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Progression of Hearing Loss in the Aging Population
repeated auditory measurements in the Rotterdam Study

ABSTRACT
We quantified changes in the auditory acuity of 675 aging adults (mean age 71.1 years old, 52.0%
female, mean follow up 4.4 years ± 0.2) of an ongoing cohort study with a pure-tone audiogram and a
speech-in-noise test. Generalized estimating equation models were used to study the association
between hearing loss and the progression with age, sex, education, cognition, BMI, blood pressure,
having type 2 diabetes mellitus, cholesterol ratio, smoking and alcohol consumption. The mean
progression of hearing loss was 0.29 and 1.35 decibels per year (low / high frequencies). Progression
of hearing loss was associated with baseline hearing thresholds. Besides, the presence of type 2
diabetes, smoking, age, sex and time were associated with worse hearing at baseline, but there was no
statistical evidence that the tested determinants were associated with progression of hearing loss. This
finding indicates that the 4-year progression of hearing loss in older adults in this study is not influenced
by the measured determinants. More research with multiple follow up rounds is desired.

Keywords: Age-related hearing loss, aging population, hearing impairment, longitudinal research,
presbyacusis, progression, speech perception.

INTRODUCTION
Age-related hearing loss affects over a billion people worldwide [GBD, 2016] and its prevalence keeps
rising due to aging of the population [Olusanya et al., 2014]. As the fourth leading cause of years lived
with disability in developed countries [GBD, 2016], hearing loss has a major impact on daily life, and is
associated with high healthcare costs.
The nature of hearing loss in older adults is progressive [Cruickshanks et al., 2010]. From the fifth
decade onwards, hearing thresholds and speech understanding in noise gradually decline. Multiple
determinants are thought to influence the onset and severity of hearing loss in older adults, namely
demographic factors such as age, sex and social economic status [Agrawal et al., 2008]; medical factors
such as cardiovascular disease, cognition, diabetes mellitus, cholesterol level and obesity [Gopinath et
al., 2010; Helzner et al., 2011; Akinpelu et al., 2014; Taljaard et al., 2016; Dhanda and Taheri, 2017];
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life style related factors such as noise exposure, smoking and an inverse correlation for alcohol
consumption [Agrawal et al., 2008; Dawes et al., 2014; Rigters et al., 2016; Lin et al., 2017]; and genetic
susceptibility [Hoffmann et al., 2016]. The rate of the progression of hearing loss varies widely among
people of the same age [Gates and Mills 2005]. The decline of pure-tone thresholds over time has been
found associated with several factors such as age, being male or female, blood pressure, obesity, having
diabetes, cognitive impairment and manual occupation [Brant et al., 1996; Mitchell et al., 2009; Kiely et
al., 2012; Linssen et al., 2014]. When reviewed critically, some studies that claim to address associations
on progression, in fact addressed the incidence of hearing loss [Cruickshanks et al., 2015]. In general,
previous studies lack the combination of 1) a representative aging population with a wide range of
hearing (instead of a group of hearing-impaired compared to a group of normal hearing participants),
where, 2) auditory acuity (thresholds and speech perception) as well as the possible determinants were
measured and, 3) sufficient statistical methods were used.
Knowing which patients are at risk of more rapid deterioration of hearing acuity could influence
counseling, rehabilitation and possible treatment of the underlying condition. The purpose of this study
is to identify if and to what extent the progression of hearing loss in older adults over time is associated
with potentially relevant determinants.

MATERIALS AND METHODS
Study population
This study is embedded in the Rotterdam Study, an ongoing population-based prospective cohort study
designed to investigate the health of aging people [Hofman et al., 2015]. The population consists of
inhabitants aged 55 years and above of the Ommoord district in the city of Rotterdam, the Netherlands.
In 2011, hearing assessment was implemented in the study protocol and participants are invited for
reassessment approximately every 4 years. In 2015 the first group of participants was invited for their
second hearing assessment. For the current study, we included participants with two hearing
assessments (N = 722 from 5,762). Those who had been reassessed within less than 3 years (N = 18)
and those with conductive hearing loss on the best hearing ear (N = 29) were excluded. This resulted
in a total number of 675 participants. Included participants did not significantly differ in age, sex and
mean hearing loss from participants with one hearing assessment.
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The Rotterdam Study has been approved by the Medical Ethics Committee of the Erasmus University
Medical Center and by the Ministry of Health, Welfare and Sport of the Netherlands, implementing the
Population Screening Act: Rotterdam Study. All participants provided written informed consent to
participate in the study and to have their information obtained from treating physicians.

