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Summary
Background Hearing impairment was recently identiﬁed as the most prominent risk factor for dementia. However,
the mechanisms underlying the link between hearing impairment and dementia are still unclear.
Methods We investigated the association of hearing performance with cognitive function, brain structure and
cerebrospinal ﬂuid (CSF) proteins in cross-sectional, longitudinal, mediation and genetic association analyses across
the UK Biobank (N = 165,550), the Chinese Alzheimer’s Biomarker and Lifestyle (CABLE, N = 863) study, and the
Alzheimer’s Disease Neuroimaging Initiative (ADNI, N = 1770) database.
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Findings Poor hearing performance was associated with worse cognitive function in the UK Biobank and in the
CABLE study. Hearing impairment was signiﬁcantly related to lower volume of temporal cortex, hippocampus,
inferior parietal lobe, precuneus, etc., and to lower integrity of white matter (WM) tracts. Furthermore, a higher
polygenic risk score (PRS) for hearing impairment was strongly associated with lower cognitive function, lower
volume of gray matter, and lower integrity of WM tracts. Moreover, hearing impairment was correlated with a high
level of CSF tau protein in the CABLE study and in the ADNI database. Finally, mediation analyses showed that brain
atrophy and tau pathology partly mediated the association between hearing impairment and cognitive decline.
Interpretation Hearing impairment is associated with cognitive decline, brain atrophy and tau pathology, and hearing
impairment may reﬂect the risk for cognitive decline and dementia as it is related to bran atrophy and tau accumulation in brain. However, it is necessary to assess the mechanism in future animal studies.
Funding A full list of funding bodies that supported this study can be found in the Acknowledgements section.
Copyright © 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction
Hearing impairment is a common problem for older
adults, and its prevalence increases with age, affecting
over 40% of the population aged ≥50 years, rising to
71% of the population aged ≥70 years.1 Recently,

hearing impairment was identiﬁed as the most prominent risk factor for dementia among the 12 potentially
modiﬁable factors, including less education, smoking
and depression, and was associated with 8% of dementia cases.2 These developments emphasize the need
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Research in context
Evidence before this study
Hearing impairment was recently identiﬁed as the most
prominent risk factor for dementia, which emphasizes the
need to investigate the mechanism of how hearing
impairment is related to dementia. The pathological changes,
such as neuroﬁbrillary tangle (tau) and brain atrophy, occur a
decade before dementia. Thus, it is possible that hearing
impairment is associated with the pathological changes
resulting in dementia. We searched PubMed for studies that
examined the association of hearing impairment with the
pathological changes before dementia, and limited evidence
was available from these studies due to the sample sizes.
Therefore, it remains necessary to investigate the relationship
between hearing impairment and pathological biomarkers in
large cohorts to explore the mechanism underlying the link
between hearing impairment, pathological changes, and
cognitive decline.

to investigate the pathophysiological mechanism underlying the association between hearing impairment
and dementia;1,3 and understanding the neural mechanisms may help to provide potential avenues for early
intervention for dementia.4
It has been established that pathological changes,
such as amyloid-β (Aβ) deposition, neuroﬁbrillary tangle
(tau) and brain atrophy, occur a decade before dementia.5 Therefore, it is possible that hearing impairment is
related to pathological changes resulting in the occurrence of dementia. Since the auditory cortex is located in
the temporal lobe, it is possible that the temporal cortex
shows the most severe atrophy among brain regions in
hearing impairment. The sensory deprivation hypothesis suggests that long-term auditory deprivation reallocates cognitive resources towards auditory cognition.
Consequently, alongside the temporal cortex, hearing
impairment may relate to the atrophy of the cortex
associated with general cognitive process. Neuroimaging biomarkers have been documented to reﬂect
the pathophysiological processes in the brain during the
entire course of dementia.6,7 To date, a few studies have
investigated the associations of hearing impairment
with gray matter (GM) macrostructural size and white
matter (WM) microstructural integrity in the brain, but
few brain regions and WM tracts were consistently reported to be associated with hearing impairment in
these studies.8–14 Moreover, since Aβ and tau protein in
the cerebrospinal ﬂuid (CSF) are strongly associated
with Aβ and tau pathology in the brain, several investigations explored the association of hearing impairment with CSF proteins to reveal the effects of hearing
impairment in pathology. Similarly, inconsistent results
were obtained owing to the limitation of sample size.15,16
Therefore, it remains necessary to investigate the

2

Added value of this study
Our study utilized 168,183 participants from three independent
cohorts and identiﬁed that hearing impairment was associated
with cognitive decline, brain atrophy and tau pathology, and
these associations were validated in genetic association studies.
In addition, mediation analyses showed that brain atrophy and
tau pathology partly mediated the association between hearing
impairment and cognitive decline. It suggested that hearing
impairment is related to brain atrophy and tau accumulation in
the brain and the risk for cognitive decline and dementia.
Implications of all the available evidence
Hearing impairment is regarded as the greatest risk for dementia
among the 12 modiﬁable risk factors in 2020. Our investigation
elucidated that hearing impairment is related to the risk for
cognitive decline, brain atrophy and tau accumulation. Future
studies are needed to test whether interventions of hearing
impairment reduce the risk of dementia.

