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Abstract

Background: Age-related hearing loss (impairment in hearing sensitivity and/or higher-order auditory processing) and cognitive decline are 
common co-occurring impairments in elderly adults. Their relation in the process of aging remains insufficiently understood. We aim to assess 
the temporal relations of decline in hearing sensitivity, higher-order auditory processing, and cognition in middle-aged adults.
Methods: This study included 1,274 Beaver Dam Offspring Study participants who participated in three examinations (baseline, 5-year, and 
10-year follow-up). We assessed hearing sensitivity through pure-tone audiometry (PTA, averaged thresholds of 0.5, 1, 2, 4 kHz of the better 
ear), higher-order auditory processing as word recognition in competing message (WRCM) using the Northwestern University 6 word list in 
the better ear, and cognition through trail-making test performance (TMT). Linear mixed-effects models and linear regression models were 
used to determine associations over time and to what extent these measures influence each other over time.
Results: The longitudinal decline between all functions was associated with the strongest relationships between PTA and WRCM. The effect of 
baseline PTA on WRCM 10 years later (standardized ß = –.30) was almost twice as big as the effect of baseline WRCM on PTA 10 years later 
(standardized ß = –.18). The effect of baseline WRCM on TMT 10 years later and vice versa were small (standardized ß = –.05). No directional 
relationship between PTA and TMT was identified (standardized ß ≤ .02).
Conclusions: While hearing sensitivity might affect higher-order auditory processing, associations between hearing and cognition appear 
bidirectional and weak in midlife. We need to be cautious before inferring causal effects of hearing on cognition.
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Age-related hearing loss and cognitive decline are co-occurring 
disabling conditions in aging (1) and have considerable conse-
quences for quality of life and public health (2,3). Associations 
between hearing loss and cognitive decline or dementia have been 
observed in prospective studies (4–11). Still, the underlying mechan-
isms are insufficiently understood.

Four competing theories about the association between sensory 
and cognitive decline exist. (i) The common cause hypothesis (12) 
suggests a common underlying factor that drives age-related decline 

in both systems. (ii) The sensory deprivation hypothesis (12), and 
(iii) the information degradation hypothesis (13) assume that sen-
sory decline precedes cognitive decline. Importantly, according to 
the sensory deprivation hypothesis only long, chronic sensory de-
privation induces cognitive decline (12), whereas the information 
degradation hypothesis suggests immediate, potentially remediable 
effects (13). In contrast, (iv) the cognitive load on perception hy-
pothesis (12,13) claims that age-related cognitive decline precedes 
or drives sensory decline. These theories are not mutually exclusive. 
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Multiple processes are likely involved (14) and the decline in one 
pathway could affect the other (15). It is not known to what ex-
tent each of these mechanisms is involved in declining hearing and 
cognition.

Age-related hearing loss typically comprises impaired cochlear 
and central processing function (1) making it difficult to determine 
mechanisms, particularly with behavioral measures. However, some 
test performances are more affected by altered cochlear function, 
others by changes in higher-order central processing. Decreased 
hearing sensitivity caused by cochlear defects can be measured 
by pure-tone audiometry (16). More complex tasks, for example, 
speech in competing message tasks are needed to measure higher-
order processing abnormalities (7), which include changes in the 
auditory nerve (13).

Previous studies investigating hearing and cognition assessed dif-
ferent cognitive domains with various tests (10). Particularly, per-
ceptual processing speed has shown to change throughout the whole 
adult lifespan in longitudinal studies (17) and should be a good 
marker of early cognitive change.

Several prospective studies assessed the association between 
hearing and cognition but had limitations. The majority of longi-
tudinal research focused on older adults. Studies on early changes 
in midlife are scarce (18). Except for one (19), studies did not as-
sess the temporality of events and compare the strengths of effects 
from hearing to cognition and vice versa. Finally, most studies inves-
tigated audiometrically assessed hearing while higher-order auditory 
processing has been neglected. Population-based studies on both 
aspects of hearing have been lacking.

To investigate the complex interplay of decline in different 
hearing functions and cognition (Figure 1), we conducted this study 
to determine the longitudinal associations of (i) hearing sensitivity 
and higher-order auditory processing, (ii) higher-order auditory 
processing and cognition, and (iii) hearing sensitivity and cognition, 
in middle-aged adults.

