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Abstract: The peripheral hearing alterations and central auditory processing disorder
(CAPD) associated with age-related hearing loss (ARHL), may impact cognitive disorders
in older age. In older age, ARHL is also a significant marker for frailty, another age-related
multidimensional clinical condition with a nonspecific state of vulnerability, reduced
multisystem physiological reserve, and decreased resistance to different stressors (i.e.
sensorial impairments, psychosocial stress, diseases, injuries). The multidimensional nature
of frailty required an approach based on different pathogeneses because this clinical condition
may include sensorial, physical, social, nutritional, cognitive, and psychological phenotypes.
In the present narrative review, the cumulative epidemiological evidence coming from several
longitudinal population-based studies, suggested convincing links between peripheral ARHL
and incident cognitive decline and dementia. Moreover, a few longitudinal case-control and
population-based studies also suggested that age-related CAPD in ARHL, may be central
in determining an increased risk of incident cognitive decline, dementia, and Alzheimer’s
disease (AD). Cumulative meta-analytic evidence confirmed cross-sectional and longitudinal
association of both peripheral ARHL and age-related CAPD with different domains of cognitive
functions, mild cognitive impairment, and dementia, while the association with dementia
subtypes such as AD and vascular dementia remained unclear. However, ARHL may represent
a modifiable condition and a possible target for secondary prevention of cognitive impairment
in older age, social isolation, late-life depression, and frailty. Further research is required
to determine whether broader hearing rehabilitative interventions including coordinated
counseling and environmental accommodations could delay or halt cognitive and global
decline in the oldest old with both ARHL and dementia.
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Introduction
Age-related hearing loss (ARHL), also known as
presbycusis, is a progressive, bilateral, and symmetrical multifactorial disorder of hearing sensitivity primarily observed in the high-frequency
region, occurring as the consequence of lifetime
insults to the auditory system.1 ARHL is common
among older individuals and its prevalence
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is estimated to be 25–30% in individuals aged
65–74 years,2 affecting 63.1% of people over
70 years,3 and 80.6% of people over 85 years,3,4
and is the third most common chronic health
condition in older age.5 Sensory changes, particularly hearing and vision impairments, are dementia-modifiable risk factors as suggested by an
exploratory workshop of the National Institute on
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Aging, concluding that sensory and motor
changes may anticipate the cognitive symptoms
of Alzheimer’s disease (AD) by several years, significantly increasing AD risk.6 In particular,
among sensory changes, the United States (US)
National Institutes of Health and the United
Kingdom (UK) National Institute of Health and
Care Excellence identified peripheral ARHL and
social isolation as potentially modifiable dementia
risk factors.7 In fact, increasing epidemiological
evidence suggested a strong link between ARHL
and late-life cognition and that midlife ARHL
was a risk factor for the development of AD and
dementia in older age.7,8
At the early stages of ARHL, hearing difficulties
may be not related only to the peripheral auditory
system impairment but also to the central auditory processing disorder (CAPD), with problems
in understanding speech in a background noise.8
In fact, physiological alterations of both central
and peripheral auditory systems may contribute
to ARHL, that is characterized by high-frequency
impairment (6000 and 8000 Hz), compromised
localization of sound sources, and slowed central
processing of acoustic information.1 ARHL can
be caused by several mechanisms involving not
only the inner ear leading to a decreased hearing
threshold, but also the central neural auditory
pathways, with impaired discrimination, especially in noisy environments.9 In particular,
CAPD is defined as a specific deficit in the processing of auditory information along the central
auditory nervous system, including bottom-up
and top-down neural connectivity and one or
more areas of auditory discrimination, temporal
processing, and binaural processing, clinically
characterized in older age by the difficulty of
understanding words in background noise.10–12
Moreover, CAPD has a heterogeneous clinical
presentation and it is very hard to distinguish
from a peripheral auditory deficit. Therefore, to
better understand the impact of ARHL on latelife cognitive disorders, the assessment of both
peripheral and central auditory dysfunctions may
be useful.
ARHL is also a significant marker for frailty in
older age,13 another age-related multidimensional
clinical condition characterized by a nonspecific
state of vulnerability, reduced multisystem physiological reserve, and decreased resistance to
stressors that identified older persons with an
increased risk of falls, institutionalization, hospitalization, disability, and death.14 In fact, multiple
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subclinical and age-related comorbidities and different stressors (i.e. sensorial impairments, psychosocial stress, diseases, injuries) may exacerbate
the functional physiological decline of several systems in older age, resulting in a homeostatic
imbalance or frailty.14 However, the multidimensional nature of frailty requires an approach based
on different pathogeneses because this heterogeneous clinical condition may include physical,
social, nutritional, cognitive, and psychological
components,15 greatly influencing its definition
and treatment. Of these domains, cognition
appears to be strictly linked to frailty and an
increased risk of adverse outcomes.15 In fact, in
cognitively impaired older patients, there is often
a rapid cognitive decline when they have reduced
everyday activities due to physical limitations,
suggesting a strong connection of cognitive function with physical fitness or physical activities,
and therefore with the concept of a physical frailty
phenotype, which is probably the most popular
model of this condition.14 This phenotype or biological model offers an operational definition
based on an assumed state of negative energy balance, sarcopenia, diminished strength, and low
tolerance for exertion.14 However, other different
frailty models, including the deficit accumulation
model16 and the biopsychosocial/multidimensional model,17 incorporating a large number of
candidate factors ranging from disease states,
symptoms, signs, to abnormal laboratory values,
have been associated with cognition in older
age.18 A recent and growing body of epidemiological evidence suggested that frailty may
increase the risk of future cognitive decline and
dementia and that cognitive impairment may
increase the risk of frailty, suggesting that cognition and frailty may interact in advancing aging.19
Therefore, through frailty prevention, it may be
also possible to prevent cognitive-related adverse
outcomes.12 The present narrative review investigates the epidemiological evidence of age-related
changes in peripheral ARHL and CAPD in modulating the risk of dementia, AD, mild cognitive
impairment (MCI), and other late-life cognitive
disorders, discussing also the possible underlying
mechanisms and factors mediating the proposed
associations between ARHL and cognition, particularly in different frailty models.
Peripheral ARHL and late-life cognitive
disorders
Although the first report of a possible association
between ARHL and cognitive dysfunction
journals.sagepub.com/home/taj
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appeared over 50 years ago,20 it was almost three
decades ago that a review article including original findings summarized the first 25 years of
research on possible associations between ARHL
and cognitive disorders.21 This first series of studies suggested a strong association between peripheral ARHL and cognitive impairment or decline
in demented or institutionalized patients, while
there was no link in nondemented older adults.21

