack
of agreed standards for how some of the most fundamental variables related to
tinnitus are defined. This hampers cross-study comparisons and data pooling. In
order to pool data, it is essential to have standardized methods (Langguth et al.
2007). The call for standardization is not new (Ciba Foundation Symposium
85 1981) but recently increased efforts have been made to develop and adopt a
core set of measures for human participant research (Hall et al. 2018). A key
component to this is settling on standard questionnaires with high-quality trans-
lations/adaptations into different languages so that data can be reliably pooled across
countries. Much has already been debated on the utility of questionnaires to assess
tinnitus symptom severity and to formulate treatment (Langguth et al. 2007). There
may be diminished value in developing new composite measures of tinnitus symp-
tom severity as existing questionnaires (e.g., Tinnitus Handicap Inventory (Newman
et al. 1996), Tinnitus Functional Index (Meikle et al. 2012), Tinnitus Primary
Function Index (Richard Tyler et al. 2014) have become accepted norms. However,
the diagnosis of comorbidities (e.g., depression, anxiety) using questionnaires is
becoming more and more important. Moreover, sex-specific aspects will increas-
ingly play a role (Lugo et al. 2019; Niemann et al. 2020a; Van der Wal et al. 2020;
Vanneste et al. 2012). It may be useful to continue the development of measures that
are more specifically tuned to ascertain distinct health concepts (e.g., illness beliefs,
impact on concentration, or tinnitus intrusiveness) or mechanisms of effect, expec-
tations, and benefit (Probst et al. 2019), for example: information from a client-
oriented perspective may enable individuals to prioritize their treatment needs (e.g.,
COSIT (Searchfield 2019)). There are also new opportunities to develop and test
methods that can capture tinnitus in greater temporal resolution, possibly in real-
time, through momentary ecological evaluation (Goldberg et al. 2017; Schlee et al.
2016). Momentary evaluation samples subjective states regularly, up to several times
daily with recording facilitated through the use of the omnipresent smartphone
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(Goldberg et al. 2017; Schlee et al. 2016). This methodology allows for the incor-
poration of patient- and environment-specific factors shown to affect the severity of
tinnitus. The most sensitive measures, duration, and regularity of assessment need to
be determined, and considered alongside any unintended side effects that may occur
from regularly attending to tinnitus. The increasing depth of understanding of
tinnitus opens up prognostic opportunities that have not previously existed; these
in turn increase the potential of applying precision medicine to tinnitus.

3.5 Predicting Success

There is a new wave of tinnitus research focused on predicting treatment outcomes.
Tinnitus case history information (Simoes et al. 2019) and assessment of personality
(Durai et al. 2017; Kleinstäuber et al. 2018), tinnitus severity (Mazurek et al. 2006),
hearing level and localization of tinnitus (Theodoroff et al. 2014), and gender aspects
(Lugo et al. 2019; Niemann et al. 2020a; Van der Wal et al. 2020; Sven Vanneste
et al. 2012), may all be markers that can be used to predict therapy outcomes.
Physiological measures such as MRI and EEG, in highly controlled circumstances,
also appear to accurately predict therapy outcomes (Durai et al. 2020; Han et al.
2019). Artificial intelligence and machine learning algorithms may mean that suc-
cessful treatments will be selected a priori for patients (James et al. 2017; Niemann
et al. 2020b). Drawing inspiration from other domains that have developed novel
approaches to predict the successful therapeutic outcomes would also be worthy. For
instance, some studies have reported that initial symptom profiles of patients
(Uckelstam et al. 2019) and patient language (Goodwin et al. 2019) can predict
the rate of change in psychotherapy, allowing professionals to anticipate prognosis
and length of therapy, and to adapt their intervention. Other studies have used
machine learning approaches to examine behavioral indices not under the control
of patients, such as facial movements and expressions (Anis et al. 2018), to better
measure psychopathology and predict a successful outcome.

