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in a Cohort From Southern Italy
Luisa Lampignano1* , Nicola Quaranta2, Ilaria Bortone1, Sarah Tirelli1, Roberta Zupo1,
Fabio Castellana1, Rossella Donghia3, Vito Guerra3, Chiara Griseta1,
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of Gastroenterology “S. de Bellis” Research Hospital, Bari, Italy, 2 Otolaryngology Unit, Department of Basic Medical
Science, Neuroscience and Sense Organs, University of Bari Aldo Moro, Bari, Italy, 3 Data Analysis Unit, National Institute
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Objectives: Central auditory processing disorder (CAPD) commonly occurs in older
age. However, few studies of a possible link between age-related CAPD and diet
in an older population have been conducted. The objective of the present study
was to investigate the relationship between eating habits and age-related CAPD in
a population >65 years, using cross-sectional and retrospective data obtained in the
same population-based study about 12 years ago.

Methods: We selected 734 participants (403 men) from a large population-based study.
For age-related CAPD assessment, we used the Synthetic Sentence Identification with
Ipsilateral Competitive Message test. Dietary habits were assessed by a Food Frequency
Questionnaire. Associations between age-related CAPD and food groups/macro-and
micronutrients were explored using adjusted logistic regression models.

Results: Age-related CAPD subjects consumed more dairy (111 vs. 98 g/d), olives and
vegetable oil (63 vs. 52 g/d) and spirits (2 vs.1 g/d), and less fruits (536 vs. 651 g/d) in the
cross-sectional analysis. Age-related CAPD subjects had a lower intake of potassium,
vitamin C, and a higher fat intake. Further analyses identified dietary fiber as being
inversely related to age-related CAPD.

Discussion: The present study provided evidence that the dietary hypotheses
proposed for explaining the development of cognitive disorders in older age might
also hold for age-related CAPD. Further data from other large and prospective
population-based studies are needed for confirming these findings.

Keywords: central auditory processing disorder, ageing, cognition, hearing loss, diet
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INTRODUCTION

Central auditory processing disorder (CAPD/ICD-10 H93.25) is
a particular diagnostic entity that reflects impaired processing
of auditory signals by the central auditory nervous system.
The disorder is identifiable in subjects by their inability to
understand speech against a competitive message or background
noise. It is probably due to an impairment of specific cortical
and brain-stem stations deputed to carry out binaural and
temporal processing (American Academy of Audiology, 2010).
The disorder commonly occurs in older age and is called
central presbycusis or age-related CAPD (Sardone et al., 2019).
This disorder differs from peripheral presbycusis or peripheral
age-related hearing loss (ARHL) in two ways: firstly, because
it features a deficit of the nervous system rather than the
cochlea, and therefore of the peripheral organ of hearing, and
secondly because the diagnosis is based on subjective speech
comprehension tests requiring preserved peripheral hearing
functions, measured with tonal audiometry (Sardone et al., 2019).
Epidemiological studies have observed that age-related CAPD
is accompanied by cognitive decline and dementia such as
Alzheimer’s disease (AD) (Yuan et al., 2018; Sardone et al., 2019).
The cognitive decline associated with ARHL has recently been
defined by the provocative term “the cognitive ear” (Sardone
et al., 2019), which highlights that hearing signals are not only
processed by the ear but also by the auditory cortex and other
associative cortical areas (Yuan et al., 2018). The relationship
between age-related CAPD and neurodegenerative phenomena
may be due to a common underlying microvascular etiology
(Sardone et al., 2019), such as a degenerative pathway involving
the early formation of neurofibrillary tangles (NFTs) (Sinha
et al., 1993). Disorders related to cognitive impairment, and
thus age-related CAPD, could be linked to lifestyle, particularly
diet (Solfrizzi et al., 2018). Although this critical link has
been suggested from different studies (Sardone et al., 2020a;
Rodrigo et al., 2021), particularly on peripheral type of age-
related hearing loss, there is no evidence of the direction of
the association due to the lack of longitudinal or intervention
studies on diet and development of CAPD. There are several
possible ways in which diet could be connected to late-life
cognitive disorders such as age-related CAPD (Beilharz et al.,
2015). Two of them are inflammation (Hornedo-Ortega et al.,
2018) and a reduction of brain neurotrophism (Ramalho et al.,
2018). As regards the first hypothesis, the primary foods to
be considered would be fruit and vegetables and associated
phytochemicals (McGrattan et al., 2019), while to address the
second hypothesis, the primary foods to be considered would be
foods containing fats and sugars (Beilharz et al., 2015). Dietary
patterns known for their anti-inflammatory effects, such as the
Mediterranean diet (MD) (Solfrizzi et al., 2018) and dietary
approaches to stop hypertension (DASH), have been found to
be neuroprotective. Several nutritional components present in
the MD and DASH diets (omega-3 fatty acids, antioxidants, and
polyphenols) have been shown to alleviate cognitive impairment-
related neuroinflammation (McGrattan et al., 2019). Recently, in
the same cohort of this study, we found that plant-based foods,
particularly coffee and vegetables, as well as vitamin A sources,

were inversely associated to age-related cognitive impairment
(Zupo et al., 2021). However, there is a lack of evidence from
human trials, and the precise pathways connecting diet to
cognitive ability are unknown. More dietary intervention trials
are needed to look at diet-related neurological changes from the
early stages of cognitive impairment to the end stages (McGrattan
et al., 2019). It is also important to note that individuals with
late-life cognitive disorders frequently develop changes in eating
and dietary habits (Cipriani et al., 2016). The changes may be
secondary to cognitive impairment or the result of metabolic or
neurochemical abnormalities occurring as part of the dementing
process (Cipriani et al., 2016). Studies of a link between age-
related CAPD and diet in an older population lack, to the best
of our knowledge. In the present study, we investigated how diet
may be associated to age-related CAPD, using cross-sectional and
retrospective data from a population-based study of community-
dwelling older people >65 years in Southern Italy.

MATERIALS AND METHODS

Participants
Participants of the present study were recruited from the electoral
rolls of Castellana Grotte, Bari, Southern Italy, within the
MICOL studies (n = 2472) and the GreatAGE Study (n = 2526)
(Misciagna et al., 1996; Lozupone et al., 2018b). The prospective
Multicenter Italian study on Cholelithiasis from 1985 (MICOL)
focused on nutrition and cholelithiasis and colon cancer risk.
In 1985, a random sample of 3,500 subjects (2,000 men and
1,500 women) aged ≥30 years was drawn from the electoral
roll of Castellana Grotte (17,334 residents at the 1981 Census);
30% of them worked in the agricultural sector and were
invited to take part in the study; 2,472 (1,429 men and 1,043
women) of them agreed (70.6% response rate). The cohort was
examined several times over the last 35 years. After the initial
examination, the study participants were re-invited in 1992–
1993 for MICOL2 (M2; 2,159 participants) and in 2005/2006
for MICOL3 (M3; 1,708 participants). M3 included a complete
dietary assessment. In 2012, M3-study participants aged 65 years
and older were entered into a more extensive population-based
study conducted in the same community, the GreatAGE Study,
which applied the same dietary assessment as in M3. The
GreatAGE study is a population-based study focusing, among
other aspects, on the impact of nutrition and age-related sensory
impairments as predictors of frailty, neurodegenerative and
psychiatric diseases in the elderly (Lozupone et al., 2018a). In
2015, the GreatAGE study was started with an invitation to the
previously representative M3 participants. In 2016, it was finally
possible to extend the invitation to the whole 65+ population
drawn from the administrative national health system data of
2015 (updated to December 31, 2015). The number of residents
was 19,675, on December 31, 2015, including 4,537 people aged
65 years or older, including the surviving M3 population.

In the present study, data from the MICOL3 (M3)
examination and the GreatAGE Study were used. Recently, the
MICOL studies and the GreatAGE Study have been linked to
the “Salus in Apulia Study,” a public health initiative funded by
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the Italian Ministry of Health and Apulia Regional Government
and conducted at the IRCCS “S. De Bellis” Research Hospital. In
the GreatAGE Study, a hearing assessment was also performed
in addition to assessing clinical and lifestyle aspects. We used
two different data sets for this study, considering the same
subjects (no. 734). The participants underwent only dietary
assessment at M3 baseline examination while age-related CAPD
was assessed during the GreatAGE Study. The GreatAGE Study
participants were assessed cross-sectionally for dietary habits
and audiological examination to define age-related CAPD. Data
from those participants of the GreatAGE Study who had already
participated in the M3 examination (n = 734) in order to utilize
past data for our investigation. All participants signed informed
consent before the examination, and general approval of the
studies was obtained from the IRB of the head institution, the
National Institute of Gastroenterology and Research Hospital
“S. de Bellis” in Castellana Grotte, Italy. The studies were
conducted following the 1975 Helsinki Declaration. The present
investigation was conducted following the “Standards for
Reporting Diagnostic Accuracy Studies” (STARD) guidelines1,
and the manuscript was organized following the “Strengthening
the Reporting of Observational Studies in Epidemiology -
Nutritional Epidemiology” (STROBE-nut) guidelines2.

Hearing Assessment
All participants underwent an audiological assessment
performed by a qualified audiologist. We collected participants’
tympanometry and stapedial reflexes (Clarinet Plus, Middle Ear
Analyzer, Inventis, Italy) to exclude middle and external ear
disorders that could induce conductive hearing loss. Lastly, 62
of the 734 eligible subjects were excluded due to the presence
of dementia, diseases of the middle ear, or inability to attend
the required tests. Following the ICD-10 H93.25 and central
presbycusis definition criteria (Jerger et al., 1990; Sardone et al.,
2019), age-related CAPD was assessed only in subjects without
disabling peripheral ARHL. Disabling peripheral ARHL was
evaluated, by pure tone audiometry, as a pure tone average
(PTA) threshold greater than 40 dB hearing level (HL) in the
better ear according to WHO criteria (Duthey, 2013). Pure tone
audiometry was conducted following the Hughson-Westlake
method in a soundproof booth with HDR 39 headphones
(Sennheiser electronic GmbH & Co. KG, Wedemark, Germany)
and a PIANO Audiometer (Inventis SRL, Padova, Italy), The
audiometer was calibrated and the examination carried out
according to international standards for audiometric testing. To
identify age-related CAPD, we used the Italian version of the
Synthetic Sentence Identification with Ipsilateral Competitive
Message (SSI-ICM) test (Antonelli, 1970), a sensitive, specific
measure to define speech intelligibility central patterns. The
test consists of administering, for each ear, a primary signal of
ten brief sentences against a contextual competition signal (a
male talker reading a passage). The test must be administered
at a comfortable hearing level for the normal hearing listener
(+50 dB sound pressure level over the PTA). The test scoring

1http://www.stard-statement.org/
2http://www.strobe-nut.org/

was expressed as a percentage (0–100%), where 100% is the best
performance (Antonelli, 1970). In accordance with Gates et al.
(2002, 2011) and Sardone et al. (2019), age-related CAPD was
considered present when the patient scored <50% in at least one
ear. Normal hearing subjects and peripheral ARHL (PTA lower
than 40 dB HL) were labeled non-age-related CAPD subjects in
the comparison and association analyses.

Dietary and Clinical Assessment
Diet was assessed with the same food frequency method
applied in the previous examinations. The self-administered food
frequency questionnaire (FFQ) was structured in eleven sections,
including foods of similar characteristics: grains, meat, fish, milk
and dairy products, vegetables, legumes, fruits, miscellaneous
foods, water and alcoholic beverages, olive oil and other edible
fats, coffee/sugar and salt. In a further step, the FFQ was validated
against dietary records, and the results were reviewed to adapt
the questionnaire to our population (Leoci et al., 1993). In the
final questionnaire, 85 food items were considered to best reflect
the regional diet, together with some questions about the use
of edible fats. The 85 food items in the FFQ and the questions
about the use of fat were regrouped and further summarized
under 30 food groups. One food group (edible cooking fats) could
not be quantified and was not used in the present study because
on this food group, the FFQ refers only to the frequency and
not the quantity of intakes. Total energy and intake of water,
protein, fats (also divided into saturated fat, monounsaturated
fat, polyunsaturated fat and cholesterol), carbohydrates, fibers,
alcohol, sodium, potassium, iron, calcium, phosphorus, thiamine,
riboflavin, niacin, and vitamin A and vitamin C were calculated
from food intake data using the Italian food composition table
(Carnovale and Miuccio, 1987).

The clinical examination included an interview and a
questionnaire which also covered socioeconomic and lifestyle
variables such as years of education and smoking habit. The
education variable was classified based on the Italian national
education system. The lowest level, <6 years, reflected primary
school education, the middle level, 6–8 years, reflected lower
secondary school education, and the highest level, >8 years,
reflected upper secondary school/high school education and
university education. Smoking habit was assessed with the single
question “Are you a current smoker?”, scored yes or no.

Height and weight measurements were performed using a
Seca 220 altimeter and a Seca 711 scale. Body mass index
(BMI) was calculated as kg/m2. Multimorbidity status was
defined as the presence of two or more chronic diseases,
among the following conditions: diabetes, hypertension, peptic
ulcer, cholangiolithiasis, myocardial infarction, hepatic cirrhosis
or other liver diseases, inflammatory bowel diseases, major
infectious diseases, leukemia or other blood chronic diseases,
viral hepatitis, and AIDS (World Health Organization (WHO),
2016).

Statistical Analysis
Participants characteristics are reported as mean and standard
deviation (M ± SD) for continuous variables and as frequencies
and percentages (%) for categorical variables. The study
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population was examined regarding lifestyle, clinical parameters,
and diet in two different periods, retrospectively at the
M3 examination about 12 years ago and cross-sectionally
together with the hearing assessment (GreatAGE Study).
For each examination period, the subjects were subdivided
into two categories: age-related CAPD (Yes/No). The means
for sociodemographic, anthropometric, clinical, and clinical-
chemical characteristics, as well as the intake of foods, food
groups and nutrients, were adjusted for age, sex, smoking habit,
education, BMI, diabetes mellitus, and anti-hypertensive and
statins drug use. The respective adjustments for each variable
are reported in the notes under the tables. The p-values for
the association between age-related CAPD and single factors
were derived from adjusted logistic regression models using the
same covariates set for the adjusted means. The intake of foods,
food groups and nutrients, was calculated as daily consumption
in g/d. Nutrient intakes were energy-adjusted with the residual
method applying regression models, using total energy intake as
the independent variable and nutrient intake as the dependent
variable (Willett and Stampfer, 1986). A p-value of <0.05
was considered significant. For formal analyses, STATA 16.0,
StataCorp. 2019 software was used (Stata Statistical Software:
Release 16. College Station, TX, United States: StataCorp LLC).