relationship between hearing impairment and neuroimaging and CSF biomarkers in large cohorts to explore
the mechanisms underlying the link between hearing
status, pathological changes, and cognitive function.
Additionally, hearing impairment is attributable to
the cumulative effects of environmental and genetic
factors and the contribution of genetic risk was estimated to be ∼50%.17 Thus far, over 150 loci have been
identiﬁed as risk factors for hearing impairment which
allowed the calculation of polygenic risk score (PRS) for
hearing impairment.18 However, little is known about
the correlation between genetic risk for hearing
impairment and pathological and clinical changes
before dementia. It is necessary to investigate whether
PRS for hearing performance is associated with cognitive decline and pathological changes to further understand the mechanism of how hearing impairment is
related to dementia.
Accordingly, here we investigated the association
between hearing impairment and cognitive decline,
brain structure and CSF proteins in the UK Biobank
(N = 165,550),19 the CABLE (Chinese Alzheimer’s
Biomarker and Lifestyle, N = 863) study,20 and the
ADNI (Alzheimer’s Disease Neuroimaging Initiative,
N = 1770) database21 to uncover the mechanisms of
the association between hearing performance and
cognitive function. Meanwhile, we calculated the PRS
for hearing performance based on the GWAS
(genome-wide association study) results of hearing
tests in the UK Biobank to explore the correlation of
PRS for hearing performance with cognitive decline
and pathological changes to further understand the
potential mechanism underlying the substantial
association between hearing impairment and
dementia.
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Methods

Hearing assessment

Participants
The UK biobank

The UK Biobank used a speech-in-noise (SiN) test to
assess the hearing performance of participants. The SiN
test was quantiﬁed by the speech-reception-threshold
(SRT) from the Digit Triplets Test. Detailed information about the SiN test has been described in previous
studies.29,30 The hearing performance was evaluated using the SRT of the better hearing ear. The logtransformed SRT (calculated as log (SRT+13) was used
due to the skewed distribution when hearing performance was used as a continuous measure. The cutoff
point for SRT was −5.5 dB, suggesting that an SRT of > 5.5 dB was considered as a hearing impairment.29 Since
the CABLE study and the ADNI database did not provide continuous evaluation on hearing function, we
divided the participants into two groups (hearing
impairment and hearing normal groups). The CABLE
study used a questionnaire about hearing (“Do you have
any difﬁculty with your hearing?”) to detect whether the
participant was in a hearing impaired or hearing normal
group. The subjects with the description of “hearing
loss”, “decreased hearing”, “impaired hearing”, “hard of
hearing”, “hearing problems”, “deaf”, “presbycusis”, or
“wearing hearing aids” in the MH (Medical History) and
PE (Physical Exam) datasets were deﬁned as the hearing
impairment group in the ADNI database, and the
subjects without these descriptions in the MH and
PE datasets were deﬁned as in the hearing normal
group.16

The UK Biobank is a prospective epidemiological study
that involves over 500,000 individuals recruited in 22
centers across the UK between 2006 and 2010.22,23 The
study has collected extensive questionnaire data, physical measurements, and biological samples. A subset of
the cohort has been invited back to collect multimodal
imaging data and repeat behavioral assessments since
2014. All participants are followed up for health conditions through linkage to national electronic healthrelated datasets. The health follow-up data used in the
present study started at enrollment (2006–2010) and
ended in January 2021. The variables used in this study
are listed in Supplementary Table S1. All participants
provided informed consent and the ethical approval was
from the UK North West Multi-Centre Research Ethics
Committee.

CABLE study
The Chinese Alzheimer’s Biomarker and Lifestyle (CABLE) study is an ongoing large and independent cohort
focused on determining the genetic and environmental
modiﬁers of AD biomarkers and their utility in the early
diagnosis in the northern Chinese Han population.20,24 All
enrolled participants were between 40 and 90 years old,
and each participant underwent comprehensive clinical,
neuropsychological, and psychiatric evaluations as well as
bio-sample (blood and CSF sample) collection to determine their diagnoses in compliance with the National
Institute on Aging–Alzheimer’s Association (NIA-AA)
workgroup diagnostic criteria.25–27 The data used here are
shown in Supplementary Table S1. Participants without
dementia were included in our study. The CABLE cohort
was conducted in accordance with the Helsinki Declaration, and the research program was approved by the
Institutional Ethics Committee of Qingdao Municipal
Hospital. All subjects or their proxies provided written
consent.

