Reisinger et al. BMC Medicine (2023) 21:283 BMC Med icine
https://doi.org/10.1186/512916-023-02998-1

RESEARCH ARTICLE Open Access

: : o _ ®
Ageing as risk factor for tinnitus and its Rl

complex interplay with hearing loss—evidence
from online and NHANES data

Lisa Reisinger' ®, Fabian Schmidt', Kaja Benz', Lorenzo Vignali?, Sebastian Roesch?, Martin Kronbichler' and
Nathan Weisz'*

Abstract

Background Tinnitus affects 10 to 15% of the population, but its underlying causes are not yet fully understood.
Hearing loss has been established as the most important risk factor. Ageing is also known to accompany increased
prevalence; however, the risk is normally seen in context with (age-related) hearing loss. Whether ageing per se

is a risk factor has not yet been established. We specifically focused on the effect of ageing and the relationship
between age, hearing loss, and tinnitus.

Methods We used two samples for our analyses. The first, exploratory analyses comprised 2249 Austrian individuals.
The second included data from 16,008 people, drawn from a publicly available dataset (NHANES). We used logjistic
regressions to investigate the effect of age on tinnitus.

Results In both samples, ageing per se was found to be a significant predictor of tinnitus. In the more decisive
NHANES sample, there was an additional interaction effect between age and hearing loss. Odds ratio analyses show
that per unit increase of hearing loss, the odds of reporting tinnitus is higher in older people (1.06 vs 1.03).

Conclusions Expanding previous findings of hearing loss as the main risk factor for tinnitus, we established age-

ing as a risk factor in its own right. Underlying mechanisms remain unclear, and this work calls for urgent research
efforts to link biological ageing processes, hearing loss, and tinnitus. We therefore suggest a novel working hypothesis
that integrates these aspects from an ageing brain viewpoint.

Keywords Ageing, Brain age, Hearing loss, Tinnitus

Background

Tinnitus describes the conscious perception of a sound,
such as a ringing or a hissing, in the absence of any iden-
tifiable external physical source. Most individuals will
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at least moderate distress [2, 3]. Thus, beyond the indi-
vidual level, tinnitus creates a significant financial burden
on society, i.e., in terms of healthcare costs, missed days
at work or early retirement [4]. Even though there are
interventions to treat tinnitus-related distress [5], there
is currently no clinical intervention that reliably elimi-
nates the experience of the phantom sound. This deficit
on the treatment side is paralleled by an absence of reli-
able methods (e.g., biomarkers) to diagnose tinnitus that
go beyond subjective reports. This overall unsatisfac-
tory state is ultimately due to an insufficient mechanis-
tic understanding of why tinnitus develops and how it is
manifested in changes to brain structure and function.

Among risk factors known to be associated with tin-
nitus, damage to hearing plays an outsized role. Animal
models show that auditory deprivation due to hearing
damage causes maladaptive changes in central auditory
processing areas, such as increased activity, both spon-
taneous and synchronised [6, 7], that is “interpreted” as
sound by downstream brain regions. In humans, 75-80%
of individuals with unilateral or bilateral tinnitus are also
diagnosed with hearing loss using standard pure-tone
audiometry [8]. This, however, is likely a conservative
lower bound, as hearing damage does not necessarily go
along with audiometric hearing loss [9], which is also evi-
dent in individuals with tinnitus [10, 11]. Apart from the
very mixed findings in humans in support of the hyper-
activity/synchrony view [12], which is also clearly related
to the challenge of operationalising putative neural pro-
cesses using non-invasive methods such as fMRI or M/
EEG, there is a clear explanatory gap with regard to the
basic assumption that a majority of individuals with
hearing loss do not develop tinnitus [13, 14]. Thus, while
hearing loss is clearly important, there must be other fac-
tors that make some individuals more vulnerable to the
development of tinnitus (see, e.g., our recent work on
prediction engagement [15]).