4 The Research Pathway to Precision Therapy

Many health disciplines are moving towards personalized medicine that is focused
on tailored diagnosis and treatment for an individual (Schleidgen et al. 2013; Tutton
2012), including tinnitus (Tzounopoulos et al. 2019). After the first sequencing of
the human genome in 2000, the idea that the individual’s genome could influence
therapy led to the concept of personalized genomic medicine (Ginsburg and Willard
2009). Yet genomic data can only be applied at a group level, and thus the term
precision medicine was coined (Juengst et al. 2016; Roden and Tyndale 2013). The
fundamental difference between personalized medicine and precision medicine is
that personalized medicine treats an individual patient, whereas precision medicine

Emerging Topics in the Behavioral Neuroscience of Tinnitus 469



targets a disease specified by genomic data (Juengst et al. 2016; Roden and Tyndale
2013). The genomic information need to be integrated with proteomes, creating
interactomes, if one wants to move again from precision medicine to individualized
medicine (Zhang et al. 2015).

The development of new assessment methods and machine learning application
may identify targets optimized for more individualized therapy. These new methods
may lead to a re-evaluation of treatments that have fallen out of favor due to large
variability in benefit between individuals, such as neurofeedback (Guntensperger
et al. 2017; Jensen et al. 2020) or re-invigorate therapies that are widely used but
criticized for lack of demonstrated benefit in comparison with control groups such as
sound therapy (Brennan-Jones et al. 2020). Knowing who may benefit most from
treatment should lead to greater efficiency and a reduction in the overall cost of
tinnitus healthcare.

4.1 Network-Based Models

In many individuals, complete elimination of tinnitus perception may be analogous
to the Greek myth of Hercules defeating the multiheaded Hydra serpent (Ogden
2013). In the legend, the Hydra would die only if all its heads were removed, but two
heads grew in place of each one removed. Within a tinnitus neural network, the
suppression or elimination of tinnitus-related activity may lead to aberrant activity
emerging elsewhere within the network and so tinnitus persistence. With this in
mind, we may need to prescribe multiple therapeutics, each with an individual target
within the network, develop multicomponent therapeutics, or design a single thera-
peutic with multiple targets (Hopkins 2008). Developers of future tinnitus treatments
should consider where in the sequelae of tinnitus development individual’s sit and
consider the tinnitus network biology and poly-therapeutics that aim to treat the
tinnitus-causing networks rather than a single target within the network (e.g., (Jun
He et al. 2017)). Treatments that combine several therapeutic actions, multimodal
therapies, may become more common. The combination of auditory stimulation with
counselling can be viewed as acting on bottom-up processing and top-down control
of tinnitus networks (Searchfield this volume). In a different vein, bimodal auditory
and somatosensory (dorsal column and trigeminal) activation with specific bimodal
intervals based on underlying brain stem circuitry has shown effectiveness in
reducing tinnitus loudness and distress (Marks et al. 2018). In different approaches,
auditory combined with tongue stimulation has shown effectiveness on tinnitus
distress (Conlon et al. 2020) sound combined with vagal nerve stimulation (Tyler
et al. 2017) has shown some promising results. The ultimate therapeutic effective-
ness of these new approaches remains to be determined. The combination of
stimulation parameters derived from precise study of underlying circuitry would
appear a key to success using multimodal therapies (Marks et al. 2018). However,
there is some ambiguity as to what the optimal parameters for success (e.g. Conlon
et al. 2020), indicating future research needs.
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4.1.1 Polytherapeutics

For the treatment of HIV-positive patients, there are six different classes of drugs
(Pau and George 2014). It was shown that triple therapy was more effective than dual
therapy, and that dual therapy was more effective than monotherapy in first line
treatment, dramatically increasing the success of AIDS treatment (Jordan et al.
2002). Yet combining four drugs does not seem to add any more benefit (Feng
et al. 2019). A question is whether and how combination therapy may also benefit
tinnitus?

Emerging drugs for tinnitus have mostly targeted the cochlear genesis of tinnitus,
intending to block aberrant afferent activity. Altering cochlear-neural afferent drive
with a pharmaceutical is expected to be most effective in an acute phase, prior to
reactive plasticity creating tinnitus in-related central networks (Langguth et al. 2019,
Kleinjung and Langguth this volume). Other drugs aim to affect central processes,
for example oxytocin increases the salience of sound through inhibition (Marlin et al.
2015) with preliminary benefits for tinnitus (Azevedo et al. 2017). Similarly
methylenedioxymethamphetamine (MDMA) has been shown to create an indiffer-
ence to negative sounds, by mediating serotonergic signaling (Kuypers et al. 2018)
and preliminary investigations of MDMA as a potential tinnitus therapy have begun
(Searchfield et al. 2020a). There is no conclusive evidence yet that these drugs will
be effective clinically, but the mechanisms putatively modified by these drugs are
worth exploring further.