Methods

Study Population
This study involves participants of the Beaver Dam Offspring 
Study, a prospective cohort study of aging. The adult offspring of 
the population-based Epidemiology of Hearing Loss Study partici-
pants were eligible for the Beaver Dam Offspring Study. In the base-
line examination (conducted in 2005–2008) 3,298 subjects (aged 
21–84 years) participated (20). The 5-year follow-up (2010–2013) 
showed a participation rate greater than 80% (21) and the 10-year 
follow-up (2015–2017) a participation rate of 75% of baseline par-
ticipants. Participation rate in the 10-year follow-up among those 
who participated in the 5-year follow-up was 86%. The study was 
approved by the Health Sciences Institutional Review Board of the 
University of Wisconsin with written informed consent from all par-
ticipants before each examination. Participants were included in 
these analyses if they were examined at all three examination waves. 
We excluded participants who were less than the age of 30 years at 
baseline, had probable cognitive impairment at baseline, reported 
the onset of hearing loss before the age of 20  years, or had ever 
undergone tympanoplasty, mastoidectomy, and/or stapedectomy.

Measurements
Examinations listed later were performed in all three waves. Each 
examination included tests of hearing, vision, olfaction, cognition, 
and numerous other measures, a blood draw, and medication in-
take, medical history, lifestyle, behavior, and hearing health history 
questionnaires (6). We asked participants about any ear surgeries, 
their hearing aid use, self-assessed hearing impairment, and the age 
of onset of the hearing loss, if any. Some participants opted to com-
plete only the questionnaire.

Auditory Assessment
Audiometric testing was conducted in either a sound-treated booth 
or with insert earphones and followed American National Standards 
Institute standards for equipment (22,23).

Pure-tone air and bone conduction audiometry followed the 
American Speech-Language-Hearing Association guidelines (24). Pure-
tone air conduction thresholds were obtained at 0.5, 1, 2, 3, 4, 6, and 
8 kHz, and bone conduction thresholds at 0.5 and 2 kHz for both ears 
using clinical audiometers with TDH-50P earphones and ER-3A insert 
earphones (in cases of probable ear-canal collapse). When necessary, 
masking was done. Conductive hearing loss was defined as an air-bone 
gap of 15 dB or greater at 0.5 or 2 kHz. The pure-tone average (PTA) at 
0.5, 1, 2, and 4 kHz in the better ear was used as a measure of hearing 
sensitivity. Higher thresholds indicate poorer hearing.

Word recognition in competing message (WRCM) was assessed 
with the Northwestern University Auditory Test Number 6 (25,26). 
Twenty-five words were presented by a single female voice to the 
better ear at 36 dB hearing level (HL) above the individual’s threshold 
at 2 kHz. If thresholds at 2 kHz were equal, the right ear was tested. 
The competing message (single male speaker) was added at a level 8 
dB HL below the female speaker’s level in that same ear (26). We used 
the percentage of correctly repeated words to measure higher-order 
auditory processing. Higher scores indicate better performances.

Cognitive Assessment
The paper–pencil trail-making test (TMT) versions A  (consecu-
tive numbers are to be connected) and B (alternating consecutive 
numbers and letters are to be connected) were administered (27). 

Figure 1. Theoretical background of the association between hearing and 
cognition.
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Main outcome is completion time in seconds. Longer durations in-
dicate poorer performance. Inability to complete the test in allotted 
5 minutes resulted in a score of 301 seconds. The TMT measures 
attention, speed, and mental flexibility. TMT-B is considered more 
complex and makes greater demands on perceptual processes and 
motor speed than TMT-A (28). Therefore, we used TMT-B as a 
measure of cognitive function.

Furthermore, we conducted the Mini-Mental-State Examination 
(MMSE) in participants aged 50 years and older (29). Probable cog-
nitive impairment was defined as an MMSE score of less than 24 
and/or a history of diagnosed dementia.

Other Variables
We evaluated baseline covariates as potential confounders: age, sex, 
race, income, education, history of cardiovascular disease, smoking 
history, history of chemotherapy, years of musical training, occupa-
tional noise exposure, history of heavy drinking, regular exercise, 
loop diuretics intake, non-high-density lipoprotein cholesterol levels 
(N-HDL-C), high-sensitivity C-reactive protein (hsCRP), inter-
leukin-6 (IL-6), intima-media thickness, body mass index, hyperten-
sion, diabetes, and depression (Supplementary Material 1).