ADNI database
The Alzheimer’s Disease Neuroimaging Initiative
(ADNI) is a large, multicenter, longitudinal neuroimaging study, launched in 2003.21,28 To date, ADNI
have recruited over 3000 adults (ages 55 to 90), and our
study included cognitively normal older individuals
(CN) and patients with mild cognitive impairment
(MCI). Participants provided detailed medical history
and physical examination and offered biological samples, such as a cerebrospinal ﬂuid (CSF) sample. The
variables used in this study are listed in Supplementary
Table S1. The study was approved by the institutional
review boards of all participating centers and written
informed consent was obtained from all participants or
authorized representatives after extensive description of
the ADNI based on the 1975 Declaration of Helsinki.
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Polygenic risk score for hearing performance
We used the imputed genotype data from the UK Biobank resource, and we only included the loci with call
rates >95%, minor allele frequency >1% and the Hardy–
Weinberg equilibrium with P > 1 × 10−6 and the subjects
who self-reported white British ancestry and undertook
the hearing test in the subsequent analysis. Finally, a
total of 5,938,284 loci from 123,425 participants entered
the genome-wide association study (GWAS) to assess
the association between genetic variation and hearing
performance. We then calculated the PRS based on the
selected single-nucleotide polymorphisms (SNPs) from
the above GWAS using the PRSice platform (http://
www.prsice.info). The PRS analysis required that the
subjects of base data and target data share the same
ancestry and there are no overlapping samples between
the base and target data.31 The GWAS results (base data)
were from the subjects who self-reported white British
ancestry and undertook the hearing test. Thus, PRS of
hearing performance at the threshold of P = 0.05 were
computed for the subjects who self-reported white
British ancestry and did not receive the hearing test
(target data) in the UK Biobank. The PRS was also
calculated at different thresholds of P value (1 × 10−4,
5 × 10−4, 1 × 10−3, 5 × 10−3, 1 × 10−2, 1 × 10−1, 5 × 10−1)
for the sensitivity analysis.
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Cognitive function
Cognitive tests were ﬁrst administered via a touchscreen
interface in the UK Biobank assessment center at the
baseline visit and repeated at the following 3 visits. The
primary cognitive outcome was ﬂuid intelligence from
the UK Biobank in our study,29 and numeric memory,
prospective memory, reaction time, and the pairs
matching tests from the UK Biobank were also utilized
in the current study.19 These ﬁve tests captured general
cognition, attention, memory, processing speed, and
visual spatial functions of the participants. A description
of the ﬁve cognitive tests is listed in the Supplementary
Methods. The MMSE (Mini-mental state examination)
and MoCA (Montreal Cognitive Assessment) were used
to assess the cognitive function in the CABLE study and
in the ADNI database.

Magnetic resonance imaging data
Quality-controlled neuroimaging data released by the
UK Biobank were used in this study. Details of the
dataset can be found online (https://biobank.ctsu.ox.ac.
uk/crystal/docs/brain_mri.pdf). Structural MRI was
processed with FreeSurfer. The Desikan-Killiany atlas
was used to segment the cortex into 68 regions,32 and
the ASEG atlas was used to segment the subcortex into
45 regions.33 FA (fractional anisotropy) and MD (mean
diffusivity) were extracted from the preprocessed diffusion MRI. The JHU ICBM-DTI-81 atlas was used to
derive 48 white matter tracts.34 The AutoPtx package
from FSL was used to map 27 major tracts over the
whole brain.35

CSF proteins
Fasting CSF samples of the CABLE cohort were drawn
by the standard procedure of lumbar puncture and
processed within 2 h after collection. Each specimen
was centrifuged at 2000 g for 10 min, and stored in an
enzyme-free EP (Eppendorf) tube at −80 ◦ C until subsequent assays. Amyloid-beta (Aβ42), total tau (t-tau) and
phosphorylated-tau (p-tau181) were detected with the
ELISA kit.36 The detailed measurement methods of CSF
proteins in ADNI were described in a previous paper.21
We excluded values over 3 standard deviations (SD)
from the mean to avoid the effects of extreme values.

The covariates including age, sex, body mass index
(BMI), Townsend deprivation index, education qualiﬁcation, smoking and drinking status were regressed out
in the analysis within the UK Biobank, and the covariates used in the other two cohorts are listed in
Supplementary Table S2. Since multiple tests were
conducted, the P values after Bonferroni correction are
reported and P < 0.05 was considered as statistically
signiﬁcant.

Longitudinal analysis
A within-subjects linear mixed-effects model was used
to assess the relationship between cognitive function
and hearing performance at four time points (with
missing data removed) in the longitudinal analysis. In
addition, the longitudinal associations between hearing
impairment and primary cognitive outcome were also
examined using a classic two-wave cross-lagged panel
model (CLPM) implemented by the “Lavaan” package in
R based on a structural equation model. Model parameters were estimated by maximum likelihood estimation. The standardized regression coefﬁcients and P
values are estimated throughout. Likewise, the P values
after Bonferroni correction were calculated due to
multiple tests used in the longitudinal study and
P < 0.05 was regarded as statistical signiﬁcance.

Mediation analysis
Mediation analyses which test whether the covariance
between two variables can be explained by a third variable (the mediator) were conducted at the third time
point (cross-section) in the UK Biobank and at baseline
in the CABLE study. As the directional association of
hearing impairment (or the PRS for hearing impairment) with cognitive decline was determined by the
CLPM, we separately assessed the mediation effect of
brain structure and CSF tau protein on the association
between hearing impairment and cognitive decline. The
same covariates as mentioned above were controlled for
in the model. Mediation analysis was run in R software,
version R 4.2.0 using the “Lavaan” package, with
nonparametric bootstrapping with 10,000 iterations to
estimate direct and indirect effects and P values between
variables.

Ethics
Statistical analysis
Cross-sectional analysis
Baseline differences between the two groups (the hearing impairment and hearing normal groups) were analysed using Student’s t test for continuous variables and
the Chi-square test for categorical variables. A multiple
linear/logistic regression model was used to test the
associations between hearing performance (or the PRS
for hearing performance) and cognitive function, brain
structure, and CSF proteins (Supplementary Table S1).