RESULTS

In the participants examined at M3 and GreatAGE Study,
the male sex was slightly predominant, accounting for 55%
(Table 1). Among the 672 participants with audiological
assessment, age-related CAPD was diagnosed in 199 subjects
at GreatAGE Study. Age-related CAPD participants were
older and had lower education levels than non-age-related
CAPD participants. Participants with and without age-
related CAPD did not differ as regards the other variables.
Moreover, there were no significant differences in the
clinical and lifestyle variables nor the metabolic profile
between groups at the examinations over time (M3 to
GreatAGE) (Table 1).

Table 2 shows the food intakes of subjects with and without
age-related CAPD, with the multivariate adjusted odds-ratio of
difference for the cross-sectional analysis and the period of
about 12 years before the audiological assessment. Differences
between subjects with and without age-related CAPD appeared
to dominate the results of the cross-sectional analysis. Twelve
years before the audiological evaluation, we observed a difference
only for grains, for which a higher intake by about 20 g/d had
been recorded in subjects with age-related CAPD. In the cross-
sectional analyses, subjects with age-related CAPD ate more dairy
foods (110 g/d in the age-related CAPD group vs. 98 g/d in the
non-age-related CAPD group), olives and vegetable oil (63 g/d
in the age-related CAPD group vs. 52 g/d in the non-age-related
CAPD group), and fewer fruits (536 g/d in the age-related CAPD
group vs. 651 g/d in the non-age-related CAPD group). Also,
age-related CAPD subjects drank more spirits (2 g/d in the age-
related CAPD group vs. 1 g/d in the non-age-related CAPD
group). There were no other significant differences in food intake

between these groups, not even for those mainly considered
to have anti-inflammatory properties (vegetable foods, nuts, or
legumes), apart from fruits.

The differences in food intake could result in further
differences in nutrient intake, calculated from the food intake.
Thus, we also explored differences in the consumption of
micro and macronutrients. Table 3 shows the consumption of
micronutrients in subjects with and without age-related CAPD,
primarily supporting the inflammatory hypothesis linked to diet.
We found less intake of vitamin C and potassium, both high
in fruit, in age-related CAPD subjects compared to non-age-
related CAPD subjects. However, the groups did not differ
regarding other micronutrients included in the inflammatory
hypothesis linked to diet. Energy intake was slightly different
between the groups, being slightly higher in the age-related
CAPD subjects, but this difference was not significant (Table 4).
Thus, both the macronutrient and micronutrients intakes were
adjusted for energy. The analyses regarding macronutrients show
a good fit with the neurotrophic hypothesis linked to diet.
The energy-adjusted intake of fats, particularly saturated and
monounsaturated fatty acids, was higher among the age-related
CAPD subjects compared to the non-age-related CAPD subjects,
accompanied by a lesser carbohydrate intake. The latter seems
logical when assuming energy equilibrium. An additional finding
regards fibers, showing a lesser consumption in age-related
CAPD subjects. No difference in macro and micronutrient intake
was found at the M3 examination, also relating to carbohydrates.,
as shown by the results for grains. A similar finding was observed
for alcohol intake, which was not different between the groups
despite the slightly higher consumption of spirits in the age-
related CAPD group.

DISCUSSION

Summary of Main Findings
In the present study on diet and age-related CAPD, dairy
foods, as sources of fat, and vegetable oils, including olives
and fats (particularly saturated and monounsaturated fatty
acids) as primary macronutrients, were positively linked to
age-related CAPD. On the other hand, fruits as well as
potassium and vitamin C, as micronutrients, were inversely
associated with age-related CAPD. Furthermore, we found a
positive association of age-related CAPD with the intake of
spirits, but not of alcohol in general. The findings regarding
carbohydrates as macronutrients could mirror the results relating
to fat consumption. The retrospective dietary analyses did not
reveal much support for dietary factors examined at baseline
that may contribute to the subsequent development of age-
related CAPD.

Comparison With Other Studies
In agreement with other similar findings, we could confirm
that CAPD is age-related and particularly affected subjects
with fewer years of education (Sardone et al., 2020a). The
result of the relation to age in this study population has
already been shown, suggesting that age-related CAPD was
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TABLE 1 | Sociodemographic and clinical characteristics of the population of the GreatAGE Study examination (M4) and about 12 years back in time of the MICOL3
examination (M3) (n = 734, non-age-related CAPD n = 473, age-related CAPD n = 199, missing n = 62).

Variables* GreatAGE Study (M4) (2012–2018) MICOL3 (M3) (2005–2006)

Age-related CAPD Age-related CAPD

No (≥50%) n = 473 Yes (<50%) n = 199 Effect Size9 (95% C.I.) No (≥50%) n = 473 Yes (<50%) n = 199 Effect Size9 (95% C.I.)

Sex, males (%) 283 (59.83) 119 (59.80) 0.96 (−0.08 to 0.08) 283 (59.83) 119 (59.80) 0.99 (−0.08 to 0.08)

Age (years) 71.29 ± 5.55 76.83 ± 5.74 −0.99 (−1.16 to −0.81) 63.77 ± 5.57 69.30 ± 5.93 −0.97 (−1.14 to −0.80)

Smoke (%)(a) 52 (11.08) 12 (6.12) 0.03 (−0.09 to −0.01) 65 (13.95) 19 (9.09) 0.10 (−0.09 to 0.01)

Education (%)(b)

Low 223 (47.52) 139 (70.14) −0.46 (−0.63 to −0.30) 272 (58.09) 171 (86.34) −0.62 (−0.79 to −0.45)

Medium 124 (26.35) 33 (16.68) 0.23 (0.06 to 0.40) 109 (23.31) 19 (9.61) 0.35 (0.18 to 0.52)

High 123 (26.13) 26 (13.17) 0.31 (0.15 to 0.48) 87 (18.60) 8 (4.05) 0.42 (0.25 to 0.59)

BMI (kg/m2) 28.99 ± 4.81 29.15 ± 5.54 −0.03 (−0.20 to 0.13) 29.60 ± 4.72 29.97 ± 5.23 −0.07 (−0.24 to 0.09)

CAPD, central auditory processing disorder; BMI, body mass index. 9Hedges’s Effect Size; (95% C.I.), Confidential Interval at 95%. ∗Reported as Mean and Standard
Deviation (M ± SD). Mean and logistic regression model adjusted for: (a) age, gender, and education; (b) age and gender. MICOL 3 and GreatAGE Study.

highly frequent in this population, accounting for 12%, and is
related to dementia and mild cognitive impairment (Sardone
et al., 2020a). Our finding regarding lower education in age-
related CAPD is consistent with other recent analyses (Sardone
et al., 2020a), and also in line with the concept of age-related
CAPD and cognitive impairment as two sides of the same
coin. Educational level has recently been linked with general
auditory processing skills (Sardone et al., 2020a). Probably, the
better performance of individuals with a higher educational
level may be due to environmental enrichment, which could
be linked to a greater number of synapses and vascularisation,
and, therefore, to changes in the brain structure occurring
early in life (Rogowsky et al., 2013). Moreover, the present
study could not relate age-related CAPD with clinical chemistry
and metabolic biomarkers. The prevalence of diabetes mellitus
was increased in age-related CAPD subjects, but not to a
significant extent.

Since this is one of the first studies to focus on diet and age-
related CAPD, we could only derive our hypotheses about how
foods could interact with age-related CAPD from findings on
the links among dietary factors and late-life cognitive disorders,
assuming that age-related CAPD and cognitive impairment may
be associated (Sardone et al., 2020a). One of our hypotheses,
which was confirmed by the present data, concerns the role
of dietary fat concerning reduced neurotrophism. Dietary fats
intake has been found to be related to impaired cognition in
several studies (Beilharz et al., 2015). In the Italian Longitudinal
Study on Aging, Solfrizzi et al. (2006) found a positive association
between the intake of monounsaturated and polyunsaturated
fatty acids and low scores on cognitive testing in non-demented
older subjects. In support of the present finding on dairy foods,
a cohort study found that the group consuming full-cream milk
regularly showed a significant decrease in successful mental
health aging compared to the group rarely consuming this food
(Almeida et al., 2006). Other recent experimental studies showed
microglial cell activation increases in response to a high-fat diet,
and this phenomenon was linked to impoverished cognitive

functions (Baufeld et al., 2016). A high-fat diet specifically
stimulates endogenous microglia in the hypothalamus, and that
the microglial response is not exclusively pro-inflammatory.
Long-term exposure to this particular kind of diet results in
an altered microglia profile represented by downregulation of
microglia-specific genes involved in sensing microenvironmental
alterations, supposedly serving to counterbalance earlier pro-
inflammatory changes. This type of response appears to be a
typical reaction of microglia to chronic diseases (Baufeld et al.,
2016). There is also the support of the concept that a high fats
consumption may alter negatively neurotrophism during aging
(Norden and Godbout, 2013; Smith, 2013). It is well known
that adipose tissue could be considered an endocrine organ,
producing multiple signaling proteins designated adipokines
(Trayhurn et al., 2008). Adipose tissue and fat in general
could modulate the production of two of the most important
neurotrophins active in the brain and involved in several
neurodegeneration processes. Those adipokines are the nerve
growth factor (NGF) and adipose tissue-derived brain-derived
neurotrophic factor (BDNF) (Sornelli et al., 2007). In addition
to their stimulatory action on neuronal growth and survival,
neurotrophins also act on several other cell types, including
immune cells (Aloe et al., 2001) and pancreatic β cells (Yamanaka
et al., 2006). Moreover, NGF and BDNF were also known as
metabokines (Sornelli et al., 2007) for the role in metabotrophic
effects on glucose, lipid and energy homeostasis (Tore et al.,
2007). Several recent studies found altered levels of fat-derived
neurotrophins in pathological conditions due to metabolic,
cognitive or behavioral disorders (Allen et al., 2011). Moreover,
high-fat consumption has been associated with reductions of
BDNF and impaired neurogenesis in murine models (Park
et al., 2010). According to Ramalho et al. (2018), the median
eminence/spinal fluid interface is affected at the functional
and structural levels after introducing a high-fat diet. BDNF
supplies early protection against damage, which is lost upon
a continued consumption of large amounts of dietary fats.
This is of particular interest because of the role of BDNF
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TABLE 2 | Dietary characteristics of the population of the GreatAGE Study examination and about 12 years back in time of the MICOL3 examination (M3) (n = 734,
non-age-related CAPD n = 473, age-related CAPD n = 199, missing n = 62).

GreatAGE study (2012–2018) MICOL 3 (2005–2006)

Age-related CAPD Age-related CAPD

Variables* No (≥50%)◦ n = 473 Yes (<50%)◦ n = 199 OR (95% C.I.)# No (≥50%)◦ n = 473 Yes (<50%)◦ n = 199 OR (95% C.I.)#

Food Groups(c)

Dairy 98.16 ± 9.98 110.64 ± 29.84 1.002 (1.001 to 1.004) ↑ 95.09 ± 11.63 96.92 ± 12.04 1.001 (0.999 to 1.003)

Low fat dairy 100.98 ± 14.49 94.34 ± 28.71 0.998 (0.996 to 1.000) 92.42 ± 14.35 95.49 ± 25.05 0.999 (0.998 to 1.002)

Eggs 7.30 ± 0.71 7.56 ± 1.67 1.005 (0.981 to 1.029) 7.51 ± 0.91 7.48 ± 0.84 1.010 (0.988 to 1.032)

White meat 25.38 ± 4.74 25.75 ± 3.84 1.001 (0.995 to 1.008) 23.50 ± 3.85 23.11 ± 3.69 0.998 (0.989 to 1.007)

Red meat 24.28 ± 5.07 25.67 ± 7.04 1.003 (0.994 to 1.012) 31.64 ± 6.55 28.33 ± 8.12 0.993 (0.984 to 1.002)

Processed meat 14.78 ± 2.62 15.33 ± 6.59 1.013 (0.999 to 1.026) 17.01 ± 5.57 15.17 ± 5.95 1.003 (0.991 to 1.015)

Fish 26.70 ± 3.43 24.34 ± 4.88 1.001 (0.993 to 1.010) 26.76 ± 6.08 24.87 ± 3.53 0.999 (0.991 to 1.008)

Seafood/shellfish 10.27 ± 1.33 9.70 ± 1.51 1.001 (0.987 to 1.015) 11.57 ± 1.92 11.32 ± 3.78 0.998 (0.982 to 1.014)

Leafy vegetables 57.81 ± 5.70 65.16 ± 13.16 1.001 (0.998 to 1.004) 62.81 ± 9.97 68.44 ± 14.36 1.000 (0.997 to 1.003)

Fruiting vegetables 96.64 ± 6.19 97.16 ± 8.03 0.999 (0.998 to 1.002) 97.98 ± 10.62 109.23 ± 18.13 1.001 (0.999 to 1.004)

Root vegetables 10.72 ± 4.19 13.78 ± 4.95 0.999 (0.993 to 1.006) 8.35 ± 2.46 7.58 ± 0.97 0.999 (0.999 to 1.009)

Other vegetables 84.60 ± 11.86 88.92 ± 16.90 1.001 (0.998 to 1.003) 77.16 ± 9.60 89.34 ± 18.91 1.001 (0.999 to 1.004)

Legumes 36.28 ± 2.75 40.35 ± 6.00 1.002 (0.995 to 1.010) 37.88 ± 4.30 41.93 ± 4.25 1.002 (0.995 to 1.008)

Potatoes 13.87 ± 2.68 16.32 ± 3.15 1.000 (0.992 to 1.008) 14.85 ± 1.61 16.18 ± 3.91 1.000 (0.990 to 1.011)

GreatAGE study (2012–2018) MICOL 3 (2005–2006)

Age-related CAPD Age-related CAPD

Variables* No (≥50%)◦ n = 473 Yes (<50%)◦ n = 199 OR (95% C.I.)# No (≥50%)◦ n = 473 Yes (<50%)◦ n = 199 OR (95% C.I.)#

Food groups

Fruits 651.39 ± 98.14 535.74 ± 80.33 0.999 (0.998 to 0.999) ↓ 671.56 ± 96.32 656.20 ± 68.87 1.000 (0.999 to 1.000)

Nuts 5.75 ± 1.66 4.98 ± 1.18 0.997 (0.982 to 1.012) 3.24 ± 0.68 4.34 ± 2.08 1.007 (0.988 to 1.025)