variability, with ceiling effects potentially leading
to an underestimation of the ARHL-cognition
link.38 Moreover, although the ARHL-cognition
link persisted also when auditory items were
removed from cognitive screening tests,8,39,40 and
when nonauditory cognitive tests were used,28,41
these confounders may overestimate the strength
of the association.

In the last 10 years, the cumulative evidence coming from several longitudinal population-based
studies suggested a robust link between peripheral ARHL and late-life cognitive disorders,22–33
except for the negative findings coming from a
2-year follow up of the Australian Longitudinal
Study of Ageing.34 However, in another report
from the same sample with a longer follow up of
8 years there was a weak association between
ARHL and memory decline.35 Recent findings
from the Australian cohort of the Blue Mountains
Eye Study suggested that higher proportions of
older participants with visual, hearing or dual
sensory impairment (hearing and vision) had
greater global cognitive decline after 5 and
10 years than participants without sensory impairment, after adjusting for age and sex and other
potential confounders.36 Furthermore, in a population-based study conducted in Taiwan of about
5000 adults aged over 50 years who were followed
up for 11 years, self-reported ARHL increased the
age-related differences in the intercept of the
memory function by over 25%, with the association significantly greater in older people than in
younger people, but without significant difference
in the slope of memory decline over time based
on hearing impairment status.37 The slightly discrepant findings among these studies may be
partly explained by different operational definitions of ARHL and late-life cognitive disorders
and the lack of adjustment for multiple potential
confounders.38 For example, among populationbased studies establishing a link between peripheral ARHL and cognition, only two reports used
a self-reported measure of hearing loss,24,37 while
pure tone audiometry (PTA) remains the gold
standard for clinical assessment of peripheral
auditory dysfunction.38 There was also a great
variability in cognitive measurement tools across
different studies, with a wide range of neuropsychological tests coming from global cognitive
screening tests to tools assessing different domains
such as memory, language or executive functioning. In cognitively healthy older adults, global
cognitive screening tools captured only limited