4

The UK Biobank received ethical approval from the
North West Multi-Centre Research Ethics Committee in
the UK (REC reference 11/NW/0382). The present analyses were conducted under UK Biobank application
number 19542. Written informed consent was obtained
from each subject according to the Declaration of Helsinki. The CABLE study was conducted in accordance
with the Helsinki Declaration, and the research program was approved by the Institutional Ethics Committee of Qingdao Municipal Hospital. All subjects or
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their proxies provided written consent. For the ADNI
data, all participants provided written informed consent
approved by the institutional review board of each ADNI
participating institution.

Role of funding sources
The funding sources had no role in the design and
conduct of the study; collection, management, analysis,
and interpretation of the data; preparation, review, or
approval of the manuscript; and decision to submit the
manuscript for publication.

Results

corrected P = 1.00), reaction time (β = 0.44, Bonferroni
corrected P = 1.00), and pairs matchings (β = −0.001,
Bonferroni corrected P = 1.00) in the UK Biobank
(Fig. 1b). Further, we used a structural equation model
to assess the changes between the baseline and the 4year follow-up with potential confounders regressed
out (see the “Methods” section). Poor hearing performance at baseline was signiﬁcantly associated with
worse cognitive function (ﬂuid intelligence) in the
follow-up (β = −0.038, Bonferroni corrected
P = 1.5 × 10−7). Meanwhile, worse cognitive function at
baseline was also signiﬁcantly associated with poor
hearing performance in the follow-up (β = −0.057,
Bonferroni corrected P = 2.2 × 10−11) (Supplementary
Fig. S3).

The characteristics of included subjects
In the 502,493 participants from the UK Biobank,
165,550 participants accepted the hearing (speech-innoise, SiN) test at baseline. Of 165,550 participants with
the hearing test, 14,113 (8.5%) participants were identiﬁed as in the hearing impairment group. Hearing
impairment was associated with older age, male sex,
lower socioeconomic status, smoking, alcohol intake,
lower education, hypertension, diabetes, and higher
BMI in the UK Biobank. The characteristics of the UK
Biobank participants are shown in Table 1. In addition,
Table 1 also shows the characteristics of participants in
the CABLE study and in the ADNI database.

Hearing impairment is associated with cognitive
decline
The performance in the hearing test was related to
cognitive function in ﬂuid intelligence (β = −1.07, Bonferroni corrected P < 2.0 × 10−16), numeric memory
(β = −0.75, Bonferroni corrected P < 2.0 × 10−16), prospective memory (odds ratio [OR] = −1.02, Bonferroni
corrected P < 2.0 × 10−16), reaction time (β = 34.56,
Bonferroni corrected P < 2.0 × 10−12), and the pairs
matching tests (β = 0.93, Bonferroni corrected
P < 2.0 × 10−16) in the cross-sectional analysis from the
UK Biobank (Fig. 1a, Supplementary Fig. S1). Likewise,
hearing impairment was correlated with lower cognitive
function in the MoCA (β = −1.60, P = 6.0 × 10−4) and
MMSE (β = −0.52, P = 0.048) tests in the CABLE study
(Supplementary Fig. S2), but the correlation between
hearing function and MMSE disappeared after Bonferroni correction (MoCA, Bonferroni corrected P = 0.001;
MMSE, Bonferroni corrected P = 0.097). There was no
signiﬁcant association between hearing status and
cognitive function assessed by MMSE and MoCA in the
ADNI database (Supplementary Table S3). In the longitudinal analysis, lower performance in the hearing test
was associated with a higher rate of decline of cognitive
function in ﬂuid intelligence (β = −0.04, Bonferroni
corrected P = 2.6 × 10−3), but was not related to the
change of numeric memory (β = −0.01, Bonferroni
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The polygenic risk score for hearing performance is
associated with cognitive decline
We then investigated the association between PRS for
hearing performance and cognitive function in the UK
Biobank. The PRS for hearing performance calculated at
the threshold of P = 0.05 was associated with cognitive
function in the ﬂuid intelligence, numeric memory,
prospective memory, reaction time, and pairs matching
tests in the cross-sectional analysis within the multiple
linear models with the covariates provided in the
"Methods" section (Fig. 2). Further, the signiﬁcant association survived Bonferroni correction (P < 0.05). In
addition, these signiﬁcant associations still existed in the
sensitivity analyses where the PRS were calculated at
different thresholds of P value (Supplementary
Table S4).

Hearing impairment is associated with brain
structure
There were 38,438 participants who received the hearing
test and MRI examination in the UK Biobank. Poor
hearing performance was signiﬁcantly associated with
reduced volumes bilaterally of the superior, middle, and
inferior temporal gyrus, hippocampus, precuneus,
inferior parietal lobe and supramarginal gyrus, fusiform, and orbitofrontal cortex; and of the left transverse
temporal gyrus, left rostral anterior cingulate and right
rostral middle frontal gyrus (Fig. 3a, Supplementary
Table S5). Likewise, poor hearing performance was
signiﬁcantly associated with lower volumes bilaterally of
the amygdala, thalamus, and nucleus accumbens
(Fig. 3b, Supplementary Table S5). Poor hearing performance was associated with a lower FA bilaterally of
the fornix crus and stria terminalis, and of the right
posterior thalamic radiation; and with a higher MD
bilaterally of the superior and posterior thalamic radiation, and of the right inferior thalamus radiation and
superior
fronto-occipital
fasciculus
(Fig.
3b,
Supplementary Table S6). All these signiﬁcant
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Characteristics

