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ABSTRACT
Introduction A growing body of evidence suggests that 
hearing loss is a significant and potentially modifiable risk 
factor for cognitive impairment. Although the mechanisms 
underlying the associations between cognitive decline and 
hearing loss are unclear, listening effort has been posited 
as one of the mechanisms involved with cognitive decline 
in older age. To date, there has been a lack of research 
investigating this association, particularly among adults 
with mild cognitive impairment (MCI).
Methods and analysis 15–25 cognitively healthy 
participants and 15–25 patients with MCI (age 40–85 
years) will be recruited to participate in an exploratory 
study investigating the association between cognitive 
functioning and listening effort. Both behavioural and 
objective measures of listening effort will be investigated. 
The sentence- final word identification and recall (SWIR) 
test will be administered with single talker non- intelligible 
speech background noise while monitoring pupil dilation. 
Evaluation of cognitive function will be carried out in a 
clinical setting using a battery of neuropsychological tests. 
This study is considered exploratory and proof of concept, 
with information taken to help decide the validity of larger- 
scale trials.
Ethics and dissemination Written approval exemption 
was obtained by the Scientific Ethics Committee in the 
central region of Denmark (De Videnskabsetiske Komiteer i 
Region Hovedstaden), reference 19042404, and the project 
is registered pre- results at  clinicaltrials. gov, reference 
NCT04593290, Protocol ID 19042404. Study results will be 
disseminated in peer- reviewed journals and conferences.

INTRODUCTION
Research suggests an association between 
hearing loss and cognitive decline, with even 
mild levels of hearing loss being associated 
with the long- term risk of cognitive decline 
and dementia.1–3 A seminal report in The 
Lancet has also suggested that hearing loss is 
one of the most prominent modifiable risk 
factors for dementia in mid- to- late stages of 
life.3 4 Age- related hearing loss is also a marker 
for frailty in older age.5–7 Despite increasing 
awareness of the links between sensory and 

cognitive deterioration as well as increasing 
research in the fields of hearing loss and 
cognitive decline, little is known about the 
mechanisms linking hearing loss to cogni-
tive decline or whether any of these mecha-
nisms may account for some of the cognitive 
challenges observed in individuals with mild 
cognitive impairment (MCI).8 9 Beyond 
audiometric variations in hearing, research 
increasingly shows that cognitive factors 
such as attention and memory also play an 
important role in speech understanding.10–12 
Even if individuals achieve the same level of 
speech intelligibility, they may disproportion-
ately distribute cognitive resources to do so.

One possible pathway involves listening 
effort, defined by McGarrigle et al.13 and the 
British Society of Audiology as ‘the mental 
exertion required to attend and understand 
an auditory message’ (p. 2). Speech under-
standing depends on phonological and 
semantic factors which are reliant on working 
memory capacity.14–16 When the speech 
input does not easily match an individual’s 

Strength and limitations of this study

 ► This exploratory proof- of- concept study will be 
the first to examine both behavioural and objective 
measures of listening effort and cognitive function in 
participants with and without cognitive dysfunction.

 ► This is the first study to integrate pupillometry, an 
objective measure of listening effort, into a cognitive 
care setting.

 ► With the inclusion of patients with mild cognitive 
impairment, we are able to investigate the cognitive 
processes underlying a patient group who are at a 
higher risk for further cognitive decline yet have pre-
served function in daily activities.

 ► Given the high prevalence of hearing loss among an 
older age group, the number of eligible participants 
may be limited.
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phonological representation, explicit and deliberate 
working memory processes are engaged. When the signal 
is distorted or presented alongside increased noise, for 
example, increased capacity is required to reach under-
standing. As the signal is maintained in working memory, 
fewer cognitive resources remain for retention.

