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Abstract

INTRODUCTION: Age-related hearing loss is an important risk factor for cognitive

decline. However, audiogram thresholds are not good estimators of dementia risk in

subjects with normal hearing or mild hearing loss. Here we propose to use distortion

product otoacoustic emissions (DPOAEs) as an objective and sensitive tool to estimate

the risk of cognitive decline in older adults with normal hearing or mild hearing loss.

METHODS:We assessed neuropsychological, brain magnetic resonance imaging, and

auditory analyses on 94 subjects> 64 years of age.

RESULTS:Wefound that cochlear dysfunction,measuredbyDPOAEs—andnot by con-

ventional audiometry—was associated with Clinical Dementia Rating Sum of Boxes

(CDR-SoB) classification and brain atrophy in the group with mild hearing loss (25 to

40 dB) and normal hearing (<25 dB).
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DISCUSSION: Our findings suggest that DPOAEs may be a non-invasive tool for

detecting neurodegeneration and cognitive decline in the older adults, potentially

allowing for early intervention.
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1 INTRODUCTION

The prevalence of dementia is increasing rapidly, from 50 million in

2015, to 150 million in 2022, impacting global health systems world-

wide (Alzheimer’s International Report 2020). A key challenge is the

identificationof reliable biomarkers for early diagnosis that could allow

the implementation of prevention strategies for cognitive decline. In

the last 5 years, hearing loss (HL) has emerged as one of the most

relevant modifiable risk factors for dementia.1–4 The World Health

Organization defines HL as a an elevation of 25 dB or more in hearing

thresholds, which are usually measured using perceptual audiometry,

estimating a global prevalence of ≈500 million people (WHO, 2021).

Evidence shows that the risk for cognitive decline and all-cause demen-

tia increases with moderate HL (greater than 40 dB HL)5,6; however,

the relationship between HL and cognitive decline could start earlier,

includingmildHL (in the range between25 and40dB), or even subjects

with normal hearing thresholds (<25 dBHL).7–9 It is important to note

that individuals with mild HL (25–40 dB HL) or normal hearing thresh-

olds (<25 dBHL) can have additional hearing impairments that are not

detected by conventional audiometry, such as cochlear dead regions,

cochlear synaptopathy or hidden hearing loss, as well as central audi-

tory processing disorders, which have been associated with cognitive

decline in elders.10–16

Hearing impairments can be estimated with subjective methods,

such as audiometer tests and psychoacoustical tasks, and with objec-

tive methods, such as otoacoustic emissions or auditory evoked

potentials.17 Otoacoustic emissions are inaudible low-level sounds

that are emitted by the outer hair cells (OHCs) of the cochlea.18 Its

presence reflects normal cochlear functioning and OHC survival.19

Recently we measured a subtype of otoacoustic emissions elicited

by two tones, known as distortion product otoacoustic emissions

(DPOAEs; see Figure 1 and Methods section for more details on

DPOAEmeasurements) andbrain structuralmagnetic resonance imag-

ing (MRI) in a group of older adults with mild hearing loss, evidencing

significant associations between the loss of DPOAEs and atrophy of

non-auditory brain regions, including the cingulate cortex, insula, and

amygdala.20,21 The structural alterations in the thickness and volume

of cortical and the volume of subcortical brain regions were related

to cognitive and behavioral impairments in different domains, includ-

ing face recognition and executive function.20–22 However, whether

these cognitive and behavioral impairments are related to the clinical

phenotype of cognitive decline and dementia is unknown.

Here, we hypothesized that the loss of DPOAEs is associated with

the clinical phenotype of cognitive decline. To test our hypothesis, we

studied the presence ofDPOAEs as a proxy of cochlear functioning and

OHC survival (as in Belkhiria et al.20), whereas the cognitive clinical

profile was assessed independently by blind experienced neurologists

determining the Clinical Dementia Rating Sum of Boxes (CDR-SoB;23).

In addition, subjects were evaluated with comprehensive audiological,

neuropsychological, and brainMRI evaluations.

2 MATERIALS AND METHODS

2.1 Subjects

A total of 94 older adults from the Auditory and Dementia study

(ANDES) cohort20 were recruited according to the inclusion and exclu-

sion criteria for this study. The patients were recruited fromRecoleta’s

primary health public center in Santiago, Chile. All subjects gave writ-

ten informed consent in accordance with the Declaration of Helsinki.

