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Age-related hearing loss (presbycusis) at moderate levels (>40
dB HL) has been recognized as an important risk factor for cog-
nitive decline. However, whether individuals with mild hearing
loss (audiogram thresholds between 25 and 40 dB HL) or even
those with normal audiograms (<25 dB HL) have a higher risk
of dementia, is still debated. Importantly, these early stages of
presbycusis are the most common among the elderly, indicating
the need to screen and identify individuals with early presby-
cusis that have an increased risk of cognitive decline. Unfortu-
nately, in this group of patients, audiogram thresholds are not
sufficiently sensitive to detect all the hearing impairments that
are related to cognitive decline. Consequently, at the individ-
ual level, audiogram thresholds are not good estimators of the
dementia risk in the group with mild hearing loss or normal
hearing thresholds. Here, we propose to use distortion prod-
uct otoacoustic emissions (DPOAE), as an objective and sensi-
tive tool to estimate the risk of clinically relevant cognitive de-
cline in elders with normal hearing o mild hearing loss. We as-
sessed neuropsychological, brain magnetic resonance imaging,
and auditory analyses on 94 subjects aged >64 years old. In
addition, cognitive and functional performance was evaluated
with the Clinical Dementia Rating Sum of Boxes (CDR SoB),
assessed through structured interviews conducted by neurolo-
gists, who were blind to the DPOAE results. We found that
cochlear dysfunction, measured by DPOAE -and not by conven-
tional audiometry-, was associated with CDR SoB classification
and brain atrophy in the group with mild hearing loss (25 to
40 dB), and normal hearing (<25 dB). Our findings suggest that
DPOAE may be a non-invasive tool for detecting neurodegen-
eration and cognitive decline in the elderly, potentially allowing
for early intervention.
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Introduction
The prevalence of dementia is rapidly increasing, from 50
millions in 2015, to 150 millions in 2022, impacting global

health systems worldwide (Alzheimer‘s International Report
2020). A key challenge is the identification of reliable
biomarkers for early diagnosis that could allow the imple-
mentation of prevention strategies for cognitive decline. In
the last five years, hearing loss has emerged as one of the
most relevant modifiable risk factors for dementia (1–4). The
World Health Organization defines hearing loss as a 25 dB
elevation in hearing thresholds, which are usually measured
using perceptual audiometry, estimating a global prevalence
of around 500 million people (WHO,2021). Evidence shows
that the risk for cognitive decline and all-cause dementia in-
creases with moderate hearing loss (greater than 40 dB HL)
(5, 6), however, the relationship between hearing loss and
cognitive decline could start earlier, including mild hearing
loss (in the range between 25 and 40 dB), or even subjects
with normal hearing thresholds (<25 dB HL)(7–9). Impor-
tantly, individuals with mild hearing loss (25-40 dB HL) or
normal hearing thresholds (<25 dB HL) can have additional
hearing impairments that are not detected by conventional au-
diometry, such as cochlear dead regions, cochlear synaptopa-
thy or hidden hearing loss and central auditory processing
disorder (10–12).
Hearing impairments can be estimated with subjective meth-
ods, such as audiometer tests and psychoacoustical tasks, and
with objective methods, such as otoacoustic emissions or au-
ditory evoked potentials (13). Otoacoustic emissions are in-
audible low-level sounds that are emitted by the outer hair
cells (OHC) of the cochlea (14). Its presence reflects nor-
mal cochlear functioning and OHC survival (15). Recently,
we measured a subtype of otoacoustic emissions elicited by
two tones, known as distortion product otoacoustic emissions
(DPOAE, see Figure 1 and Methods section for more details
on DPOAE measurements) and brain structural magnetic res-
onance imaging (MRI) in a group of aged subjects with mild
hearing loss, evidencing significant associations between the
loss of DPOAE and atrophy of non-auditory brain regions,
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Fig. 1. Distortion product otoacoustic emissions (DPOAE) are sounds emitted by normal cochlear hair cells. This figure describes the biological origin of DPOAEs,
and the methods used to measure them. A microphone probe with two speakers is inserted and sealed in the external ear canal. Two tones of different frequencies (f1 and f2)
are presented independently through the two speakers. These two tones are transmitted across the external and middle ear, reaching the cochlear receptor. In the inner ear
(cochlear receptor), the two tones generate mechanical distortions at different positions of the basilar membrane of the cochlea, including the 2f1-f2 position, which is the most
widely used DPOAE on clinical and research settings. The presence of DPOAE depends on the normal functioning of outer hair cells (OHC). OHCs possess electromotily,
a physiological mechanism in which these cells transduce membrane voltage changes into mechanical vibrations, a physiological process known as the "cochlear amplifier".
As a result of this biological amplification, f1 and f2 tones interact and generate mechanical distortions at different cochlear positions, including the 2f1-f2 position. These
distortions travel back to the external ear where they can be recorded with a sensitive microphone and measured as a DPOAE at a certain frequency and amplitude in dB
SPL.