In the framework for understanding effortful listening, 
listening effort is separated from pure intelligibility and is 
described as a deliberate allocation of mental resources. 
This dimension varies over time as a function of an individ-
ual’s capacity to meet the demand and their motivational 
arousal.17 18 Described as intentional attentional engage-
ment, the motivation dimension reflects the individual 
assessment of arousal and fatigue on the valuation of the 
task in relation to the expenditure of available resources. 
In Strauss and Francis’ taxonomic model of attention in 
effortful listening, sensory processing relies on the inter-
action between externally directed perceptual attention 
and internally directed central attention that employs 
executive functions such as working memory.12

Listening effort has also been explained alongside the 
notion of cognitive compensation, where a decline in 
sensory processing occurs alongside an increase in the 
recruitment and use of other cognitive areas.17 19 20 The 
decline requires an increased reliance top- down mech-
anisms and is supported by neuroimaging research that 
demonstrates the association between patterns of over-
activation and age- equivalent performance. Over time, 
these compensatory effects decrease and may no longer 
able to offset the further deterioration of cognitive func-
tion. This not only increases fatigue but also decreases the 
amount of resources available to meet the demands of a 
given task.5 21–24

Previous research investigating hearing and cognition 
have primarily demonstrated associations with processing 
speed, executive function and memory.2 25 26 Speech 
perception, particularly in noisy environments, requires 
processes such as inhibitory control, attention and 
working memory.17 The assessment of hearing loss has 
traditionally focused on pure tone and speech audiom-
etry as measurements of speech and sound recognition 
at standardised thresholds. However, the effort exerted 
or the fatigue experienced in complex listening situa-
tions—a common patient complaint within audiology—is 
not assessed.17

Jayakody et al.27 found that older adults with moder-
ately severe hearing loss performed significantly worse 
on non- verbal tests of spatial working memory, episodic 
visuospatial memory, learning and association ability and 
psychological function than did older adults with normal 
hearing. A recent meta- analysis and systematic review 
demonstrated that a combined cognitive and auditory 
training approach was most optimal for improving cogni-
tion among adults with hearing loss.28 Although no causal 
links have been established, research has also found that 
hearing rehabilitation in the form of hearing aid use 
is associated with improved cognition and a delayed 
dementia diagnosis.29–31

MCI generally refers to a stage of cognitive dysfunc-
tion that lies between normal cognitive function and 
dementia. Those with MCI have preserved function in 
daily activities; however, they may have minor impairment 
in complex instrumental functions and all score below 
normative levels on objective cognitive tasks. Those with 
MCI are also at higher risk for further cognitive decline 
and the later onset of dementia. For those with MCI who 
are later diagnosed with dementia, functions such as 
memory, attention, perceptual speed and executive func-
tioning are further impaired.32

In this study, we investigate the association between 
listening effort and cognitive functioning among older 
adults without cognitive dysfunction and with MCI—all 
without significant levels of hearing loss. A significant 
association between listening effort and cognitive func-
tion may act as an entry point for future research into 
listening effort and cognitive decline. The insights gained 
from our current research are aimed at assessing a popu-
lation at risk for cognitive decline—particularly those 
who have begun to experience increased listening effort 
without clear signs of peripheral hearing loss. This study 
is the first to examine both behavioural and objective 
measures of listening effort and cognitive function in 
participants with and without cognitive dysfunction.

Research questions
Overall research question
The aim of this study is to investigate the association 
between cognitive functioning and listening effort among 
older healthy adults and in older memory clinic patients 
with MCI.

Secondary research question
This study also aims to determine whether there is a signif-
icant difference in listening effort between older healthy 
adults and MCI patients.

METHODS AND ANALYSIS
Research design
This is an exploratory proof- of- concept study with a case 
(MCI) and control group (cognitively healthy), where we 
will investigate the associations between listening effort 
and cognitive function.

Study procedures
Study sample
We will recruit 30–50 participants over a one- year interval. 
As we are investigating a potential factor in early stages 
of cognitive decline, potentially occurring in mid- stages 
of life, a wide age range is used (40–85 years) to ensure 
external validity for participants both with and without 
cognitive dysfunction. Half of these participants (n=15–
25) will be individuals who have been diagnosed with 
MCI (see table 1). They will be recruited at the Danish 
Dementia Research Centre, Rigshospitalet, Denmark 
and will be diagnosed by a multidisciplinary team after 
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comprehensive diagnostic work- up including neurolog-
ical examination, blood tests, neuropsychological assess-
ment and structural imaging (MRI) and in most cases 
functional imaging using fluorodeoxyglucose positron 
emission tomography (FDG- PET) and lumbar puncture. 
The control group of participants (n=15–25) will be cogni-
tively healthy individuals, recruited via advertisements 
in local newspapers, community centres in and around 
Copenhagen and a website for recruiting research partic-
ipants in Denmark ( forsoegsperson. dk). Table 1 shows 
the inclusion and exclusion criteria for MCI and cogni-
tively healthy participants. All participants will undergo 
both listening effort testing, coupled with pupillometry, 
and cognitive performance testing, based on a battery of 
neuropsychological tests (see table 2).