Chronological age has also been associated with the
prevalence of tinnitus [1-3] (for a negative finding how-
ever, see Oosterloo and colleagues [16]). Despite the sta-
tistical relationship, the process of ageing is usually not
seen as a risk factor on its own, but rather simply related
to the deterioration of hearing that goes along with get-
ting older (i.e., age-related hearing loss; presbycusis) [17].
However, circumstantial evidence shows that ageing pro-
cesses might constitute risk factors in their own right. For
example, the greatest increase in tinnitus onset is around
middle age (<60 years), slightly prior to the greatest
increase in the onset of moderate to strong hearing loss
[18]. Furthermore, a recent retrospective study shows
that tinnitus individuals were 63% more likely to develop
early-onset dementia, while controlling for “confounding
factors’, including hearing loss [19].
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The aim of the present study is to shed new light on the
relationship between (chronological) age, hearing loss,
and tinnitus. In the first exploratory step, we used data
from our ongoing online study Wie hort Salzburg? [20].
We then pooled publicly available data from the National
Health and Nutrition Examination Survey (NHANES)
[21]. Using logistic regressions to predict the presence
of tinnitus, we sought to establish ageing as a risk fac-
tor. The NHANES data indicated that ageing could make
individuals more vulnerable to developing tinnitus when
hearing loss is present. Our study underscores the impor-
tance of understanding the biological ageing processes
that predispose people to tinnitus. A working hypothesis
for future studies that synthesises tinnitus with research
on hearing loss and cognitive decline will be outlined in
the discussion.

Methods

Study 1

Design and participants

We initially focused on our Wie hért Salzburg? online
study of hearing epidemiology in the county of Salzburg
(Austria). The study included demographic information
as well as questionnaires about tinnitus (German short
version of Tinnitus Questionnaire, Mini-TQ [22]) and
hearing characteristics (German version of the Speech,
Spatial, and Qualities of Hearing Scale (SSQ) [23]). An
online hearing test (Shoebox, Ottawa, Canada) was as
well provided in the German language. In order to con-
trol for the impact of attention and environmental influ-
ences, we aimed to keep the duration of the online study
short (~10-15 min) and explicitly instructed the par-
ticipants to complete the study in a quiet setting with-
out disruptions. Participants were instructed to perform
the hearing test without any hearing aids but with head-
phones. Warble tone pulses were presented at our dif-
ferent frequencies (1000, 2000, 4000, and 6000 Hz), with
increasing levels (dB hearing level), and participants were
instructed to indicate the lowest threshold of subjective
sound perception. These thresholds resulted in the mean
hearing loss of the participants. To control for the accu-
racy of this online hearing test, we compared the results
of several participants (n=93) to their pure tone audi-
ometry results conducted in our lab using Spearman’s
rank correlation. Medium to strong correlations over
the four frequencies supported the utility of the online
hearing test as a screening tool (see Supplementary).
We advertised the study via social media, at the univer-
sity, and by directly contacting older people. The study
is still ongoing, and we did not calculate the sample size
in advance. Since tinnitus affects solely a relatively small
portion of the population, we aimed for the largest pos-
sible sample size in the time period of around 1 year to
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ensure a sufficient number of participants with tinni-
tus in the dataset. We included participants aged 18—80
and excluded individuals with missing information.
With this sample, we aimed first for an evaluation of the
question whether age per se is a risk factor for tinnitus
development.

Definition of variables

For our analyses, we focused on variables assessing the
hearing abilities and tinnitus conditions of individual
participants. The online hearing test yielded a hearing
ability score in percentage, which was computed auto-
matically by the provider. Tinnitus was assessed by asking
whether participants ever experienced ringing in the ears
for a longer period of time. Furthermore, tinnitus distress
was investigated using the Mini-TQ.

Limitations

With respect to the study question, this sample has sev-
eral limitations. First, age was not uniformly distributed,
with fewer participants in the 30-40 age range. Second,
the hearing test that we used was a commercial prod-
uct sold as a screening tool. The results are correlated
with the outcomes of pure-tone audiometry but are not
suitable as a substitute. Third, we did not differentiate
between past, acute, or chronic tinnitus in the question-
naire which limited the interpretability of the results
regarding the effect of age on tinnitus. However, the dis-
tribution of hearing problems in our sample matched the
results of the World Report on Hearing relatively well
[17]. Due to the aforementioned limitations, we therefore
used the Wie hort Salzburg? [20] dataset for exploratory
analyses on the effect of ageing that motivated the analy-
sis of an additional dataset to validate our findings.