Hearing assessment
Participants were tested by a single qualified professional in a soundproof booth at the research center.
TDH-39 headphones and a clinical audiometer (Decos audiology workstation, version 210.2.6 with
AudioNigma interface) were used. A pure-tone audiogram and speech-in-noise test were performed.
First, pure-tone thresholds were measured according to the ISO-standard 8253-1[ISO 2010]. Air
conduction (0.25, 0.50, 1, 2, 4 and 8 kilo Hertz, (kHz)) and bone conduction (0.5 and 4 kHz, due to
limited time) were measured for both ears. Masking was done according to the method of Hood [Hood,
1960]. Bone conduction thresholds at 4 kHz were +10 dB adjusted afterwards (Margolis et al. 2013).
The best hearing ear was determined by calculating the mean threshold over all frequencies. If hearing
was equal between both ears, alternately right or left was chosen. On the best hearing ear, we calculated
low (mean of 0.25, 0.50 and 1 kHz), speech (mean of 0.50, 1, 2 and 4 kHz), and high (mean of 2, 4 and
8 kHz) frequency hearing thresholds to determine the low-, speech- and high frequency hearing loss.
To eliminate clinically relevant conductive hearing loss, test results of participants with an air-bone-gap
of 15 dB or more were excluded from the analyses.
Subsequently, a simplified speech-in-noise test was done to quantify the speech recognition ability in
noise. We performed the digits-in-noise (DIN) test on the best hearing ear [Koole et al. 2016].
Participants repeated digit triplets in an automated adaptive procedure, while the signal to noise ratio
was changed according to the correctness of the answer. This resulted in a speech reception threshold
which represents a speech in noise ratio for 50% correctly repeated triplets. A higher threshold means
a worse ability of understanding speech in noise. After an preliminary evaluation of our hearing data,
supra-threshold noise levels were changed from 55 dB at baseline to 65 dB during follow up. To avoid
confounding with the peripheral hearing level, we additionally adjusted for the high frequency hearing
thresholds in the subsequent analysis concerning the DIN test.
Progression of hearing loss was defined as devaluation of hearing thresholds from baseline to
reassessment.
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Determinants
Information on the potentially relevant determinants was acquired through a home-interview, physical
examination, and blood sampling at baseline. Educational level was classified as having completed
primary, secondary or higher schooling. Cognition was defined as the score on the Mini-Mental State
Examination (MMSE). Body mass index (BMI) was calculated through weight and length. Systolic blood
pressure was measured twice on the right brachial artery with the participant in a sitting position and in
between a resting period of 5 minutes. The mean of the two values was used. Cases of type 2 diabetes
were identified from general practitioners' records. If we could not retrieve this information, diabetes
mellitus was considered present if glucose measurement was abnormal or if the participant used
antidiabetic drugs. Abnormal glucose measurement was defined as fasting glucose 7mmol/L or more,
or (if unavailable) as non-fasting glucose 11mmol/L or more. Cholesterol ratio was calculated as the
quotient of serum total-cholesterol and high-density cholesterol. Smoking was classified as never,
former or current. Alcohol consumption was categorized as none-drinker, light consumer (1 unit of
alcohol per day for women and 1-2 units of alcohol per day for men) or above average consumer (more
than 1 unit of alcohol per day for women and more than 2 units of alcohol per day for men) [Dawson
and Room, 2000].

Statistics
To examine the characteristics of the study population, we calculated mean and standard deviation or
percentage for all demographics. In the first analysis we calculated the association between baseline
thresholds and the progression of hearing loss using a linear regression model, accounting for the
different participant demographics. In a second analysis we used generalized estimating equations, to
assess the effect of the different determinants on the progression of hearing loss [Zeger et al., 1988].
Population-average progression was defined as the main effect of time. To study the differences in
progression of hearing loss between subgroups of the population, we allowed for interactions between
time and all the determinants. Separate generalized estimating equation models were used for each of
the hearing outcomes: the low, speech, and high frequency hearing thresholds and the outcome of the
DIN-test; the speech reception threshold (SRT). To account for the correlation between measurements
coming from the same subject we assumed an exchangeable correlation structure. We started by
specifying an elaborate model including the main effects of all the determinants as well as higher order
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terms such as interactions of baseline determinants with time and a quadratic effect of age. The higher
order terms were then tested using multivariate Wald tests. A p-value of 0.05 or less was considered
significant. All higher order terms were not found to be significantly different from zero and thus were
dropped from the final models. The models including the higher order terms are shown in Table 1. of
the Supplementary Material. Missing data were assumed to be missing completely at random. Analyses
were performed using R 3.4.1. [R Core Team] and package geepack 1.2-1 [Yan, 2002; Yan and Fine,
2004; Hølsgaard et al., 2016].

RESULTS
Characteristics of the study population
A total of 650 complete cases were analyzed. Mean (SD, range) age at baseline was 71.1 (4.1, 66 - 87)
years and 52% were females. Mean (range) follow up was 4.4 (3.3 - 5.1) years. All relevant
characteristics of the study population are displayed in Table 1.

Progression of hearing loss
The difference in hearing thresholds was large (95% confidence interval at baseline for the mean
threshold of lower frequencies 6.7;36.7 dB, of higher frequencies 18.3;68.3 dB). Pure-tone thresholds
at baseline were worse for higher than for lower frequencies and thresholds worsened with each age
category (Figure 1). The prevalence of age-related hearing impairment according to the WHO (puretone audiogram 0.5, 1, 2 and 4 KHz > 25 dB loss at best hearing ear) at baseline was 48.5%. The
prevalence rose with each age category (respectively 38.8% for 66-69 years old, 53.1% for 70-79 years
old, and 81.8% for 80-87 years old). At follow up this was 61.4% (53.6%, 65.5%, 84.8%).
Figure 2 shows the mean threshold at baseline in relation to the mean threshold at follow up, again
displayed for the three age categories. All participants left and above of the drawn line showed
progression of hearing loss. An increase in hearing thresholds - progressive hearing loss - was present
for 512 participants (78.8%). The average decline of hearing loss was 0.29 dB per year in the low
frequencies and 1.35 dB per year in the high frequencies. The progression was significantly associated
with the baseline thresholds. For the lower frequencies an effect estimate of -0.07 dB per 4 years of
follow up (p-value 0.010) was found and for the higher frequencies an effect estimate of -0.06 dB per 4
years of follow up (p-value 0.002), after correcting for age, sex, and the other determinants. In other
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words, for approximately every 16 dB elevation of the baseline threshold, 1 dB less progression in the
follow up period was expected.