The inclusion and exclusion criteria were the following: (i) age 65 years

or older at the timeof recruitment, (ii) no history of neurological or psy-

chiatric illness, (iii) no causes of hearing loss different from presbycusis

(e.g., conductive hearing loss), and (iv) no patients using hearing aids.

All procedures were approved by the ethics committee of the Clini-

cal Hospital of the University of Chile with permission number OAIC

752/15.

2.2 Clinical assessment

Clinical assessment included: comprehensive cognitive assessment

including the Mini-Mental State Examination (MMSE),24 functional

status as quantified by Pfeffer’s Functional Activities Questionnaire,25

and CDR-SoB for assessing the severity of cognitive and functional

impairments associated with dementia.23,26 Routine neurological and

psychiatric examination included daily living questionnaire filled in by

a close relative or partner interviewed by a neuropsychologist.

2.3 Audiological evaluations

Evaluations were carried out in the otolaryngology department of the

Clinical Hospital of the University of Chile. Air conduction pure tone

audiometric hearing thresholdswere evaluated at 0.125, 0.25, 0.5, 1, 2,

3, 4, 6, and 8 kHz for each subject in both ears using a clinical audiome-

ter (AC40, Interacoustics). Bone conduction thresholdsweremeasured
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RESEARCH INCONTEXT

1. Systematic review: we performed a review in PubMed

with the terms “presbycusis,” “dementia,” and “otoacous-

tic emission.” More than 100 articles link presbycusis to

the risk of dementia, but studies considering the possi-

ble relation between cochlear function measured with

otoacoustic emissions and the risk of dementia are scarce.

2. Interpretation: Hearing impairment is the most impor-

tant modifiable risk factor for dementia, but the cause

of this relation is still not clear. Here we show that

cochlear functionmeasuredwith distortionproduct otoa-

coustic emissions (DPOAEs) is associated with cognitive

impairment and brain atrophy and that this association

is independent of hearing impairment measured with

audiometry.

3. Future directions: We postulate DPOAE as an interest-

ing and innovative biomarker for dementia, since it is a

non-invasive, quick, and objective indicator of neurode-

generative phenomena and cognitive impairment

at 0.25, 0.5, 1, 2, 3, and 4 kHz to rule out conductive hearing loss. Pure

tone average (PTA) at 0.5, 1, 2, and 4 kHz was calculated for each sub-

ject in both ears. Subjects were classified according to their hearing

level: normal hearing (<25 dB), mild presbycusis (≥25 dB and ≤40 dB)

based on the average PTA score of both ears.

2.4 Distortion product otoacoustic emissions

DPOAEs were evaluated as described in.20 Briefly, DPOAEs (2f1–f2)

were measured as a proxy of the cochlear amplifier function, using an

ER10C microphone (Etymotic Research), presenting eight pairs of pri-

mary tones (f1 and f2, at 65- and 55-dB SPL, f2/f1 ratio of 1.22) in

each ear at eight different 2f1–f2 frequencies: 707, 891, 1122, 1414,

1781, 2244, 2828, and 3563 Hz. It is notable that using different pairs

of tones (f1 and f2) at different frequencies allows the measurement

of the 2f1-f2 DPOAEs at different cochlear positions that can be used

as a proxy of hearing impairments and cochlear hair cell survival in

older adults. The amplitude of a DPOAE (dB SPL) should be at least

6 dB above the noise floor. The number of detectable DPOAEs per ear,

that is, 0 to 8 was counted and a number “0” denoted the absence of

detectable DPOAE in that ear, whereas “8” implied normal cochlear

F IGURE 1 Distortion product otoacoustic emissions (DPOAEs) are sounds emitted by normal cochlear hair cells. This figure describes the
biological origin of DPOAEs and themethods used tomeasure them. Amicrophone probewith two speakers is inserted and sealed in the external
ear canal. The two speakers present two tones of different frequencies (f1 and f2) independently. These two tones are transmitted across the
external andmiddle ear, reaching the cochlear receptor. In the inner ear (cochlear receptor), the two tones generatemechanical distortions at
different cochlea basilar membrane positions, including the 2f1-f2 position, themost widely used DPOAE in clinical and research settings. The
presence of DPOAEs depends on the normal functioning of outer hair cells (OHCs). TheOHCs possess electromotility, a physiological mechanism
in which these cells transducemembrane voltage changes intomechanical vibrations, a physiological process known as the “cochlear amplifier.” As
a result of this biological amplification, f1 and f2 tones interact and generatemechanical distortions at different cochlear positions, including the
2f1-f2 position. These distortions travel back to the external ear, where they can be recordedwith a sensitive microphone andmeasured as a
DPOAE at a specific frequency and amplitude in dB sound pressure level (SPL).
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function. We used the total number of detected DPOAEs of both ears

(range from 0 to 16).