Age-related CAPD and late-life cognition
There are four possible interactions between the
peripheral and central auditory components that
could help us in the understanding of pathophysiology of ARHL. In fact, the central component of ARHL could be a consequence of
peripheral auditory deficit, otherwise central
changes may be independent of peripheral
ARHL a combination of both auditory components, or, finally, a result of cognitive dysfunction. There are two basic hypotheses that may
explain the concept of age-related CAPD, that
is, a direct and an indirect hypothesis or a combination of both.42 The direct hypothesis proposes that pure central changes occurr without
concomitant peripheral deficit, referred to as a
‘central effect of biological aging’.42,43 This
hypothesis was supported by animal studies with
evidence that some auditory structures in the
central nervous system, such as the inferior colliculus, demonstrated age-related anatomical or
physiological deficits without concomitant
peripheral deficits.44,45 The indirect hypothesis
proposes that a central effect of the peripheral
dysfunction is exhibited as an increase in the
auditory threshold, supposing that central auditory changes can be induced, from the cochlear
nucleus through the auditory portions of the cortex, by the presence of a peripheral hearing
loss.42 The indirect hypothesis proposes this as a
‘central effect of peripheral pathology’.43 In fact,
degraded peripheral stimulation46 or a long sensory deprivation42,47 may cause cognitive dysfunction. Therefore, age-related CAPD is not an
isolated entity, but a multifactorial condition
linked to age- or disease-related auditory and
brain changes.1 In fact, CAPD increases with
age,1 but the concomitant increased incidence of
both peripheral ARHL and cognitive impairment in older age made the interpretation of
central auditory tests difficult. In particular, at
an early stage of cognitive decline, the differential impact of the two types of auditory deficits
on late-life cognitive dysfunction may be not
easy to determine.13
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A few studies investigated the link between agerelated CAPD and MCI or AD.48–57 Several crosssectional case-control sudies48,51,54,57 and two
population-based studies52,56 suggested a convincing involvement of age-related CAPD in
MCI,54,56,57 dementia,52,56 and AD.48,51,54,56 In
particular, the Adult Changes in Thought (ACT)
study found that age-related CAPD was related to
executive dysfunction in older people with and
without memory impairment and dementia.52
Therefore, the executive control function appeared
to be a central factor in the speech-based behavioral tasks evaluating CAPD,48 given that central
auditory pathway lesions were infrequent in early
AD. In fact, a seminal neuropathological study
showed that brain β-amyloid deposition (senile
plaques), believed to be the initial event in AD,
were uncommon in central auditory pathways
early in the clinical course of the disease, while
there was early formation of neurofibrillary tangles, mainly constituted of hyperphosphorylated
tau protein, suggesting that neurodegeneration in
the auditory system may be an ongoing process
throughout the AD course.58
A few longitudinal case-control54 and populationbased studies49,50,53 suggested that age-related
CAPD in ARHL may increase the risk of cognitive
decline and incident dementia,49 and AD.50,53
Therefore, age-related CAPD could be a precocious marker of MCI or AD, with a ‘gradient’ existing in CAPD among patients with subjective
memory complaints, MCI, and early AD.55 These
population-based studies suggested that age-related
CAPD was associated with a significantly increased
risk for incident dementia with hazard ratios (HRs)
ranging from 9.9 [95% confidence interval (CI):
3.6–26.7] to 23.3 (95% CI: 6.6–82.7).49,50,59 In
particular, findings from the Framingham Heart
study showed that the relative risk (RR) of developing cognitive decline or dementia was twice as high
for older adults with bilateral CAPD assessed with
the Synthetic Identification-Ipsilateral Competing
Message (SSI-ICM) scores in comparison with
those with unilateral poor SSI-ICM scores.49
Furthermore, the cumulative evidence coming
from these population-based studies suggested that
impaired central auditory functions preceded AD
diagnoses by 5–10 years.60
Hearing loss-cognition link: recent metaanalyses
In the last 5 years, a series of systematic reviews
and meta-analyses investigated associations of
4

ARHL with late-life cognitive disorders (Table
1),7,33,61–66 with contrasting findings partly
explained the different operational definitions of
ARHL and late-life cognitive disorders and
adjustment for different potential confounders.67
The first of these systematic reviews and metaanalyses investigated 33 studies, suggesting that
peripheral ARHL impacted all cognitive domains
examined, including executive functioning,
semantic processing and word knowledge, attention and processing speed, short-term/working,
and long-term memory, although the effects
found were small.61 The degree of cognitive
impairment appeared to be associated with the
severity of both untreated and treated peripheral
ARHL. However, different designs and different
measures of ARHL of the included studies may
be a potential bias for the meta-analysis of
Taljaard and colleagues.61
A systematic review summarized 17 studies on
ARHL and dementia or cognitive decline, including studies investigating both peripheral ARHL
and age-related CAPD, showing that ARHL was
linked with a higher incidence of dementia or
cognitive decline in older adults; however there
was great variability in the assessment of ARHL
and cognition among the different studies.62
Moreover, Zheng and colleagues’ pooling of data
of four prospective population-based studies
found that the overall combined RR of patients
with both peripheral ARHL and age-related
CAPD to develop AD was 4.87 (95% CI: 0.90–
26.35), compared with the control group, while
the overall combined RR of AD and incident cognitive decline was 2.82 (95% CI: 1.47–5.42).63 In
another meta-analysis on only three populationbased studies with follow-up periods ranging
from 9 to 17 years, Livingstone and colleagues
found that peripheral ARHL was a significant risk
factor for incident dementia with a pooled risk
ratio of 1.94 (95% CI: 1.38–2.73).7 Moreover,
Wei and colleagues performed a meta-analysis
identifying 10 longitudinal population-based
studies that investigated ARHL as a predictor of
MCI and dementia in older age, including studies
investigating both peripheral ARHL and agerelated CAPD.64 In particular, all studies on
ARHL and dementia indicated positive associations despite variations in ARHL assessment tools
and outcome measures. The pooled analysis confirmed a convincing association between ARHL
and MCI (RR = 1.30; 95% CI: 1.12–1.51) and
ARHL and dementia (RR = 2.39; 95% CI: 1.58–
3.61) among older adults.64
journals.sagepub.com/home/taj
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33 studies 5735
participants. Mean age
57.7 years