Grains 167.28 ± 25.07 170.22 ± 30.80 1.001 (0.999 to 1.002) 196.25 ± 37.48 215.22 ± 35.15 1.002 (1.000 to 1.003)

Olives and vegetable Oil 51.65 ± 2.85 63.40 ± 15.59 1.005 (1.001 to 1.009) ↑ 48.06 ± 5.16 50.94 ± 5.11 0.998 (0.991 to 1.005)

Sweets 23.13 ± 4.69 20.53 ± 5.23 0.998 (0.992 to 1.005) 19.58 ± 3.45 19.87 ± 4.34 1.003 (0.995 to 1.010)

Sugary 9.59 ± 1.23 12.00 ± 2.78 1.012 (0.996 to 1.029) 11.71 ± 1.93 15.06 ± 4.46 1.015 (0.999 to 1.032)

Juices 6.98 ± 1.62 6.29 ± 4.05 1.002 (0.991 to 1.011) 12.23 ± 8.60 14.03 ± 12.62 1.002 (0.999 to 1.005)

Caloric drinks 6.66 ± 6.70 6.58 ± 6.41 1.002 (0.996 to 1.007) 11.28 ± 6.50 10.70 ± 11.84 1.001 (0.997 to 1.005)

Ready to eat dish 30.82 ± 4.18 28.09 ± 4.77 1.000 (0.994 to 1.007) 36.29 ± 6.67 32.41 ± 8.11 1.001 (0.996 to 1.005)

Coffee 50.26 ± 8.94 40.78 ± 6.93 0.994 (0.986 to 1.001) 53.42 ± 10.74 44.91 ± 9.84 0.997 (0.999 to 1.004)

Wine 143.95 ± 78.23 141.35 ± 85.64 0.999 (0.999 to 1.001) 175.87 ± 105.35 188.12 ± 116.92 1.000 (0.999 to 1.001)

Beer 19.99 ± 15.46 20.46 ± 28.35 1.001 (0.998 to 1.003) 27.98 ± 24.09 36.73 ± 36.12 1.001 (0.999 to 1.003)

Spirits 1.06 ± 0.65 1.77 ± 2.32 1.051 (1.001 to 1.104) 1.53 ± 1.26 2.37 ± 3.43 1.024 (0.996 to 1.052)

Water 667.46 ± 23.87 658.68 ± 27.05 0.999 (0.999 to 1.001) 612.33 ± 51.45 625.43 ± 66.72 1.000 (0.999 to 1.001)

CAPD, central auditory processing disorder. ∗Reported as Mean and Standard Deviation (M ± SD). # OR, Odds Ratio at 95% Confidential Interval in the regression model
(≥50% vs. <50%) ◦50% of Synthetic Sentence Identification with Ipsilateral Competitive Message test in background noise. Mean and logistic regression model adjusted
for: (c) age, gender, smoking, education, and body mass index. MICOL 3 and GreatAGE Study: All Foods Index and Food Groups were calculated on quantity daily
consumption; ↑ increased risk, ↓decreased risk.

as an essential mediator of neurotrophism, both in the lower
parts of the auditory cortex, involved in age-related CAPD
neuropathology and in the hippocampus (the most crucial driver
of memory) (Chumak et al., 2016). Adult neurogenesis is located
in only two regions of the brain: the hippocampus and the
prefrontal cortex. Adult hippocampal neurogenesis has been
shown to be improved by exercise, enriched environments,
and caloric restriction (Das and Basu, 2008), while it has
been shown to be reduced by stress, low-grade inflammation,

oxidative stress, and aging (Dias et al., 2012). Interestingly, lower
intakes of nutrient-dense foods and higher intakes of unhealthy
foods were also correlated with smaller left hippocampal
volumes in a cohort study of community-based older adults
(Jacka et al., 2015).

A further important finding of the present study was
that higher consumption of fruit, known to have antioxidant
properties, was associated with a better central auditory function.
In other animal studies, it was observed that a higher
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TABLE 3 | Micronutrient intake characteristics of the population at baseline (M3) and follow-up (GreatAGE study) (n = 734, non-age-related CAPD n = 473, age-related
CAPD n = 199, missing n = 62).

GreatAGE study (2012–2018) MICOL 3 (2005–2006)

Age-related CAPD Age-related CAPD

Variables* No (≥50%)◦ n = 473 Yes (<50%)◦ n = 199 OR (95% C.I.)# No (≥50%)◦ n = 473 Yes (<50%)◦ n = 199 OR (95% C.I.)#

Micronutrients

Sodium 1529.60 ± 73.85 1584.00 ± 119.88 1.000 (0.999 to 1.000) 1662.40 ± 86.91 1657.72 ± 88.89 1.000 (0.999 to 1.000)

Potassium 3459.50 ± 183.59 3186.55 ± 199.87 0.999 (0.998 to 0.999) ↓ 3608.39 ± 267.91 3523.73 ± 205.38 0.999 (0.999 to 1.000)

Iron 11.37 ± 0.57 11.00 ± 0.95 0.951 (0.899 to 1.005) 12.19 ± 0.65 12.13 ± 0.84 0.985 (0.920 to 1.054)

Calcium 866.56 ± 83.66 883.38 ± 101.44 0.999 (0.999 to 1.000) 884.04 ± 90.11 914.77 ± 85.19 1.000 (0.999 to 1.001)

Phosphorus 1140.24 ± 23.23 1138.44 ± 89.28 0.999 (0.999 to 1.000) 1208.47 ± 42.29 1224.81 ± 61.00 1.000 (0.999 to 1.001)

Thiamine 0.84 ± 0.04 0.81 ± 0.04 0.557 (0.264 to 1.175) 0.88 ± 0.04 0.86 ± 0.05 0.860 (0.380 to 1.944)

Riboflavin 1.43 ± 0.05 1.41 ± 0.09 0.898 (0.620 to 1.301) 1.47 ± 0.08 1.47 ± 0.11 1.017 (0.643 to 1.607)

Niacin 1.43 ± 0.05 1.41 ± 0.09 0.898 (0.620 to 1.301) 1.47 ± 0.08 1.47 ± 0.11 1.017 (0.643 to 1.607)

Vitamin A 1186.15 ± 138.63 1163.19 ± 115.01 0.999 (0.999 to 1.000) 1158.90 ± 97.16 1101.90 ± 128.14 0.999 (0.999 to 1.000)

Vitamin C 189.33 ± 16.16 171.21 ± 21.84 0.998 (0.996 to 0.999) ↓ 188.76 ± 24.39 182.88 ± 22.41 0.999 (0.998 to 1.001)

CAPD, central auditory processing disorder. ∗Reported as Mean and Standard Deviation (M ± SD). # Odds Ratio at 95% Confidential Interval in the regression model
(≥50% vs. <50%). Mean and logistic regression model adjusted for: (c) age, gender, smoking, education, and BMI; ↓ decreased risk. MICOL 3 and GreatAGE Study: All
Foods Index and Food Groups were calculated on quantity daily consumption.

TABLE 4 | Macronutrient intake characteristics of the population at baseline (M3) and follow-up (GreatAGE study) (n = 734, non-age-related CAPD n = 473, age-related
CAPD n = 199, missing n = 62).

GreatAGE study (2012–2018) MICOL 3 (2005–2006)

Age-related CAPD Age-related CAPD

Variables * No (≥50%)◦ n = 473 Yes (<50%)◦ n = 199 OR (95% C.I.)# No (≥50%)◦ n = 473 Yes (<50%)◦ n = 199 OR (95% C.I.)#

Macronutrients(c)

Water 2003.54 ± 108.74 1904.75 ± 157.89 0.999 (0.999 to 1.000) 2018.74 ± 147.68 2063.06 ± 284.87 0.999 (0.999 to 1.000)

Protein 67.16 ± 2.71 67.28 ± 3.47 1.001 (0.992 to 1.011) 72.30 ± 3.82 71.54 ± 3.31 1.002 (0.999 to 1.014)

Fats 82.46 ± 6.63 90.01 ± 12.23 1.008 (1.002 to 1.014) ↑ 80.33 ± 5.14 80.82 ± 5.10 0.995 (0.986 to 1.004)

Carbohydrate 408.95 ± 23.27 375.43 ± 40.33 0.998 (0.996 to 0.999) ↓ 275.12 ± 8.97 273.95 ± 15.09 1.000 (0.999 to 1.002)

Fibers 63.88 ± 5.80 58.16 ± 5.93 0.990 (0.984 to 0.997) ↓ 26.50 ± 2.56 26.72 ± 1.83 1.001 (0.994 to 1.008)

Saturated fat 21.39 ± 2.03 23.02 ± 2.56 1.032 (1.006 to 1.060) ↑ 21.52 ± 1.45 21.65 ± 1.25 1.000 (0.974 to 1.028)

Monounsaturated fat 43.43 ± 3.83 48.80 ± 8.78 1.008 (1.001 to 1.015) ↑ 41.73 ± 3.66 42.32 ± 3.37 0.990 (0.977 to 1.003)

Polyunsaturated Fat 9.06 ± 0.64 9.37 ± 1.21 1.045 (0.983 to 1.108) 8.65 ± 0.53 8.74 ± 0.51 0.955 (0.879 to 1.038)

Cholesterol 187.27 ± 15.49 186.14 ± 16.36 1.000 (0.998 to 1.002) 193.16 ± 15.87 184.14 ± 12.88 0.999 (0.997 to 1.002)

Alcohol 15.80 ± 7.81 15.17 ± 9.16 0.996 (0.984 to 1.008) 19.68 ± 9.25 20.14 ± 9.85 0.999 (0.999 to 1.008)

Kcal 2055.02 ± 116.29 2120.27 ± 249.06 1.000 (0.999 to 1.000) 2161.70 ± 232.63 2262.26 ± 321.83 1.000 (0.999 to 1.000)

KJ 8602.17 ± 486.59 8875.22 ± 1042.63 1.000 (0.999 to 1.000) 9048.53 ± 973.53 9469.57 ± 1347.27 1.000 (0.999 to 1.000)

CAPD, central auditory processing disorder; Kcal, kilocalorie; KJ, kilojoule. ∗Reported as: Mean and Standard Deviation (M ± SD) # OR, Odds Ratio at 95% Confidential
Interval in regression model (≥50% vs. <50%). Mean and logistic regression model adjusted for: (c) age, gender, smoking, education, and body mass index; ↑ increased
risk, ↓ decreased risk. MICOL 3 and GreatAGE Study: All Foods Index and Food Groups were calculated on quantity daily consumption.

intake of vitamin C was related to better auditory functions
(Alvarado et al., 2018). Some population-based studies suggested
that the antioxidant vitamin E and vitamin C in the diet have
also been associated with a reduced risk of dementia (Engelhart
et al., 2002). Moreover, other population-based studies have
demonstrated that dietary levels of fruit intake and vitamin C
are inversely related to levels of C reactive protein (CRP), an
inflammatory marker (Wannamethee et al., 2006) associated with
age-related chronic diseases (Hulsegge et al., 2016), cognitive

impairment (Gu et al., 2018; Lin et al., 2018), and frailty
(Soysal et al., 2016). Besides, experimental and clinical-based
evidence suggested that an increased intake of potassium, highly
concentrated in some fruits (e.g., melon, apricots, and kiwis),
could help to prevent health disorders such as hypertension
or possibly prevent or delay the onset of cognition-related
conditions such as AD (Cisternas et al., 2015; Zupo et al.,
2019). Interestingly, in a previous study on the same population,
we found that subjects with ARHL, a chronic disease affecting
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peripheral hearing, consumed more pro-inflammatory foods
and a lower amount of vitamin A (another molecule with a
well-known antioxidant power) than subjects without ARHL
(Sardone et al., 2020b).

Despite we assume the link between fats and carbohydrates
under the assumption of energy equilibrium, the finding
regarding fiber could be of interest, mainly since the retrospective
analysis found an inverse relation with grain intake. In a large
cohort of older adults, a higher glycemic index (GI) of foods
consumption was associated with an increased prevalence of
ARHL (Gopinath et al., 2010). The link between GI, diabetes and
potentially age-related CAPD should be further explored, as well
as the link with antioxidants.

CAPD and Cognitive Decline
A number of epidemiological evidences suggesting a link
between central auditory dysfunction and cognitive decline,
the causal mechanisms underlying this association are
substantially unknown (Sardone et al., 2019, 2020a). Important
neuropathological research supported the hypothesis that
age-related CAPD may result from a degenerative pathway
other than cognitive decline observed in AD, showing that
brain amyloid-β, believed to be the initial event characterizing
AD, was uncommon in central auditory pathways early in
the clinical course of the disease (Sinha et al., 1993). By
contrast, there was early formation of neurofibrillary tangles
(NFTs), mainly consisting of hyperphosphorylated tau protein,
suggesting that neurodegeneration in the auditory cortex may
be an ongoing process the AD course (Sinha et al., 1993).
These seminal findings and the neurobiological plausibility of
this relationship have recently been confirmed by suggestive
neuropathological results showing an association of clinician-
reported ARHL with the highest Braak stage, suggesting an
increased NFT burden in cognitively unimpaired/hearing
impaired subjects (Brenowitz et al., 2020; Lozupone et al.,
2020). In particular, the most severe Braak stage involves
central auditory processing core areas, that is, the superior
temporal gyrus and the primary auditory cortex (Brenowitz
et al., 2020; Lozupone et al., 2020). These findings increase
the attention on age-related CAPD as a cognitive-hearing
impairment. Furthermore, the relationship between age-related
CAPD and NFT-based neurodegenerative phenomena could
lay in a shared underlying microvascular etiology. Given that
the diagnosis of age-related CAPD is much simpler than the
clinical diagnosis of dementia—which needs comprehensive
neuropsychological and imaging features—central auditory
dysfunction could be an important element to be monitored
by clinicians, particularly geriatricians. However, a limitation
of monitoring age-related CAPD is that its diagnosis is
based only on subjective indicators of speech perception,
and therefore may require accessory objective biomarkers
able to confirm its presence. Given the neurovascular
implications of central auditory dysfunction, one of the
methods could be the use of retinal vascular biomarkers,
which have been found cross-sectionally associated with
age-related CAPD in a recent study involving our cohort
(Sardone et al., 2020c).