UK Biobank (Hearing test - SiN)a
Hearing normal

Hearing impairment

(N = 151,437)

(N = 14,113)

Age (years)

56.38 (8.14)

60.39 (7.34)

CABLE study (Questionnaire)b
P

<0.001

Hearing normal

Hearing impairment

(N = 715)

(N = 148)

60.39 (11.70)

66.29 (9.83)

ADNI (MH and PE)c
P

<0.001

Hearing normal

Hearing impairment

(N = 1357)

(N = 413)

72.15 (6.97)

75.53 (6.51)

P

<0.001

Sex
Female

82,763 (54.65%)

7401 (52.44%)

Male

68,674 (45.35%)

6712 (47.56%)

Educationd
Years

<0.001

408 (57.06%)

103 (69.59%)

307 (42.94%)

45 (30.41%)

0.001
–

–

0.006

705 (51.95%)

129 (31.23%)

652 (48.05%)

284 (68.77%)

0.142

0.003

10.07 (4.47)

9.45 (4.67)

16.13 (2.73)

16.57 (2.59)

Higher

60,368 (46.65%)

4475 (44.96%)

–

–

–

–

Lower

69,049 (53.35%)

5478 (55.04%)

–

–

–

–

–

–

–

–

TDI

−1.20 (2.90)

−0.48 (3.22)

<0.001

–

–

BMI (kg/m2)

27.38 (4.81)

27.91 (4.98)

<0.001

25.56 (4.40)

25.47 (5.92)

ApoE ε4

0.274

0.864
0.388

0.805

0

89,921 (71.63%)

6966 (71.23%)

605 (84.97%)

122 (82.43%)

795 (58.59%)

242 (58.60%)

1

32,756 (26.09%)

2567 (26.25%)

101 (14.19%)

23 (15.54%)

461 (33.97%)

144 (34.87%)

2

2867 (2.28%)

247 (2.53%)

6 (0.84%)

3 (2.03%)

101 (7.44%)

27 (6.54%)

746 (71.18%)

227 (66.18%)

302 (28.82%)

116 (33.82%)

1019 (97.23%)

336 (97.96%)

29 (2.77%)

7 (2.04%)

601 (57.35%)

195 (56.85%)

447 (42.65%)

148 (43.15%)

Smoking

0.014

No

83,437 (55.27%)

7592 (54.19%)

Yes

67,513 (44.73%)

6417 (45.81%)

Drinking
No
Yes

0.010
517 (72.51%)

91 (61.49%)

196 (27.49%)

57 (38.51%)

<0.001
6457 (4.27%)
144,821 (95.73%)

1405 (9.98%)
12,677 (90.02%)

Hypertension

95 (64.19%)

214 (30.10%)

53 (35.81%)

<0.001

No

111,418 (73.70%)

9114 (64.82%)

Yes

39,766 (26.30%)

4946 (35.18%)

Diabetes

0.092

0.205
497 (69.90%)

0.590

0.981
445 (62.32%)

93 (62.84%)

269 (37.68%)

55 (37.16%)

<0.001

<0.001

0.922

0.790

0.989
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No

143,202 (94.79%)

12,632 (90.02%)

612 (85.71%)

125 (84.46%)

951 (90.74%)

312 (90.96%)

Yes

7873 (5.21%)

1401 (9.98%)

102 (14.29%)

23 (15.54%)

97 (9.26%)

31 (9.04%)

Abbreviations: SiN, Speech in Noise; CABLE, Chinese Alzheimer’s Biomarker and Lifestyle; ADNI, Alzheimer’s Disease Neuroimaging Initiative; MH, Medical History; PE, Physical Exam; TDI, Townsend deprivation index (socioeconomic status); BMI,
Body Mass Index. Data was shown as mean (SD) for continuous variables, and was show as number (percentage) for categorical variables. P values were analysed using Student’s t test for continuous variables and the Chi-square test for categorical
variables. aParticipants in the UK Biobank were categorized as hearing impairment (Speech reception threshold [SRT]>-5.5 dB) and hearing normal (SRT ≤ −5.5 dB) based on hearing test (SiN). bParticipants in the CABLE study were categorized as
hearing impairment and hearing normal based on a questionnaire about hearing problem. cParticipants in the ADNI database were categorized as hearing impairment and hearing normal based on the results in Medical History (MH) and Physical
Exam (PE) datasets. dEducation in UK biobank categorized as higher (college/university degree or other professional qualiﬁcation) or lower (others).

Table 1: Characteristics of participants.
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Fig. 1: The association of hearing performance with cognitive function. a. The association of hearing performance with ﬂuid intelligence,
numeric memory, reaction time and pairs matching in the cross-sectional study; b. The association of hearing performance with ﬂuid intelligence, numeric memory, reaction time and pairs matching in the longitudinal study. The association of hearing performance with cognitive
function were investigated using the multiple linear regression models with the covariates regressed out including age, sex, body mass index,
Townsend deprivation index, education qualiﬁcation, smoking status, and drinking status in the UK Biobank. All P values were calculated after
Bonferroni correction. Abbreviations: SiN, Speech in Noise.

