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Abstract

The feasibility to unravel genetic and genomic signatures for disorders affecting the auditory system has accelerated since arriv-
ing in the post-genomics era roughly 20 years ago. Newly emerging studies have provided initial landmarks signaling heritability
and thus, a genetic link, to severe tinnitus. Tinnitus, the phantom perception of ringing in the ears, is experienced by at least 15%
of the adult population and can be extremely disabling. Despite its ubiquity, there is no cure for tinnitus and modalities offering
relief are often of limited success. Because tinnitus is frequently reported in patients with acquired conductive or sensorineural
hearing impairment, it has been widely accepted that tinnitus is secondary to and a symptom arising from hearing impairment.
However, tinnitus has also been identified in the absence of auditory dysfunction and in young individuals, resulting in a debate
about its origins. Genetics studies have identified severe tinnitus as a complex disorder arising from gene and environment inter-
actions, refining its classification as a neurological disorder and, in at least a subset of patients, it appears not as a symptom of
another health issue. This current opinion summarizes several recent studies that have challenged a long-accepted dogma and
postulates how this information could eventually be used in the future to help patients. It is with great hope that this knowledge
opens translational paths to provide relief for the many who suffer from the burden of tinnitus on a daily basis.

Key Points

Several recent lines of evidence show a heritable and
genetic background for severe tinnitus.

Specific clinical aspects that characterize tinnitus, also
termed clinical heterogeneity, are especially extensive
for tinnitus. This expansive heterogeneity has clouded
previous studies that have dissected tinnitus heritability
and genetics. Newly emerging studies have begun to
overcome previous limitations and deliver candidate
genes for tinnitus.

The emergence of severe tinnitus having a genetic link
and several studies now uncovering genetic targets is a
transformational concept. Severe tinnitus is now recog-
nized as a complex disorder with contributing genetic
factors and environmental components. This concept
differs compared with the long-standing consensus
definition.
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1 “Standing on the Shoulders of Giants”:
Traction in the Post-Genomics Era

The completion of the Human Genome Project rendered the
nucleic acid sequence of humans. The human genome is
one of many possible approaches from which to understand
basic human biology and disease. Historically, the genom-
ics community has long debated about the total number of
human genes thought to comprise the human genome, with
dynamic estimates from 120,000 genes in 2000 [1] to just
under 20,000 in 2021 [2]. This historical debate has been
echoed in the genetics community interested in learning
the genes encoding critical proteins in the auditory sys-
tem. These estimates have ranged from 1% out of the then
estimated 30,000 genes in the human genome, or roughly
300 genes, in 2003 [3] to roughly 1000 genes nearly two
decades later [4]. Given the shear complexity of the inner
ear, it remains challenging to gain traction into the genetic
architecture of various auditory disorders. However, the
genomics field has never been at such an advantageous posi-
tion to finally dissect heritability and understand disease-
associated variants and genes, for both ultra-rare “single
gene” Mendelian disorders and complex genetic conditions,
and is an exquisite example of advancement by “standing
on the shoulders of giants” [5]. The cost of sequencing has
significantly dropped in the past decades, making studies
that include large sequencing cohorts a reality. This current
opinion explores major advances from the perspective of
the heritability and genetics of tinnitus, which has gained
promising momentum in recent years. Mounting convinc-
ing evidence has re-defined our understanding of tinnitus
as a symptom of a disease or syndrome and carved a new
definition that classifies severe tinnitus as a neurological
disorder and termed “tinnitus disorder” arising via complex
gene—environment interactions [6].

2 Prevalence and Characterization
of Tinnitus

The inner ear is a strikingly intricate and delicate organ,
comprising abundantly diverse cell types, rich with unique
and distinct protein signatures. However, a fully functional
auditory system is not solely reliant on the health of the inner
ear and involves higher centers of the auditory system in the
brain. This sensitive balance defined by homeostasis and
maintenance of cells, while simultaneously being subjected
to various cellular stressors and aging processes throughout
the lifetime, is essential for a healthy and functional auditory
system. With disruption, several consequences may result
such as hearing impairment, vestibular dysfunction, and/or
tinnitus. The causes of these are extremely heterogeneous,
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which is exceptionally true for tinnitus, a major quality-of-
life disruptor for many around the world.

Tinnitus is a phantom perception of ringing in the ears
and can be subjective or objective and caused by auditory
or non-auditory conditions. It can be continuous, pulsa-
tile, episodic, or affect one or both ears. Tinnitus can affect
all possible frequencies and last only a few moments, as
with acute tinnitus, or manifest for many months or years,
as in the case of chronic tinnitus [7]. Mechanisms trigger-
ing the transition from acute to chronic tinnitus are largely
unknown, although depression, anxiety, and tinnitus-related
distress seem to be emotional comorbidities that are key to
its general manifestation [7, 8]. Widely employed tinnitus
assessments are self-reporting questionnaires and psychoa-
coustic measures. Although these have greatly improved in
recent years, the extreme clinical heterogeneity of tinnitus
(both with and without a hearing impairment) and the lack
of objective measures make assigning patients to a single
clinical sub-category an exceptionally challenging task [9].