Strengths and Limitations
The strengths of the present study included its well-defined
population-based sample, the standardized, clinically and
instrumentally based audiometric assessments to measure age-
related CAPD, and the use of a validated FFQ to collect dietary
information. However, some limitations must be considered.
There is a potential for misclassification regarding dietary intake
since the information was collected by self-report, which is liable
to recall bias even though the FFQ was designed according to
common principles that attempt to minimize this type of error.
Besides, it was impossible to consider important covariates, such
as medication or economic conditions, because data were not
available. Furthermore, the cross-sectional data do not reveal
a clear directionality of the association. Since the retrospective
analyses were primarily negative in terms of associations, we
cannot exclude the possibility that age-related CAPD changed
dietary behavior (Cipriani et al., 2016). Moreover, we have not
measured plasma levels of CRP as well as other inflammatory
cytokines to support our thesis about increased inflammation,
also considering that the assays of cytokines could be severely
affected by the time because the kinetics of that molecules could
vary in a short period in the same subject.

CONCLUSION

The present results showing how dietary intakes and age-
related CAPD could be linked and confirming dietary hypotheses
explaining the development of late-life cognitive disorders may
be hypothesis-generating findings in line with a proposed link
between central auditory function and cognitive impairment.
Further research into this topic seems warranted and could result
in a more solid knowledge of this issue. Together with better
screening of age-related CAPD in older people, mainly when
other cognitive disorders are present, these findings could yield
better prospects for the prevention and treatment of this and
hopefully also other psychoacoustic disorders.
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To investigate the effect of choline alfoscerate (CA) on hearing amplification in patients
with age related hearing loss, we performed a prospective case-control observational
study from March 2016 to September 2020. We assessed patients with bilateral word
recognition score (WRS) <50% using monosyllabic words. The patients were 65–
85 years old, without any history of dementia, Alzheimer’s disease, parkinsonism, or
depression. After enrollment, all patients started using hearing aids (HA). The CA group
received a daily dose of 800 mg CA for 11 months. We performed between-group
comparisons of audiological data, including pure tone audiometry, WRS, HA fitting data
obtained using real-ear measurement (REM), and the Abbreviated Profile of Hearing Aid
benefit scores after treatment. After CA administration, the WRS improved significantly
in the CA group (4.2 ± 8.3%), but deteriorated in the control group (−0.6 ± 8.1%,
p = 0.035). However, there was no significant between-group difference in the change
in pure tone thresholds and aided speech intelligibility index calculated from REM.
These findings suggest that the difference in WRS was relevant to central speech
understanding rather than peripheral audibility. Therefore, administering oral CA could
effectively enrich listening comprehension in older HA users.

Keywords: age-related hearing loss, hearing aids, choline alfoscerate, abbreviated profile of hearing aid benefit,
listening comprehension

INTRODUCTION

Age-related hearing loss (ARHL) or presbycusis is one of the most common neurodegenerative
ailments in developed countries. It causes distorted communication and also impedes older
adults from participating in psychosocial activities due to social isolation, loss of self-esteem, and
depression (Disease et al., 2016). Moreover, hearing impairment is considered a modifiable risk
factor for dementia prevention (Livingston et al., 2020). As there is no cure for presbycusis, hearing
aids (HAs) have been strongly recommended to allow enriched audibility, ease of communication
(EC), and cognitive decline prevention in older adults (Livingston et al., 2020). In the aging
population, hearing difficulty is attributed to peripheral hearing loss associated with cochlear
degeneration; central auditory processing deficit from the cochlear nucleus to the primary auditory
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cortex; or cognitive decline in various domains, including
executive function, language memory, situational and semantic
long-term memory, and psychomotor processing (Humes et al.,
2012; Ronnberg et al., 2013; Panza et al., 2015). Although several
studies have reported cognitive-sensory interactions, including
the association between working memory and speech perception
through diverse tests, multifactorial conditions including age
and/or auditory system pathology may affect ARHL. Moreover,
there is no evidence regarding the apparent direction of causality
(Akeroyd, 2008; Humes et al., 2012; Murphy et al., 2018).

From an audiological perspective, hearing loss, which is
clinically distinctive for high-frequency hearing loss and the roll-
over phenomenon, results in impaired hearing sensitivity and
recognition, particularly with respect to noise, central sound
processing, and sound localization (Gates and Mills, 2005).
Pathologic and neuroanatomical changes in ARHL include cell
degeneration in the cochlea and auditory nerve, as well as cortical
neuroplasticity changes, including decreased gray matter volume
in the auditory cortex, anterior cingulate, and superior and
medial frontal gyri (Gates and Mills, 2005; Husain et al., 2011;
Eckert et al., 2012). Furthermore, compared with participants
with normal hearing, patients with ARHL present with a greater
decrease in spontaneous activity and local connectivity in the
parahippocampal gyri and hippocampus on functional magnetic
resonance imaging (MRI) (Chen et al., 2018, 2020). Therefore,
improving audibility through acoustic amplification or cochlear
implantation with prolonged auditory deprivation allows limited
gains in speech intelligibility among older adults with ARHL
(Lazard et al., 2012).

Choline alfoscerate (CA, L-alpha-glycerylphosphorylcholine),
a semisynthetic derivative of phosphatidylcholine, is a common
acetylcholine precursor in the brain (Amenta et al., 2001). CA
reportedly enhances memory and cognition in patients with
Alzheimer’s disease (AD) and stroke (Lee S.H. et al., 2017).
Moreover, its neuroprotective effects have been reported in
experimental models of AD, stroke, and pilocarpine-induced
seizures (Lee S.H. et al., 2017; Catanesi et al., 2020). For
these neurodegenerative diseases, the use of nutraceuticals for
cholinergic neurotransmission could be a treatment option;
further, several studies have reported the effect of CA on cognitive
improvement (De Jesus Moreno Moreno, 2003; Lee S.H. et al.,
2017). Considering cholinergic signaling in thalamocortical
neurons of the medial geniculate body (MGB), which play a core
role as major synaptic stations in central auditory processing, as
well as the association between ARHL and cognition decline, we
hypothesized that CA would contribute toward improving speech
recognition in patients with ARHL. We aimed to assess the effect
of oral CA on speech detection and recognition among HA users
with ARHL.

MATERIALS AND METHODS

Ethics Approval
This study was approved by the Institutional Review Board (IRB)
of Severance Hospital (4-2017 1152) and conducted following
the principles of the Declaration of Helsinki. All research was

performed in accordance with relevant guidelines and regulations
from the IRB of Severance Hospital. All participants signed an
informed consent.

Prospective Study Design
We analyzed 640 patients who attended the Yonsei University
Health System Hearing Aids Clinic (YHC) between March 2016
and September 2020. The inclusion criteria were as follows: (1)
aged >65 and <85 years; (2) sensorineural hearing loss; (3)
<50% of the bilateral word recognition score (WRS) at the most
comfortable loudness level (MCL) with unaided ears; (4) received
newly prescribed HA from an otologist (JJ); (5) completion of
1-year follow-up; (6) HA fitting over three times within a year;
and (7) being a literate, native Korean speaker. The exclusion
criteria were as follows: (1) previous diagnosis of dementia,
AD, parkinsonism, and depression; (2) taking CA previously
prescribed by other clinicians; and (3) >90% compliance with
CA administration determined by assessing the remaining pills
at every visit. After 1 month of HA use, all patients received
information on the original indication for the use of CA and
its unknown effects on listening comprehension, and were asked
whether they agreed to take CA. Subsequently, the patients were
allocated to the CA or control group according to their decision.
By means of the inclusion and exclusion criteria, 606 patients
were excluded. Finally, 23 ears of 14 patients in the CA group and
34 ears of 20 patients in the control group were comprehensively
analyzed (Figure 1). The patients in the CA group took
medicine for 11 months, while they used HA. In contrast, the
patients in the control group only used HA. Consequently,
primary outcomes were evaluated 1 year after initial fitting
of HA.

Audiological Data
Audiological evaluation was performed as previously described
(Jung et al., 2016, 2018; Lee H.J. et al., 2017). Baseline hearing
sensitivity was measured using pure tone audiometry (PTA)
with insert earphones or supra-aural headphones in a double-
walled sound-treated booth by experienced audiologists. The
aided sound-field threshold was measured with the patient
sitting 1 meter away from two loudspeakers at a 45◦ angle. The
average threshold (PTA4) was calculated using the thresholds
at 500, 1000, 2000, and 4000 Hz; moreover, we calculated the
average threshold of high frequencies (PTA3) at 1000, 2000,
and 4000 Hz. Baseline and aided word recognition tests in a
quiet environment were performed under similar conditions
as PTA. We measured the WRS (%) at the MCL using
50 monosyllabic words from Hahm’s list, which comprised
phonetically balanced Korean standard words (Han and Park,
1981). We defined MCL as the hearing level at which speaking
was most comfortably heard. Non-tested ears were masked using
a calibrated headphone (TDH-39).

HA Fitting Data
The digital, wide dynamic range compression HA and the
NAL-NL2 fitting program were prescribed for each patient
as previously described (Lee et al., 2020). Probe microphone
measurement was performed using the Otometrics Aurical
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FIGURE 1 | Flow chart of the case-control study for evaluating the effect of oral choline alfoscerate on speech detection and recognition in hearing aid users with
aging-related hearing loss.

FreeFit and Probe Microphone Measurements (PMM) module
(Taastrup, Denmark) with the International Speech Test Signal
(ISTS) at 55 dB (soft speech) and 65 dB sound pressure level (SPL)
(conversational level speech) using two external speakers for HA
verification. We calculated the proximity from the prescriptive
fitting target based on the baseline PTA to the rear-ear aided
response (REAR) using the root-mean-square error (RMSE) of
500, 1000, 2000, and 4000 Hz.

RMSE =

√
1
4

∑(
Targetf − REARf

)2
,

f = 500, 1000, 2000, and 4000Hz

RMSE changes between 1 month and 1 year after wearing
the HA were compared to confirm between-group uniformity
of HA fitting. There was no significant difference in the HA
output (REAR) between 1 month and 1 year after amplification
(Supplementary Table 1). Additionally, there were stable
changes in RMSE from the HA prescriptive targets at soft speech
and conversational level speech (Supplementary Figure 1).

Aided Speech Audibility
The speech intelligibility index (SII) is a calculated value for
determining whether sound energy sufficient for audibility is
transmitted based on each frequency, particularly weighting mid-
frequencies important for speech listening. The aided SII was
automatically calculated with the Aurical FreeFit/PMM system
using the ISTS as defined by ANSI S3.5-1997 (R2002) (American
National Standards Institute, 1997). This calculation was applied
to third-octave bands with consideration of the insertion gain at
65 dB SPL (conversational level speech).

Abbreviated Profile of Hearing Aid
Benefit
The Korean version of abbreviated profile of hearing aid benefit
(APHAB) was used to quantify hearing disability at 1 month and
1 year after HA fitting. The APHAB comprises 24 items scored in
four subscales: EC, reverberation (RV), background noise (BN),
and aversiveness of sound (AV) (Cox and Alexander, 1995). The
patients were asked questions regarding various situations of
hearing aid usage and frequency in daily life. Subscales of the
questionnaire were assessed separately, as EC, RV, and BN reflect
the listening experience under various environmental conditions,
while AV reflects the discomfort caused by environmental noise;
the global score, is an average of EC, RV, and BN, and AV scores
(Johnson et al., 2010).

HA Experience and Usage
Patients who had previously used HA before the HA fitting at
YHC were examined before HA prescription. We found that 30.4
and 29.4% of the ears in the CA and control group, respectively,
had previously used HA before the enrollment but were non-
users due to dissatisfaction. The daily hours of HA usage were
classified using self-reported data: <1, 1–4, 4–8, and 8–16 h at
every visit. Moreover, 91.3 and 88.2% of ears in the CA and
control group, respectively, were amplified for >4 h a day.

Statistical Analyses
All statistical analyses were completed using GraphPad Prism
8 (San Diego, CA, United States). Independent t-test, Mann–
Whitney U-test, and chi-square test were used for between-group
comparisons of quantitative variables, including audiometric
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data, HA fitting data, and questionnaires. The correlation
between changes in the WRS and SII was analyzed using
the Pearson correlation test. Statistical significance was set at
p < 0.05.

RESULTS

We analyzed 23 ears (14 patients) and 34 ears (20 patients)
in the CA and control groups, respectively. Patients in the
CA group received a daily oral dose of 800 mg CA for
11 months. Compliance with treatment was assessed at every
visit. Participant mean [SD] age in the CA and control groups
was 74.13 [6.12] and 75.21 [5.21] years, respectively (Table 1). In
both groups, various HA types were used according to receiver
preference, with the in-ear type being the most commonly used
type. Patients were followed up for 1 year with visits at the
1st, 3rd, 6, and 12th months from the initial day of HA fitting.
Additionally, aided PTA, WRS at the MCL, SII calculation from
rear-ear measurements and probe microphone measurement for
speech mapping were performed at each visit.

Initial Assessment
There was no significant difference between the CA group
and control group in the baseline pure tone average threshold
at 500, 1000, 2000, 4000 Hz (PTA4) (59.57 [8.97] and 60.26
[12.64] dB HL), PTA3 (average threshold at 1000, 2000, and

TABLE 1 | Patient characteristics.

CA group
(23 ears, n = 14)

Control group
(34 ears, n = 20)

p-Value

Age, mean [SD], year† 74.1 [6.1] 75.2 [5.2] 0.48

Sex‡ 0.22

Male 12 ears, n = 8 22 ears, n = 13

Female 11 ears, n = 6 12 ears, n = 7

HA experience, ears ‡ 7 (30.4%) 10 (29.4%) 0.93

HA side, n‡ >0.99

Unilateral 5 (35.7%) 6 (30%)

Bilateral 9 (64.3%) 14 (70%)

HA type, ears‡ 0.37

BTE 0 (0%) 2 (5.9%)

RIC 14 (60.9%) 18 (52.9%)

CIC 8 (34.8%) 14 (41.2%)

ITC 1 (4.3%) 0 (0%)

HA usage hours/day, ears‡ 0.37

1 ≤ < 4 2 (8.7%) 4 (11.8%)

4 ≤ < 8 11 (47.8%) 10 (29.4%)

8 ≤ < 16 10 (43.5%) 20 (58.8%)

Medical history, ears

Hypertension 8 (34.8%) 4 (11.8%)

Diabetes 6 (26.1%) 3 (8.8%)

Cardiovascular disease 4 (17.4%) 1 (2.9%)

BTE, behind the ear; CA, choline alfoscerate; CIC, completely in-canal; HA, hearing
aid; ITC, in the canal; RIC, receiver in canal.
† Independent t-test.
‡Chi-square test.