2.5 Image acquisition

Imaging data were acquired using aMAGNETOMSkyra 3-Tesla whole-

body MRI Scanner (Siemens Healthcare GmbHR, Erlangen, Germany)

using a T1-Magnetization Prepared - Rapid Gradient Echo (MPRAGE)

sequence. Contiguous images across the entire brain were acquired

with the following parameters: echo time (TE) = 232 ms, repetition

time (TR)= 2300ms, flip angle= 8, 26 slices, matrix= 256× 256, voxel

size = 0.94 × 0.94 × 0.9 mm3. We also registered T2-weighted turbo

spin echo (TSE) (4500 TRms, 92 TEms) and fluid-attenuated inversion

recovery (FLAIR) (8000 TRms, 94 TE ms, 2500 TI ms) to inspect struc-

tural abnormalities. The acquisition duration was 30 minutes, with a

total of 440 images for each subject.

2.6 Image preprocessing and analysis

The morphometric analysis was carried out by FreeSurfer, version 6,

running under Centos 6. A single Linux workstation was used for the

T1-weighted image analysis of individual subjects as suggested by.27

The FreeSurfer processes cortical reconstruction28 through several

steps: volume registration with the Talairach atlas, bias field correc-

tion, initial volumetric labeling, non-linear alignment to the Talairach

space, and final volume labeling. Briefly, the automatic “recon-all” func-

tion produces representations of the cortical surfaces. It uses both

intensity and continuity information from the entire three-dimensional

MR volume in segmentation and deformation procedures. It creates

gross brain volume extents for larger-scale regions (i.e., the total num-

ber of voxels per region): total gray and white matter, subcortical gray

matter, brain mask volume, and estimated total intracranial volume.

The reliability betweenmanual tracingandautomatic volumemeasure-

ments has been validated. The accordance between manual tracings

and automatically obtained segmentations was similar to the agree-

ment between manual tracings.29 All volumes were visually inspected,

and if needed, edited by a trained researcher according to standard

processes. We selected regions of interest that have been implicated

consistently in previous neuroimaging studies relating to audition,

cognition, and dementia, such as the hippocampus and the lateral

ventricles.

2.7 Statistical analysis

Spearman’s rank was used to assess the correlation between vari-

ables. For brain volume comparison between high and low DPOAE

groups, a Mann-Whitney U test was used. Receiver-operator char-

acteristic (ROC) curves and area under the curve (AUC) scores

were obtained using scikit-learn package.30 For the comparison

of pure tone average (PTA) and DPOAE scores, a 1000 bootstrap-

ping approach was used, and a Mann-Whitney U test for statistical

comparison.

3 RESULTS

A total of 94 subjects (65 female) with an average age of 72.7 ± 5

years (mean ± SD), and mean education level of 9.5 ± 5.1 years were

obtained from the ANDES cohort.20,21 Data from this cohort include

DPOAEmeasurements, audiogram thresholds (Figure S1), assessed by

PTA, a battery of neuropsychological tests for cognitive decline, and

structural brainMRI at 3-Tesla.

ThemeanPTAof the 94 individualswas 24.3±8dBHL, including 32

subjects with normal hearing thresholds (<25 dB HL) and 62 with mild

hearing loss (≥25 and ≤40 dB HL). None of the individuals used hear-

ing aids at the time of evaluations. Regarding DPOAE, we calculated

the total number of detected DPOAE in eight different frequencies

in both ears (range between 0 and 16, bigger is better; see Methods

section), yielding an average number of 8.4 ± 5 detected DPOAEs per

individual.