Several potential therapeutics have actions throughout putative tinnitus networks,
and as such, have some of the characteristics potentially needed in a network
therapeutic, examples are nitrous oxide (an N-Methyl-D-aspartate (NMDA) antag-
onist) and BGG492 (an α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) antagonist) (Langguth et al. 2019). However, nitrous oxide was found no
more effective than a placebo (Hong et al. 2018), and BGG492 development was
cancelled for tinnitus, possibly due to unwanted side effects (Cederroth et al. 2018).
One class of medicines aiming at achieving network modulation that has already
been used in clinical practice for hundreds of years is the Traditional Chinese
Medicines (TCMs). TCM uses a combination of several herbs acting on different
organs/systems, especially for complex chronic diseases (Li and Zhang 2013).
Traditionally, TCM takes a network approach in treating hearing loss and tinnitus
by restoring kidney function (Dong and Shi 2012). A study reviewed 150 TCM
prescriptions used to treat deafness over the past dynasties (Zhu et al. 1996). It
was found that a total of 162 individual Chinese medicines were used, and on
average, each prescription consisted of 16.3 components (Zhu et al. 1996). Although
the scientific evidence for TCM is limited, a multi-site modulation approach com-
bined with the increasingly popular network pharmacology approach for drug
discovery might identify potential tinnitus treatments (Elgoyhen et al. 2014; Hopkins
2008).

An effective tinnitus medication may need to block or activate homeostatic
processes to maintain the temporary shifts in excitation and inhibition seen with
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current therapies (Tetteh et al. 2018). This may require medication with multiple
actions over time – an adaptive therapeutic – or the prescription of primary and then
secondary pharmaceutical products based on careful monitoring of intervention
effect.

4.1.2 From Polypharmacology to Multimodal Treatment

If a poly-therapeutic drug is not possible or insufficiently successful in alleviating the
tinnitus, medications may also need to be paired with therapies that may potentiate
each therapy’s action (such as attempts to enhance auditory training through the
prescription of fluoxetine (Searchfield et al. 2020b) or that target residual tinnitus
mechanisms that may remain following the therapeutic’s effect, for example
cognitive-behavioral therapy (CBT) to manage remaining negative reactions to
tinnitus not completely eliminated, or sound therapy modifies detection while the
drug modifies emotion. Real-time monitoring of tinnitus symptoms and potentially
physiology, through momentary evaluation online or through apps, may improve the
therapy process by informing the medication dosage that is needed or to change the
tinnitus drug therapy. An extension of the poly-therapeutic concept might also
include interventions aligned with the ecology, context, of the individual’s tinnitus
experience, perhaps with a focus on attention (Searchfield 2014). This ecological
approach would require rapid, easy access to therapy. Tools that might suit this
might include internet-based CBT (Beukes et al. 2019), counselling, mindfulness,
stress reduction, and sound-based apps (Mehdi et al. 2020; Sereda et al. 2019) as
well as serious-games (Wise et al. 2016). These may be part of a self-directed
therapeutic approach to tinnitus, not necessarily independent of other therapies
(e.g., a tinnitus drug may be the primary therapy), but as at-home adjuncts to
clinic-based approaches.

5 Improving Research to Improve Outcomes

There is limited funding available for medical research, as such, we should make the
most of the resources available (Kleinjung and Langguth 2020). To do this, we need
to optimize research methods and the reporting of results (Kleinjung and Langguth
2020). Efficacious research requires the selection and application of the best
methods, with the least waste of effort. For all the advancements described in this
volume, there remains a critical need to improve our understanding of what tinnitus
is and to accurately evaluate proposed treatments.
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5.1 Diversity

One of the great strengths of the tinnitus research community is its multidisciplinary
membership. The International Tinnitus Seminars (since 1979) and Tinnitus
Research Initiative conferences (since 2006) have showcased the diverse nature of
tinnitus research and clinical practice. The movement towards a greater multi- and
Inter-disciplinary approach has been a great achievement of the last decade. How-
ever, while diversity in knowledge and technology for discovery has increased, it
would be fair to say that the quantitative tradition of research has dominated tinnitus
research. More extensive use of qualitative and mixed methods designs may address
gaps in understanding that cannot be filled by quantitative research (Durai and
Searchfield 2017; Heinrich et al. 2016; Pryce et al. 2018; Taylor et al. 2020). This
requires an understanding of researchers’ worldviews and encouraging greater
diversity in approaches. The inclusion of researchers trained in qualitative tech-
niques to the current cadre of quantitative researchers from multidisciplinary back-
grounds will help expand our understanding of tinnitus.