Study 2

Design and participants

For a more representative sample, we included publicly
available data from the National Health and Nutrition
Examination Survey (NHANES) [21]. Since 1999, the
NHANES study has consisted of annual measurements,
with approximately 5000 participants added to the data-
base each year. Along with several other types of data,
audiometric information was gathered. Individuals had
objective pure-tone audiometry and were asked about
the presence of tinnitus, the frequency of its occurrence,
and the level of distress it caused. We merged data from
the years 2001 to 2017, including participants up to age
75 with either no tinnitus at all or with chronic tinnitus,
which resulted in a total sample size of 16,008 individuals.
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Definition of variables

Hearing was objectively measured via pure-tone air
conduction audiometry, including seven frequen-
cies from 500 Hz to 8 kHz. A calibrated sound booth
(manufactured by Acoustic Systems, model Delta 142)
was used for the measurements conducted by highly
trained health technologists (for more details on the
audiometric procedure, see https://wwwn.cdc.gov/
nchs/data/nhanes/2017-2018/manuals/2018-Audio
metry-Procedures-Manual-508.pdf). For our analy-
ses, we calculated the individual mean hearing ability,
averaged across both ears, based on 500, 1000, 2000,
and 4000 Hz, which is a common approach for aver-
aging results of pure-tone audiometry (i.e., PTA-4,
see for example Lin and colleagues, or Ozdek and col-
leagues [24, 25]). Tinnitus occurrence was investigated
with the question, “In the past 12 months, have you
ever had ringing, roaring, or buzzing in your ears?”. In
the case of an affirmative response, participants were
asked, “How often did this happen? Would you say..”.
Potential answers were “almost always’, “at least once a
day”, “at least once a week’, “at least once a month”, and
“less frequently than once a month” For our analyses,
we included only participants with either no tinnitus or
with tinnitus that occurred “almost always” Therefore,
we targeted chronic tinnitus alone and aimed for the
greatest dissimilarity between groups in terms of expe-
riencing tinnitus, rather than distinguishing acute or
occasional tinnitus as well.

Statistical analysis

For both analyses, we used logistic regressions (fam-
ily=binomial) implemented in R [26]. The models
aimed to predict tinnitus based on the age and the
mean hearing ability of both ears. For a more com-
prehensive view on the effect of ageing on tinnitus, we
built two different regression models. In the first, sim-
ple model, we aimed to predict tinnitus solely based on
age and hearing loss. In the second model, we included
an additional interaction term to depict potential rela-
tions between age and hearing loss. In the last step, we
compared the two models using a likelihood ratio test
to quantify whether the improved fit of the more com-
plex model is significantly better as compared to the
more parsimonious model.

The age variable represented the age of the participants
at the time the hearing test was conducted. Age was
included in the model as a categorical variable. We there-
fore split the data by median into two groups, resulting in
a cut-off age of 55 years in the first sample and a cut-off
age of 34 years in the NHANES sample. In addition, we
calculated the odds ratio for the NHANES sample.
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Fig. 1 Descriptives and logistic regression model of the Salzburg dataset. A Distribution of tinnitus over age and mean hearing loss. B Age
characterisation was based on the median age of 55 years. The results showed enhanced tinnitus probability in older individuals compared

to younger people over mean hearing loss scores

Results

Our first sample consisted of 2249 inhabitants of Salz-
burg county (1147 female, 4 other, median=>35S5 years,
mad=13.34). We split the participants by median
age into two groups, resulting in a mean age of
36.6 years (sd=12.9 years) in the younger group and
a mean age of 63.1 years (sd=5.7 years) in the older
group. A total of 695 participants indicated that they
have experienced tinnitus. Tinnitus was detectable
throughout all ages, and age was positively correlated
(r(2247)=0.499, p<0.001) with mean hearing loss
using Spearman’s rank correlation (Fig. la). Further
analyses using logistic regressions emphasised hear-
ing loss as a significant predictor of tinnitus develop-
ment (b=0.017, p<0.001). However, older age was
also a significant predictor (b= —0.538, p<0.001) for
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tinnitus development—regardless of the extent of hear-
ing loss. A second model, testing a potential interaction
between age and hearing loss, yielded no significant
effect (b= —-0.004, p=0.403) (Fig. 1b). These first,
exploratory analyses suggested that age per se could be
a risk factor for tinnitus. To follow up on these findings
in more detail, we used the same methods on the more
representative sample of the NHANES study.