Determinants
Using the full model specification, none of the interaction terms with time was found statistically
significant at the 0.05 significance level. That is, there was no statistical evidence to support a difference
in progression of hearing loss by the determinants investigated in this study. The interaction terms were
therefore dropped from the final generalized estimating equation models. Table 2 displays the results of
the final models for the low, speech and high frequency thresholds, as well as for the SRT. The initial,
full models can be found in the Supplementary material.
Worse hearing thresholds in the low frequencies were associated with time, aging, being of female sex
and being a current smoker. Increase of BMI and having type 2 diabetes were border significant. Worse
hearing thresholds in the speech and high frequencies were associated with time, aging, being of male
sex, having type 2 diabetes mellitus and being a current smoker.
Worse hearing on the SRT was inversely associated with time. Thus, speech reception seemed to
improve over time. Furthermore, the SRT was associated with age, being of female sex and having type
2 diabetes.

The implications of our outcomes are visualized in Figure 3 by means of progression lines for high
frequency hearing loss over time for different groups of participants. Smokers with diabetes mellitus had
initial higher pure-tone losses at baseline (both males and females) but the progression of hearing loss
in both groups was equal. The progression of hearing loss was also equal for males and females.

DISCUSSION
This study showed that the progression of hearing loss over a short time was not affected by age, sex,
educational level, cognition, BMI, systolic blood pressure, presence of type 2 diabetes mellitus,
cholesterol ratio, smoking and alcohol consumption. On the other hand, higher initial hearing thresholds
had a decelerating effect on the progression rate. A baseline difference of approximately 16 dB resulted
in 1 dB less progression over the 4 years of follow up, which effect is substantial in view of the average
1.35 dB decline of hearing loss per year.
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Previous studies have reported inconsistent effects of the initial hearing level on the rate of progression.
In line with our results, poorer baseline thresholds for the higher frequencies (4 - 8 kHz) were found to
be associated with less progression in hearing loss [Gates and Cooper, 1991]. In that same study no
effect of lower frequencies (0.25 - 1 kHz) was found. A similar result was also found in a study in which
the progression of hearing loss was defined as a deterioration of >5 dB on 0.5 - 4 kHz [Cruikshanks et
al., 2003]. In contrast, worse hearing thresholds were associated with a faster decline in another large
cohort-based study [Linssen et al., 2014]. The follow up period in that study was longer (12 years), which
could explain different findings. However, the authors presented only the results of the univariate
analysis between progression and baseline thresholds, while we presented ours after correcting for age
and sex. Because their study population included far younger participants than ours (24.0 - 83.7 years),
the found effect might also have been a consequence of a different aetiology of hearing loss, for example
a genetic cause.
In our second analysis, the generalized estimating equation models, none of the determinants had an
effect on the progression of hearing loss according to the p-value chosen to test statistical significance,
other than the elapse of time itself. Remarkably, the time-effect found on the SRT was inverse. Time
seemed to have an inhibitory effect on speech perception loss. This can be ascribed to having adjusted
the DIN-test after a first cross-sectional evaluation of our hearing data [Koole et al., 2016]. To reduce
the confounding effect with pure-tone thresholds, supra-threshold noise levels were adjusted from 55
dB at baseline to 65 dB during follow up, to reduce the confounding effect with pure-tone thresholds.
Age had no significant effect on the progression of hearing loss. This is surprising, as the ISO-standard
[ISO, 2010] uses a model with a consistently increasing progression of hearing loss with age, which is
in line with several studies that show accelerated progression with higher age [Kiely et al., 2012; Linssen
et al., 2014]. These studies were able to use linear mixed models because they had multiple audiometric
measurements. Because in the present study only two audiometric measurements per participant
available, our analysis was restricted to generalized estimating equations rather than mixed-effect
models. Still, the time span between the two measurements may have been too short to identify a
significant difference in progression. Furthermore, due to interpretation purposes and the endogenous
nature of some of the exposures only the baseline values of the determinants were used as exposure
variables.
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Another difference with the studies of Kiely et al. and Linssen et al. is that our study population was
older and thus more prone to a higher prevalence of age-related hearing loss. In older adults not only
the effect of aging itself, but also a ceiling effect has been described: the more the loss of high frequency
hearing, the less the rate of progression, possibly because a maximum loss was being reached [Brant
and Fozrad, 1990; Wattamwar et al., 2017]. Therefore, we found more progression in the lower than in
the higher frequencies. With an average age of 90 years, the study population of Wattamwar et al. was
much older than our population, but it may well be that this stagnation of progression already is apparent
at an earlier age, which may counteract a possible accelerated progression of hearing loss at higher
ages as suggested by the ISO-standard.
Like age, also sex was not associated with the progression of hearing loss. This is in line with the
adaptation of the new ISO-standard [ISO, 2017], in which sex differences are much smaller than in the
older version [ISO, 2010]. We did find that sex was associated with the onset of hearing loss. Worse
hearing thresholds in the lower frequencies were associated with being female and worse hearing in the
speech and higher frequencies was associated with being male. Former cross-sectional studies found
that women to have better high frequency hearing and that men have better low frequency hearing
[Rigters et al., 2016]. This is possibly explained by the assumption that men are at higher risk of noiseinduced hearing loss.
Because age-related hearing loss is thought to be a risk factor for the onset of dementia [Livingston et
al., 2017], we studied the risk of developing dementia using poor performance on the DIN-test. Prior
studies mainly focused on peripheral hearing loss (pure-tone audiometry), while we hoped with the DIN
to reflect the higher auditory function. Dementia was stated as a MMSE score of 26 or lower and we
calculated the odds ratio of the onset of dementia according to a worse performance on the DIN-test
using a univariable logistic regression model, due to the fact that only 40 of the 559 non-demented at
baseline developed dementia (7.2%). We found an odds ratio for dementia according to worse
performance on the DIN-test of 1.05 (CI 0.99;1.12) with a p-value of 0.065, however this result should
be looked at with care, since other baseline characteristics were not taken into account for this analysis.
Some studies identified determinants that had an effect on the progression on hearing loss, such as a
lower cognitive impairment, hypertension, having performed manual occupation and waist
circumference [Kiely et al., 2012, Linssen et al., 2014]. Still, all effects were very small and may only
become apparent after longer time.
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Although in the present study type 2 diabetes and smoking were not associated with the progression of
hearing loss, they were associated with the onset of age-related hearing loss. We found a significant
effect regardless of the correction for cardiovascular confounders. This association of type 2 diabetes
[Akinpelu et al., 2014] and smoking [Dawes et al., 2014; Chang et al., 2016; Rigters et al., 2016] with
the prevalence of hearing loss in older adults was shown before. Possible hypotheses on the underlying
pathogenesis of diabetes or smoking and hearing loss could be microangiopathy of the stria vascularis
[Fukushima et al., 2006], neuropathy or mitochondrial damage [Helzner and Contrera, 2016]. For
diabetes we found no significant effect in the lower frequencies and a larger effect in the higher
frequencies when compared to the speech frequencies. This could indicate a vascular cause taking into
account that the base of the cochlea is more vascularized than the apex and thus has a greater blood
supply. The higher frequencies may therefore be more affected by microangiopathy [Shi, 2011].
One of the limitations of this study is that with two measurements per subject the statistical modeling
options for studying the progression of hearing loss were limited (e.g. mixed-effects models with random
slopes are not feasible). We therefore used generalized estimation equation models to fit the data best
[Zeger et al., 1988]. With more follow up rounds planned we expect to report on this in the future. Another
limitation was the short follow up time. We consider our results therefore to reflect on the short-term
effects of hearing loss. Also we did not have information on noise exposure. Although in previous
research no relation between noise-induced hearing loss and the progression of hearing loss was found
[Lee et al., 2005], some cross-sectional studies did find associations with the prevalence of hearing
impairment. We tried to account for this by including educational level in our analysis.
The strength of this study lies in the representativeness of our cohort as compared to the general
population. At baseline there was a natural distribution of age and of all levels of hearing loss. Many
earlier studies compared hearing impaired and normal hearing participants, while we studied the whole
spectrum of hearing loss. Second, we structurally collected data and called in the help of a statistician
for the analyses. Last, the prevalence of age-related hearing impairment was in line with prevalence
numbers of other cohort studies using the WHO criteria [Agrawal et al., 2008; Lin et al., 2011; Mitchell
et al., 2011].