Fig. 2: The association of polygenic risk score for hearing performance with cognitive function and brain structure. The polygenic risk
score (PRS) for hearing performance was associated with cognitive function, grey matter volume, and white matter microstructure integrity in
the multiple linear regression models with the covariates including age, sex, body mass index, Townsend deprivation index, education qualiﬁcation, smoking status, drinking status, and imaging scanning sites (only for brain imaging) in the UK Biobank. Abbreviations: PRS, polygenic
risk scores; “*” P < 0.05; “**” P < 0.01; “***” P < 0.005; “****” P < 0.001.
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Fig. 3: The association of hearing performance with brain structure. a. Lower volume of cortical and subcortical regions was associated with
poor hearing performance; b. Higher mean diffusivity of white matter tracts was associated with poor hearing performance. The hearing
performance was measured using the speech-in-noise test, in which the higher speech-reception-threshold indicated the poorer hearing
performance. The association between hearing performance and brain structure were investigated in the multiple linear regression models with
the covariates regressed out including age, sex, body mass index, Townsend deprivation index, education qualiﬁcation, smoking status, drinking
status, and imaging scanning sites in the UK Biobank.

associations were obtained after controlling for the
covariates provided in the “Methods” section and after
Bonferroni correction.

(Fig. 2, Supplementary Table S8). Further, these associations of PRS with the volume of grey matter and the
FA of white matter tracts were still signiﬁcant after
Bonferroni correction and at different thresholds of P
values in the sensitivity analysis (Fig. 2).

The polygenic risk score for hearing performance is
associated with brain structure
The association between PRS for hearing performance
and brain structure was also tested in 20,899 subjects
from the UK Biobank. Higher PRS for hearing
impairment (at the threshold of P = 0.05) was associated
with lower volume bilaterally of the transverse, superior,
and middle temporal gyrus, precuneus, supramarginal
gyrus, insula, superior parietal gyrus, cuneus, lateral
and medial orbitofrontal cortex, etc. in the multiple
linear models with the covariates regressed out (Fig. 2,
Supplementary Table S7). The PRS of hearing impairment at the threshold (P = 0.01) was signiﬁcantly associated with the volume of the hippocampus, but the
association disappeared after Bonferroni correction
(Supplementary Table S7). Besides, the PRS at the
threshold of P = 0.05 was correlated with the FA of
bilateral corticospinal tracts, and right retrolenticular
part of the internal capsule in the multiple linear models
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Hearing impairment is associated with CSF proteins
We investigated the association of hearing impairment
with the CSF proteins in 747 participants from the
CABLE study. The levels of CSF t-tau and p-tau181 were
signiﬁcantly higher in the hearing impairment group
than in the hearing normal group. Moreover, hearing
impairment was signiﬁcantly associated with a higher
level of CSF t-tau (β = 23.75, P = 0.001) and p-tau181
(β = 1.95, P = 0.032) after adjustment for age, gender,
and APOE ε4 status, but only the association between
hearing impairment and CSF t-tau survived Bonferroni
correction (t-tau, Bonferroni corrected P = 0.004; ptau181, Bonferroni corrected P = 0.096). In addition,
hearing impairment was not related to the level of CSF
Aβ42 (β = 7.94, P = 0.42) in the CABLE study. Furthermore, we explored the association in another independent 802 participants from the ADNI database, and
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detected that hearing impairment was associated with a
higher level of CSF t-tau (β = 19.89, P = 0.027), although
the relationship disappeared after multiple correction
(Bonferroni corrected P = 0.080). Likewise, hearing
impairment did not affect the level of CSF p-tau181
(β = 1.68, P = 0.087) and Aβ42 (β = 9.63, P = 0.73) in the
ADNI database. Finally, pooled analysis of the above two
cohorts showed that hearing impairment was associated
with higher levels of CSF t-tau (standardized mean
difference [SMD] = 0.25, Bonferroni corrected
P = 5.19 × 10−3) and p-tau181(SMD = 0.18, Bonferroni
corrected P = 0.012), but was not associated with CSF
Aβ42 (SMD = 0.07, Bonferroni corrected P > 0.05)
(Fig. 4).

(β = −0.020, P = 3.5 × 10−2, 95%CI = −0.039 to −0.001)
(Fig. 5d).
In addition, mediation analyses were also performed
to test whether the brain structure (GW volume and
WM integrity) mediated the association between PRS
for hearing performance and cognitive function. It was
found that the mean volume of grey matter (β = −0.007,
P = 1.1 × 10−12, 95%CI: −0.009 to −0.005) and the mean
FA of white matter tracts (β = −0.007, P = 1.1 × 10−12,
95%CI: −0.009 to −0.005) mediated the association
between PRS at the P value of 0.05 and ﬂuid intelligence
(Fig. 5e and f).