17 studies (12
prospective studies).
Systematic review only

4 prospective studies
7461 participants. Mean
age 76.8 years

3 prospective studies
3585 participants. Mean
age 67.7 years

10 prospective studies
15,521 participants.
Mean age ranged from
56.1 to 77.4 years

36 studies 20,264
participants. Mean age
ranged from 51.4 to
85.0 years

11 prospective studies
176,893 participants.
Mean age ranged from
63.6 to 79.6 years

14 prospective studies
72,831 participants.
Mean age ranged from
56.1 to 79.6 years

Taljaard and
colleagues61

Thomson and
colleagues62

Zheng and
colleagues63

Livingston and
colleagues7

Wei and
colleagues64

Loughrey and
colleagues65

Yuan and
colleagues66

Ford and
colleagues33

Peripheral ARHL
and age-related
CAPD

Peripheral ARHL
and age-related
CAPD

Incident dementia

A pooled HR of 1.49 (95% CI: 1.30–1.67) was found for all-cause
dementia

Peripheral ARHL and age-related CAPD had a higher risk of cognitive
impairment (for moderate/severe peripheral ARHL: RR = 1.29;
95% CI: 1.04–1.59 during a follow up ⩽ 6 years. RR = 1.57; 95% CI:
1.13–2.20 during a follow up > 6 years; for severe age-related CAPD,
RR = 3.21; 95% CI: 1.19–8.69) compared with those with normal
hearing function

Among cross-sectional studies, a significant association was found
for cognitive impairment (OR = 2.00; 95% CI: 1.39–2.89) and dementia
(OR = 2.42; 95% CI: 1.24–4.72). Among prospective cohort studies, a
significant association was found for cognitive impairment (OR = 1.22;
95% CI: 1.09–1.36) and dementia (OR = 1.28; 95% CI: 1.02–1.59) but
not for AD (OR = 1.69; 95% CI: 0.72–4.00)

Cognitive impairment and
decline, dementia, AD, and
vascular dementia

Incident cognitive
impairment

ARHL was associated with a greater risk of MCI (RR = 1.30; 95% CI:
1.12–1.51) and dementia (RR = 2.39; 95% CI: 1.58–3.61)

Incident dementia and MCI

Peripheral ARHL
and age-related
CAPD
Peripheral
ARHL (pure tone
audiometry)

Peripheral ARHL was a significant risk factor for incident dementia,
calculating a pooled risk ratio of 1.94 (95% CI: 1.38–2.73)

The overall combined RR of people with hearing impairment to
develop AD was 4.87 (95% CI: 0.90–26.35), compared with the control
group, while the overall combined RR of AD and incident cognitive
decline was 2.82 (95% CI: 1.47–5.42)

Incident dementia

Incident AD and incident
cognitive decline

ARHL was associated with higher incidence of dementia or cognitive
decline

Peripheral ARHL

Peripheral ARHL
and age-related
CAPD

Dementia and cognitive
decline

Cognition was significantly poorer in individuals with untreated ARHL
and remains poorer in treated ARHL compared with normal hearers.
Hearing intervention significantly improves cognition. Better hearing
is associated with better performance across all cognitive domains
examined, including attention and processing speed, short-term/
working, and long-term memory, executive functioning, and semantic
processing and word knowledge, although the effects were all small

General cognitive function,
attention and processing
speed, semantic processing
and word knowledge, shortterm and working memory,
long-term memory, and
executive functioning

Treated or
untreated
peripheral ARHL

Peripheral ARHL
and age-related
CAPD

Principal findings

Cognitive-related outcomes

Type of auditory
function

AD, Alzheimer’s disease; ARHL, age-related hearing loss; CAPD, central auditory processing dysfunction; CI, confidence interval; HR, hazard ratio; MCI, mild cognitive impairment; OR, odds ratio; RR, relative risk.