4000 Hz) (62.61 [9.92] and 64.26 [12.60] dB HL), and WRS
at MCL (29.83 [12.56] and 34.35 [11.20] %) (p = 0.82, 0.60,
and 0.16, respectively) (Table 2 and Supplementary Figure 2A).
Supplementary Figure 2B presents the distribution of the
baseline WRS as a function of PTA3, which is the average
threshold of high frequencies (Yellin et al., 1989; Gates et al.,
2003). The dotted line was adopted from the report by Yellin et al.
(1989) representing the estimated norm of cochlear ARHL for
differentiation from retro-cochlear ARHL. There were 9 (39.1%)
and 4 (11.8%) ears in the CA and control groups, respectively,
beneath the estimated threshold of hearing loss possibly resulting
from the retro-cochlear lesion.

After 1 month of HA usage, there was no between-group
difference in the aided PTA4 as a frequency function (p = 0.20).
However, aided WRS at MCL was significantly higher in the
control group (49 [14.72] %) than in the CA group (38.26 [15.21]
%) (p = 0.01). Furthermore, although the number of control
ears was lower, aided SII was significantly higher in the control
group (39.29 ± 16.05%) than in the CA group (29.83 [12.56] %)
(p = 0.03). There was no significant between-group difference
in both the APHAB scores (Global and Aversiveness scores)
(Supplementary Figure 3, p = 0.34 and 0.65, respectively).

Changes of Audiological Outcome After
1-Year Usage of HA
After 1 year of HA usage, there was no significant difference
between the CA group and control group in aided PTA4
(47.61 [5.92] and 48.05[8.43] dB HL), aided WRS (42.43 [16.94]
and 48.41 [15.68] %), and aided SII (35.65 [13.59] and 37.64
[13.25] %) (p = 0.83, 0.18, and 0.59, respectively). Further,
there was no significant between-group difference in the APHAB
score (Table 2).

Regarding the 1-year changes in the aided WRS, compared
with the control group, the CA group revealed a trend
toward improvement (Figure 2A). Notably, after 1 year of CA
administration, the aided WRS had significantly improved (4.17
[8.29] %) in the CA group and deteriorated (−0.59 [8.07] %)
in the control group (Figure 2B, p = 0.035). Contrastingly,
there was no between-group difference in the change of aided
SII (Figure 2C, p = 0.11). There was no significant correlation
between changes in the WRS and SII (Figure 2D, CA group:
p = 0.93; control group: p = 0.66). This suggests that improved
speech intelligibility in the CA group is attributable to central
cognitive function, with respect to speech comprehension, rather
than peripheral audibility.

DISCUSSION

This study aimed to evaluate whether CA administration plays
an adjuvant role in amplification for auditory perception,
including audibility and speech discrimination, in older adults
who are HA users with a WRS of <50%. We analyzed several
audiological measurements—PTA4, WRS, SII, and APHAB
score—to determine the parameters affected by CA during
auditory processing. Change in the WRS was the only salient
auditory function index across a year. CA administration did
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not improve audibility reflected by SII; however, it significantly
improved speech discrimination. Therefore, we consider that CA
contributes to improved speech intelligibility, which is irrelevant
to peripheral audibility; rather, it involves the central cognitive
ability, including speech comprehension, which occurs in parts
other than the peripheral auditory organ.

Given the relatively low feasibility of amplification in
individuals with ARHL whose speech discrimination is <50%
(amplification had an insufficient benefit other than lip-reading
or noticing environmental sounds due to poor WRS), studies

TABLE 2 | Audiological evaluations.

CA group Control
group

Baseline 23 ears, n = 14 34 ears,
n = 20

p-Value†

PTA4, mean [SD], dBHL 59.6 [9.0] 60.3 [12.6] 0.82

PTA3, mean [SD], dBHL 62.6 [9.9] 64.3 [12.6] 0.60

WRS at MCL, mean [SD],
%

29.8 [12.6] 34.4 [11.2] 0.16

MCL, mean [SD], dBHL 79.5 [7.3] 81.0 [8.9] 0.50

1 month 23 ears, n = 14 34 ears,
n = 20

p-value†

Aided PTA average,
mean [SD], dBHL

50.4 [6.3] 47.4 [9.8] 0.20

Aided WRS at MCL,
mean [SD], %

38.3 [15.2] 49.0 [14.7] 0.01∗

Aided MCL, mean [SD],
dBHL

69.0 [3.9] 68.2 [4.8] 0.56

Aided SII at 65 dB SPL,
mean [SD], %

29.8 [12.6] 39.3 [16.0] 0.03∗

APHAB 12 ears, n = 7 28 ears,
n = 16

U-value‡ p-value‡

Global, median [IQRs] 64 [41.55–69.33] 55.5
[52.78–64.7]

135 0.34

Aversiveness, median
[IQRs]

50 [8.25–62] 48 [29–78.5] 152 0.65

1 year 23 ears, n = 14 34 ears,
n = 20

p-value†

Aided PTA average,
mean [SD], dBHL

47.6 [5.9] 48.1 [8.4] 0.83

Aided WRS at MCL,
mean [SD], %

42.4 [16.9] 48.4 [15.7] 0.18

Aided MCL, mean [SD],
dBHL

67.7 [4.3] 66.8 [6.0] 0.53

Aided SII at 65dBSPL,
mean [SD], %

35.7 [13.6] 37.6 [13.2] 0.59

APHAB 17 ears, n = 10 26 ears,
n = 15

U-value‡ p-value‡

Global, median [IQRs] 59 [43.5–73.85] 52 [34–67.48] 156 0.11

Aversiveness, median
[IQRs]

52 [36.5–63.5] 36.5
[17.25–73]

213 0.85

APHAB, abbreviated profile of hearing aid benefit; CA, choline alfoscerate; MCL,
most comfort loudness; PTA3, the average pure tone threshold at 1000, 2000, and
4000 Hz; PTA4, the average pure tone threshold at 500, 1000, 2000, and 4000 Hz;
SII, speech intelligibility index; WRS, Word Recognition Score.
† Independent t-test.
‡Mann–Whitney U-test.

on amplification in this context are scarce. Moreover, few
studies have reported the speech discrimination score and fitting
data in the older-adult population (Dillon, 2012; Kim et al.,
2020). Pedersen et al. reported a gradual decrease in the speech
discrimination score by 8−10% after 11 years in an older-adult
population in their 70s (Pedersen et al., 1991). Dubno (2015)
reported a similar tendency showing a gradual decline of speech
discrimination in older adults, which accelerated near the age of
75 to 80 years. This is consistent with our findings of a relative
decrease in the aided WRS in our control group.

ARHL results from several related deteriorations, including
peripheral and central auditory processing and cognition. The
primary, non-invasive step for addressing ARHL is amplification
to complement the peripheral auditory processing. HA use
may reduce the listening effort; however, in severe hearing
loss, it cannot normalize the temporal and frequency resolution
(Ronnberg et al., 2013). Furthermore, in cases of cochlear
dead region, off-frequency listening causes distorted sound and
impedes optimal amplification. Therefore, there is a need for an
effective supplementary strategy to improve aural rehabilitation.
However, fitting HAs and obtaining an audiological gain is
very challenging among patients with WRS <50%. Given the
negative correlation between satisfaction with HAs and the initial
WRS, there is a need to improve speech intelligibility and
audibility through HAs. Unfortunately, there remains no option
for improving speech intelligibility. Therefore, the CA effect
on WRS is very promising for improving satisfaction with and
decreasing the rejection rate of HAs.

Numerous studies have reported the role of the cholinergic
system in the brain; specifically, in memory and cognitive
function, which are significantly degraded in aging-related
dementia and AD (Davies and Maloney, 1976; Grothe et al.,
2014; Haam and Yakel, 2017). In these diseases, CA directly
increases cholinergic transmission as an acetylcholine precursor
in the hippocampus to ameliorate cognitive symptoms or exerts
neuroprotective effects by activating the neurotrophin survival
pathway (Ciriaco et al., 1992; Sigala et al., 1992; De Jesus Moreno
Moreno, 2003). Accordingly, several studies have examined
the relationship between ARHL and the cholinergic system.
Acetylcholine is an efferent neurotransmitter in the medial
olivocochlear nucleus that is secreted to outer hair cells (OHC)
for efferent inhibition. The resulting OHC hyperpolarization
allows discrimination of sounds in BN and separation of the
frequency resolution (Winslow and Sachs, 1988; Glowatzki and
Fuchs, 2000). Tang et al. (2014) reported a decrease in mRNA
and protein expression of the nicotinic acetylcholine receptor
(nAChR) subunit β2 in the spiral ganglion neurons of old
mice (24−32 months) compared with that in young adult mice
(2−3 months). Further, given the higher level of central auditory
processing, the MGB in the auditory thalamus codes, gates, and
relays auditory information to the auditory cortex (AC) and
limbic structures (Guillery et al., 1998; Richardson et al., 2020).
In rats, there is a conspicuous decrease in mRNA levels of nAChR
subunits with aging compared with other brain regions with the
highest expression levels reported in young rats (7–14 months of
age) (Ferrari et al., 1999). The MGB receives descending signals
from the AC (excitatory input) and the thalamic reticular nucleus
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FIGURE 2 | Changes in audiological outcomes at 1 year after HA use. (A) Aided WRS as a function of wearing duration. Although the control group showed a stable
aided WRS, the choline alfoscerate (CA) group showed a rising tendency in the WRS. (B) Changes in the aided WRS between 1 month and 1 year after HA wearing
at each group. Notably, following 1 year of CA administration, the aided WRS significantly improved in the CA group but deteriorated in the control group (p = 0.035).
(C) There was no significant between-group difference in the change in the aided SII between 1 month and 1 year after using HA (p = 0.110). (D) There was no
significant correlation between changes in the aided WRS and SII (the CA group: p = 0.930; the control group: p = 0.660).

(inhibitory input). Moreover, ascending signals from the inferior
colliculus (IC), both excitatory and inhibitory sensory inputs,
modulate the MGB. In thalamocortical neurons in the MGB,
acetylcholine has both presynaptic and postsynaptic functions.
Cholinergic input from the pedunculopontine tegmental nuclei
regulates MGB neuronal activity directly (via somatodendritic
AChR) or indirectly (via presynaptic AChR by GABA modulation
or glutamate release) (Richardson et al., 2020). Sottile et al.
reported that tectothalamic inhibitory projections from the
IC reached the MGB through presynaptic cholinergic input
and were affected by the aging-induced decrease in nAChR
activation in rats (Sottile et al., 2017b). Therefore, aging might
result in deteriorated signal-to-noise ratio and sound detection
(Sottile et al., 2017a). Additionally, aging may reduce nAChR
density in the MGB, which evokes postsynaptic excitation and
contributes to loss of speech comprehension in older adults
(Sottile et al., 2017b).

Moreover, cholinergic dysfunction affects the hippocampus
and modulates memory function (Haam and Yakel, 2017).
The hippocampus, which is the limbic system core and is
involved in memory formation and sensory processing including
auditory information (Diederen et al., 2010), is part of a
system for auditory working memory that maintains sounds
in memory (Kumar et al., 2016). Moreover, voxel-based MRI
analysis has revealed distinct hippocampal atrophy in older
adults with ARHL compared with those showing mild-to-normal
hearing (Aoki et al., 2020). Ruan et al. (2018) reported that
withdrawing the cholinergic input to neuropeptide neuroglia
from hippocampal cells, mainly under cholinergic regulation,
may be involved in the excitation-inhibition imbalance in the
central auditory system by affecting GABA release. Although
we did not elucidate the mechanism underlying CA-mediated
amelioration of deteriorated speech discrimination, CA could
supply acetylcholine as a choline donor in the hippocampus.
Moreover, we can speculate the benefit of CA in ARHL as a
supplementary rehabilitation.

This study has several limitations. First, to explore the effect
of CA on the entire auditory processing, using peripheral
auditory tests in a quiet environment is insufficient and further
experimental tools for verifying central auditory processing,
working memory, or long-term memory are required. Second,
the sample size was too small to make a definitive conclusion and

more extensive studies are warranted to confirm these findings.
Third, given that the study was not a randomized controlled
neither blinded study, individuals who agreed to participate
in the supplementary rehabilitation were more motivated and
cooperative, resulting in selection bias. Fourth, even though the
distribution of medical histories such as hypertension, diabetes,
and cardiovascular disease was inconsistent in two groups, we
could not reach their complete medical record. The severity of
the disease or the effect of other medication they were taking
could have affected their hearing progression. Fifth, the side effect
of CA has not yet been revealed in the clinical study dealing
with patients without cognitive disorders (Choi et al., 2020). Even
though all patients in this study have not complained unexpected
symptoms or signs, there is a possibility for unintended efficacy
on the cholinergic system for better or worse; the long-term use
of CA should be monitored with precaution.

In conclusion, to enrich the listening comprehension in older
adults with ARHL, it is necessary to increase audibility and to
improve other factors associated with central auditory processing
or cognition by using approaches from multiple perspectives. CA
could be an affordable therapeutic option for older adult patients
with ARHL showing poor WRS.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Institutional Review Board (IRB) of Severance
Hospital (4-2017 1152). The patients/participants provided their
written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

GN and JJ: conceptualization and formal analysis. GN:
methodology, resources, and writing—original draft preparation.

Frontiers in Aging Neuroscience | www.frontiersin.org 6 June 2021 | Volume 13 | Article 68451920

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-684519 July 21, 2021 Time: 15:4 # 7

Na et al. Choline Alfoscerate and Auditory Cognition

JJ: investigation. GN, SK, JK, HN, SJ, and YS: data curation. JJ:
writing—review and editing, visualization, supervision, project
administration, and funding acquisition. All authors contributed
to the article and approved the submitted version.

FUNDING

This work was supported by the National Research Foundation
of Korea (NRF), funded by the Ministry of Science, ICT & Future
Planning (grant number NRF-2019R1A2C1084033 to JJ).

ACKNOWLEDGMENTS

We thank the Biostatistics Collaboration Unit of the Yonsei
University College of Medicine for statistical advice.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnagi.
2021.684519/full#supplementary-material

REFERENCES
Akeroyd, M. A. (2008). Are individual differences in speech reception related to

individual differences in cognitive ability? A survey of twenty experimental
studies with normal and hearing-impaired adults. Int. J. Audiol. 47(Suppl. 2),
S53–S71. doi: 10.1080/14992020802301142

Amenta, F., Parnetti, L., Gallai, V., and Wallin, A. (2001). Treatment of cognitive
dysfunction associated with Alzheimer’s disease with cholinergic precursors.
ineffective treatments or inappropriate approaches? Mech. Ageing Dev. 122,
2025–2040. doi: 10.1016/s0047-6374(01)00310-4

American National Standards Institute (1997). American National Standard:
Methods for Calculation of the Speech Intelligibility Index (Acoustical Society of
America). New York NY: American National Standards Institute.