Eligibility
Pure-tone audiometry
During screening, hearing will be assessed using pure- 
tone audiometry, a pure- tone air conduction audiometric 
test method that matches the International Standards 

Organization (ISO) 8253- 1:2010 guidelines.33 This 
measure involves the peripheral and central auditory 
systems, identifying the hearing threshold levels of an 
individual and providing a basis for traditional hearing 
loss diagnosis and management. Otoscopy will also be 
used to examine the ear canal for impacted cerumen. We 
define normal hearing based on the World Health Orga-
nization (WHO) hearing impairment grading system and 
have adapted thresholds above 25 dB at 4 kHz to account 
for the average hearing levels for men and women in 
older age groups, as described by ISO- 7029.34 35

Mini Mental Status Examination
The Mini Mental State Examination includes tests of 
orientation, attention, memory, language and visual- 
spatial skills. It is a widely used test of cognitive dysfunc-
tion.36 37

Clinical Dementia Rating
The Clinical Dementia Rating is a five- point scale used 
to assess cognitive function through a semistructured 

Table 1 Inclusion/exclusion criteria

MCI participants Cognitively healthy participants

Inclusion criteria  ► MCI diagnosis, according to recommendations in Winblad et al.32:
 – Not normal, not fulfilling diagnostic criteria for dementia.
 – Functional activities are mainly preserved.
 – Evidence of cognitive decline, measured by self- report 

in conjunction with deficits on objective cognitive tasks, 
operationalised as test scores below −1.5 SD below age and 
education adjusted normative data.

 ► 40–85 years old.
 ► Mini Mental State Examination score≤26.
 ► Clinical Dementia Rating global score=0.5.
 ► No other significant neurological or psychiatric disease.
 ► Normal hearing, defined as a pure tone threshold of ≤20 dB 250 
Hz–1 kHz; ≤25 dB between 2 and 3 kHz; ≤30 dB at 4 kHz (one 5 dB 
increase in one ear, one frequency is accepted).

 ► Danish as native language.
 ► Has live- in informant.

 ► 40–85 years old.
 ► Mini Mental State Examination score≥26.
 ► Clinical Dementia Rating global score=0.
 ► No significant neurological or psychiatric 
disease.

 ► Normal hearing, defined as a pure tone 
threshold of ≤20 dB 250 Hz–1 kHz; ≤25 dB 
between 2 and 3 kHz; ≤30 at 4 kHz (one 5 dB 
increase in one ear, one frequency is accepted).

 ► Danish as a native language.

Exclusion criteria 
(all)

 ► Medication or treatment that could impact the pupillary dilation: eye drops (eg, atropine or phenylephrine).
 ► Medication that could impact cognitive function.
 ► Alcohol or drug abuse.
 ► Unable to comply with study procedures.

MCI, mild cognitive impairment.

Table 2 Tests used to measure cognitive function

Test Cognitive abilities measured

Stroop Test40 Processing speed, selective attention, automaticity and inhibition

Trail Making Test61 Visual search speed, scanning, speed of processing and mental flexibility

Symbol- Digit Modalities Test41 62 Attention, processing speed, oculomotor scanning, working memory, motor persistence and visuomotor 
coordination

Verbal fluency tests (category, 
lexical)

Language representations of semantic concepts, central executive component of working memory and 
mental speed

Rey Complex Figure Test43 Visuospatial abilities, non- verbal memory and planning

Logical Memory Test (part A)44 Narrative episodic verbal memory, delayed recall and verbal recognition
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interview with both the patient and a reliable infor-
mant, such as a family member. This 0–3 scale covers six 
domains: memory, orientation, judgement and problem- 
solving, community affairs, home and hobbies and 
personal care.38 39

Measures
Cognitive function
Assessment scores for cognitive function will be recorded 
in a clinical setting and will be based on a battery of 
neuropsychological tests (see table 2).