Studies/patient age

Reference

Table 1. Principal systematic reviews and meta-analyses of peripheral ARHL and age-related CAPD in relation to late-life cognitive decline, MCI, dementia, and AD.
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On this basis, Loughrey and colleagues explored
the associations among ARHL and cognitive
function, cognitive impairment, and dementia,
using a series of 36 observational studies on
20,264 participants from 12 countries assessing
ARHL using PTA, and therefore investigating
peripheral ARHL.65 In this meta-analysis,
among cross-sectional studies, ARHL showed
significant associations with all of the 10 cognitive domains investigated, including global cognition, episodic memory, executive functions,
semantic memory, processing speed, and visuospatial ability, and with cognitive impairment,
and dementia, excluding AD.65 Among prospective cohort studies, there was a significant
association for cognitive function in seven of
eight domains, excluding fluency, and with cognitive impairment and dementia, but not for
AD, while the association for vascular dementia
(VaD) only approached significance.65 In this
meta-analysis, only studies using PTA to reduce
conceptual heterogeneity were included, and
while PTA remained the gold standard for clinical assessment of peripheral auditory dysfunction, CAPD was common in MCI and AD8 and
assessment of CAPD in people with ARHL
might be useful for identifying older patients at
increased risk of developing MCI and AD.67
Furthermore, the full inclusion of hearing loss
samples without a PTA cutoff may be the source
of some heterogeneity.
In fact, more recently, Yuan and colleagues perfumed a meta-analysis on 11 selected studies
including both peripheral ARHL and age-related
CAPD, showing that both hearing dysfunctions
appeared to contribute to the risk of cognitive
impairment in older age.66 The overall risk of cognitive impairment increased 29% (follow up ⩽
6 years, RR = 1.29, 95% CI: 1.04–1.59) or 57%
(follow up > 6 years, RR = 1.57, 95% CI: 1.13–
2.20) in older participants who had disabled
peripheral ARHL compared with people with normal hearing function.66 This meta-analysis showed
also that the association between age-related CAPD
and cognitive impairment was stronger (RR =
3.21; 95% CI: 1.19–8.69 for SSI-ICM < 50% correct; RR = 2.42; 95% CI: 1.14–5.11 for SSI-ICM
< 80% correct). A dose–response trend was found
between peripheral ARHL and cognition.66
Finally, Ford and colleagues explored the association of self-reported ARHL and dementia
through the Health in Men Study (HIMS), an
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Australian longitudinal population-based study
of 37,898 older men (mean follow up:
11.1 years), and through a systematic review
and meta-analysis of 14 longitudinal studies
examining both peripheral ARHL and agerelated CAPD and dementia risk.33 In the HIMS
cohort, the hazard of dementia increased by
69% (95% CI: 54–85%) in men with selfreported ARHL compared with those with normal hearing adjusting also for age and other
medical conditions common in older age. This
finding confirmed those from previous prospective studies with an HR of 1.49 (95% CI: 1.30–
1.67) in the pooled analysis of 14 studies. The
duration of ARHL and dementia subtype did
not have a significant impact on the findings.33
Cumulative meta-analytic evidence confirmed
the cross-sectional and longitudinal association
of both peripheral ARHL and age-related CAPD
with different domains of cognitive functions,
MCI, and dementia,7,33,61–66 while the association with dementia subtypes such as AD and
VaD was unclear.63,66 Different operational definitions of ARHL, cognitive impairment, dementia and its principal subtypes and adjustment for
different potential confounders could partly
explain these discrepant findings among these
recent systematic reviews and meta-analyses,67
although Loughrey and colleagues’ meta-analysis
also performed exploratory subgroup and metaregression analyses to investigate the possible
explanations for heterogeneity due to study and
patient characteristics, audiometric factors, and
cognitive tools.65
Neurobiological mechanisms underlying the
link between ARHL and late-life cognitive
disorders
Current epidemiological evidence did not confirm a causal relationship between ARHL and
cognition in older age. However, several factors
may be involved in causal mechanistic pathways
linking ARHL and cognition, with intermediate
steps known as mediators (Figure 1).8 On the
other hand, other factors could constitute common pathological processes or shared etiological
(not causal) pathways affecting both ARHL and
late-life cognitive disorders.8 Both peripheral and
central auditory dysfunction may be implicated in
the continuum of cognitive dysfunction from prodromal AD to the advanced stages of the disease
(Figure 1).

journals.sagepub.com/home/taj
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Figure 1. Overview of the principal causal mechanistic and shared pathways linking the different components
of ARHL, peripheral ARHL and CAPD, with frailty models, mild cognitive impairment, Alzheimer’s disease, and
late-life cognitive impairment or decline.
ARHL, age-related hearing loss; CAPD, central auditory processing disorder.

In the first set of pathways, peripheral ARHL may
cause or increase the risk of cognitive impairment.
For example, peripheral ARHL may result in a
change of brain structure which may, in turn,
increase the risk of cognitive impairment and
dementia.68,69 Furthermore, although AD-related
pathology was not found in the peripheral auditory
pathways,58,70 peripheral ARHL was related to
reduced cortical volumes in the primary auditory
cortex,68 accelerated rates of decline in whole brain
volume, and regional brain volume in the right
temporal lobe,71 in the secondary association cortices, and the auditory thalamus, which is visualized
in functional neuroimaging tasks as decreased neural activations to auditory stimuli.68
Although there is plenty of evidence that peripheral ARHL may lead to changes in the central
auditory system,72–74 the audiological deficits
observed in AD patients were not directly associated with maladaptive plastic changes driven by
peripheral ARHL. This finding would be consistent with the anatomical data showing a greater
journals.sagepub.com/home/taj