CONCLUSIONS
In summary, in this study we showed that although hearing loss in the aging population was associated
with type 2 diabetes, smoking, age and sex, we did not find an association with the progression of
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hearing loss for any of these determinants. Worse baseline hearing levels were associated with a less
rapid progression, which could be proof of a ceiling-effect in hearing deterioration.
This study indicates that the 4-year progression of hearing loss among older adults aged 66 - 87 is not
influenced by the measured demographic and clinical determinants. To further clarify this more research
with multiple follow up rounds is desired.

ACKNOWLEDGEMENTS
We would like to thank Tekla Enser for conducting all audiometry at our research center. This work was
supported by a grant from the Heinsius Houbolt foundation and a grant from Cochlear.

ABBREVIATIONS
BMI = Body Mass Index; dB = decibel; DIN = digits-in-noise; kHz = kilo Hertz; MMSE = Mini-Mental
State Examination; SRT = speech reception threshold.

REFERENCES
Agrawal Y, Platz EA, Niparko JK: Prevalence of hearing loss and differences by demographic
characteristics among US adults: data from the National Health and Nutrition Examination Survey,
1999-2004. Arch Intern Med 2008;168: 1522-1530. DOI: 10.1001/archinte.168.14.1522
Akinpelu OV, Mujica-Mota M, Daniel SJ: Is type 2 diabetes mellitus associated with alterations in
hearing? A systematic review and meta-analysis. Laryngoscope 2014;124: 767-776. DOI:
10.1002/lary.24354
Brant LJ, Fozrad JL: Age changes in pure-tone hearing thresholds in a longitudinal study of normal
human aging. J Acoust Soc Am 1990;88: 813-820.
Brant LJ, Gordon-Salant S, Pearson JD, Klein LL, Merrell CH, Metter EJ, Fozard JL: Risk factors
related to age-associated hearing loss in the speech frequencies. J Am Acad Audiol 1996;7: 152-160.
Chang J, Ryou N, Jun HJ, Hwang SY, Song JJ, Chae SW: Effect of cigarette smoking and passive
smoking on hearing impairment: data from a population–based study. PLoS ONE 2016;11(1):
e0146608. DOI: 10.1371/journal.pone.0146608