The Stroop Test is a demonstration of cognitive inter-
ference where a delay in the reaction time of a task occurs 
due to a mismatch in stimuli. A 40- item version will be 
applied, which will assess processing speed, selective 
attention and automaticity.40

The Trail Making Test (part A and B) measures visual 
attention and task switching. It consists of two parts, 
whereby the subject is instructed to connect a set of 25 
numbers and number/letters as quickly as possible while 
still maintaining accuracy.

The Symbol- Digit Modalities Test is a symbol substitu-
tion test that examines attention and speed of processing. 
This test requires a person to substitute geometric symbols 
for numbers while scanning a response key.41

Verbal fluency tests are widely used as measures of 
language and executive functions. Category fluency tasks 
rely on language representations of semantic concepts, 
whereas lexical and action word tasks rely more on the 
central executive component of working memory.42

The Rey Complex Figure Test is an assessment where 
examinees are asked to reproduce a line drawing, first by 
copying it freehand and then drawing it from recall.43

The Logical Memory Test is a subtest of the Wechsler 
Memory Scale—Third Edition, and is a standardised 
assessment of narrative episodic memory.44 A short story 
is orally presented and the examinee is asked to recall the 
story verbatim (immediate recall). Approximately 20 min 
later, free recall of the story is again elicited (delayed 
recall) and recognition is also measured. Only part A is 
administered in this study.

Listening effort
The framework for understanding effortful listening, 
the ease of language understanding model and Strauss 
and Francis’12 taxonomic model of attention in effortful 
listening outline a number of cognitive and linguistic 
factors that moderate both effort and performance 
hearing ability.12 15 17 Beyond subjective and behavioural 
measures, physiological measures have the benefit of time- 
bound insight into cognitive load changes and resource 
allocation during the process of understanding.45 They 
may also provide deeper insight into the neurocognitive 
mechanisms underlying listening effort.12

Pupil dilation has been shown to fluctuate with changes 
in cognitive task load, indicating the variation in cogni-
tive demands and the cognitive load required to perform 
these tasks.46 Dilation of the pupil is also associated with 

the locus coeruleus- noradrenergic system, suggesting its 
ability to both control the muscles of the iris and reflect 
wider changes in attention.47 Pupillometry is increasingly 
being used as an objective indicator of effort allocation for 
listening, memorising and auditory conflict tasks.45 48–50

Pupillometry hardware and software
In this study, the participants are fitted with Pupil Labs’ 
eye- tracking add- on for the HTC Vive virtual reality head- 
mounted display. To prevent floor and ceiling effects 
that are independent to baseline pupil size, the illumi-
nation within the display is individually adapted to the 
individual’s pupil size midpoint prior to data collection 
between dim (~30 lux) and bright (~230 lux), with an 
average illuminance of 110 lux. A software suite allows the 
capture and postprocessing of the data feed, including 
pupil diameter, dilation at sentence baseline and latency 
between sentence onset and peak pupil diameter. The 
Pupil Labs software is controlled via a MATLAB interface. 
Participants will be instructed not to drink coffee at least 
4 hours before testing and will be asked to wash off or 
refrain from wearing any eye makeup. Real- time moni-
toring of the eye during pupil measurement will occur 
to check for eye closures and head movements, and the 
CI on the Pupil Labs’ software will be regularly observed. 
After measurement, all data will undergo a subjective 
quality check with a sampling rate of 60 Hz, blink span 
removal below 35 and above 75 ms, moving average span 
0.5 s, baseline from 4.2 to 5.2 s and peak pupil diameter 
range from 5.2 to 8.5 s. To detect dilation speed outliers, 
the median absolute deviation will be used. If the ratio of 
missing pupil data in a list exceeds 40% after deblinking, 
it will be discarded from analysis.