presence of AD-related pathology in higher central auditory structures.58,75 Other interesting and
emerging hallmarks of AD-related pathology were
loss of top-down modulation of incoming auditory stimuli and loss of sensory gating ability.58,75
Another interpretation of the audiological data
involved cochlear synaptopathy, manifesting in
AD patients with ‘hidden hearing loss’, preserving PTA values, but with an impact on speech-innoise performance.76
ARHL may also unmask or hasten cognitive
decline by depleting cognitive reserve, which represents the adaptability of cognitive processes that
helps to explain differential susceptibility of cognitive abilities or day-to-day function to brain
aging, pathology or insult.77 Cognitive reserve
may act as a modulator of the interplay between
neuropathology and cognitive-related outcomes.78 In older patients with peripheral ARHL,
the amount of cognitive resources dedicated to
auditory perceptual processing are increased.
This reallocation may be detrimental for other
7
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cognitive functions, such as working memory,
one of the first domains to be affected in individuals with ARHL. The ‘information-degradation
hypothesis’79–82 proposes that age-related cognitive decline manifested as a consequence of compensating for impaired auditory input,81,82 owing
either to pathological or normal aging. Higherlevel cognitive processing is impaired because
mental resources have been reallocated to perception.81 Significant evidence supported the hypothesis that the compensation for degraded speech
may reduce resources for other downstream cognitive processes crucial for ongoing speech communication. Verbal long-term memory perceived
in degraded form tended to be poorer than memory for clear ones.83–90
A third theoretical causal mechanism hypothesized that ARHL may reduce cognitively stimulating input to the brain. The ‘sensory deprivation’
hypothesis proposes that perceptual decline may
cause more permanent cognitive decline,79–82,91,92
probably through neuroplastic changes disadvantaging global cognition for processes increasing
speech perception. The sensory deprivation
hypothesis emphasizes that this chronic reallocation of cognitive resources may cause permanent
age-related cognitive changes. The sensory deprivation hypothesis may cause de-afferentation and
atrophy in the auditory system as well as subsequent reorganization, owing to long-term sensory
deprivation. ARHL or noise-induced hearing loss
may also result in cortical changes,93–98 which
could also affect cognitive functions localized in
the affected brain regions. These included
changes in excitatory, inhibitory and neuromodulatory networks, consistent with theories of homeostatic plasticity,93–97 functional alterations in
gene expression and in protein levels,93,98 and
broader network processing effects with cognitive
and behavioral implications.93 Sensory loss may
be compensated also triggering neurovascular
and neurophysiological changes, including cerebral blood flow dysregulation and disruption of
the neurovascular unit and the blood–brain barrier, similar to those of dementia and leading to
cognitive decline. Moreover, a compelling negative relationship also exists between gray matter
density in primary auditory areas and peripheral
hearing ability, probably reflecting cortical reorganization following reduced sensory input.58,68,99
Recently, in a 6-month follow up, moderate hearing loss caused decreases in cognition in young
mice associated with spatial working and recognition memories, suggesting that hearing loss can
8

be an independent causal factor for developing
cognitive impairment, irrespective of age,100 providing further evidence for a causal relationship
between ARHL and cognitive impairment, and
supporting the sensory deprivation hypothesis.
Alternatively, social isolation, loneliness and
depression may result from the communication
impairments caused by ARHL. Communication
difficulties can severely limit the social integration
of patients with ARHL or cognitive impairment.
Reduced social interaction may be linked with
depression and withdrawal,101,102 and indeed
ARHL and cognitive impairment were associated
with late-life depression.103–108 ARHL might add
to the cognitive load of a vulnerable brain leading
to cognitive changes, or it may cause social disengagement or depression all of which contributing
to accelerated cognitive decline.7 Meta-analytic
findings suggested that ARHL was among the
most common chronic conditions associated with
late-life depression, and self-reported and PTAbased ARHL were significantly associated with
depression, particularly in women.109 However,
there was no direct demonstration that depression
may mediate or moderate the ARHL-cognition
link.105,110 Very recent findings from a cross-sectional analysis of the English Longitudinal Study
of Ageing showed that social isolation appeared to
be a mediating factor in the link between ARHL
and cognition for those who have untreated hearing loss,111 with social dysfunction also associated
with cognition in older age.112 Finally, another
possibility may be that sensory decline may cause
cognitive decline. ARHL may increase cognitive
load, meaning that so much attentional effort is
expended decoding sounds into words that little
brain capacity remains to process the actual meaning of the message.79,80
In the second set of mechanistic pathways, ARHL
did not cause cognitive impairment. Age-related
cognitive decline tended to affect multiple cognitive domains of cognitive supporting the ‘common-cause’ hypothesis.79,80,113 Cognitive aging,
given the widespread age-related neural degeneration characterized by reductions in volume and
length of dendritic spine densities in multiple cortical regions, particularly pre-frontal regions,
implied compromising ability to ignore irrelevant
information during cognitive processing.114 A
general slowing of motor task processing and performance may be the central deficit associated
with aging,79,115 affecting performance across
multiple cognitive and sensory domains. The
journals.sagepub.com/home/taj
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Figure 2. Different models of frailty (physical/
biological model, deficit accumulation model, and
biopsychosocial/multidimensional model), acting as
possible modulators of the link sensorial changes
cognition in older age.