including the cingulate cortex, insula and amygdala (16, 17).
The structural alterations in the thickness and volume of cor-
tical, and the volume of subcortical brain regions were related
to cognitive and behavioral impairments in different domains,
including face recognition and the executive function (16–
18). However, whether these cognitive and behavioral im-
pairments are related to the clinical phenotype of cognitive
decline and dementia is unknown.

Here, we hypothesized that the loss of DPOAE is associated
with the clinical phenotype of cognitive decline. To test our
hypothesis, we studied the presence of DPOAE as a proxy of
cochlear functioning and OHC survival (as in Belkhiria et al.
(16)), while the cognitive clinical profile was independently
assessed by blind experienced neurologists determining the
Clinical Dementia Rating Sum of Boxes (CDR SoB; (19)).
In addition, subjects were evaluated with comprehensive au-
diological, neuropsychological, and brain MRI evaluations.

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 (16, 17). Data
from this cohort includes DPOAE measurements, audiogram
thresholds, assessed by Pure-Tone Average (PTA), a battery
of neuropsychological tests for cognitive decline, and struc-
tural brain MRI at 3-Tesla.
The mean PTA of the 94 individuals was 24.3 ± 8 dB HL, in-
cluding 32 subjects with normal hearing thresholds (<25 dB
HL) and 62 with mild hearing loss (between 25 and 40 dB
HL). None of the individuals used hearing aids at the mo-
ment of evaluations. Regarding DPOAE, we calculated the
total number of detected DPOAE in eight different frequen-
cies 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.
As DPOAEs have been used as a proxy of hearing sensitivity
(Shaffer et al., 2003), we explored the level of correlation be-
tween DPOAE and PTA variables in our data. DPOAE mea-
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Characteristics Low DPOAE (n = 43) High DPOAE (n = 51)

Age, mean (SD) 71.5±4.9 73.6±4.75

Sex, n (%)

Female 62.7(32) 76.7(33)

Education, mean years (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

CDR SoB, mean (SD) 1.48±2.9 0.3±0.9

Table 1. Audiologial and Neurological profile of the studied subjects (n=94)

surements and PTA audiogram thresholds partly converge
(Spearman’s rank correlation ρ = -0.64, p-value < 0.0001;
Figure 2A), suggesting that they capture similar but not equal
auditory characteristics. In relation to cognitive and neuro-
logical variables, the mean Mini-Mental State Examination
(MMSE) score was 27 ± 3.4, while the mean CDR SoB was
0.94 ± 2.3. A summary of demographic data is reported in
Table 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 cog-
nitive performance evaluated through MMSE, functional sta-
tus quantified using Pfeffer, and the CDR SoB, which was ob-
tained by clinical neurological evaluations that were blind to
the DPOAE results, providing a quantitative index of the level
of cognitive impairment as a dementia rating. Neither MMSE
nor Pfeffer presented a significant correlation with the num-
ber of DPOAEs (MMSE Spearman’s Rank Correlation, ρ =
0.18, p-value = 0.075 and Pfeffer Spearman’s Rank Correla-
tion, ρ = -0.17, p-value = 0.09) and PTA (MMSE Spearman’s
rank correlation, ρ = 0.03, p-value = 0.74 and Pfeffer Spear-
man’s Rank Correlation, ρ = 0.14, p-value = 0.16). Inter-
estingly, CDR SoB showed a significant correlation with the
number of DPOAE (Spearman’s Rank Correlation ρ = -0.41,
p-value < 0.00001) while there was a non-significant corre-
lation between PTA and CDR SoB score (Spearman’s Rank
Correlation ρ = 0.19, p-value = 0.06). These results suggest
that, although the number of DPOAE and PTA have a partial
statistical convergence (Figure 2A), they correlated diferen-

tially with dementia rating, suggesting that DPOAE is a more
sensitive hearing assessment for evidencing the relation be-
tween hearing impairments and clinical profile of cognitive
decline related to the CDR SoB score (Figure 2B).