Sentence-final word identification and recall (SWIR) test
The objective measure of listening effort, task- evoked pupil 
dilation, will be recorded during a SWIR test, a dual- task 
behavioural test used to measure the effect of listening on 
performance on a secondary memory task.51 52 The test 
consists of a single condition of two tasks performed in a 
seven- sentence series. The participants are asked to report 
the final word after each sentence has been played (iden-
tification task) and they are encouraged to guess if they 
are unsure of the word. After reporting the final word of 
the seventh sentence, there is a 0.5 s beep tone and they 
are instructed to recall, in any order, all the words that 
they had previously reported (free recall task). The order 
of sentence presentation within each set is randomised 
between participants. Playing from a loudspeaker placed 
at 0° azimuth, the target speech (sentences), spoken by 
a male speaker, is set at 65 dB and played simultaneously 
with the International Speech Test Signal (ISTS) (noise), 
a single female talker which includes non- intelligible 
speech properties from American English, Arabic, 
Chinese, French, German and Spanish.53 This masker 
signal begins 2 s before sentence onset and ends 2 s after 
sentence onset (see figure 1).
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Prior to the test, participants undergo an adaptive 
Danish Hearing in Noise Test (HINT) to determine the 
appropriate level of background noise during the SWIR 
test.54 The HINT contains a list of equally intelligible 
sentences to be repeated in varying dB levels of white 
noise. This results in the individual’s speech reception 
threshold, set at 80% correct responses (see figure 2). This 
value is used to set the SWIR masker level either above or 
below the 65 dB level of the target track. Listening effort 
changes as a function of the signal- to- noise ratio, and is 
moderated by both the demands of the task and indi-
vidual motivation. Previous research using the SWIR test 
with pupillometry has only been administered among a 
population without cognitive dysfunction. Based on the 
framework for understanding efffortful listening, it is 
possible that fatigue, motivation and/or the evaluation of 
demands on available capacity may influence the alloca-
tion of effort during recall and thereby the pupil dilation 
response.17 Given previous research using older adults 
both with and without hearing loss, we expect a speech 
reception threshold at 80% to load working memory 
without overloading its capacity, making interindividual 
differences in effort apparent while maintaining atten-
tional engagement.49 55–58

Data analysis
Group by group comparisons will be applied to assess 
significant differences in listening effort and its 

association with cognitive function between normal 
cognition controls and MCI patients. To assess the pres-
ence of a significant association between cognitive func-
tioning and listening effort, a data analysis plan will be 
used. The primary analysis will use three neuropsycho-
logical variables: (1) Stroop Test (time on incongruent 
version), (2) Symbol- Digit Modalities Test and (3) Logical 
Memory Test (recall score part 1). Correlation analysis 
with these measures and the following listening effort 
measures will be administered: (1) average peak pupil 
diameter (on a per sentence measure, across lists), (2) 
average peak pupil latency (on a per sentence measure, 
across lists) and (3) proportion of correctly recalled final 
words from the SWIR list (averaged across lists).

Correlation analyses (eg, Pearson correlation coeffi-
cient) will be completed for the entire participant group 
on all measures. If significant associations are found, 
further analysis will be conducted separately in the two 
participant groups. If significant, linear regression will 
be performed using the significant cognitive test scores 
as dependent variables and listening effort outcomes as 
independent variables (together with relevant covariates, 
eg, gender, age and case/control). If significant associa-
tions are demonstrated between the three selected neuro-
psychological tests and the listening effort parameters, 
additional cognitive measures will be included for further 
analysis. If no significant associations are found in the 
initial analysis, further analysis will not be conducted.

Collinearity is a consideration when interpreting 
regression analyses using the measures of cognitive func-
tion and listening effort, as the resultant CIs and SEs will 
be wider.59 Moderate- to- high collinearity could influence 
statistical power and would preclude the assumption that 
listening effort predicts the score on particular measures 
of cognitive functioning. In this case, it is important to 
interpret the results of coefficient estimates in accordance 
with the overlap between certain cognitive measures. We 
have identified a subset of three neuropsychological tests 
for the initial analysis to limit the effect of multiplicity.

Figure 1 SWIR Test procedure. For the purpose of this figure, sentence and final word examples are translated from Danish to 
English. SWIR, sentence- final word identification and recall. ISTS, International Speech Test Signal. SNR, signal- to- noise ratio.