BecauseDPOAEs have been used as a proxy of hearing sensitivity,19

we explored the level of correlation between DPOAE and PTA

variables in our data. DPOAE measurements and PTA audiogram

thresholds partly converge (Spearman’s rank correlation ρ = −0.64, p-

value<0.0001; Figure2A), suggesting that they capture similar but not

equal auditory characteristics. In relation to cognitive and neurological

variables, 70 subjects (74.4%)were classified as cognitively unimpaired

(CDR = 0) and 24 subjects (25.3%) were classified as mild cognitive

impairment (MCI). The mean MMSE score was 27 ± 3.4 (range 18–

30 points), whereas the mean CDR-SoB was 0.94 ± 2.3 (range 0–4). A

summary of demographic data is reported in Table 1.

3.1 Less DPOAE is correlated with worse
dementia rating

Next, we analyzed the possible relations between the number of

DPOAE and PTA with cognitive traits, such as global cognitive per-

formance evaluated throughMMSE, functional status quantified using

Pfeffer, and the CDR-SoB, which was obtained by clinical neurological

evaluations that were blinded to the DPOAE results, providing a quan-

titative index of the level of cognitive impairment as a dementia rating.

NeitherMMSE nor Pfeffer presented a significant correlation with the

number of DPOAEs (MMSE Spearman’s rank correlation, ρ = 0.18, p-

value = 0.075 and Pfeffer Spearman’s rank correlation, ρ = −0.17,

p-value= 0.09) and PTA (MMSE Spearman’s rank correlation, ρ= 0.03,

p-value = 0.74 and Pfeffer Spearman’s rank correlation, ρ = 0.14,

p-value = 0.16). Interest, CDR-SoB showed a significant correlation

with the number of DPOAEs (Spearman’s rank correlation ρ = −0.41,

p-value < 0.00001), even after controlling for relevant covariates

such as age and gender (Spearman’s rank correlation ρ = −0.37,

p-value = 0.0002) as well as other known relevant factors influenc-

ing DPOAEs, such as diabetes, high cholesterol, and hypertension
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F IGURE 2 Differential contributions of distortion product otoacoustic emissions (DPOAEs) and pure tone average (PTA) over cognition. (A)
PTA correlates negatively with the number of DPOAEs, demonstrating that a larger number of DPOAEs is correlated with better PTA. (B)
Correlationmatrix with annotated Spearman’s rho values in each cell, between audiological measures andMini-Mental Status Examination
(MMSE), the Pfeffer questionnaire, and the Clinical Dementia Rating Sum of Boxes (CDR-SoB). Only the correlation between CDR-SoB and the
number of DPOAEswas significant (p< 0.001). Color bar in the y-axis represents the−log10 of the p-value obtained from Spearman’s rank
correlation.

TABLE 1 Audiological and neurological profile of the studied
subjects (n= 94).

Characteristic

LowDPOAE

(n= 43)

High DPOAE

(n= 51)

Age, y, mean (SD) 71.5± 4.9 73.6± 4.75

Sex, n (%)
Female

24 (55.8) 41 (80.3)

Education, y, mean (SD) 10.2± 4.3 9.7± 3.9

PTA, mean (SD) 28.3± 6.9 19.6± 6.6

DPOAE, mean (SD) 4.4± 3.3 13.1± 1.7

Hearing aid use, n (%) 0 (0.0) 0 (0.0)

Hearing loss category, n (%)
Normal (<25 dB)

10 (23.2) 30 (58.8)

Mild (25–40 dB) 33 (76.7) 21 (41)

Pfeffer, mean (SD) 1.9± 4.48 1.04± 3.98

MMSE, mean (SD) 26.2± 4.2 27.9± 1.8

Hypertension, n (%) 29 (67.4) 29 (56.8)

Diabetes, n (%) 10 (23.2) 12 (23.5)

Cholesterol, mean (SD) 165.6± 59.2 168.7± 45.6

(Spearman’s rank correlation ρ=−0.38, p-value= 0.0002). In contrast,

there was a non-significant correlation between PTA and CDR-SoB

score (Spearman’s rank correlation ρ= 0.19, p-value= 0.06), and after

controlling for covariates (Spearman’s Rank Correlation ρ = 0.14, p-

value = 0.17). These results suggest that, although the numbers of

DPOAEandPTAhaveapartial statistical convergence (Figure2A), they

correlate differentially with dementia rating, suggesting that DPOAE

is a more sensitive hearing assessment for demonstrating the relation

between hearing impairments and clinical profile of cognitive decline

related to the CDR-SoB score (Figure 2B).