In this second sample, we included 16,008 individuals
with an age range between 12 and 75 years (8044 females,
median=34 years, mad=25.20). A median split by age
resulted in a mean age of 19.9 years (sd=6.08 years)
in the younger group and a mean age of 53.6 years
(sd=11.9 years) in the older group. A total of 1017 par-
ticipants experienced chronic tinnitus. As Fig. 2a indi-
cates, the sample is more evenly distributed over age, and
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Fig. 2 Descriptives of the NHANES dataset. A Distribution of tinnitus over age and mean hearing threshold. B Proportion of tinnitus and hearing

loss in different age groups
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age was again correlated with hearing loss using Spear-
man’s rank correlation ((16,006)=0.621, p<0.001). For
a descriptive depiction of the sample, we computed the
proportion of tinnitus and hearing loss over age groups
(Fig. 2b). Hearing loss was defined as an average hear-
ing ability over 25 dB. Tinnitus and hearing loss both
increase with age, but to different extents. Whereas
hearing loss rises rapidly with age, tinnitus peaks in the
youngest age group, and then drops between ages 25
and 45. In the older age groups, the tinnitus proportion
rises again, but to a much lesser extent than hearing loss.
This also highlights that while many elderly people have
hearing loss, not all of them also have tinnitus.

In a simple regression model without interaction
term, hearing loss was identified as a significant predic-
tor of tinnitus (»=0.057, p<0.001), whereas age was
not significant (b=0.058, p=0.469). However, a second
model including a potential interaction term yielded
significant effects for hearing loss (b=0.061, p <0.001)
and age (b=0.352, p=0.001), as well as an interac-
tion effect between the two predictors (b= —0.027,
p<0.001). Adding sex as a variable in both the simple
(b= -0.027, p=0.705) and the complex interaction
model (b= —-0.016, p=0.820) did not show any influ-
ence. Therefore, we did not further include sex in the

Page 5 of 8

final models. Comparing the two models using a like-
lihood ratio test showed that the more complex inter-
action model was more superior in capturing the data
as compared to the simpler model (deviance=15.1,
p<0.001). The interaction effect suggests that hearing
loss predicts the probability to report tinnitus, how-
ever, that this relationship is different for the two age
groups. Indeed, Fig. 3 clearly shows that the probability
to report tinnitus is similar for younger and older indi-
viduals when hearing loss is weak. However, the differ-
ence between the groups grows as hearing loss becomes
more pronounced, with older individuals being more
likely to report tinnitus.

To follow up this interaction in more quantitative
terms, we calculated the odds ratio based on the regres-
sion coefficients of the second model. For an increase of
one unit in hearing loss (here dB of the pure-tone audi-
ometry), the odds ratio to report for younger people is
1.03 and for older people 1.06. This means, increasing
hearing loss by one decibel, enhances the odds of tin-
nitus by 3% in younger people, whereas the odds for
older people increases by 6%. Therefore, for the same
amount of hearing loss increase, the odds of older people
to report tinnitus are much higher as compared to
younger individuals.
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Fig. 3 Logistic regression model of the NHANES dataset. Age characterisation was based on the median age of 34 years. The results showed
enhanced tinnitus probability in older individuals compared to younger people over mean hearing loss scores



Reisinger et al. BMC Medicine (2023) 21:283

Discussion

The increased prevalence of tinnitus in older age is
mostly interpreted in the context of hearing loss (presby-
cusis), for which mechanistic models also exist that are
supported by animal studies. The main motivation of the
current study was to understand whether ageing itself
poses a risk factor for developing tinnitus. For this pur-
pose, we used two separate study samples to quantify and
statistically model the relationship between (chronologi-
cal) age, hearing loss, and tinnitus. The first, exploratory
analyses, using an online study of the local Salzburg pop-
ulation, suggested that age per se acts as a risk factor for
tinnitus, even when controlling for hearing status. Criti-
cally, the NHANES data also provides more precise pure-
tone audiometry data. Using this better-controlled data
set, we were able to find an interaction effect between
age and hearing loss. Sex, however, did not influence the
effect. The interaction suggests that the risk to report tin-
nitus increases with hearing loss, but different for the age
groups: estimation of odds ratio clearly showed much
higher values in the older as compared to the younger
group per unit increase of hearing loss (1.06 vs. 1.03 per
dB mean hearing loss increase). Given the diverse nature
of the two studies—each with its own purpose—the cor-
roborating evidence makes a strong case for viewing
ageing (or some other latent biological processes) as a
tinnitus risk factor. This work strongly expands previous
findings that focused on hearing loss as a major risk fac-
tor for developing tinnitus [8, 10]. Our findings suggest
that current models need to be complemented to explain
the impact of (chronological) age and hearing loss on
developing tinnitus. This likely requires great research
efforts into biological ageing processes that make indi-
viduals more vulnerable to developing tinnitus.