While severity can greatly vary, it is reported to affect
roughly 15% of the world’s population and is a debilitat-
ing condition for between 1 and 3% of the population [10],
although published figures range from 5.1 to 42.7% depend-
ing on its definition [11, 12]. For comparison, the World
Health Organization estimates that more than 1.5 billion
people, or roughly 20% of the global population, live with
some degree of hearing loss [13]. Accurate global estimates
of tinnitus mirroring the World Health Organization’s efforts
for hearing loss are lacking. These efforts may have been
hampered for many reasons; among these are attributions to
its complex definition, clinical heterogeneity, and multiple
subtypes [14].

Despite its pervasiveness, there is no cure for tinnitus.
Many of the currently available interventions such as hearing
aids and cochlear implants, wide-band sound therapy, coun-
seling, and cognitive behavioral therapy do indeed improve
quality of life by reducing psychological distress and pos-
sibly tinnitus loudness through use of devices. However,
most do not treat the primary cause [14, 15]. Several patho-
physiological mechanisms have been studied: neuroplastic
response to sensory deprivation (in the context of hearing
loss) [16]; increased spontaneous firing rates in neurons of
the central auditory system (central gain) [17]; failure to
generate central gain [18]; increased neural synchrony [17,
19]; and map reorganization. Map reorganization follows an
analogy equating loss of sensory input (hearing loss) to limb
amputation. Map reorganization suggests tinnitus reaches
conscious awareness following compensation due to aberrant
neuronal activity in the primary sensory cortex that is con-
nected to a broader network including the frontal, parietal,
and limbic brain [20]. More research is urgently needed to
understand the molecular basis of tinnitus.
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3 Dissecting Genetic vs Environmental
Factors: Insights into Heritability

For decades, environmental factors have been thought of
as the main drivers of tinnitus. This is supported by several
studies, especially the earliest familial aggregation studies,
observing no obvious correlation in siblings and/or parent-
offspring groups [21, 22]. Furthermore, numerous explored
candidate genes in patients with tinnitus lacked signifi-
cant associations and/or replication (summary detailed in
[23]), and more recently, a genome-wide association study
(GWAS) with a small sample size rendered no significant
associations [24]. The latter study was an important first
step, as a GWAS is a preliminary step in establishing specific
genes and chromosomal regions by investigating genetic
variation in cases (patients) and healthy controls.

A series of recent, self-reported, questionnaire-based
studies delivered important insights into heritability calcu-
lations. A longitudinal twin-based epidemiological study
that relied on self-reported tinnitus calculated a heritability
of 0.40 [25] and considered a complex interplay of genetics
and environment contributing to tinnitus. Until this point in
the hunt for genetic clues for tinnitus, one of the most logical
explanations for the lack of significant genetic factors was
extensive heterogeneity, which should be viewed as a broad
spectrum of multiple subtypes instead of a single entity [26].
By considering sex-specific factors, another study identified
a greater heritability in male individuals (0.68) compared
with female individuals (0.41) with bilateral tinnitus [27].
As twin studies introduce bias owing to shared-environment
effects, an adoption study was performed using medical
registry data to determine whether a shared environment
is associated with tinnitus [28]. The authors uncovered a
familial transmission of clinically significant tinnitus with
respect to adoptees relative to their biological parents but
not adoptive parents and calculated a heritability of 0.32,
suggesting a limited association of shared environmental
effects with tinnitus heritability. Familial clustering analysis
dissected whether four types (bilateral, unilateral, constant,
and severe tinnitus) of self-reported tinnitus segregate. All
were found to be significant, most importantly for severe tin-
nitus in women, and strongly supported that genetic factors
may impact the development of severe and bilateral tinnitus
[29]. In aggregate, these studies alluded to the importance
of expanding this work with genetic studies.

4 Genetics Studies Begin to Unravel
a Genetic Architecture for Tinnitus

As described above, the growing body of literature has
pointed to a heritability in tinnitus. However, to reach this
stage, several issues had to be addressed and will need to be
continuously refined and improved in the future, to carefully
avoid pitfalls that may lead researchers astray. For example,
the study design with respect to patient and control inclu-
sion, with no possibility of objective diagnostic tools, is
based on self-reporting on questionnaires. By standardizing
tinnitus questionnaires, an area that has made tremendous
headway and includes translation into multiple languages
[30], heterogeneity can be reduced and comparisons between
different studies can be made with a greater level of clinical
detail [26]. Furthermore, control individuals should match
the study population with respect to age, sex, population
background, and stress/anxiety traits [23] and significant
findings need to be replicated in other patient cohorts. Early
candidate gene studies suffered because of underpowered
designs and a lack of replication that included fewer sub-
jects using objective measures [23] and early heritability
studies seem to have underestimated the level of clinical
heterogeneity.