Statistical Analyses
We assessed the strength of associations of (i) hearing sensitivity 
(PTA) and higher-order auditory processing (WRCM), (ii) higher-
order auditory processing and cognition (TMT), and (iii) hearing 
sensitivity and cognition over 10 years.

For each relationship, we used linear mixed-effects models to 
quantify the strength of the association using all data from baseline, 
5-year, and 10-year follow-up. Each model included age (mean cen-
tered at baseline) as the timescale variable and covariates of baseline 
age in decades (to account for different baseline hazards of different 
age groups) and sex. The first model included WRCM as dependent 
variable and PTA and the interaction of PTA with age as independent 
variables. The second model included TMT as dependent variable 
and WRCM and the interaction of WRCM with age as independent 
variables and the third model included TMT as dependent variable 
and PTA and the interaction of PTA with age as independent vari-
ables. Each included term was allowed to vary over time, with the 
exception of age at baseline in decades and sex. A random intercept 
and a random slope were also included in each linear mixed-effects 
model (Equations 1–3 in Supplementary Material 2). We repeated 
the models including further potential confounding variables.

Next, we used multivariable linear regression models to quantify 
the strength of the association of each variable at baseline (hearing 
sensitivity/higher-order auditory processing/cognition) with each other 
variable at the 10-year follow-up time point. Each model was adjusted 
for age, sex, and dependent variable at baseline (performance in quar-
tiles). We repeated the models including further potential confounding 
variables. The strengths of the standardized associations from each 
linear model were compared to gauge the directionality of effects.

Data Preparation and Confounding
We log-transformed and z-standardized (with baseline values) TMT. Ages 
of the oldest participants were reported as more than 75 at baseline, more 
than 80 at 5-year follow-up, and more than 84 at 10-year follow-up.

To evaluate confounding, age- and sex-adjusted models were 
computed for each potential individual confounder. Variables that 
were associated with either overall or change in performance of both 
measures of interest (PTA and WRCM; WRCM and TMT; PTA and 

TMT) were used as covariates. Resulting covariates for all models 
were income, education, regular exercise, hsCRP, IL-6, history of car-
diovascular disease, smoking, intima-media thickness, occupational 
noise exposure, and loop diuretics intake. Further covariates for PTA 
and TMT models were body mass index, history of heavy drinking, 
depression, years of musical training, diabetes, and N-HDL-C, and 
for PTA and WRCM models chemotherapy.

Sensitivity Analyses
To evaluate if associations in nonhearing aid users and in partici-
pants without conductive hearing loss were consistent with effects in 
the whole cohort, models were repeated excluding hearing aid users 
(n = 53) and people with conductive loss (n = 83).

Statistical analyses were conducted using R, version 1.0.44 (30) 
with packages dplyr (31) and lmerTest (32).

Results

The analysis focused on 1,274 participants (for flow-chart of partici-
pant eligibility and inclusion see Figure 2). Most participants with in-
complete hearing and cognitive data participated by questionnaire only 
and did not come for an examination. Differences in age, sex, PTA, 
WRCM, and TMT between the eligible at baseline sample and the ana-
lytic sample were minor and nonsignificant (Supplementary Material 3).

Participants were mostly Caucasian (98%), 51% were women 
and they had a mean age of 49 (range 30–75) years at baseline (for 
descriptive statistics see Table 1). PTA decreased on average 0.6 dB 
per year (0.3 dB for 0.5 kHz, 0.4 dB for 1 kHz, 0.7 dB for 2 kHz, 1.1 
dB for 4 kHz), WRCM 0.8% per year, and TMT 0.03 SD per year. 
The average follow-up time was 9.5 years.

Association of PTA and WRCM
Better PTA was associated with better WRCM performance and 
slower decline in the linear mixed-effects model. WRCM signifi-
cantly differed by –0.36% per dB difference in PTA (95% CI: –0.42, 
–0.29; standardized ß  =  −.22). WRCM decline significantly accel-
erated 0.03% per year per dB difference in PTA (95% CI: –0.03, 
–0.02; standardized ß = −.28; Table 2).