AD, Alzheimer’s disease; ARHL, age-related hearing loss;
CAPD, central auditory processing disorder; DSL, dual
sensory loss; MCI, mild cognitive impairment; VaD, vascular
dementia.

extent to which processing speed may explain the
ARHL-cognition link remained unclear.
Different frailty models and phenotypes,
sensorial changes, and late-life cognitive
disorders
Among factors that could constitute common
pathological processes or shared etiological pathways affecting both ARHL and late-life cognitive
disorders, older adults with significant ARHL
reported lower physical activity levels and slowed
gait speeds.116 Physical frailty characteristics such
as slowed gait speed exhibited significant reciprocal relationships with cognition117 and thus may
represent an intermediate step in the progression
of some older adults from ARHL to cognitive
decline. The presence of frailty increased the risk
of adverse health-related outcomes such as falls,
disability, hospitalization, institutionalization,
and death, while ARHL may be a strong marker
for the most widely diffused models of frailty.8,118
In fact, not only may the physical/biological
model14 act as a possible modulator of the link
between sensorial changes and cognition in older
age, but also the deficit accumulation model16
and biopsychosocial/multidimensional model
(Figure 2).17 In fact, the multidimensional nature
of these two models prompted an approach to
frailty based on different pathogeneses, and this
heterogeneous clinical syndrome may include
journals.sagepub.com/home/taj

physical, cognitive, social, and psychological
domains. Therefore, the principal phenotypes are
physical frailty,14 cognitive frailty,119,120 social
frailty,121 and psychological frailty,122 this last
encompassing motivational and mood components, that is, the recently proposed depressive
frail phenotype.123 Given that hearing and visual
loss in older age are frequent conditions included
in many models of frailty and related diagnostic
tools,8 a novel phenotype called ‘sensorial frailty’
may be proposed. In fact, among the nontraditional risk factors for dementia and AD there was
hearing and vision impairment.124 In particular,
for age-related vision loss, changes in visual acuity
in older adults predicted a change in cognitive
functioning in longitudinal population-based
studies.34,125,126 Furthermore, visual disturbance
is often an early complaint of AD patients, with
studies reporting reduced visual performance on
tests of visual field, color vision, pupil reaction,
and contrast sensitivity.127 Finally, also dual sensory loss (DSL; combined vision and hearing
loss) is a condition highly prevalent in the older
adult population, occurring in up to 69% of adults
aged over 65 years.128 DSL has been correlated
with decreased levels of wellbeing and late-life
depression, with a significant relationship between
DSL and decreased mental health with those with
DSL either displaying depressive symptoms or
being at risk for developing depression.129 A
recent epidemiological study indicated that higher
levels of depressive symptoms were associated
with ARHL and DSL but not with vision loss.107
Although this growing body of evidence suggested
the possible introduction of a sensorial frailty
phenotype associated to cognition and depression
in older age, further studies are needed to define
and operationalize this novel construct in clinical
ad epidemiological settings.
Inflammatory markers, hormones, nutritional
factors, metabolic disturbances, and especially
diabetes mellitus, congestive heart failure and
stroke are all factors and diseases linked to
frailty,18,118 and also associated with cognitive
impairment, suggesting that these two age-related
conditions may share an underlying pathogenesis,
probably linked to vascular determinants (Figure
2). Moreover, some recent population-based
studies showed that ARHL was associated with
an increased risk of falling over time and developing frailty130 and poorer objective physical functioning and incident disability in older adults.131
Therefore, ARHL may be an important frailty
indicator and frailty itself can be a determinant of
9
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cognitive decline directly or indirectly through
concomitant factors such as limited communication, consequent social isolation and loneliness,
and late-life depression (Figure 2).8,13
Among different frailty phenotypes, the term
‘cognitive frailty’ was proposed to indicate a particular state of cognitive vulnerability to MCI and
other similar predementia syndromes, as well as
an increased risk of progression to overt dementia
in individuals exposed to vascular risk.119 Physical
frailty was proposed by prospective populationbased studies as a prodromal stage of VaD.15
Vascular disease can cause both ARHL and
dementia, and therefore VaD could be a common
pathway resulting in both clinical conditions.
Moreover, at a molecular level, the SIRT1PGC1α and LKB1 (or CaMKKβ)-AMPK pathways may play a role in the preservation of brain
function regulating mitochondrial function.132
Then, the vascular endothelial growth factor signal pathway may be activated to promote vascular
angiogenesis and maintenance of the blood–brain
barrier integrity. Moreover, studies on ARHL
and AD mouse models suggested that these
enzymes and protein expression levels may be
altered in both age-related clinical conditions.132
Discussion
Over the last half-century, the cumulative epidemiological evidence coming from a large number
of longitudinal population-based studies suggested convincing links between peripheral
ARHL and late-life cognitive disorders, including
incident cognitive decline and dementia. Many
cross-sectional case-control and populationbased studies suggested also a strong involvement
of age-related CAPD in MCI, dementia, and AD.
Moreover, sparse longitudinal case-control and
population-based studies suggested that agerelated CAPD in ARHL may be central in determining an increased risk of incident cognitive
decline, dementia, and AD. In the same direction, in the last 5 years, cumulative meta-analytic
evidence confirmed the cross-sectional and longitudinal association of both peripheral ARHL and
age-related CAPD with different domains of cognitive functions, MCI, and dementia, while the
association with dementia subtypes such as AD
and VaD remained unclear.
Nonetheless, with this increasing body of epidemiological evidence, ARHL appeared to be
influenced by different determinants including
10