Worldviews, or positioning, are philosophies of research that can be categorized
as post-positivist, constructivist, transformative, and pragmatic (Creswell 2014). As
summarized by Creswell: Post-positivism is the conventional “scientific method” of
reductionism, theories are reduced to testable ideas based on hypothesis testing.
Constructionist views are often associated with qualitative research, where interest is
on the meaning of the subject being studied, questions are open-ended. The trans-
formative view extends Constructionism to include political change. The pragmatic
worldview uses multiple methods, the “mixed methods” approach, for knowledge
(Creswell 2014). In addition, understanding of the world (and reaction to therapies
within it) may differ from culture to culture; indigenous worldviews are currently
absent in our field (Curtis 2016).

Most tinnitus methods literature, to this point, has focused on the need for
standardization in measures and rigor in research trials, that is, the post-positivist
worldview. In addition to the need to improve the quality of trial designs, the field
should consider alternative methods that may be better suited to answering questions
about tinnitus.

5.2 Clinical Research Design and Methods

Most researchers are familiar with the hierarchy of research evidence that ranges
from low level (expert opinion) to moderate (randomized controlled trials) to high
level “filtered” information in the form of systematic reviews. A considerable body
of tinnitus research has generated informative insights and raised some intriguing
suggestions for interventions, but too often it has been unable to generate definitive
knowledge. “Definitive” in this context means a finding obtained from an appropri-
ately powered study focusing on the effectiveness or efficacy of intervention of
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interest and replicability. Many of the Cochrane systematic reviews assessing the
evidence for various tinnitus interventions conclude that the evidence has a “mod-
erate to high risk of bias” and/or has only “low to moderate certainty”
(e.g. (Brennan-Jones et al. 2020)). Prospective large-scale studies recruiting many
hundreds of participants and retrospective data mining of pooled datasets are both
important directions for identifying patterns in the variability in tinnitus. Random-
ization of participants, with blinding to intervention, and where possible blinding of
researchers, minimizes the risk of bias and increases the certainty in findings. RCTs
do have shortcomings: they can be impractical due to cost, time from recruitment to
publication, and require rigid protocols (Pham et al. 2016). Cross-over designs, in
which participants are their own controls, can use fewer participants while
maintaining statistical power. But such designs require a greater commitment from
participants (essentially twice the time and testing) than equivalent parallel-arm
studies. Higher quality evidence is more likely to be associated with strong recom-
mendations, but, sometimes, even low or very low-quality evidence can lead to
strong recommendation (Balshem et al. 2011). Small proof of concept and feasibility
trials can be valuable to explore ideas. If the results of such pilot studies are
promising, high quality RCTs can follow as a second step.

Case-reports can have strong internal validity for assessing causal relationships
between interventions and outcomes (Lobo et al. 2017). In the so-called single case
designs, the dependent variable is measured repeatedly across time with varying
interventions or levels of intervention, termed phases, allowing for fine-grained
time-series analysis (Lobo et al. 2017). Close examination of individual differences
may identify factors that contribute to tinnitus therapy success in some patients and
not others. Findings from these studies are informative to develop a feasibility trial to
help us to: (1) determine if it is feasible to conduct a multicenter study; (2) optimize
the design of a future definitive RCT; and (3) inform which outcome(s) is/are
relevant for patients. A feasibility trial itself requires substantial effort and external
funding.

The reductionist perspective inevitably means that the scope and questions asked
in RCTs are narrow. This is fine if the understanding of parameters is well devel-
oped, but if not, a mixed methods design that includes broad questions to capture
unanticipated responses should be considered (Christ 2014). Qualitative designs
allow for a broad capture of experiences (Christ 2014). RCTs in areas of rapid
technology development would have greater value and currency if they focused on
evaluating intervention principles, the goals of the technology rather than the
technology version (Mohr et al. 2015). For example, adaptive quantitative designs
such as “Continuous Evaluation of Evolving Behavioral Intervention Technologies
(CEEBIT)” gather information about an original app alongside version iterations
(Mohr et al. 2013). Such a design accounts for continuous improvement in the
technology within the trial, that is to avoid the situation in which an mHealth app
version chosen for a trial is no longer current on trial completion. Once RCTs have
been undertaken, validation in the real-world application is valuable, as participant
behavior in the less constrained clinical practice environment may change. Despite
the critique offered here, RCTs are the preferred research design for determining
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relationships between interventions and tinnitus measures. A critical aspect of the
scientific approach is replication. The replication of findings, repeating research to
determine the extent to which findings generalize across time and situations, is one
of the defining hallmarks of quantitative research. Once an RCT has been under-
taken, the findings need to be replicated; for research integrity and transparency, this
would ideally be undertaken by researchers independent of the original RCT and free
of conflicts of interest.