Neuroimaging biomarkers correlate with DPOAE.
Currently, there are well-validated brain MRI biomarkers that
are commonly used for the clinical evaluation of patients
with cognitive decline complaints, such as the volumetric
changes of the hippocampus and lateral ventricles. To test
if cochlear dysfunction is associated to these cognitive de-
cline neuroimaging biomarkers, we first divided subjects by
their number of DPOAE, calculating the median value of
the whole population, thus defining low DPOAE and high
DPOAE groups. Strikingly, 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 bilateral lateral ventri-
cles were significantly larger in the low DPOAE group (Fig-
ure 3B, left panel. Mann-Whitney U test p-value = 0.00003).
There was a significant correlation between the number of
DPOAE with the volume 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).

DPOAE predicts cognitive decline.
To test if cochlear dysfunction as measured by DPOAE pre-
dicts cognitive decline in our cohort and if overcomes con-
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Fig. 2. Differential contributions DPOAE and PTA over cognition. (A) Pure-Tone Average (PTA) negatively correlates with the number of DPOAE, evidencing that a larger
number of DPOAE is correlated with better PTA (B) Correlation matrix with annotated Spearman’s rho values in each cell, between audiological measures and Mini-mental
(MMSE), the Pfeffer questionnaire, and the CDR SoB. Note that only the correlation between CDR SoB and the number of DPOAE was significant (p<0.001). Color-bar in
the y-axis represents the −log10 of the p-value obtained from Spearman’s Rank correlation.

ventional audiometry as measured by PTA, we evaluated its
capacity to discriminate between control (CDR SoB < 0.5)
and risk of cognitive decline (CDR SoB >= 0.5). Receiver
operating characteristic (ROC) curve analysis was performed
and the area under the curve (AUC) was calculated. Five-
fold cross-validation was performed for PTA (AUC = 0.45 ±
0.26, Figure 4A) showing its prediction power is near ran-
dom. In contrast, the number of DPOAE predicted with good
discriminability (AUC = 0.81 ± 0.1, Figure 4A). To evalu-
ate if DPOAE consistently predicts better than PTA, we ob-
tained 1000 bootstraped AUC score for each term, and sta-
tistically compared the scores. Notably, PTA significantly
predicts worst than DPOAE (Mann-Whitney U test p-value
< 0.0001), and DPOAE shows low AUC variability. These
results show that DPOAE overcomes PTA in terms of dis-
criminability (Figure 4B), and robustly predicts the risk of
clinically relevant cognitive decline in a cohort of normal and
mild hearing loss elders.

Discussion

We found that in a sample of normal hearing (PTA < 25 dB)
and age-related mild-hearing loss individuals (PTA between
25 and 40 dB HL), the number of DPOAE is significantly
correlated with the clinical classification of dementia (CDR
SoB scale) evaluated by expert neurologists that were blind to
the DPOAE results. In the same group of subjects, audiomet-
ric 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 clinical-relevant

cognitive impairment risk in elders. Importantly, these re-
sults stress the fact that, although DPOAE and PTA are sig-
nificantly correlated (Figure 2A), they possess relevant dif-
ferences. For instance, audiometric PTA is obtained by sub-
jective behavioral responses to pure tones, which can be in-
fluenced by multiple sources of variability, such as attention
and the cognitive load level(20), while DPOAE is an objec-
tive measure that does not need subject cooperation and re-
flects cochlear integrity. In addition, and concordant with our
previous works (16, 17), we found significant correlations be-
tween the loss of DPOAE and the volume of different brains
structures, such as bilateral hippocampus and lateral ventricle
volumes (Figure 3).