11

Cruickshanks KJ, Nondahl DM, Tweed TS, Wiley TL, Klein BE, Chappell R, Dalton DS, Nash SD:
Education, occupation, noise exposure history and 10-yr cumulative incidence of hearing impairment
in older adults. Hear Res 2010;264: 3-9. DOI: 10.1016/j.heares.2009.10.008
Cruickshanks KJ, Nondahl DM, Dalton DS, Fisher ME, Klein BE, Nieto FJ, Schubert CR, Tweed TS:
Smoking, central adiposity, and poor glycemic control increase risk of hearing impairment. J Am
Geriatr Soc 2015;63: 918-924. DOI: 10.1111/jgs.13401
Dawes P, Cruickshanks KJ, Moore DR, Edmondson-Jones M, McCormack A, Fortnum, H, Munro KJ:
Cigarette smoking, passive smoking, alcohol consumption, and hearing loss. J Assoc Res Otolaryngol
2014;15: 663-674. DOI: 10.1007/s10162-014-0461-0
Dawson DA, Room R: Towards agreement on ways to measure and report drinking patterns and
alcohol-related problems in adult general population surveys: the Skarpö conference overview. J
Subst Abuse 2000;12: 1-21. DOI: 10.1016/S0899-3289(00)00037-7
Dhanda N, Taheri S: A narrative review of obesity and hearing loss. Int J Obes (Lond) 2017;41: 10661073. DOI: 10.1038/ijo.2017.32
Fukushima H, Cureoglu S, Schachern PA, Paparella MM, Harada T, Oktay MF: Effects of type 2
diabetes mellitus on cochlear structure in humans. Arch Otolaryngol Head neck Surg 2006;132: 934938. DOI: 10.1001/archotol.132.9.934
Gates GA, Cooper JC: Incidence of hearing decline in the elderly. Acta Otolaryngol 1991;111: 240248. DOI: 10.3109/00016489109137382
Gates GA, Mills JH: Presbycusis. Lancet 2005;366: 1111-1120. DOI: 10.1016/S0140-6736(05)674235
GBD 2015 Disease and Injury Incidence and Prevalence Collaborators: Global, regional, and national
incidence, prevalence, and years lived with disability for 310 diseases and injuries, 1990-2015: a
systematic analysis for the Global Burden of Disease Study 2016. Lancet 2016, 388, 1545-1602. DOI:
10.1016/S0140-6736(16)31678-6
Gopinath B, Flood VM, McMahon CM: Dietary glycemic load is a predictor of age-related hearing loss
in older adults. J Nutr 2010;140: 2207-2212. DOI: 10.3945/jn.110.128462
Hølsgaard S, Halekoh U, Yan J: The R package geepack for generalized estimating equations.
Journal of Statistical Software 2005;15: 2, 1-11. DOI: 10.18637/jss.v015.i02

12

Helzner EP, Patel AS, Pratt S, Sutton-Tyrrell K, Cauley JA, Talbott E, Kenyon E, Harris TB, Satterfield
S, Ding J, Newman AB: Hearing sensitivity in older adults: associations with cardiovascular risk factors
in the Health, Aging and Body Composition Study. J Am Geriatr Soc 2011;59: 972-979. DOI:
10.1111/j.1532-5415.2011.03444.x
Helzner EP, Contrera KJ: Type 2 diabetes and hearing impairment. Curr Diab Rep 2016;16: 3. DOI:
10.1007/s11892-015-0696-0
Hofman A, Brusselle GG, Darwish Murad S, van Duijn CM, Franco OH, Goedegebure A, Ikram MA,
Klaver CC, Nijsten TE, Peeters RP, Stricker BH, Tiemeier HW, Uitterlinden AG, Vernooij MW: The
Rotterdam Study: 2016 objectives and design update. Eur J Epidemiol 2015;30: 661-708. DOI:
10.1007/s10654-015-0082-x
Hoffmann TJ, Keats BJ, Yoshikawa N, Schaefer C, Risch N, Lustig LR: A large genome-wide
association study of age-related hearing impairment using electronic health records. PLoS Genet
2016;12: eCollection 2016. DOI: 10.1371/journal.pgen.1006371
Hood JD: The principles and practice of bone conduction audiometry: a review of the present position.
Laryngoscope 1960;70: 1121-1128. DOI: 10.1288/00005537-196009000-00001
ISO, International Organization for Standardization: Acoustics-Audiometric test methods-Part 1: Basic
pure tone air and bone conduction threshold audiometry. Geneva 2010; ISO 8253-1.
ISO, International Organization for Standardization: Acoustics-Reference zero for the calibration of
audiometric equipment-Part 1: Reference equivalent threshold sound pressure levels for pure tones
and supra-aural earphones. Geneva 2017; ISO 389-1.
Lee FS, Matthews LJ, Dubno JR: Longitudinal study of pure-tone thresholds in older persons. Ear
Hear 2005;26: 1-11.
Lin FR, Thorpe R, Gordon-Salant S, Ferrucci L: Hearing loss prevalence and risk factors among older
adults in the United States. J Gerontol A Biol Sci Med Sci 2011;66: 582-590. DOI:
10.1093/gerona/glr002
Lin YY, Chen HC, Lai WS, Wu LW, Wang CH, Lee JC, Kao TW, Chen WL: Gender differences in the
association between moderate alcohol consumption and hearing threshold shifts. Sci Rep 2017;7:
2201. DOI: 10.1038/s41598-017-02426-4
Linssen AM, van Boxtel MP, Joore MA, Anteunis LJ: Predictors of hearing acuity: cross-sectional and
longitudinal analysis. J Gerontol A Biol Sci Med Sci 2014,;69: 759-765. DOI: 10.1093/gerona/glt172