The widespread availability of sequencing data from
various cohorts has opened a new research possibility pro-
viding masses of data and the number of subjects required
for statistical significance, although usually at the risk of
insufficiently detailed phenotyping. This balance of poten-
tial limitations vs benefits has been an essential approach
to uncover genes, variants, and pathways. These molec-
ular signatures serve as signposts from which the field
can use to orient itself for further targeted experimental
approaches. The identification of these specific targets is
a prerequisite before the development of genetic interven-
tion and treatment, making the efforts embarking on these
studies extremely important [31]. GWASs are based off
large datasets from self-reported tinnitus and have been
instrumental for identifying significant variants and have
taken many forms throughout the brief history of tinnitus
genetics research. Thus, they identify significant common
variants with small effect sizes that confer susceptibility to
any type of tinnitus, i.e., tinnitus occurring as a symptom
or tinnitus disorder. The most important GWAS findings
are summarized in Table 1.
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The first GWAS surfaced in 2020 and used questionnaire
data from 172,995 UK Biobank and 260,832 Million Vet-
eran Program participant discovery and replication cohorts,
respectively, and uncovered a polygenic profile with mul-
tiple significant risk loci and genes [32]. In aggregate, six
genome-wide significant loci and 27 genes in gene-based
analyses were mapped, with many of these replicating in the
replication cohort [32]. Significant correlations with hearing
loss, neuroticism, insomnia, and major depressive disorder
were uncovered. Notably, the association between tinnitus
and hearing loss was bidirectional; this means hearing loss
genes were found to lead to tinnitus as were tinnitus genes
found to lead to hearing loss. This study defined tinnitus as
a complex disorder and indicated the importance of genes
and environmental factors for a full manifestation of tinnitus.
Following this milestone, in 2021, a case-control GWAS
on 172,608 UK Biobank participants identified the gene
RCORI1 with the highest significance in the most severe tin-
nitus sub-group and identified an additional 11 other inde-
pendent genetic loci. This study did not include a replication
cohort but described candidate genes for further investiga-
tion. Although both GWAS approaches used UK Biobank
participants, there was little apparent overlap in the strongest
associations possibly because of the phenotype definition of
tinnitus. However, some degree of suggestive associations
(Table 1, bold) was uncovered, signaling some consistency
between the two GWAS reports that used slightly different
approaches.

5 Extreme Phenotype Approach

Another strategy that has uncovered novel insights into
the genetics of tinnitus has been by applying an extreme
phenotype approach, where tinnitus occurs as a disorder.
Here, under a complex disease model hypothesis and by only
selecting a small number of patients with severe tinnitus
(extreme phenotype), the large phenotypic heterogeneity
can be greatly narrowed. A single variant and gene burden
analyses can be performed to identify an enrichment of rare
variants with large effect sizes that associate with an extreme
phenotype [33].

Exome sequencing of Spanish patients with Méniere’s
disease and an extreme tinnitus phenotype uncovered 24
synaptic genes with an enrichment of rare missense vari-
ants [34]. A burden of rare variants in three candidate genes,
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ANK2, TSC2, and AKAP9, was replicated in an independent
Swedish cohort with severe tinnitus and was specific to the
tinnitus phenotype through inclusion of data of patients with
epilepsy who did not have tinnitus. Gene-set enrichment
analyses uncovered membrane trafficking and cytoskeletal
binding in neurons [34]. This was the first study to link rare
variants or large effect sizes to severe tinnitus and suggested
genes associated with axonal branching and neuron connec-
tivity in the brain. These genes are expressed in the spiral
ganglion neurons of the auditory system, and, interestingly,
ANK2 and TSC?2 are specifically expressed in the limbic
regions of the brain [34].

6 Conclusions and Future Directions

Genetics research exploring tinnitus is still at an early stage
but there is a growing body of epidemiological and genetic
data supporting that severe tinnitus has a genetic contribu-
tion [27, 29, 34]. This shifts the definition of at least a subset
of tinnitus from being a symptom of an underlying disorder
to being recognized as a neurological disorder, termed tin-
nitus disorder, that may be due to hyper-connectivity or syn-
aptic reorganization and neuronal excitability in the brain.
However, well-defined deep phenotyping of patients with
tinnitus will continue to be a challenge but an important
hurdle for selecting homogeneous patient groups and reduc-
ing the possibilities of false-negative results, which will be
essential, as large sequencing cohorts are increasingly avail-
able. Well-defined clinical phenotypes must consider aspects
such as early age of onset, sex, co-morbidities such as hear-
ing loss and stress/anxiety, audiometry, tinnitus question-
naires, and psychoacoustic evaluations [33].

While it remains a challenge to assess the effect of a sin-
gle variant for a complex disorder such as tinnitus, one can
hypothesize whether the assessment of genetic risk in the
shape of polygenic risk scores can provide a relative risk
to help adjust “modifiable” environmental exposures and
factors that may contribute to tinnitus in the future. These
risk scores consider the additive effects of common variants
[35] but still need considerable refinement before they can
enter the clinical setting [36]. However, being able to have a
level of genetic certainty to genetically diagnose patients and
recommend therapeutic approaches to truly alleviate burden-
some and distressing tinnitus remains a goal that many hope
will not be too far in the future.
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