Aoki, M., Okuda, H., Ishihara, H., Hayashi, H., Ohashi, T., Nishihori, T.,
et al. (2020). Hearing loss is associated with hippocampal atrophy and
highcortisol/dehydroepiandrosterone sulphate ratio in older adults. Int. J.
Audiol. 60, 293–299. doi: 10.1080/14992027.2020.1831703

Catanesi, M., d’Angelo, M., Antonosante, A., Castelli, V., Alfonsetti, M., Benedetti,
E., et al. (2020). Neuroprotective potential of choline alfoscerate against beta-
amyloid injury: involvement of neurotrophic signals. Cell Biol. Int. 44, 1734–
1744. doi: 10.1002/cbin.11369

Chen, Y. C., Chen, H., Jiang, L., Bo, F., Xu, J. J., Mao, C. N., et al. (2018). Presbycusis
disrupts spontaneous activity revealed by resting-state functional MRI. Front.
Behav. Neurosci. 12:44. doi: 10.3389/fnbeh.2018.00044

Chen, Y. C., Yong, W., Xing, C., Feng, Y., Haidari, N. A., Xu, J. J., et al.
(2020). Directed functional connectivity of the hippocampus in patients with
presbycusis. Brain Imaging Behav. 14, 917–926. doi: 10.1007/s11682-019-
00162-z

Choi, J. J., Hwang, J. S., and Shin, Y. J. (2020). Effect of oral choline alfoscerate
on patients with keratoconjunctivitis sicca. Nutrients 12:1526. doi: 10.3390/
nu12051526

Ciriaco, E., Bronzetti, E., Caporali, M. G., Germana, G. P., Niglio, T., Piccolo,
G., et al. (1992). Effect of choline alfoscerate treatment on changes in rat
hippocampus mossy fibres induced by monolateral lesioning of the nucleus
basalis magnocellularis. Arch. Gerontol. Geriat. 14, 203–213. doi: 10.1016/0167-
4943(92)90021-u

Cox, R. M., and Alexander, G. C. (1995). The abbreviated profile of hearing aid
benefit. Ear. Hear. 16, 176–186. doi: 10.1097/00003446-199504000-00005

Davies, P., and Maloney, A. J. (1976). Selective loss of central cholinergic neurons
in Alzheimer’s disease. Lancet 2:1403. doi: 10.1016/s0140-6736(76)91936-x

De Jesus Moreno Moreno, M. (2003). Cognitive improvement in mild to
moderate Alzheimer’s dementia after treatment with the acetylcholine
precursor choline alfoscerate: a multicenter, double-blind, randomized,
placebo-controlled trial. Clin. Ther. 25, 178–193. doi: 10.1016/s0149-2918(03)
90023-3

Diederen, K. M., Neggers, S. F., Daalman, K., Blom, J. D., Goekoop, R., Kahn, R. S.,
et al. (2010). Deactivation of the parahippocampal gyrus preceding auditory
hallucinations in schizophrenia. Am. J. Psychiatry 167, 427–435. doi: 10.1176/
appi.ajp.2009.09040456

Dillon, H. (2012). Hearing Aids. New York NY: Thieme Computer Bookshops.
Disease, G. B. D., Injury, I., and Prevalence, C. (2016). Global, regional,

and national incidence, prevalence, and years lived with disability for 310
diseases and injuries, 1990-2015: a systematic analysis for the global burden

of disease study 2015. Lancet 388, 1545–1602. doi: 10.1016/S0140-6736(16)
31678-6

Dubno, J. R. (2015). Speech recognition across the lifespan: longitudinal changes
from middle age to older adults. Am. J. Audiol. 24, 84–87. doi: 10.1044/2015_
AJA-14-0052

Eckert, M. A., Cute, S. L., Vaden, K. I. Jr., Kuchinsky, S. E., and Dubno, J. R. (2012).
Auditory cortex signs of age-related hearing loss. J. Assoc. Res. Otolaryngol. 13,
703–713. doi: 10.1007/s10162-012-0332-5

Ferrari, R., Pedrazzi, P., Algeri, S., Agnati, L. F., and Zoli, M. (1999). Subunit and
region-specific decreases in nicotinic acetylcholine receptor mRNA in the aged
rat brain. Neurobiol. Aging 20, 37–46. doi: 10.1016/s0197-4580(99)00015-9

Gates, G. A., Feeney, M. P., and Higdon, R. J. (2003). Word recognition and
the articulation index in older listeners with probable age-related auditory
neuropathy. J. Am. Acad. Audiol. 14, 574–581. doi: 10.3766/jaaa.14.10.6

Gates, G. A., and Mills, J. H. (2005). Presbycusis. Lancet 366, 1111–1120. doi:
10.1016/S0140-6736(05)67423-5

Glowatzki, E., and Fuchs, P. A. (2000). Cholinergic synaptic inhibition of inner
hair cells in the neonatal mammalian cochlea. Science 288, 2366–2368. doi:
10.1126/science.288.5475.2366

Grothe, M. J., Schuster, C., Bauer, F., Heinsen, H., Prudlo, J., and Teipel, S. J. (2014).
Atrophy of the cholinergic basal forebrain in dementia with lewy bodies and
Alzheimer’s disease dementia. J. Neurol. 261, 1939–1948. doi: 10.1007/s00415-
014-7439-z

Guillery, R. W., Feig, S. L., and Lozsadi, D. A. (1998). Paying attention to the
thalamic reticular nucleus. Trends Neurosci. 21, 28–32. doi: 10.1016/s0166-
2236(97)01157-0

Haam, J., and Yakel, J. L. (2017). Cholinergic modulation of the hippocampal region
and memory function. J. Neurochem. 142(Suppl. 2), 111–121. doi: 10.1111/jnc.
14052

Han, T., and Park, C. (1981). A study on standardization of Korean PB word list for
speech audiometry. Korean J. Otorhinolaryngol. Head Neck. Surg. 24, 265–272.

Humes, L. E., Dubno, J. R., Gordon-Salant, S., Lister, J. J., Cacace, A. T.,
Cruickshanks, K. J., et al. (2012). Central presbycusis: a review and evaluation
of the evidence. J. Am. Acad. Audiol. 23, 635–666. doi: 10.3766/jaaa.23.8.5

Husain, F. T., Medina, R. E., Davis, C. W., Szymko-Bennett, Y., Simonyan, K.,
Pajor, N. M., et al. (2011). Neuroanatomical changes due to hearing loss and
chronic tinnitus: a combined VBM and DTI study. Brain Res. 1369, 74–88.
doi: 10.1016/j.brainres.2010.10.095

Johnson, J. A., Cox, R. M., and Alexander, G. C. (2010). Development of APHAB
norms for WDRC hearing aids and comparisons with original norms. Ear.
Hear. 31, 47–55. doi: 10.1097/AUD.0b013e3181b8397c

Jung, J., Kim, J. W., Moon, I. S., Kim, S. H., and Choi, J. Y. (2018). Vibrant
Soundbridge can improve the most comfortable listening level in sensorineural
hearing loss: Our experience with 61 patients. Clin. Otolaryngol. 43, 369–373.
doi: 10.1111/coa.12958

Jung, J., Roh, K. J., Moon, I. S., Kim, S. H., Hwang, K. R., Lee, J. M., et al. (2016).
Audiologic limitations of Vibrant Soundbridge device: Is the contralateral
hearing aid fitting indispensable? Laryngoscope 126, 2116–2123. doi: 10.1002/
lary.25856

Kim, H., Choo, O. S., Park, K., Gu, G. Y., Park, S. H., Jang, J. H., et al. (2020).
Hearing aids are still beneficial to patients, even if they have a low speech
discrimination. Eur. Arch. Otorhinolaryngol. 277, 2987–2994. doi: 10.1007/
s00405-020-06018-3

Frontiers in Aging Neuroscience | www.frontiersin.org 7 June 2021 | Volume 13 | Article 68451921

https://www.frontiersin.org/articles/10.3389/fnagi.2021.684519/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2021.684519/full#supplementary-material
https://doi.org/10.1080/14992020802301142
https://doi.org/10.1016/s0047-6374(01)00310-4
https://doi.org/10.1080/14992027.2020.1831703
https://doi.org/10.1002/cbin.11369
https://doi.org/10.3389/fnbeh.2018.00044
https://doi.org/10.1007/s11682-019-00162-z
https://doi.org/10.1007/s11682-019-00162-z
https://doi.org/10.3390/nu12051526
https://doi.org/10.3390/nu12051526
https://doi.org/10.1016/0167-4943(92)90021-u
https://doi.org/10.1016/0167-4943(92)90021-u
https://doi.org/10.1097/00003446-199504000-00005
https://doi.org/10.1016/s0140-6736(76)91936-x
https://doi.org/10.1016/s0149-2918(03)90023-3
https://doi.org/10.1016/s0149-2918(03)90023-3
https://doi.org/10.1176/appi.ajp.2009.09040456
https://doi.org/10.1176/appi.ajp.2009.09040456
https://doi.org/10.1016/S0140-6736(16)31678-6
https://doi.org/10.1016/S0140-6736(16)31678-6
https://doi.org/10.1044/2015_AJA-14-0052
https://doi.org/10.1044/2015_AJA-14-0052
https://doi.org/10.1007/s10162-012-0332-5
https://doi.org/10.1016/s0197-4580(99)00015-9
https://doi.org/10.3766/jaaa.14.10.6
https://doi.org/10.1016/S0140-6736(05)67423-5
https://doi.org/10.1016/S0140-6736(05)67423-5
https://doi.org/10.1126/science.288.5475.2366
https://doi.org/10.1126/science.288.5475.2366
https://doi.org/10.1007/s00415-014-7439-z
https://doi.org/10.1007/s00415-014-7439-z
https://doi.org/10.1016/s0166-2236(97)01157-0
https://doi.org/10.1016/s0166-2236(97)01157-0
https://doi.org/10.1111/jnc.14052
https://doi.org/10.1111/jnc.14052
https://doi.org/10.3766/jaaa.23.8.5
https://doi.org/10.1016/j.brainres.2010.10.095
https://doi.org/10.1097/AUD.0b013e3181b8397c
https://doi.org/10.1111/coa.12958
https://doi.org/10.1002/lary.25856
https://doi.org/10.1002/lary.25856
https://doi.org/10.1007/s00405-020-06018-3
https://doi.org/10.1007/s00405-020-06018-3
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-684519 July 21, 2021 Time: 15:4 # 8

Na et al. Choline Alfoscerate and Auditory Cognition

Kumar, S., Joseph, S., Gander, P. E., Barascud, N., Halpern, A. R., and Griffiths,
T. D. (2016). A brain system for auditory working memory. J. Neurosci. 36,
4492–4505. doi: 10.1523/JNEUROSCI.4341-14.2016

Lazard, D. S., Giraud, A. L., Gnansia, D., Meyer, B., and Sterkers, O.
(2012). Understanding the deafened brain: implications for cochlear implant
rehabilitation. Eur. Ann. Otorhinolaryngol. Head Neck. Dis. 129, 98–103. doi:
10.1016/j.anorl.2011.06.001

Lee, H. J., Lee, J. M., Choi, J. Y., and Jung, J. (2017). Evaluation of maximal speech
intelligibility with vibrant soundbridge in patients with sensorineural hearing
loss. Otol Neurotol 38, 1246–1250. doi: 10.1097/MAO.0000000000001537

Lee, H. J., Lee, J. M., Na, G., Moon, Y. M., Lee, C., and Jung, J. (2020). Which
patients with a unilateral hearing aid for symmetric sensorineural hearing
loss have auditory deprivation? Clin. Exp. Otorhinolaryngol. 13, 23–28. doi:
10.21053/ceo.2019.00402

Lee, S. H., Choi, B. Y., Kim, J. H., Kho, A. R., Sohn, M., Song, H. K., et al. (2017).
Late treatment with choline alfoscerate (l-alpha glycerylphosphorylcholine,
alpha-GPC) increases hippocampal neurogenesis and provides protection
against seizure-induced neuronal death and cognitive impairment. Brain Res.
1654, 66–76. doi: 10.1016/j.brainres.2016.10.011

Livingston, G., Huntley, J., Sommerlad, A., Ames, D., Ballard, C., Banerjee, S., et al.
(2020). Dementia prevention, intervention, and care: 2020 report of the lancet
commission. Lancet 396, 413–446. doi: 10.1016/S0140-6736(20)30367-6

Murphy, C. F. B., Rabelo, C. M., Silagi, M. L., Mansur, L. L., Bamiou, D. E.,
and Schochat, E. (2018). Auditory processing performance of the middle-aged
and elderly: auditory or cognitive decline? J. Am. Acad Audiol 29, 5–14. doi:
10.3766/jaaa.15098

Panza, F., Solfrizzi, V., and Logroscino, G. (2015). Age-related hearing impairment-
a risk factor and frailty marker for dementia and AD. Nat. Rev. Neurol. 11,
166–175. doi: 10.1038/nrneurol.2015.12

Pedersen, K. E., Rosenhall, U., and Moller, M. B. (1991). Longitudinal study of
changes in speech perception between 70 and 81 years of age. Audiology 30,
201–211. doi: 10.3109/00206099109072886

Richardson, B. D., Sottile, S. Y., and Caspary, D. M. (2020). Mechanisms of
GABAergic and cholinergic neurotransmission in auditory thalamus: Impact
of aging. Hear. Res. 402, 108003. doi: 10.1016/j.heares.2020.108003

Ronnberg, J., Lunner, T., Zekveld, A., Sorqvist, P., Danielsson, H., Lyxell, B.,
et al. (2013). The Ease of Language Understanding (ELU) model: theoretical,
empirical, and clinical advances. Front. Syst. Neurosci. 7:31. doi: 10.3389/fnsys.
2013.00031

Ruan, Q., Yu, Z., Zhang, W., Ruan, J., Liu, C., and Zhang, R. (2018).
Cholinergic hypofunction in presbycusis-related tinnitus with cognitive
function impairment: emerging hypotheses. Front. Aging Neurosci. 10:98. doi:
10.3389/fnagi.2018.00098