3.2 Neuroimaging biomarkers correlate with
DPOAE

Currently there arewell-validated brainMRI biomarkers that are com-

monly used for the clinical evaluation of patientswith cognitive decline

complaints, such as the volumetric changesof thehippocampus and lat-

eral ventricles. To test if cochlear dysfunction is associated with these

cognitive decline neuroimaging biomarkers, we first divided subjects

by their number of DPOAEs, calculating the median value of the whole

population, thus defining low DPOAE and high DPOAE groups. It is

striking that we found that the volume of bilateral hippocampus was

significantly more atrophied in the low DPOAE group as compared to

the high DPOAE group (Figure 3A, left panel, Mann-Whitney U test

p-value = 0.0015). In addition, we found that the bilateral lateral ven-

tricles were significantly larger in the low DPOAE group (Figure 3B,

left panel. Mann-Whitney U test p-value = 0.00003). There was a

significant correlation between the number of DPOAEs with the vol-

ume of both hippocampus (Spearman’s rank correlation, ρ = 0.312,

p = 0.002, Figure 3A, right panel) and lateral ventricles (Spearman’s

rank correlation ρ=−0.37, p= 0.0001, Figure 3B, right panel).

3.3 DPOAE predicts cognitive decline

To test if cochlear dysfunction asmeasured byDPOAEs predicts cogni-

tive decline in our cohort and if it overcomes conventional audiometry

asmeasured byPTA,we evaluated its capacity to discriminate between

control (CDR-SoB <0.5) and risk of cognitive decline (CDR SoB ≥0.5).

ROC curve analysis was performed and the AUC was calculated. Five-

fold cross-validation was performed for PTA (AUC = 0.45 ± 0.26,

Figure 4A) showing that its prediction power is near random. In con-

trast, the number of DPOAE predicted with good discriminability

(AUC = 0.81 ± 0.1, Figure 4A). To evaluate if DPOAE consistently
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F IGURE 3 Distortion product otoacoustic emissions (DPOAEs) correlate with neuroimaging biomarkers of cognitive decline. (A) On left, a
coronal view of bilateral hippocampal volume. In themiddle, total hippocampal volume is more atrophied in the lowDPOAE group as compared to
the high DPOAE group (Mann-WhitneyU test p-value= 0.001). On right, a significant correlation between total hippocampal volume and the
number of DPOAEs shows a significant positive correlation. (B) On left, a coronal view of the bilateral lateral ventricle volume. In themiddle, total
ventricular volume is more hypertrophied in the lowDPOAE group as compared to the high DPOAE group (p-value= 0.00003). On right, a
significant correlation between total ventricular volume and the number of DPOAEs shows a significant negative correlation. All correlations are
Spearman’s rank.

F IGURE 4 Distortion product otoacoustic emissions (DPOAEs) and not pure tone average (PTA) predicts cognitive impairment in normal and
mild hearing loss individuals. (A) Five-fold cross-validation using PTA (green, area under the curve [AUC]= 0.45) andDPOAE (blue, AUC= 0.81) to
predict cognitive impairment (Clinical Dementia Rating Sum of Boxes [CDR-SoB]≥0.5). (B) Boxplot comparing 1000 bootstrap AUC scores,
depicting that PTA values significantly predict worse than DPOAEs (Mann-WhitneyU test p-value< 0.0001).
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predicts better than PTA, we obtained 1000 bootstrapped AUC scores

for each term, and statistically compared the scores. Notably, PTA

significantly predicts worse than DPOAEs (Mann-Whitney U test

p-value < 0.0001), and DPOAE shows low AUC variability. These

results show that DPOAEs overcomes PTA in terms of discriminability

(Figure 4B), and robustly predicts the risk of clinically relevant cogni-

tive decline in a cohort of normal andmild hearing loss older adults.