13

Livingston G, Sommerlad A, Orgeta V, et al: Dementia prevention, intervention, and care. Lancet
2017;390:2673-2734. http://doi.org/10.1016/S0140-6736(17)31363-6
Kiely KM, Gopinath B, Mitchell P, Luszcz M, Anstey KJ: Cognitive, health, and sociodemographic
predictors of longitudinal decline in hearing acuity among older adults. J Gerontol A Biol Sci Med Sci
2012;67:997-1003. http://doi.org/10.1093/gerona/gls066
Koole A, Nagtegaal AP, Homans NC, Hofman A, Baatenburg de Jong RJ, Goedegebure A: Using the
digits-in-noise test to estimate age-related hearing loss. Ear Hear 2016;37: 508-513. DOI:
10.1097/AUD.0000000000000282
Margolis RH, Eikelboom RH, Johnson C, Ginter SM, de Swanepoel W, Moore BC: False air-bone
gaps at 4 kHz in listeners with normal hearing and sensorineural hearing loss. Int J Audiol 2013;52:
526-532. DOI: 10.3109/14992027.2013.792437
Mitchell P, Gopinath B, McMahon CM, Rochtchina E, Wang JJ, Boyages SC, Leeder SR: Relationship
of type 2 diabetes to the prevalence, incidence and progression of age-related hearing loss. Diabet
Med 2009;26: 483-488. DOI: 10.1111/j.1464-5491.2009.02710.x
Mitchell P, Gopinath B, Wang JJ, McMahon CM, Schneider J, Rochtchina E, Leeder SR: Five-year
incidence and progression of hearing impairment in an older population. Ear Hear 2011;32: 251-257.
DOI: 10.1097/AUD.0b013e3181fc98bd
Olusanya BO, Neumann KJ, Saunders JE: The global burden of disabling hearing impairment: a call
to action. Bull World Health Organ 2014;92: 367-377. DOI: 10.2471/BLT.13.128728
R Core Team: R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria, 2017. URL https://www.R-project.org/
Rigters SC, Metselaar M, Wiering MH, Baatenburg de Jong RJ, Hofman A, Goedegebure A:
Contributing determinants to hearing loss in elderly men and women: results from the populationbased Rotterdam Study. Audiol Neurootol 2016;21: Suppl 1:10-15. DOI: 10.1159/000448348
Shi X: Physiopathology of the cochlear microcirculation. Hear Res 2011;282: 10-24. DOI:
10.1016/j.heares.2011.08.006
Taljaard DS, Olaithe M, Brennan-Jones CG, Eikelboom RH, Bucks RS: The relationship between
hearing impairment and cognitive function: a meta-analysis in adults. Clin Otolaryngol 2016;41: 718729. DOI: 10.1111/coa.12607

14

Wattamwar K, Qian ZJ, Otter J: Increases in the rate of age-related hearing loss in the older old.
JAMA Otolaryngol head Neck Surg 2017;143: 41-45. DOI: 10.1001/jamaoto.2016.2661
Yan J: Geepack: Yet another package for generalized estimating equations. Equations R-News
2002;2/3: 12-14.
Yan J, Fine JP: Estimating equations for association structures. Statistics in Medicine 2004;23: 859-880.
Zeger SL, Liang KY, Albert PS: Models for longitudinal data: a generalized estimating equation
approach. Biometrics 1988;44: 1049-1060. DOI: 10.2307/2531734

TABLES AND FIGURES

Table 1. Demographic characteristics of the study population at baseline.
Legend. Unless stated differently values are means and standard deviation for continuous variables or
numbers and percentage for categorical variables. IQR = Inter quartile range, MMSE = Mini-Mental
State Examination.

Figure 1. Average pure-tone thresholds of the study population at baseline.
Legend. Thresholds shown for three age categories. dBHL = decibels Hearing Level, Hz = Hertz.

Figure 2. Average hearing threshold at baseline and follow up.

Legend. Average pure-tone threshold for 0.5, 1, 2 and 4 kHz at baseline in relation to the average
threshold at follow up shown for the three age categories. Every participant left of the line suffers
decline of hearing during follow up. dBHL = decibels Hearing Level.

Table 2. Effect estimates from the final generalized estimating equation models for hearing acuity.
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Legend. Reference group for each variable is female, finished higher education, no diabetes, never
smoker, no alcohol consumption. * The SRT-analysis was also corrected for the high frequency
hearing threshold. LOW = low frequencies threshold average (0.25, 0.50, and 1 kHz), SPEECH =
speech frequencies threshold average (0.50, 1, 2, and 4 kHz), HIGH = high frequencies threshold
average (2, 4, and 8 kHz), SRT = speech reception threshold, Edu = Educational level, MMSE = MiniMental State Examination, BMI = Body mass index, Syst. blood pr. = Systolic blood pressure, DM =
Diabetes mellitus, Alc = Alcohol consumption.

Figure 3. Progression of high frequency hearing loss over time for different categories of participants.
Legend. All progression lines and 95% confidence intervals shown are for a participant with median
outcomes (70 years, secondary educational level, MMSE score 28, BMI 27 kg/m2, systolic blood
pressure 149, average drinker, cholesterol ratio 3.63). Only sex, presence of diabetes and smoking
status differed.

SUPPLEMENTARY MATERIAL

Table 1. Effect estimates from the generalized estimating equation full models for hearing acuity,
including interaction terms.
Legend. Reference group for each variable is female, finished higher education, no diabetes, never
smoker, no alcohol consumption. * The SRT-analysis was also corrected for the high frequency
hearing threshold. LOW = low frequencies threshold average (0.25, 0.50, and 1 kHz); SPEECH =
speech frequencies threshold average (0.50, 1, 2, and 4 kHz); HIGH = high frequencies threshold
average (2, 4, and 8 kHz); SRT = speech reception threshold; Edu = Educational level; MMSE = MiniMental State Examination; BMI = Body mass index; Syst. blood pr. = Systolic blood pressure; Alc =
Alcohol consumption.
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Table 1. Demographic characteristics of the study population at baseline.