Researchers planning clinical trials should consider the various recommendations
for trials that have been published. In addition, the FDA (USA) gives explicit
guidance on what it means to run an adequate and well-controlled clinical trial,
whether it is a drug trial or a medical device trial. These provide a clear framework
for trial development. Trials should have:

• A clear statement of the objectives of the investigation and a summary of the
proposed methods of analysis in the protocol.

• A design that permits a valid comparison with control to provide a quantitative
assessment of the effect.

• Participant selection that provides adequate assurance that the participant has the
disease or condition that the treatment is directed at.

• A method of assigning patients to treatment and control groups that minimizes
bias and assures comparability of the groups.

• Adequate measures to minimize bias, by the participants, observers, and the data
analysts.

• Well-defined and reliable assessment of participants’ response.
• Analysis of the results that is adequate to assess the effect of the drug or device.

5.3 Tinnitus Research Community and Cooperation

Tinnitus research is becoming more interdisciplinary than ever. Collaboration max-
imizes the resources of geographically dispersed and discipline-specific expertise.
There have been attempts to support such endeavors in sensory aging research,
tinnitus and psychology. For example, in sensory aging research, the Sense Network
(https://www.sensenetwork.org/) aims to create a diverse and inclusive network and
encourages researchers from all backgrounds and under-represented groups. Like-
wise, the Tinnitus Research Initiative (https://www.tinnitusresearch.net) aims to
support scientific and clinical research on collaborative, multidisciplinary, and
international projects which are planned to lead to novel, effective therapies for
the treatment of tinnitus. TRI’s database project (https://tinnitusresearch.net/index.
php/for-clinicians/database) is open to everyone willing to collect data according to a
predefined protocol. The sharing of data between different research groups can only
accelerate tinnitus research progress (Landgrebe et al. 2010).

A fairly unique model is the Psychological Science Accelerator (PSA, https://
psysciacc.org/). This global network works to accelerate the accumulation of reliable
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and generalizable evidence in psychological science through a distributed laboratory
network in which research is ongoing (as opposed to time or task limited), diverse
(both in terms of human participants and participating researchers), and inclusive
(welcoming ideas, contributions, study proposals, or other input from anyone in the
field of psychology). The PSA embraces principles of diversity and inclusion
(endeavoring to achieve cultural and geographic diversity among participants and
researchers, as well as a diversity of research topics), decentralized authority (pol-
icies and procedures are set by committees with international representations, in
conjunction with the membership at large), and openness to criticism (integrating
critical assessment of its policies and research products). Consistent with these
principles, the PSA has a globally distributed and democratically appointed leader-
ship. There may be potential for such an umbrella group in the tinnitus field.
Collaboration, especially with trial methodologists, and specialist clinical trial
units, may jointly raise the quality and impact of tinnitus research. An inclusive
research community could help foster and grow quality work, enable global
research, and translate good ideas into research programs.

Research communities can support quality research at all levels of evidence.
Although the qualitative research evidence hierarchy places systematic reviews
and RCT as the highest forms of evidence, not all researchers can (through limited
resources and/or funding), or are motivated to undertake systematic reviews and
large RCTs. Journals and institutions often view systematic reviews and RCTs as
more impactful than other research. But, it is incredibly important for the tinnitus
field (and others) that basic knowledge and early-discovery research is published and
publicized. Such research forms the foundations that other research builds upon, and
without innovation, the field will not move forward.

6 Summary

This chapter has brought together the views of contributing authors on topics that
they see as emerging and important for tinnitus research. The ideas and develop-
ments discussed should offer hope to tinnitus sufferers who report frustration at the
speed at which advancements in tinnitus are made. Collectively we are optimistic
about developing a range of therapies, some of which may require personalization
that will be more effective than those currently at hand.
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