4 DISCUSSION

We found that in a sample of normal hearing (PTA < 25 dB) and age-

related mild-hearing loss individuals (PTA ≥25 and ≤40 dB HL), the

number of DPOAEs is significantly correlated with the clinical classifi-

cation of dementia (CDR-SoB scale) evaluated by expert neurologists

who were blinded to the DPOAE results. In the same group of sub-

jects, audiometric hearing thresholds were not correlated with the

CDR-SoB scale. These findings suggest that evaluating cochlear OHC

function by means of DPOAE detection is a more sensitive test than

audiogram thresholds to estimate clinically relevant cognitive impair-

ment risk in older adults. It is important to note that these results

stress that although DPOAEs and PTA are significantly correlated

(Figure 2A), they possess relevant differences. For instance, audiomet-

ric PTA is obtained by subjective behavioral responses to pure tones,

which can be influenced by multiple sources of variability, especially in

difficult to test individuals, such as those with cognitive impairment or

dementia.31 In this group of patients, audiological objective measures,

such as auditory steady state responses, auditory brainstem responses,

and otoacoustic emissions, emerge as important tools that do not need

subject cooperation, allowing the reliable assessment of the complete

auditory pathway.13,20,31 In addition, and concordant with our pre-

vious work,20,21 we found significant correlations between the loss

of DPOAEs—a measure of cochlear dysfunction—and the volume of

different brain structures, such as bilateral hippocampus and lateral

ventricle volumes (Figure 3).

4.1 What are the mechanisms that relate DPOAE
loss with brain atrophy and risk of cognitive decline?

There are at least three possible mechanisms relating DPOAE loss to

the risk of dementia. First, DPOAE is a sensitive and objective mea-

sure to detect hearing impairment and is highly correlated with PTA

thresholds. Thus DPOAE could be considered as amore sensitive mea-

sure than audiometric PTA to estimate hearing impairment (Figure 4).

Second, as a proxy of OHC loss, DPOAE loss might reflect the process

of cellular aging due to non-specific neurodegenerative and vascular

damage of cells located inside the cranium, and in a speculative state-

ment, DPOAE loss might be a general estimator of neuronal survival

in the brain. Finally, DPOAE presence can also be affected by differ-

ent factors, including chemotherapy,32 vascular disease,33 andacoustic

trauma.34 Regarding the latter factor, there is evidence in animal mod-

els that acoustic trauma can induce hippocampal atrophy, which is

also related to neurodegenerative tau pathology and amyloid beta in

the brain.35,36 Therefore, different from PTA thresholds, DPOAE loss

might be reflecting a number of biological processes that can con-

tribute in additive ways to cognitive decline in older adults, which

could explain the better performance in the AUC score for classifying

CDR-SoB scores in this cohort of normal hearing and mild hearing loss

individuals (Figure 4).

It is noteworthy that DPOAE is related to cognitive impairment

evaluated by CDR-SoB, a scale that measures various cognitive and

functional domains but does not show a significant relationship with

MMSE, which measures memory and cognition, or with Pfeffer, which

evaluates functional activities. MMSE has a low sensitivity to predict

the presence of initial or mild cognitive impairment and has a better

performance in dementia cases.

Our findings may have two practical implications for future

research. First, from a pathophysiological point of view, DPOAE loss

as a measure of cochlear OHC damage, reinforces the connection

between degeneration of auditory structures with broader neurode-

generative phenomena such as those seen in Alzheimer’s disease and

related dementias. Second, from a clinical point of view, it highlights

the potential of DPOAE as a possible biomarker of neurodegener-

ative phenomena and cognitive impairment. The determination of

DPOAEs can constitute an objective, simple, and accessible biomarker

to identify older adults who are at risk of cognitive deterioration,

considering the AUC over 0.8 in Figure 4. This idea is supported

by recent findings in animal models showing a significant relation

between auditory functions and tau protein levels in the cerebrospinal

fluid.37

Thepractical implementationof usingDPOAEasa screening tool for

identifying older adults at higher risk of developing cognitive decline

is supported by the routine use of DPOAE in newborn hearing screen-

ing programs worldwide.38 In this line, newborn screening equipment

for DPOAE measurements is available in hospitals in several coun-

tries, including universal screening programs where audiologists or

other health professionals are already trained in the measurement of

DPOAE, and the examination is relatively simple, fast, and available at

a reasonable cost.39–41 Although there are experiences of DPOAE use

for the screening of hearing loss in adults and of its good correlation

with other audiological measurements,42 some specific software or

hardware adaptations might be necessary for implementing a screen-

ing program in older adults. From our work, we propose that DPOAE

detection can be used in older adults for estimating the risk of cogni-

tive decline at an early stage, in subjects with normal hearing or mild

hearing loss.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.
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