In linear regression models, the significant effect of PTA baseline 
on WRCM at 10-year follow-up (standardized ß = –.30) was almost 
twice as big as the significant effect of WRCM baseline on PTA at 
10-year follow-up (standardized ß = –.18; Figure 3). Effect sizes were 
not attenuated with adjustment for confounding (Table 3).

Association of WRCM and TMT
Better WRCM was associated with slower TMT decline in the linear 
mixed-effects model. TMT performance differed –0.002 SD per 1% 
WRCM performance difference (95% CI: –0.003, 0.0003; standard-
ized ß =  –.02). TMT performance decline significantly accelerated 
0.0003 SD per year per 1% WRCM performance difference (95% 
CI: –0.0004, –0.0001; standardized ß = –.14; Table 2).

In linear regression models, the significant effects of WRCM base-
line on TMT at 10-year follow-up and TMT baseline on WRCM at 
10-year follow-up were equal (standardized ß = –.05; Figure 3). Effect 
sizes slightly decreased with adjustment for confounding (Table 3).

Association of PTA and TMT
Better PTA was associated with better TMT performance and slower 
decline in the linear mixed-effects model. TMT performance signifi-
cantly differed 0.005 SD per dB difference in PTA (95% CI: 0.001, 
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0.01; standardized ß =  .05). TMT decline significantly accelerated 
0.001 SD per year per dB PTA difference (95% CI: 0.0002, 0.001; 
standardized ß = .09; Table 2).

In linear regression models, the nonsignificant effects of PTA 
baseline on TMT at 10-year follow-up and TMT baseline on PTA 
at 10-year follow-up were comparable but negligible (standardized 
ß = .02 and .01, respectively; Figure 3). Effect sizes decreased with 
adjustment for confounding (Table 3).

Sensitivity Analyses
Effect sizes remained the same, when excluding participants with 
conductive hearing loss (n = 83). In analyses excluding hearing aid 
users (n = 53), effects were slightly weaker in associations between 
PTA and WRCM and similar in the remaining (Supplementary 
Material 4).

Discussion

We found weak relationships between two measures of hearing 
and cognition in middle-aged adults over 10  years. There was no 
predominant pathway of effects going from hearing to cognitive 
decline and vice versa. The pathway from hearing to higher-order 
processing decline was more pronounced in associations between the 
two hearing tests.

Our results are consistent with longitudinal studies of hearing 
sensitivity, higher-order auditory processing, and cognition (7–
10,33,34) and extend these to different aspects of hearing, middle-
aged adults, and assessment of temporality of effects. We used two 
different hearing measures to investigate the complex relationship 
between auditory and cognitive processing. Decreased hearing sensi-
tivity caused by cochlear defects can be measured by pure-tone audi-
ometry (16) and reflects the most sensorineural processing measure. 
The more complex task of speech understanding in competing mes-
sage was operationalized as a measure of higher-order auditory 
processing capability (7). To assess most upstream central processing, 
we used the cognitive test. Importantly, as previous research pri-
marily focused on elderly adults with more advanced hearing loss 

Table 1. Characteristics of the Analytic Sample (n  =  1,274) at 
Baseline Assessment of the Beaver Dam Offspring Study (2005–
2008)

Age, yrs, M (SD) 48.7 (8.4)
Sex, n (%)  
 Women 656 (51.5)
 Men 618 (48.5)
Income, n (%)  
 $0–49k 381 (29.9) 
 $50–99k 648 (50.9)
 $100k– 245 (19.2)
Education, n (%)  
 12 years or less 404 (31.7)
 13 years or more 870 (68.3)
Smoking, n (%)  
 Never 698 (54.8)
 Former 380 (29.8)
 Current 196 (15.4)
CVD, n (%) 75 (5.9)
Exercise at least once a week, n (%) 762(59.8)
Occupational noise exposure, n (%) 531 (41.7)
Loop diuretics intake, n (%) 8 (0.6)
Heavy drinking, n (%) 225 (17.7)
Depression, n (%) 304 (23.9)
Diabetes, n (%) 62 (4.9)
History of chemotherapy, n (%) 15 (1.2)
Intima-media thickness, mm, M (SD) 0.7 (0.1)
hsCRP, mg/L, M (SD) 2.7 (4.6)
IL-6, pg/mL, M (SD) 2.5 (5.4)
N-HDL-C, mg/dL, M (SD) 154.5 (37.4)
Body mass index, M (SD) 30.4 (6.5)
Years of musical training, M (SD) 4.4 (8.9)
PTA, dBHL, M (SD) 8.9 (8.5)
WRCM, %correct, M (SD) 64.5 (13.9)
TMT B, s, M (SD) 64.1 (25.0)