Characteristic

N = 650

Age, years

71.1 ± 4.1

Sex, female

338 (52.0%)

Education, primary

154 (23.7%)

Education, secondary

344 (52.9%)

Education, higher

152 (23.4%)

MMSE score (median, IQR)

28 (27;29)

Body Mass Index, kg/m2

27.6 ± 3.7

Systolic blood pressure, mmHg

150 ± 20.6

Diabetes mellitus, yes

78 (12.0%)

Cholesterol ratio

3.74 ± 1.10

Smoking, never

217 (33.4%)

Smoking, former

380 (58.4%)

Smoking, current

53 (8.2%)

Alcohol, never

89 (13.7%)

Alcohol, light drinker

457 (70.3%)

Alcohol, above average

104 (16.0%)

Unless stated differently values are means and standard deviation for continuous variables or numbers and
percentage for categorical variables. IQR = Inter quartile range, MMSE = Mini-Mental State Examination.

Table 2. Effect estimates from the final generalized estimating equation models for hearing acuity.

LOW
Intercept
Time (follow up
years)
Age (per year)
Sex
Edu: secondary
Edu: primary
MMSE
BMI (kg/m2)
Syst. blood pr.
DM
Cholestrol ratio
Smoking: former
Smoking: current
Alc.: light drinker
Alcabove average

-25.08
[-46.23;-3.93]
1.29
[0.86;1.72]
0.51
[0.32;0.70]
-2.04
[-3.60;-0.49]
1.18
[-0.54;2.89]
1.81
[-0.36;3.98]
-0.05
[-0.50;0.41]
0.20
[-0.03;0.42]
0.03
[-0.01;0.06]
2.47
[-0.10;5.04]
-0.31
[-1.01;0.39]
0.58
[-1.03;2.19]
3.45
[0.74;6.15]
-0.87
[-2.89;1.16]
-0.78
[-3.41;1.85]

p
0.020
0.000
0.000
0.010
0.179
0.101
0.841
0.083
0.141
0.060
0.379
0.478
0.012
0.400
0.561

SPEECH
-42.26
[-68.28;16.23]
3.18
[2.80;3.55]
0.76
[0.53;0.98]
2.18
[0.30;4.05]
1.79
[-0.28;3.85]
2.44
[-0.01;4.89]
0.17
[-0.38;0.72]
0.11
[-0.15;0.37]
0.03
[-0.01;0.07]
4.04
[0.97;7.12]
-0.07
[-0.89;0.76]
0.58
[-1.36;2.53]
3.35
[0.21;6.48]
-1.25
[-3.52;1.01]
-0.84
[-3.79;2.11]

HIGH

p
0.001

-65.74
[-100.14;-31.34]
5.96
[5.46;6.46]
1.20
[0.92;1.48]
7.53
[5.00;10.08]
2.15
[-0.60;4.90]
2.86
[-0.40;6.13]
0.34
[-0.42;1.10]
0.03
[-0.29;0.35]
0.03
[-0.03;0.08]
5.53
[1.83;9.23]
0.12
[-0.92;1.16]
1.06
[-1.51;3.62]
4.96
[0.79;9.13]
-0.22
[-3.22;2.78]
-0.77
[-4.68;3.13]

0.000
0.000
0.023
0.091
0.051
0.537
0.395
0.141
0.001
0.875
0.557
0.036
0.278
0.576

p
0.000
0.000
0.000
0.000
0.126
0.086
0.377
0.850
0.362
0.003
0.822
0.420
0.002
0.888
0.698

SRT*
-11.73
[-17.01;-6.45]
-2.93
[-3.23;-2.62]
0.06
[0.00;0.11]
-0.42
[-0.78;-0.06]
0.00
[-0.41;0.40]
0.35
[-0.17;0.87]
-0.07
[-0.17;0.04]
0.02
[-0.04;0.07]
0.00
[-0.01;0.01]
0.68
[0.04;1.31]
-0.04
[-0.19;0.11]
-0.24
[-0.81;0.41]
-0.20
[-0.73;0.27]
-0.23
[-0.73;0.27]
-0.31
[0.14;0.17]

p
0.000
0.000
0.040
0.022
0.983
0.183
0.216
0.602
0.392
0.036
0.603
0.233
0.523
0.371
0.333

Reference group for each variable is female, finished higher education, no diabetes, never smoker, no alcohol consumption. * The SRT-analysis was also corrected for the high
frequency hearing threshold. LOW = low frequencies threshold average (0.25, 0.50, and 1 kHz), SPEECH = speech frequencies threshold average (0.50, 1, 2, and 4 kHz),

2

HIGH = high frequencies threshold average (2, 4, and 8 kHz), SRT = speech reception threshold, Edu = Educational level, MMSE = Mini-Mental State Examination, BMI = Body
mass index, Syst. blood pr. = Systolic blood pressure, DM = Diabetes mellitus, Alc = Alcohol consumption
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Supplementary material
Table 1. Effect estimates from the generalized estimating equation full models for hearing acuity, including interaction terms.

LOW
Intercept
Time (follow up years)
Age (years)
Age 2 (years)
Sex
Edu: secondary
Edu: primary
MMSE
BMI (kg/m2)
Syst. blood pr.
Diabetes mellitus
Cholestrol ratio
Smoking: former
Smoking: current
Alc.: light drinker
Alc.: above average
Time x sex

118.60
[-43.65;280.88]
4.54
[-5.03;14.10]
-3.46
[-7.85;0.94]
0.03
[-0.01;0.06]
-1.73
[-3.28;-0.18]
1.13
[-0.55;2.81]
1.93
[-0.23;4.10]
0.04
[-0.43;0.51]
0.17
[-0.04;0.38]
0.02
[-0.01;0.05]
1.83
[-0.80;4.45]
-0.27
[-0.95;0.42]
0.39
[-1.20;1,97]
2.08
[0.16;5.45]
-0.57
[-2.64;1.49]
-0.36
[-3.01;2.29]
-0.47
[-1.44;0.50]

p
0.152
0.352
0.124
0.078
0.029
0.187
0.080
0.864
0.103
0.169
0.172
0.444
0.634
0.038
0.587
0.790
0.342