Discussion
Brain structure and CSF tau mediated the
association of hearing impairment with cognitive
decline
We conducted a mediation analysis to identify whether
the brain regions associated with hearing performance
mediated the relationship between hearing performance
and cognitive function. The mean volume of these brain
regions (Fig. 3) mediated the association of hearing
impairment with lower cognitive function in the ﬂuid
intelligence test (β = −0.006, P = 2.4 × 10−14, 95%
CI = −0.008 to −0.005) (Fig. 5a). Moreover, the mean FA
(β = −0.002, P = 2.6 × 10−8, 95%CI = −0.003 to −0.002)
(Fig. 5b) and MD (β = −0.001, P = 6.9 × 10−4,95%
CI = −0.001 to −0.0003) (Fig. 5c) of the white matter
tracts also mediated the association between hearing
performance and cognitive function. Finally, CSF tau
protein partly mediated the association between hearing
performance and cognitive function on MoCA

This investigation showed that hearing impairment was
signiﬁcantly associated with poorer cognitive function in
the cross-sectional and longitudinal investigations in the
UK Biobank, and these associations were veriﬁed in the
CABLE study and in the genetic association study. This
research also showed that hearing impairment was
signiﬁcantly associated with lower volume of the temporal cortex, hippocampus, amygdala, precuneus, inferior parietal lobe, fusiform gyrus, orbitofrontal cortex,
etc. The regions with the lowest volume in the hearing
impaired group were in the superior temporal gyrus,
which is auditory association cortex,37 and which also
includes language-related regions.38 These regions have
connectivity with the parietal cortex39 and orbitofrontal
cortex.40 Hearing impairment was also markedly related
to lower microstructural integrity of WM tracts. Likewise, the genetic association study validated the correlation of hearing impairment with the reduced WM
volume and WM integrity. Moreover, hearing

Fig. 4: The association of hearing performance with CSF proteins. Higher level of CSF t-tau and p-tau were associated with poor hearing
performance. The SMD (Standard Mean Difference) and 95% CI were from the meta-analysis with random-effects. Abbreviations: CSF, cerebrospinal ﬂuid; CABLE, Chinese Alzheimer’s Biomarker and Lifestyle; ADNI, Alzheimer’s Disease Neuroimaging Initiative; SD, Standard Deviation;
SMD, Standard Mean Difference; CI, Conﬁdence Interval.
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Fig. 5: Mediation analysis of the association between hearing performance and cognitive function. a. Mediation analysis: the mediation
implemented by brain regions from hearing performance on cognitive function was signiﬁcant (β = −0.006, P = 2.4 × 10−14, 95%CI: −0.008
to −0.005); b. Mediation analysis: the mediation implemented by fractional anisotropy of white matter tracts from hearing performance on
cognitive function was signiﬁcant (β = −0.002, P = 2.6 × 10−8, 95%CI: −0.003 to −0.002); c. Mediation analysis: the mediation implemented by
mean diffusivity of white matter tracts from hearing performance on cognitive function was signiﬁcant (β = −0.001, P = 6.9 × 10−4,95%
CI: −0.001 to −0.0003); d. Mediation analysis: the mediation implemented by CSF tau protein from hearing performance on cognitive function
(β = −0.020, P = 3.5 × 10−2, 95%CI: −0.039 to −0.001). e. Mediation analysis: the mediation implemented by the volume of brain regions from
the PRS for hearing performance on cognitive function (β = −0.007, P = 1.1 × 10−12, 95%CI: −0.009 to −0.005). f. Mediation analysis: the
mediation implemented by the FA of white matter tracts from the PRS for hearing performance on cognitive function (β = −0.002,
P = 1.7 × 10−4, 95%CI: −0.003 to −0.001). The indirect and direct effects and P values were estimated using nonparametric bootstrapping with
10,000 iterations with the “Lavaan” package in R software, version 4.2.0. Abbreviations: SiN, Speech in Noise; CSF, Cerebrospinal Fluid; MoCA,
Montreal Cognitive Assessment; CI, Conﬁdence Interval; FA, Fractional anisotropy; MD, Mean diffusivity; PRS, polygenic risk score.