Strengths and limitations

A strength of the study design was the inclusion of a
highly representative sample in addition to the study we
conducted. In the NHANES study, tinnitus was measured
using highly differentiating questions to detect chronic
tinnitus. Additionally, hearing ability was assessed using
the “gold standard” of pure-tone audiometry. Another
strength of the study was the comparison of two different
samples, showing the same main effects, despite major
differences in the two datasets. Interpretation of the Aus-
trian dataset was limited but strengthened the effects,
since results derived from it showed the same direction
as the NHANES study. It is further to be mentioned that
the NHANES study is limited regarding confounding var-
iables such as loud working environment, brain injuries,
age at tinnitus onset or ancestral characteristics. These
variables possibly affect tinnitus [27] and should be taken
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into account as well in future work with more compre-
hensive datasets. Overall, this data cannot give insights
into the exact underlying ageing mechanisms that drive
our findings. The present study, however, opens new
avenues to guide more mechanistically oriented research
and to promote urgently needed conceptual advance-
ments in understanding tinnitus.

Future directions: towards an integrated understanding

of tinnitus, hearing loss, and biological ageing

Altogether, our data provides strong support that ageing
per se is a risk factor for tinnitus. However, the under-
lying mechanisms remain unclear. In order for the field
to progress, the current study emphasises the necessity
of a different line of tinnitus research that seriously con-
siders biological ageing processes and integrates them
into existing models. One direction could be to focus on
age-related changes in the cochlea [12]. Another line of
research could build upon the established relationship
between hearing loss and cognitive decline [24]. While
the exact mechanisms are not known [28], neural degen-
eration has been reported in individuals with hearing
loss, especially in the hippocampus [29]. Thus, we suggest
that hearing damage promotes the acceleration of brain
ageing and that this is the actual factor that makes tin-
nitus more likely [30]. This working hypothesis generates
several tangible predictions. For example, it would pre-
dict a statistical relationship between tinnitus and cogni-
tive decline, a claim for which some tentative evidence
exists [31]. Longitudinally, individuals with advanced
brain age should be more prone to developing tinnitus.
We suggest analysing differences in brain age primarily
in a middle-aged group since we expect individual differ-
ences to be most distinguishable in middle age. In middle
age, we expect differences in brain ages to be particularly
influential on the future development of diseases or cog-
nitive impairment. On the other hand, at an older age,
relationships could be strongly blurred by other diseases
and increasing mortality (life expectancy in the USA var-
ies between 73 and 85 years) [32]. Another, perhaps more
provocative, prediction would be that tinnitus itself is an
indicator of advanced or accelerated brain ageing. Con-
ducting large-scale studies using established MRI- or
electrophysiology-based measures of brain age would be
invaluable in pursuing this hypothesis [30, 33].

Conclusions

Overall, our results are striking testimony in support
of recognising ageing per se as a tinnitus risk factor—
rather than solely as an “enabler” of hearing loss, as
previously assumed. Since chronological age, as used
in the present study, is only a proxy for some latent
causes, our work calls for urgent research efforts to be
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dedicated to linking biological ageing processes, hear-
ing loss, and tinnitus. A conceptual integration is neces-
sary, and we have advanced a novel working hypothesis
that integrates the various interrelated domains (i.e.,
hearing loss—tinnitus, hearing loss—neural/cognitive
decline, ageing—tinnitus) from a brain ageing view-
point. Overall, we aim to motivate a series of studies
that could significantly advance our understanding and
therefore promote innovative treatment and prevention
approaches.

Abbreviation
NHANES  National Health and Nutrition Examination Survey
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