SPEECH
97.64
[-89.72;284.99]
7.19
[-0.94;15.32]
-3.12
[-8.18;1.95]
0.03
[-0.01;0.06]
2.45
[0.63;4.27]
1.71
[-0.28;3.68]
2.38
[-0.02;4.78]
0.24
[-0.29;0.77]
0.14
[-0.11;0.39]
0.02
[-0.01;0.06]
4.01
[1.02;7.01]
-0.06
[-0.86;0.75]
0.44
[-1.43;2.31]
2.09
[-0.07;5.87]
-1.28
[-3.52;0.96]
-0.68
[-3.58;2.23]
-0.37
[-1.25;0.51]

p
0.307
0.083
0.228
0.135
0.008
0.091
0.052
0.375
0.260
0.167
0.009
0.891
0.643
0.056
0.262
0.647
0.406

HIGH
-57.15
[-308.43;194.14]
4.34
[-5.95;14.64]
0.99
[-5.83;7.81]
0.01
[-0.05;0.05]
7.67
[-0.41;17.31]
2.06
[-0.68;4.80]
2.62
[-0.74;5.98]
0.31
[-0.42;1.05]
0.08
[-0.25;0.40]
0.02
[-0.03;0.07]
5.85
[2.17;9.53]
-0.01
[-1.05;1.05]
1.25
[-1.29;3.79]
5.47
[1.36;9.57]
-0.59
[-3.70;2.53]
-1.01
[-5.08;3.07]
-0.24
[-1.42;0.93]

p
0.656
0.409
0.777
0.951
0.000
0.140
0.127
0.406
0.636
0.442
0.002
0.998
0.336
0.009
0.712
0.628
0.687

SRT*
42.44
[0.06;4.36]
-2.18
[-8.71;4.36]
-1.41
[-2.57;-0.25]
0.01
[0.00;0.02]
-0.68
[-1.26;-0.10]
0.08
[-0.48;0.64]
0.75
[-0.03;1.54]
-0.12
[-0.28;0.04]
0.01
[-0.06;0.10]
0.01
[-0.01;0.02]
0.79
[-0.08;1.66]
-0.08
[-0.28;0.12]
0.02
[-0.60;0.63]
0.05
[-0.89;0.98]
-0.37
[-1.20;0.46]
-0.27
[--1.27;0.73]
0.34
[-0.31;1.00]

p
0.050
0.514
0.017
0.014
0.022
0.787
0.060
0.130
0.738
0.074
0.074
0.429
0.961
0.924
0.384
0.599
0.303

Time x MMSE
Time x BMI
Time x syst. blood pr.
Time x diabetes mellitus
Time x cholesterol ratio
Time x secondary education
Time x primary education
Time x former smoker
Time x current smoker
Time x light drinker
Time x above average

-0.18
[-0.46;0.10]
0.06
[-0.08;0.19]
0.01
[-0.01;0.03]
1.14
[-0.41;2.69]
-0.06
[-0.42;0.30]
0.01
[-1.06;1.07]
-0.57
[-1.97;0.84]
0.28
[-0.79;1.36]
1.03
[-0.57;2.63]
-0.58
[-2.10;0.94]
-1.05
[-2.80;0.70]

0.208
0.406
0.539
0.150
0.746
0.994
0.427
0.608
0.205
0.456
0.238

-0.13
[-0.38;0.12]
-0.05
[-0.17;0.06]
0.01
[-0.01;0.03]
-0.04
[-1.21;1.13]
0.01
[--0.33;0.34]
0.07
[-0.84;0.98]
-0.19
[-1.36;0.98]
0.15
[-0.75;1.05]
0.65
[-0.92;2.21]
0.07
[-1.12;1.27]
-0.55
[-1.98;0.89]

0.296
0.370
0.380
0.941
0.977
0.886
0.751
0.743
0.417
0.903
0.453

0.06
[-0.26;0.38]
-0.09
[-0.24;0.05]
0.01
[-0.02;0.03]
-0.63
[-2.13;0.86]
0.24
[-0.28;0.76]
0.15
[-1.01;1.31]
0.48
[-1.01;1.97]
-0.42
[-1.56;0.73]
-1.02
[-2.91;0.86]
0.75
[-0.77;2.28]
0.44
[-1.41;2.29]

0.711
0.201
0.487
0.408
0.358
0.801
0.526
0.475
0.287
0.335
0.643

0.04
[-0.15;0.23]
0.00
[-0.09;0.09]
-0.02
[-0.03;0.00]
-0.36
[-1.50;0.77]
0.07
[-0.18;0.32]
-0.08
[-0.76;0.60]
-0.73
[-1.64;0.17]
-0.31
[-1.00;0.37]
-0.51
[-1.54;0.51]
0.37
[-0.52;1.27]
0.10
[-1.00;1.20]

0.685
0.973
0.026
0.532
0.571
0.818
0.112
0.370
0.325
0.411
0.855

Reference group for each variable is female, finished higher education, no diabetes, never smoker, no alcohol consumption. * The SRT-analysis was also corrected for the high
frequency hearing threshold. LOW = low frequencies threshold average (0.25, 0.50, and 1 kHz); SPEECH = speech frequencies threshold average (0.50, 1, 2, and 4 kHz);
HIGH = high frequencies threshold average (2, 4, and 8 kHz); SRT = speech reception threshold; Edu = Educational level; MMSE = Mini-Mental State Examination; BMI = Body
mass index; Syst. blood pr. = Systolic blood pressure; Alc = Alcohol consumption.