impairment was detected to be signiﬁcantly associated
with CSF t-tau and p-tau181 protein in the pooled analysis of the CABLE study and the ADNI database.
Mediation analyses showed that GM volume, WM
integrity, and CSF tau protein partly mediated the association between hearing performance and cognitive
function.
Growing evidence is showing that hearing impairment is the largest risk for dementia,2 and we investigated the potential mechanism for how hearing
impairment contributes to dementia in this research.
Our study showed that hearing impairment was a risk
factor for cognitive decline. Moreover, the neuroimaging analysis demonstrated that poor hearing performance was signiﬁcantly associated with lower
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volume of the temporal cortex including the superior
temporal auditory association cortical areas, hippocampus and precuneus, which are the most vulnerable brain
regions related to dementia.41 This study also showed
that poor hearing performance was associated with a
higher level of CSF tau protein. The mediation analysis
showed that brain structure and CSF tau protein partly
mediated the association between hearing impairment
and cognitive decline. Since speech-in-noise perception
used in the UK Biobank is a proxy for central auditory
function rather than peripheral hearing function, these
ﬁndings taken together suggest that central hearing
dysfunction is a marker of neurodegenerative brain
pathology and incipient dementia.42–44 These results
indicate that hearing impairment is related to the
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atrophy of brain structure, the accumulation of tau
pathology in the brain, and the increased risk for
cognitive decline and dementia.
Our study found that poor hearing performance was
signiﬁcantly associated with lower cognitive function in
the cross-sectional and longitudinal analyses in the UK
Biobank. However, the relationship between cognitive
function and hearing performance appeared nonmonotonic in the cross-sectional analyses (Fig. 1a).
This may result from the large variation in sample size
across the range of hearing status (from 39 to 45,019)
and the small sample size increasing the risk of bias. In
the longitudinal analyses, poor hearing performance
was still correlated with ﬂuid intelligence. Besides,
structural equation model identiﬁed the relationship
between hearing performance and cognitive function.
In addition, hearing impairment was related to lower
MoCA score in the CABLE study, but this relationship
was not replicated in the ADNI database. The majority
of the participants in the UK Biobank and in the CABLE
study were cognitively normal subjects, but the ADNI
database includes many MCI subjects. Differences in
the subjects included in these cohorts may explain the
difference in the cognitive associations with hearing
performance.
These results showed that hearing impairment was
associated with lower volume of the superior, middle,
inferior, and transverse temporal gyrus, hippocampus,
amygdala, precuneus, inferior parietal lobe, orbitofrontal cortex, rostral middle frontal gyrus (part of the
prefrontal cortex), etc. The genetic association analyses
also showed that hearing impairment was related to
lower volume of the temporal cortex, precuneus, etc.
These results are consistent with previous ﬁndings that
hearing impairment is associated with lower volumes of
the temporal cortex, hippocampus, inferior parietal lobe,
precuneus, and amygdala.8,9,45,46 We also found that
hearing impairment was strongly associated with lower
microstructural integrity of the thalamic radiations, crus
fornix and stria terminalis, consistent with previous
ﬁndings.10,13 The superior and middle temporal gyri
contain auditory association cortex. Although these
auditory cortical regions showed the lowest volumes
related to hearing impairment, many other brain regions also had lower volumes, so that quite widespread
changes in the brain are associated with the memory
and cognitive problems associated with hearing
impairment, including the inferior temporal gyrus
(ITG), prefrontal cortex (PFC), inferior parietal lobe
(IPL), orbitofrontal cortex (OFC) and medial temporal
lobe (amygdala and hippocampus).3 These ﬁndings are
not inconsistent with the sensory deprivation hypothesis
that auditory deprivation due to hearing impairment
results in compensatory cortical reorganisation to support auditory perception which precludes other cognitive processes. In addition, the brain regions correlated
with hearing impairment (precuneus, prefrontal cortex,
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inferior parietal lobe, etc.) closely overlapped the default
mode network targeted by Alzheimer’s disease, and the
hearing impairment was associated with CSF tau but
not with CSF Aβ42. The evidence presented here
indicates that hearing dysfunction acts as a proximity
marker for the emergence of clinical dementia.47
In addition, we assessed the relationship between
hearing impairment and the levels of CSF Aβ42, t-tau
and p-tau181. Hearing impairment was associated with a
high level of tau protein (t-tau) but not the level of Aβ42,
which was veriﬁed in another independent cohort
(ADNI database). This is consistent with previous ﬁndings that poor hearing performance is associated with
elevated tau level rather than Aβ deposition.11,15,16
Furthermore, mediation analysis identiﬁed that CSF
tau protein mediated the link between hearing impairment and cognitive decline. Given that tau pathology
was more strongly associated with the cognitive
phenotype compared to Aβ pathology,47,48 these results
further support the relationship between hearing
impairment, tau pathology and cognitive decline. Previous studies observed that auditory processes in hearing impairment resulted in higher neural activity in
response to the reduced input, and higher neural activity
was associated with tau deposition in human studies.49,50
The current investigation has several strengths. The
large study population, the long duration of follow-up,
and various endophenotypes improved the precision of
the ﬁndings and facilitated exploration of the mechanism how hearing impairment affect cognitive decline.
Our study included three cohorts, which allowed us to
replicate the results from one cohort in another. The
differences described in the methods used to assess
hearing performance and cognitive function in these
study cohorts may result in the differences in the results, and the differences in the methodology between
these cohorts did not allow the combination of samples.
However, the speech reception threshold and hearing
symptom questionnaires did reﬂect the hearing level,
and ﬂuid intelligence, MMSE, and MoCA represented
cognitive function. Furthermore, the results from these
cohorts with different hearing and cognitive measures
were consistent (e.g., hearing impairment was associated with lower cognitive function in the UK Biobank
and in the CABLE study). This further veriﬁes the
robustness of our results. Recent studies identiﬁed that
higher genetic risk for AD also is related to hearing
status,29,51 and it is possible that there is a long preclinical phase of dementia associated with neural
changes that impairs auditory processing.52 Here, the
longitudinal analysis showed that poor hearing performance predicted cognitive decline, and impaired
cognitive function also predicted poorer hearing performance in the follow-up. This evidence supports the
common cause hypothesis that hearing impairment and
cognitive function may share a common neurodegenerative etiology.1 Part of the interest and utility of the
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ﬁndings described here is that hearing impairment can
be detected years before dementia is diagnosed, and
may be a useful indicator or biomarker.
Overall, our study identiﬁed that hearing impairment
is related to cognitive decline, brain atrophy, and tau
accumulation.3 The genetic association analyses
furthermore conﬁrmed the correlation of hearing performance with cognitive function and brain structure.
The CSF proﬁle identiﬁed that hearing impairment is
associated with CSF tau protein. Mediation analyses
showed that brain atrophy and tau pathology mediated
the association between hearing impairment and
cognitive decline. The investigation investigated potential mechanisms whereby hearing impairment is associated with increased the risk for cognitive decline and
dementia. However, our study did not resolve whether
hearing impairment is causally related to dementia, or
whether hearing impairment and dementia share the
same common neurodegenerative aetiology.3,52–54
Further research is needed to conﬁrm the mechanisms underlying the association between hearing
impairment and dementia in future interventional and
animal studies.
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