genetic, lifestyle, and environmental factors.59,133
Therefore, the pathophysiological consequences
of ARHL should not be studied as isolated factors, and many of the existing epidemiological
studies did not take in account different determinants linked to both ARHL and cognition.
Furthermore, we do not know whether ARHL
and AD-related biomarkers may be associated
prior to the clinical onset of dementia.59 Another
open issue is to determine whether the relationship of ARHL and late-life cognition is causal or
not. Therefore, it is mandatory to continue to
investigate plausible mechanistic links, including
more sophisticated brain imaging modalities.134
Given that ARHL represents a distinct condition
from earlier onset hearing loss and that the effect
of ARHL on cognition was greater among
patients older than 75 years,37 suggesting a
strong link with another age-related condition
such as frailty, future studies should focus specifically on the older age group.
Early intervention, lifestyle changes, and utilizing available public health strategies such as
hearing loss management and correction could
delay or prevent a third of AD diagnoses worldwide.7 The strong epidemiological evidence suggesting the ARHL-cognition link supported the
potential for correcting hearing loss with possible cognitive improvement in older patients with
subsequent improved social involvement and
quality of life. However, there were very few randomized controlled trials (RCTs) showing cognitive, social, or global functioning improvements
in hearing aid users not cognitively impaired135
or with dementia,136 and determining whether
treating ARHL could delay or halt cognitive
decline and dementia remained an unsolved
issue. Very recently, the Alzheimer Disease,
Presbycusis and Hearing Aids (ADPHA) study
group showed that two RCTs did not provide
evidence of a cognitive benefit137 or improvement in neuropsychiatric symptoms, global
functional measures, or quality of life of hearingimpaired AD patients and their caregivers after
6 months of hearing aid use.138 For observational
studies, a cross-sectional study on a large sample
of 164,770 UK adults, hearing aid use was correlated with better cognition.139 In two longitudinal population-based studies with a 6-year
follow-up period, there was no impact of sensory
intervention (cataract surgery or hearing aids)
on cognitive measures126 and cognitive decline
rates were not significantly attenuated in individuals using hearing aids than those without
journals.sagepub.com/home/taj
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hearing aids.28 However, a recent populationbased study with a 25-year follow up suggested
that the treatment of ARHL with hearing aids
may attenuate cognitive decline,140 suggesting
some long-term protective effects of hearing aids
against cognitive decline.
Further longitudinal studies with larger sample
sizes, clearly defined sensory impairment duration, and the use of appropriate testing tools to
disentangle cognitive impairment from sensory
impairments are needed to confirm or refute the
hypothesis that sensory impairment, particularly
ARHL, may lead to an increased risk of cognitive
decline in older age. In the future, inter-professional teamwork should be organized so that
hearing information can guide cognitive healthcare and information about cognitive status could
guide hearing healthcare. For intervention, further larger RCTs with longer follow ups, and
more representative technology are needed (i.e.
digital hearing aids or cochlear implants). In a
pilot study on 40 older patients randomized to a
best practice hearing or successful aging intervention, the Aging and Cognitive Health
Evaluation in Elders Pilot (ACHIEVE-P) study
showed efficacy signals of the hearing intervention in perceived hearing handicap and memory,141 setting the stage for the full-scale
ACHIEVE trial (N = 850, recruitment beginning November 2017, 3 years follow up). The
results of this ongoing large RCT will help to
determine the efficacy of best practice hearing
interventions on reducing cognitive decline in
older adults with ARHL. Preliminary findings on
small case-series or pilot studies demonstrated
some improvements in cognitive function and
auditory perception following cochlear implantation,142–144 although hearing aids alone were not
enough to manage ARHL and cognitive impairment. It is also mandatory to investigate also how
ARHL may influence the caregiver burden, with
the development of a related program to demonstrate the benefits of interventions in reducing
caregiver burden for family members of demented
patients with ARHL.
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