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 obje-
tive measure to detect hearing impairment and is highly cor-
related with PTA thresholds. Thus, DPOAE could be consid-
ered as a more sensitive measure to estimate hearing impair-
ments than audiometric PTA (Figure 4). Second, as a proxy
of OHC loss, DPOAE loss might reflect the process of cellu-
lar aging due to non-specific neurodegenerative and vascular
damage of cells located inside the cranium, and in an spec-
ulative statement, DPOAE loss might be a general estimator
of neuronal survival in the brain. Finally, DPOAE presence
can also be affected by acoustic trauma (21), and there is evi-
dence in animal models that acoustic trauma can induce hip-
pocampal atrophy which is also related to neurodegenerative
tau pathology and β-amyloid in the brain (22, 23). Therefore,
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Fig. 3. DPOAE correlates with neuroimaging biomarkers of cognitive decline. (A) In left, a coronal view of bilateral Hippocampal volume. In middle, total hippocampal
volume is more atrophied in Low DPOAE group as compared to high DPOAE group (Mann-Whitney U test p-value = 0.001). In right, a significant correlation between total
hippocampal volume and the number of DPOAE shows a significant positive correlation. (B) In left, a coronal view of bilateral Lateral Ventricle volume. In middle, total
ventricular volume is more hypertrophied in Low DPOAE group as compared to high DPOAE group (p-value = 0.00003). In right, a significant correlation between total
ventricular volume and the number of DPOAE shows a significant negative correlation. All correlations are Spearman’s rank.

different from PTA thresholds, DPOAE loss might be reflect-
ing a number of biological processes that can contribute in
additive ways to cognitive decline in elders, which could ex-
plain 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 impair-
ment evaluated by CDR SoB, a scale that measures various
cognitive and functional domains but does not show a signi-
ficative relationship with MMSE, which measures memory
and cognition, or with Pfeffer, which evaluates functional ac-
tivities. MMSE has a low sensibility to predict the presence
of initial or mild cognitive impairment and has a better per-
formance 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, re-
inforces the connection between degeneration of auditory
structures with broader neurodegenerative phenomena such
as those seen in Alzheimer’s disease and related dementias.
Secondly, from the clinical point of view, it highlights the po-
tential of DPOAE as a possible biomarker of neurodegener-
ative phenomena and cognitive impairment. The determina-
tion of DPOAE can constitute an objective, simple and acces-
sible biomarker to detect elderly people at risk of cognitive
deterioration, considering the AUC over 0.8 in Figure 4. This
idea is supported by recent findings in animal models show-
ing a significant relation between auditory functions and tau
protein levels in the cerebrospinal fluid (24).

The practical implementation of using DPOAE as an screen-
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Fig. 4. DPOAE and not PTA predicts cognitive impairment in normal and mild hearing loss individuals. (A) Five-fold cross-validation using PTA (green, AUC=0.45)
and DPOAE (blue, AUC=0.81) to predict cognitive impairment (CDR SoB > 0.5). (B) Boxplot comparing 1000 bootstrap AUC scores, depicting that PTA values significantly
predict worst than DPOAE (Mann–Whitney U test p-value < 0.0001)

ing tool for detecting elders at higher risk of developing cog-
nitive decline is supported by the routinely use of DPOAE in
newborn hearing screening programs worldwide (25). Equip-
ment for DPOAE measurements is available in hospitals in
several countries, including universal screening programs
(26–28). Audiologists or other professionals are already
trained in the measurement of DPOAE, and the examina-
tion is relatively simple, fast, and available at a reasonable
cost. There are experiences of DPOAE use for the screen-
ing of hearing loss in adults and of its good correlation with
other audiological measurements such as brainstem evoked
auditory responses (29). From our work, we propose that
DPOAE detection can be used in elders, for estimating the
risk of cognitive decline at an early stage, including the group
of subjects with normal hearing or mild hearing loss.

Materials and Methods

Subjects. A total of 94 older adults from the Auditory and
Dementia study (ANDES) cohort (16) were recruited accord-
ing to the inclusion and exclusion criteria for this study. The
patients were recruited from Recoleta’s primary health public
center in Santiago de Chile. All of the included subjects gave
written informed consent in accordance with the Declaration
of Helsinki. The inclusion and exclusion criteria were the
following: (i) age over 65 years at the time of recruitment,
(ii) no history of neurological or psychiatric illness, (iii) no
causes of hearing loss different from presbycusis (e.g., con-
ductive hearing loss), (iv) no patients using hearing aids. All
of the undertaken actions were approved by the Ethics Com-
mittee of the Clinical Hospital of the University of Chile with
permission number OAIC752/15.