Sigala, S., Imperato, A., Rizzonelli, P., Casolini, P., Missale, C., and Spano, P.
(1992). L-alpha-glycerylphosphorylcholine antagonizes scopolamine-induced
amnesia and enhances hippocampal cholinergic transmission in the rat. Eur.
J. Pharmacol. 211, 351–358. doi: 10.1016/0014-2999(92)90392-h

Sottile, S. Y., Hackett, T. A., Cai, R., Ling, L., Llano, D. A., and Caspary, D. M.
(2017a). Presynaptic neuronal nicotinic receptors differentially shape select
inputs to auditory thalamus and are negatively impacted by aging. J. Neurosci.
37, 11377–11389. doi: 10.1523/JNEUROSCI.1795-17.2017

Sottile, S. Y., Ling, L., Cox, B. C., and Caspary, D. M. (2017b). Impact
of ageing on postsynaptic neuronal nicotinic neurotransmission
in auditory thalamus. J. Physiol. 595, 5375–5385. doi: 10.1113/JP2
74467

Tang, X., Zhu, X., Ding, B., Walton, J. P., Frisina, R. D., and Su, J.
(2014). Age-related hearing loss: GABA, nicotinic acetylcholine and
NMDA receptor expression changes in spiral ganglion neurons of the
mouse. Neuroscience 259, 184–193. doi: 10.1016/j.neuroscience.2013
.11.058

Winslow, R. L., and Sachs, M. B. (1988). Single-tone intensity discrimination
based on auditory-nerve rate responses in backgrounds of quiet, noise, and
with stimulation of the crossed olivocochlear bundle. Hear. Res. 35, 165–189.
doi: 10.1016/0378-5955(88)90116-5

Yellin, M. W., Jerger, J., and Fifer, R. C. (1989). Norms for disproportionate
loss in speech intelligibility. Ear. Hear. 10, 231–234. doi: 10.1097/00003446-
198908000-00003

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Na, Kwak, Jang, Noh, Kim, Yang and Jung. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 8 June 2021 | Volume 13 | Article 68451922

https://doi.org/10.1523/JNEUROSCI.4341-14.2016
https://doi.org/10.1016/j.anorl.2011.06.001
https://doi.org/10.1016/j.anorl.2011.06.001
https://doi.org/10.1097/MAO.0000000000001537
https://doi.org/10.21053/ceo.2019.00402
https://doi.org/10.21053/ceo.2019.00402
https://doi.org/10.1016/j.brainres.2016.10.011
https://doi.org/10.1016/S0140-6736(20)30367-6
https://doi.org/10.3766/jaaa.15098
https://doi.org/10.3766/jaaa.15098
https://doi.org/10.1038/nrneurol.2015.12
https://doi.org/10.3109/00206099109072886
https://doi.org/10.1016/j.heares.2020.108003
https://doi.org/10.3389/fnsys.2013.00031
https://doi.org/10.3389/fnsys.2013.00031
https://doi.org/10.3389/fnagi.2018.00098
https://doi.org/10.3389/fnagi.2018.00098
https://doi.org/10.1016/0014-2999(92)90392-h
https://doi.org/10.1523/JNEUROSCI.1795-17.2017
https://doi.org/10.1113/JP274467
https://doi.org/10.1113/JP274467
https://doi.org/10.1016/j.neuroscience.2013.11.058
https://doi.org/10.1016/j.neuroscience.2013.11.058
https://doi.org/10.1016/0378-5955(88)90116-5
https://doi.org/10.1097/00003446-198908000-00003
https://doi.org/10.1097/00003446-198908000-00003
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


ORIGINAL RESEARCH
published: 05 July 2021

doi: 10.3389/fnagi.2021.702739

Edited by:

Francesco Panza,
University of Bari Aldo Moro, Italy

Reviewed by:
Cas Smits,

Amsterdam University Medical
Center, Netherlands

Eliane Schochat,
University of São Paulo, Brazil

Leah Fostick,
Ariel University, Israel

*Correspondence:
Larry E. Humes

humes@indiana.edu

Received: 29 April 2021
Accepted: 11 June 2021
Published: 05 July 2021

Citation:
Humes LE (2021) Factors Underlying

Individual Differences in
Speech-Recognition Threshold (SRT)

in Noise Among Older Adults.
Front. Aging Neurosci. 13:702739.

doi: 10.3389/fnagi.2021.702739

Factors Underlying Individual
Differences in Speech-Recognition
Threshold (SRT) in Noise Among
Older Adults
Larry E. Humes*

Department of Speech, Language, and Hearing Sciences, Indiana University, Bloomington, IN, United States

Many older adults have difficulty understanding speech in noisy backgrounds. In this
study, we examined peripheral auditory, higher-level auditory, and cognitive factors
that may contribute to such difficulties. A convenience sample of 137 volunteer older
adults, 90 women, and 47 men, ranging in age from 47 to 94 years (M = 69.2 and
SD = 10.1 years) completed a large battery of tests. Auditory tests included measures
of pure-tone threshold, clinical and psychophysical, as well as two measures of
gap-detection threshold and four measures of temporal-order identification. The latter
included two monaural and two dichotic listening conditions. In addition, cognition was
assessed using the complete Wechsler Adult Intelligence Scale-3rd Edition (WAIS-III).
Two monaural measures of speech-recognition threshold (SRT) in noise, the QuickSIN,
and the WIN, were obtained from each ear at relatively high presentation levels of
93 or 103 dB SPL to minimize audibility concerns. Group data, both aggregate and
by age decade, were evaluated initially to allow comparison to data in the literature.
Next, following the application of principal-components factor analysis for data reduction,
individual differences in speech-recognition-in-noise performance were examined using
multiple-linear-regression analyses. Excellent fits were obtained, accounting for 60–77%
of the total variance, with most accounted for by the audibility of the speech and
noise stimuli and the severity of hearing loss with the balance primarily associated with
cognitive function.

Keywords: aging, hearing loss, speech perception, speech in noise (SIN), cognition

INTRODUCTION

The World Health Organization (WHO) estimated that there are 162 million older adults
worldwide with ‘‘disabling’’ age-related hearing loss (Stevens et al., 2013). World Health
Organization (WHO) (2021) estimates the prevalence of such disabling hearing loss to be 25% for
those over 60 years of age, increasing from 15.4% globally among people aged in their 60s to 58.2%
globally for those over 90 years of age. ‘‘Disabling’’ hearing loss was defined by the WHO in both
reports as a pure-tone average at 500, 1,000, 2,000, and 4,000Hz (PTA4) in the better ear≥35 dBHL.
According to the current WHO hearing-impairment grade system, the same one used by Stevens
et al. (2013), the onset of ‘‘disabling’’ hearing loss corresponds to those having a moderate hearing
impairment. If one were to include those with mild hearing impairments, defined on this same

Frontiers in Aging Neuroscience | www.frontiersin.org 1 July 2021 | Volume 13 | Article 70273923

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://doi.org/10.3389/fnagi.2021.702739
http://crossmark.crossref.org/dialog/?doi=10.3389/fnagi.2021.702739&domain=pdf&date_stamp=2021-07-05
https://creativecommons.org/licenses/by/4.0/
mailto:humes@indiana.edu
https://doi.org/10.3389/fnagi.2021.702739
https://www.frontiersin.org/articles/10.3389/fnagi.2021.702739/full
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Humes SRT in Noise

scale as better-ear PTA4 between 20- and 35-dB HL, then the
prevalence of age-related hearing loss increases from 25% to
65%. There is mounting evidence that those with such mild
impairments, and even those in the ‘‘normal hearing’’ category
(PTA4 ≤ 20 dB HL), have significant communication difficulties
and often benefit from intervention with hearing aids (Ferguson
et al., 2017; Humes et al., 2017, 2019; Humes, 2020a, 2021a).

The loss of hearing sensitivity with aging, as captured via
pure-tone audiometry, is well established. So much so that there
is an ISO standard describing the progression of hearing loss
throughout adulthood for both men and women (International
Standards Organization, 2017). It has also been recognized for
many years that age-related hearing loss has a significant negative
impact on speech communication. Plomp (1978) provided a
synthesis and analysis of much of this early literature regarding
the impacts of age-related hearing loss on speech communication
arguing that there were two distinct components to the speech-
communication difficulties experienced by older adults, one
captured by speech perception in quiet and the other by speech
perception in noise. This two-component model of speech
perception was described earlier by Carhart (1951) and Carhart
and Tillman (1970), but the model by Plomp (1978) offered
a much more complete and detailed characterization of these
two components. Speech perception in quiet was driven almost
entirely by the inaudibility of the speech signal arising from
the measured pure-tone hearing loss and there has been broad
consensus about this in the literature, both prior to Plomp (1978)
and since (e.g., Humes and Dubno, 2010).

The factors underlying speech perception in noise, however,
were modeled by Plomp (1978) to involve more than the
inaudibility of the speech signal. In Plomp’s model, the
perception of speech in noise was attributed to a distinct
‘‘distortion’’ factor whereas speech perception in quiet resulted
primarily from a separate ‘‘attenuation’’ factor and, to a
lesser extent, contributions from the same ‘‘distortion’’ factor.
The ensuing decades witnessed a wide search for factors
and mechanisms that might underlie the ‘‘distortion’’ factor,
beginning with peripheral factors such as poor cochlear filtering
(e.g., Festen and Plomp, 1983; Dreschler and Plomp, 1985), and
progressing to higher-level cognitive processes (e.g., van Rooij
et al., 1989; van Rooij and Plomp, 1990, 1992; George et al., 2007;
Humes and Dubno, 2010). In general, many of the peripheral
supra-threshold deficits observed in older listeners with impaired
hearing proved to be more a function of elevated thresholds than
the presence of cochlear pathology (e.g., Levitt, 1971; Ludvigsen,
1985; Reed et al., 2009; Desloge et al., 2010, 2012). Humes et al.
(2012), reviewing the literature on the speech-communication
problems of older adults over the preceding 20 years, concluded
that the inaudibility of the speech signal is a key factor, but
additional deficits in auditory temporal processing and cognitive
function often make substantial contributions to the problems
experienced by older adults, especially when listening to speech
in a background of competing speech or speech-like noises.

Humes et al. (2012), making use of the taxonomy of
hypotheses underlying the speech-understanding problems
of older adults proposed initially by CHABA (1988) and
re-emphasized by Humes (1996), noted that there was

considerable support for two of the three hypothesized
mechanisms: peripheral and cognitive. The third hypothesized
mechanism, central-auditory, was more challenging to support
with the evidence available. This was due, in large part, to
the confounding of measures supporting ‘‘central auditory’’
factors by peripheral hearing loss, cognitive function, or both.
For example, dichotic processing of syllables or words, often
considered to be a ‘‘central auditory’’ measure, can be impacted
both by peripheral hearing loss, making the recognition of the
speech signals more difficult, and by cognitive processes, such
as selectively attending to one ear or dividing attention between
the two ears (e.g., Cherry, 1953; Bronkhorst, 2000, 2015; Humes
et al., 2006). Likewise, some ‘‘central auditory’’ tasks involving
the processing of brief and rapid stimuli, such as the perception
of time-compressed speech, may again be impacted negatively by
both peripheral hearing loss and cognitive speed of processing
(Humes et al., 2007; George et al., 2007). As a result, Humes
et al. (2012) suggested that such behavioral speech-perception
measures might be better referred to as measures of "higher
level" auditory processing leaving open the possibility that
they may be cognitive in nature rather than modality-specific
central-auditory measures.

The detailed review by Humes et al. (2012) highlighted
evidence from several studies that supported the primary
contributions of age-related hearing loss to the speech-
understanding problems of older adults, especially for unaided
listening. That report, however, also noted considerable evidence
in support of age-related changes in auditory temporal
processing and cognitive function and their significant additional
contributions to the speech-understanding problems of older
adults, especially in backgrounds of competing speech. A
meta-analysis of 25 studies by Dryden et al. (2017), which
included a wide range of cognitivemeasures, found that cognitive
factors consistently explained about 9% of the variance in
unaided speech-in-noise performance of adults (age > 18 years)
most of whom had hearing thresholds in the normal-to-mild
severity range.

As noted in reviews by Akeroyd (2008) and Humes and
Dubno (2010), the importance of auditory temporal processing
and cognition tended to increase once the audibility deficit had
been overcome through amplification. Humes and Dubno (2010)
noted that this was particularly true when competing speech or
fluctuating speech-like noise was the competing sound. Other
more recent studies with relatively large sample sizes ranging
from about 100–200 older adults support these conclusions.
Humes et al. (2013), for example, used spectral shaping to
ensure full audibility of speech through at least 4000 Hz and
found that individual differences in sentence identification and
recognition were largely determined by several higher-level
processing factors which combined accounted for 59% of the
variance.

Similarly, Rönnberg et al. (2016) obtained several measures
of higher-level auditory processing and multiple measures
of speech perception in steady-state noise and multi-talker
backgrounds with the speech and noise stimuli amplified by an
experimental hearing aid. All 200 older adults were experienced
hearing-aid users with long-standing mild-to-moderate hearing
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loss. Rönnberg et al. (2016) found that 10–40% of the variance in
aided speech understanding could be explained by hearing loss,
temporal fine structure, and cognition, with hearing loss tending
to have the greatest weight even for aided listening.

Bernstein et al. (2016) in an analysis of data from
153 adults (mean age = 59.9 years) found that performance
on a spectrotemporal modulation-detection task accounted for
significant amounts of variance (28%) beyond that accounted for
by hearing thresholds from 2,000–6,000 Hz (31%) for sentence
recognition in multi-talker competition. Again, spectral shaping
of the speech and competition was applied individually via a
master hearing aid.

Most recently, Nuesse et al. (2018) examined the recognition
of sentences in a variety of backgrounds, including cafeteria
noise, for 41 adults ranging in age from 60 to 77 years.
Participants were divided into two groups: elderly normal
hearing (ENH), and elderly hearing impaired (EHI). For the
ENH group, a single cognitive factor (of four included) was the
lone significant predictor of speech recognition for two of the five
speech-recognition conditions. In one case, the lone cognitive
predictor was attention and in the other, it was the speed of
lexical access. For the EHI group, on the other hand, hearing loss
was the lone significant predictor for all five speech-recognition
conditions and accounted for 38–55% of the variance. The
authors note that this was true despite the use of hearing aids
matched to NAL-NL2 gain prescription targets for each listener.
It should be noted, however, that NAL-NL2, as is true of most
gain-prescription procedures, does not optimize the audibility of
speech, at least as quantified with the Speech Intelligibility Index
(SII; American National Standards Institute, 1997; Humes and
Dubno, 2010). The SII ranges from 0 to 1.0 and basically reflects
the proportion of the speech signal that is optimally audible. For
the Nuesse et al. (2018) study, the aided SII for the speech signal
alone at 65 dB SPL was calculated here, based on the median
audiograms in that study, to be 0.96 and 0.70 for the ENH and
EHI groups, respectively. Thus, hearing loss substantially affected
the audibility of the aided speech spectrum for the EHI group
but not the ENH group which may explain the differences in the
predictors identified from the regression analyses for these two
groups in the study by Nuesse et al. (2018).