Note: CVD  =  history of cardiovascular disease; dBHL  =  decibel hear-
ing level; hsCRP  =  high-sensitivity C-reactive protein; IL-6  =  interleukin-6; 
M = mean; N-HDL-C = non-high-density lipoprotein cholesterol; PTA = pure-
tone average 0.5–4 kHz; SD = standard deviation; TMT = trail-making test; 
WRCM = word recognition in competing message.

Figure 2. Flow-chart of participant eligibility and inclusion.
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(10), we extended findings to middle-aged adults facilitating our 
understanding of early development of age-related diseases.

Longitudinal relationships between the hearing functions were 
moderate. Effects between hearing and cognition were small and 
weakest for hearing sensitivity and cognition. This is consistent 
with results of a recent meta-analysis (r  =  –.09), which combined 
nine longitudinal studies on hearing sensitivity and different cog-
nitive domains (10) including a majority of samples of elderly par-
ticipants (average age 65 years and older). Such small effects imply 
that even if there was a causal effect of hearing on cognition, any 
potential benefit from amplification with hearing aids for restoring 
or preserving cognitive functions would be limited, and hearing aids 
do not restore normal hearing.

To assess the different possible mechanisms for the longitudinal 
associations, we compared the extent of effects going both direc-
tions—from hearing decline to higher-order central processing de-
cline and vice versa. We found support for both pathways.

Effect of Hearing on Higher-Order Processing
Different theories propose causal effects of hearing loss on cog-
nitive decline. The information degradation hypothesis (13) 
states that hearing loss increases cognitive load during audi-
tory processing which negatively affects cognitive functioning. 
Correspondingly, elderly adults with hearing impairment recruit 
wider brain networks during perception (35). According to this 
hypothesis, effects of hearing on cognition are immediate and po-
tentially remediable. In contrast, the sensory deprivation hypoth-
esis (12) posits that perceptual decline causes permanent cognitive 
decline. Hearing impairment would alter brain structure and cause 

cognitive impairment (36). Animal studies indicate reorganization 
within the central auditory system after sensory deprivation (37). 
Correspondingly, our results indicate a strong effect of hearing 
sensitivity on auditory processing. However, the biological mech-
anism how potential reorganizations lead to impaired central 
auditory processing and how this could further cause detrimental 
brain changes and cognitive decline remains unknown. We found 
limited support for effects of hearing on cognition as measured 
by TMT in midlife. There were weak effects from higher-order 
auditory processing to cognition and none from hearing sensitivity 
to cognition. Consistently, previous studies report stronger effects 
of higher-order auditory function than of hearing sensitivity on 
cognition (11). Furthermore, associations between hearing sen-
sitivity and cognition appear consistently small in nonimpaired 
populations. Effects are stronger when cohorts are older and/or 
more hearing impaired (10). A  recent study found an effect of 
hearing sensitivity on cognition only in verbal/auditory tests but 
not nonauditory tests (including TMT) (19), which might reflect 
the task impurity problem.

Effect of Higher-Order Processing on Hearing
According to the cognitive load hypothesis (12,13) declining cog-
nitive capacity places a cognitive load on perception, which is then 
poorer. Evidence for this hypothesis is scarce (14) and previous work 
questions that cognitive decline precedes sensory decline (19,38). 
Accordingly, we saw a very small effect from cognition as measured 
by TMT to higher-order auditory processing and the effect from 
higher-order auditory processing to hearing sensitivity, was only half 
as big as the opposite effect. Therefore, this mechanism might be 
present but not the most dominant one.