Clinical Assessment. Clinical assessment included: com-
prehensive cognitive assessment including the Mini-Mental
State Examination (MMSE) (30), Functional status as quan-
tified by Pfeffer’s Functional Activities Questionnaire (31),
and Clinical Dementia Rating Sum of Boxes for assessing the
severity of cognitive and functional impairments associated
with dementia (19, 32). Routine neurological and psychiatric
examination included daily living questionnaire filled in by
close relative or partner interviewed by a neuropsychologist.

Audiological Evaluations. Evaluations were carried out in
the Otolaryngology Department of the Clinical Hospital of
the University of Chile. Air conduction pure tone audiomet-
ric hearing thresholds were evaluated at 0.125, 0.25, 0.5, 1, 2,
3, 4, 6, and 8 kHz for each subject in both ears using a clin-
ical audiometer (AC40, Interacoustics®). Bone conduction
thresholds were measured 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 subject in
both ears. Subjects were classified according to their hearing
level: normal hearing (≤ 25dB), mild presbycusis (> 25 dB,
and ≤ 40 dB) based on the average PTA score of both ears.

Distortion product otoacoustic emissions (DPOAE).
DPOAE was evaluated as described by (16). Briefly, DPOAE
(2f1–f2) was measured as a proxy of the cochlear ampli-
fier function, using an ER10C microphone (Etymotic Re-
search®), presenting eight pairs of primary 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 Hz, 891 Hz, 1122 Hz, 1414
Hz, 1781 Hz, 2244 Hz, 2828 Hz, and 3563 Hz. Importantly,
using different pairs of tones (f1 and f2) at different frequen-
cies, allows the measurement of the 2f1-f2 DPOAE at differ-
ent cochlear positions that can be used as a proxy of hearing
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impairments and cochlear hair cell survival in aged subjects.
The amplitude of a DPOAE (dB SPL) should be at least 6
dB above the noise floor. The number of detectable DPOAEs
per ear -i.e. 0 to 8- was counted and a number of “0” -no de-
tectable DPOAE in that ear- was considered as cochlear am-
plifier dysfunction while “8” implied normal cochlear ampli-
fier function. We used the total number of detected DPOAE
of both ears (range from 0 to 16).

Image acquisition. Imaging data were acquired using a
MAGNETOM Skyra 3-Tesla whole-body MRI Scanner
(Siemens Healthcare GmbHR, Erlangen, Germany) using a
T1-MPRAGE sequence. Contiguous images across the entire
brain were acquired with the following parameters: time echo
(TE) = 232 ms, time repetition (TR) = 2300 ms, flip angle =
8, 26 slices, matrix = 256x256, voxel size = 0.94x0.94x0.9
mm3. We also registered T2-weighted turbo spin echo (TSE)
(4500 TR ms, 92 TE ms) and fluid-attenuated inversion re-
covery (FLAIR) (8000 TR ms, 94 TE ms, 2500 TI ms) to in-
spect structural abnormalities. The acquisition duration was
30 min with a total of 440 images for each subject.

Image preprocessing and analysis. The morphometric
analysis was carried out by FreeSurfer, version 6 running un-
der Centos 6. A single Linux workstation was used for the
T1-weighted image analysis of individual subjects as sug-
gested by (33). The FreeSurfer processes cortical reconstruc-
tion (34) through several steps: volume registration with the
Talairach atlas, bias field correction, initial volumetric label-
ing, non-linear alignment to the Talairach space, and final
volume labeling. Briefly, the automatic “recon-all” function
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 number of voxels per region): to-
tal gray and white matter, subcortical gray matter, brain mask
volume, and estimated total intracranial volume. The reli-
ability between manual tracing and automatic volume mea-
surements has been validated. The accordance between man-
ual tracings and automatically obtained segmentations was
similar to the agreement between manual tracings (35). 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 consistently
implicated in previous neuroimaging studies relating to audi-
tion, cognition, and dementia, such as Hippocampus and the
Lateral Ventricles.

Statistical Analysis. Spearman’s Rank where used to asses
the correlation between variables. For brain volume compari-
son between High and Low DPOAE groups a Mann-Whitney
U test was used. ROC curves and AUC scores were obtained
using scikit-learn package (36). For the comparison of PTA
and DPOAE scores, a 1000 bootstrapping approach was used,
and a Mann-Whitney U test for statistical comparison.
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