Figure 2 HINT procedure. For the purpose of this figure, 
the sentence example has been translated from Danish to 
English. HINT, Hearing in Noise Test. SNR, signal- to- noise 
ratio.
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Power estimation
The power is exemplified by both the difference between 
groups and the relationship between the subset of 
three neuropsychological tests and one listening effort 
measure, average peak pupil diameter. The formula for 
the estimating the relationship between the cognitive 
scores (Y) for the Symbol- Digit Modalities Test, Logical 
Memory Test and Stroop Test, age and peak pupil diam-
eter is given by Y=α+βAge+γPPD+ε. The mean, SD and 
coefficients with age are stated in table 3.

The peak pupil diameter values for cases are estimated 
to be 30% higher than those for healthy participants, 
explained by the increase in cognitive load for patients 
with cognitive dysfunction. The estimated power for peak 
pupil diameter between groups is presented graphically in 
figure 3. The coefficients in the equation Y=α+βAge+γP-
PD+ε are determined from the values in table 3 and the 
varying correlation between the cognitive score Y and 

peak pupil diameter. The β is the same for all choices of 
correlation with peak pupil parameter, while γ varies.

Using these coefficients, we simulated our defined 
sample size of 25 healthy control participants and 25 
patients with cognitive dysfunction from a normal distri-
bution and performed a linear regression on the simu-
lated data. For each correlation between Y and peak 
pupil diameter and for each cognitive score Y (Symbol- 
Digit Modalities Test, Logical Memory Test and Stroop 
Test), the procedure is repeated 10 000 times. For each 
Y and each correlation value, the power was determined 
as the average frequency of statistical significance from 
the above procedure. The power is presented graphically, 
whereby power is depicted as a function of the correla-
tion (see figures 4–6). The values of the correlations 
between peak pupil diameter and the cognitive test scores 
that may be detected with 80% and 50% statistical power 
are listed in table 4. Given the high negative correla-
tion between Symbol- Digit Modalities Test and age (see 
table 3), we expect to see an effect on this variable with a 
higher power.

Participant and patient involvement
There was no direct patient or public involvement in 
the study design. Input and feedback from participants 
during the course of the study will be taken into consider-
ation during the planning of future research. The Listen 
Carefully research project has been presented to poten-
tial future stakeholders within the municipality, such as 
those working within dementia care coordination and 
welfare innovation. Those who have been consulted and 

Table 3 Mean and SD of independent and dependent 
variables

Measure μ σ
Correlation with 
age

Symbol- Digit 
Modalities Test40

45.5 7.1 −0.55

Logical Memory 
Test63

15.8 4.1 −0.24

Stroop Test40 19.8 4.9 −0.14

Peak pupil diameter64 

65
0.1 0.012 0.06 (not used in 

analysis)

Figure 3 Power estimate for listening effort. Percentage 
increase in peak pupil dilation between those with and 
without cognitive dysfunction.

Figure 4 Power for Symbol- Digit Modalities Test. 
Correlation needed to detect an effect of peak pupil diameter 
for moderating performance.
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collaborated with throughout the research will receive a 
summary of results. Patients and participants will also be 
provided with a summary of results upon request.

Study timeline
Recruitment for the study began in July 2020. The first 
participant visit took place in August 2020 and the last 
participant visit was December 2021.

DISCUSSION
Despite increasing research in the fields of hearing loss 
and cognitive decline, little is known about the mech-
anisms linking hearing loss to cognitive decline and 
whether some of these mechanisms may account for 
some of the cognitive challenges observed in individuals 
with MCI, including those who do not demonstrate signif-
icant hearing loss. In particular, if listening effort does 
play a role in the association between hearing and cogni-
tive decline, it may be reasonable to expect that individ-
uals with MCI exhibit different patterns of listening effort 
in comparison to those without cognitive dysfunction. 
This may be particularly relevant in relation to working 
memory and internally directed central attention.12 
This may also aid the understanding of which cognitive 
factors are influenced by effortful listening. Furthermore, 
the sensitivity of pupillometry may allow us to assess the 
engagement and the experience of fatigue among a 
group with cognitive dysfunction when completing the 
dual- task behavioural SWIR test. It is expected that this 
study will provide valuable insights for the future use of 
pupillometry among those with cognitive dysfunction, 
and should help refine our understanding of factors that 
could later inform complex hearing and cognitive health-
care interventions.60
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