The Common Cause Effect
Besides both causal pathways being simultaneously present, common 
causes might induce decline in both systems. Several sensory functions 
have been related to cognitive function (6) and concurrent changes in 
multiple perceptual and cognitive domains suggest a systemic central 
nervous system pathology and common neurodegenerative etiology. 
We found pathways between hearing and cognition and vice versa 
were of equivalent magnitude. Furthermore, effects from hearing 
to cognition substantially decreased with adjustment for known 
confounders. Residual confounding might exist. Promising candidates 
for common causes of neurodegeneration may be cardiovascular ab-
normalities, metabolic dysregulation, and inflammation (36,39). We 
might still lack adequate, sensitive measures for these processes.

Table 2. Longitudinal Associations of PTA, WRCM, TMT Over 10-Year Follow-up

% Change in WRCM (95% CI) SD Change in TMT (95% CI) SD Change in TMT (95% CI)

[Standardized effect]a [Standardized effect]a,b [Standardized effect]a,c

Determinant Determinant Determinant

Age, yr –0.37 (–0.47, –0.27)  
      [ß = –.21]

Age, yr 0.03 (0.02, 0.04)  
     [ß = .27]

Age, yr 0.007 (0.001, 0.01)  
       [ß = .06]

PTA, dB –0.36 (–0.42, –0.29)  
      [ß = –.22]

WRCM, % –0.002 (–0.003, 0.0003)  
          [ß = –.02]

PTA, dB 0.005 (0.001, 0.01)  
       [ß = .05]

PTA × age, dB/yr –0.03 (–0.03, –0.02)  
      [ß = –.28]

WRCM × age, 
%/yr

–0.0003 (–0.0004, –0.0001)  
             [ß = –.14]

PTA × age, dB/yr 0.001 (0.0002, 0.001)  
         [ß = .09]

Note: DB = decibel; PTA = pure-tone average 0.5–4 kHz; SD = standard deviation; TMT = trail-making test; WRCM = word recognition in competing message.

Figure 3. Strengths of temporal effects between pure-tone audiometry, word 
recognition in competing message, and trail-making test.
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Limitations
Our middle-aged sample showed little longitudinal change in higher-
order auditory and cognitive function, which might contribute to the 
weak effects between hearing and cognition. The inclusion of com-
plete cases only and loss to follow-up might have further prompted 
this, given a potentially rather healthy sample. Yet, the eligible base-
line sample and the analytic sample did not differ in relevant baseline 
characteristics. Longer follow-ups might be needed to see effects.

We could not replicate the significant small effect of PTA on TMT 
found in the linear mixed-effects model with less data points in the linear 
regression model, likely due to reduced power to detect this small effect.

Behavioral measures cannot completely distinguish sensory 
from higher-order auditory processing. Pure-tone audiometry relies 
on higher-order processing, for example, regarding behavioral re-
sponses. Higher-order auditory processing was tested with an ad-
justed hearing level. Still, hearing levels affect speech understanding, 
for example, through distorted signal (16). This task impurity might 
have induced overestimation of effects between hearing tests. In 
addition, different sensitivities in hearing and cognition measures 
might affect the assessment of temporality of effects. However, we 
controlled for baseline levels of outcome measures, which limits po-
tential biases. Unfortunately, only one cognitive test (TMT) was col-
lected at each visit, which limits generalizability to other cognitive 
functions and/or general cognitive ability.

Age-related hearing loss and cognitive decline have considerable 
consequences for quality of life and public health. Better under-
standing of mechanisms for their co-occurrence in the process of 
aging has potential to inform future research directed at prevention 
and treatment applications. To explore a common pathology a sys-
tematic, holistic investigation of neurotoxins, metabolic, vascular, 
and inflammation processes as well as more sensitive measures, for 
example, of microvascular pathology might advance the field.

Conclusion

Hearing sensitivity decline might affect higher-order auditory processing 
decline. Higher-order auditory processing had bidirectional relation-
ships over time with cognition. Worse baseline hearing was associated 
with cognitive decline and worse baseline cognition was associated with 
hearing decline. However, effects were weak in middle-aged adults. We 
should be cautious in concluding causal effects, as underlying biological 

mechanisms remain fairly unclear. Improved hearing might have limited 
benefit for prevention or delay of cognitive decline.

Supplementary Material

Supplementary data are available at The Journals of Gerontology, 
Series A: Biological Sciences and Medical Sciences online.
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