The recent studies reviewed above all made use of spectrally
shaped speech, either in the laboratory or via hearing aids
matched to targets, to overcome the loss of audibility. When
hearing aids matched to targets were used, high-frequency
pure-tone thresholds always emerged as a significant predictor
of performance (Bernstein et al., 2016; Rönnberg et al., 2016;
Nuesse et al., 2018). When the speech and noise stimuli
were shaped to optimize audibility through at least 4,000 Hz,
then the relative importance of pure-tone threshold for the
prediction of aided speech understanding in competing speech
remained significant but diminished greatly (Humes et al.,
2013). The difference in the relative importance of pure-tone
thresholds to aided speech-understanding performance in noise
between these two approaches to overcoming the inaudibility
of speech and noise stimuli is expected based on the residual
inaudibility following amplification to clinical gain targets
(Humes, 2007).

As discussed in detail in Humes (2007), however, there are
at least two interpretations of the correlations of pure-tone
thresholds with speech-in-noise performance. The most obvious
is that the sloping high-frequency hearing loss common in
aging renders the low-intensity, high-frequency components of
speech inaudible, much like low-pass filtering. The sensorineural
hearing loss associated with aging, however, is not a simple
attenuation as might occur if the loss were conductive in
nature (as in low-pass filtering). Rather, the underlying cochlear
pathology that causes the elevation in thresholds in older adults
may also produce other peripheral processing deficits and the
severity of the pure-tone hearing loss may serve as a marker for
the corresponding severity of that underlying cochlear pathology.
Humes (2007) suggested several ways in which these two impacts
of hearing loss might be disentangled, including the use of
amplified speech to overcome the inaudibility associated with the
elevated pure-tone thresholds.

Of the various approaches to overcoming the inaudibility of
the speech and noise stimuli, increasing the overall level of the
stimuli is perhaps the simplest and has been usedmost frequently
over the years (Humes, 2007). Often, however, depending on
the stimulus level used, it does not fully restore the audibility of
the higher frequency regions of the speech and noise stimuli in
older adults with age-related hearing loss. As was noted above,
residual inaudibility also often occurs in studies using master
hearing aids and clinical prescription targets. The SII, however,
offers a way to quantify the residual inaudibility of the speech and
noise stimuli. Although the SII can be expected to be correlated
with PTA4, there is not a one-to-one association between the two
measures. If high speech levels are used, for example, there will
be no impact of hearing loss on speech audibility until a specific
amount of hearing loss has been reached at a given frequency.
Specifically, until the hearing loss reaches a level that is 15 dB
below the RMS long-term-average speech spectrum, the hearing
loss has no impact on speech audibility and the SII is unaffected
(Humes and Dubno, 2010). As hearing loss at a given frequency
exceeds this level, every decibel of increase in hearing loss reduces
the contributions of that frequency region to the SII until the
hearing loss exceeds a level corresponding to 15 dB above the
RMS long-term-average speech spectrum. Thus, there will be a
strong correlation between the measured hearing loss and the SII
only for thresholds that fall in the 30-dB band within ± 15 dB of
the RMS long-term-average speech spectrum.

The correspondence between PTA4 and the SII is further
complicated due to the differential weighting of frequency
regions by both metrics. The PTA4 calculation, for example,
weights the hearing loss at 500, 1,000, 2,000, and 4,000 Hz equally
through use of the simple arithmetic average of the hearing
thresholds at these four frequencies. The SII, however, weights
each frequency differently, generally ascribing the highest
weights to the region of 2,000–4,000 Hz, although this varies with
the nature of the speech materials (American National Standards
Institute, 1997). Moreover, the presence of background noise
can have an impact on the specific hearing threshold at a given
frequency that impacts speech audibility. Finally, the SII captures
the well-known negative effects of high presentation levels on
speech that impact the performance even of young adults with
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normal hearing (American National Standards Institute, 1997).
In summary, the correlations between the SRT and hearing loss
observed in studies of the SRTs in noise among older adults, even
when master hearing aids with clinical gain targets have been
used, may incorrectly interpret the impact of those thresholds
on speech audibility. That is, the use of ‘‘amplification’’ does not
ensure that the full audibility of speech (and noise) has been
restored for study participants. A more suitable metric of speech
audibility in such studies is the SII.

In the present study, we obtained the speech-recognition
threshold (SRT) in noise from 137 older adults with varying
degrees of hearing loss. The SRT represents the speech level
required for 50%-correct recognition of the speech stimulus. The
speech materials were either sentences (QuickSIN; Killion et al.,
2004) or monosyllabic words (WIN;Wilson, 2003). Each of these
popular clinical SRT measures makes use of a female talker and
multi-talker competition. They primarily differ in the amount
of context provided, although the QuickSIN sentences are not
considered to have rich semantic context (e.g., ‘‘It is a band of
steel three inches wide’’). These materials are typically presented
at an overall level of 83 dB SPL (70 dB HL) in the clinic. Given
the concerns about the audibility of the speech spectrum noted
above, the nominal presentation level used here was 93 dB SPL.
Consistent with WIN test administration guidelines, if the PTA
for 1,000, 2,000, and 4,000 Hz was 40 dB HL or higher, the
presentation level was raised 10 dB to 103 dB SPL. The SII was
calculated for each participant to examine the contributions of
speech audibility to the measured SRTs in noise.

Measures of higher-level auditory processing were also
obtained from every participant. These included measures of
temporal gap-detection threshold at two different frequencies
and several measures of temporal-order identification for
short vowel sequences, both monaural and dichotic. These
psychophysical measures had been obtained from 245 young,
middle-aged, and older adults previously (Humes et al., 2010;
Busey et al., 2010) and more recently in a longitudinal follow-up
of the original cross-sectional study (Humes, 2021b). In addition,
two visual measures, one of temporal processing (flicker fusion)
and one of text recognition akin to the auditory SRT, were
also obtained here. Finally, full cognitive assessments using
the Wechsler Adult Intelligence Scale-Third Edition (WAIS-
III; Wechsler, 1997) were completed by all participants. After
examining age-group differences by decade, linear-regression
analyses were applied to examine the factors accounting for the
individual differences in performance on each measure of SRT
in noise.

MATERIALS AND METHODS

Participants
A total of 137 adults (90 women, 47 men) with a mean age of
69.2 years (range of 47–94 years) participated in this study. Of the
137, 101 had completed the same cognitive and psychophysical
measures included in this study 9 years earlier as part of a
longitudinal study of sensory and cognitive changes (Humes,
2020b, 2021b). As noted in Humes (2021b), there were no
learning or practice effects for the measures considered here that

resulted from this prior testing. The measures of SRT in noise,
the dependent measures of interest in this study, had not been
included in the evaluation 9 years earlier.

At the time of initial entry into the study, currently, for
36 participants and 9 years prior for 101 individuals, participants
were recruited via advertisements in the local newspaper, in
bulletins or flyers for local community centers or organizations,
or through existing laboratory databases of research volunteers.
At initial entry into the study, the only selection criteria were
based on age (40–89 years), a score≥ 25 on theMiniMental State
Examination (MMSE; Folstein et al., 1975), and passing screens
of sensory acuity. Maximum acceptable hearing thresholds and
allowable visual acuity were established. Specifically, participants
had to have corrected visual acuity of at least 20/40 based
on an evaluation with a Snellen chart, hearing thresholds for
air-conducted pure tones that did not exceed a maximum
permissible value at each of several frequencies in at least one
ear, and no evidence of middle-ear pathology in the test ear
(air-bone gaps less than 10 dB and normal tympanograms). The
maximum acceptable hearing thresholds (measured clinically)
were: (1) 40 dB HL (American National Standards Institute,
2004) at 250, 500, and 1,000 Hz; (2) 50 dB HL at 2,000 Hz;
(3) 65 dB HL at 4,000 Hz; and (4) 80 dB HL at 6,000 and
8,000 Hz. These limits were designed to make it likely that
the psychophysical stimuli would be visible and audible when
presented on subsequent tasks, but this was confirmed directly
via identification screening. All participants were required to
pass an identification screening of the four brief vowel stimuli
in isolation, used in subsequent temporal-order measures, with
at least 90% accuracy on one of up to four, 20-trial blocks.
This was to ensure that listeners would be able to complete
the subsequent temporal-order identification tasks which were
targeting identification performance of either 50 or 75 percent
correct (see below). If participants did not reach this 90%
identification-accuracy criterion during screening, they were
re-screened on a separate day. Participants ultimately unable to
reach this criterion were not included in this study.

The 101 older adults who returned for the present study were
not subjected to additional inclusion screening at the 9-year
follow-up. The only requirement was that they were able to come
into the laboratory for testing, could follow the task instructions,
and could complete the required tasks. Although their hearing
loss had progressed, as expected, over the intervening 9 years
(Humes, 2021b), all but four could still identify the brief vowels
used in the temporal-order identification tasks with at least 90%
accuracy. For the four who were included in these analyses but
scored below this initial study-entry criterion, the vowels were
identified with 85%, 65%, 65%, and 60% accuracy in isolation.

Informed consent was obtained from all participants and
they were paid $12–$15/h for their participation. This study was
approved by the Indiana University Bloomington Institutional
Review Board.

During the initial 2-h screening session, audiological
examinations were completed, including pure-tone audiometry
and immittance measures. Identification of the brief vowels used
in the temporal-order sequence tasks was completed with each
vowel presented individually and in quiet. A visual screen of
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distance vision was completed using a Snellen chart. A case
history and the MMSE were also completed in this initial session.
Finally, the two dependent measures in this study, theWords-In-
Noise (WIN) test (Wilson et al., 2007) and the Quick Speech-In-
Noise (QuickSIN; Killion et al., 2004) test were completed during
this initial session. Eligible participants were then recruited for
the main study and those volunteering to participate signed
a second consent form for participation in the main study.
The main study, involving auditory and visual psychophysical
measures as well as a full cognitive evaluation, required an
additional eight sessions with each session 2 h in duration.

SRT in Noise: Materials and Procedures
Both the WIN test and the QuickSIN test were administered
using the test CD and accompanying instruction manual. Both
tests were administered using a clinical audiometer calibrated
using the calibration track (Track 1) on each CD. Monaural
SRTs in noise were obtained from each ear but only the SRTs
from the right ear, the test ear for all monaural psychoacoustic
measures, are discussed here. For the WIN and the QuickSIN,
List 1 was used to obtain the SRT in noise. The QuickSIN was
administered at 80 dB HL or 93 dB SPL. The QuickSIN list
consisted of six sentences, each with five target words. The level
of the sentences was fixed at an overall level of 93 dB SPL and
the level of the multi-talker babble was varied in 5-dB increments
from 25 to 0 dB SNR. The WIN was administered at the same
level of 93 dB SPL for those with a pure-tone average at 500,
1,000, and 2,000 Hz (PTA)≤ 40 dBHL or at 103 dB SPL for those
with higher PTAs. For all conditions, the level of the multi-talker
babble was fixed at 93 or 103 dB SPL, and the level of the speech
varied to produce SNRs from 24 to 0 dB in 4-dB decrements,
with five words presented at each SNR. It should be noted that
both tests were administered at levels 10–20 dB higher than what
is typically recommended clinically to minimize the impact of
speech inaudibility and this was also the rationale for the use
of two different levels for the WIN (Wilson, 2011). There were
no complaints from the participants regarding the level of the
stimuli being too loud.

Auditory Psychophysical Measures:
Materials and Procedures
For each of the psychophysical measures, a ‘‘threshold estimate’’
of performance was preceded by 20–40 familiarization trials,
which included trial-to-trial feedback, and was obtained
from three separate and stable blocks of trials that, when
pooled, totaled 200–250 trials. The details of the stimuli and
the psychophysical procedures for the auditory stimuli and
procedures used here can be found in a series of prior studies
(Humes et al., 2009; Humes and Dubno, 2010; Fogerty et al.,
2010; Henshaw and Ferguson, 2013).

Next, the measures of auditory threshold sensitivity and
gap detection were completed using an interleaved adaptive
forced-choice psychophysical paradigm targeting 75% correct.
For auditory threshold measurement, measures were obtained
first for pure tones at 500 Hz, then at 1,400 Hz, and finally
at 4,000 Hz. Similarly, measurement of gap-detection threshold
began at the 1,000-Hz center frequency and then proceeded

to the 3,500-Hz center frequency. Noise bands with 1,000-Hz
bandwidth were used to obtain the gap-detection thresholds.
This use of a fixed order reinforced the need for familiarization
trials prior to each measure and for stable threshold estimates
based on 200–250 trials.

Four temporal-order identification measures were then
completed, each making use of the same set of four brief 70-ms
vowel stimuli. Three of the four tasks required the identification
of two-item sequences (e.g., ‘‘ah’’ ‘‘eh’’) and one required the
identification of a four-item sequence. The three two-item
sequences differed regarding how the stimuli were presented
to the subject with vowels in the sequence presented either to
the same ear (monaural) or to different ears (dichotic). This
manipulation was designed to explore lower-level (peripheral) vs.
higher-level (central) auditory temporal-processingmechanisms.
For example, for the auditory two-item dichotic task, the two
sensory inputs cannot interact until the first auditory center
in the brainstem processes inputs from both ears (the superior
olivary complex). On the other hand, the same-ear monaural
version of this task makes it possible for the interaction of
the two stimuli in the sequence at a much lower-level, as
low as the cochlea. For the two dichotic, two-item tasks, the
difference between them was in the response required of the
subject. In one case, the subject was required to identify the
vowel sequence, just as in the monaural version of this task,
whereas in the other case, the task was simply to identify which
ear (right or left) was stimulated first. The latter temporal-
order identification task was included because this is most often
considered ‘‘temporal-order judgment’’ in the long history of
interest in this measure (e.g., James, 1890; Fraisse, 1984) and,
recently, the effects of aging on this form of temporal-order
judgment have been examined (e.g., Babkoff and Fostick, 2017;
Ronen et al., 2018). Finally, themonaural four-item sequence was
included to increase the cognitive demands for this temporal-
order identification task, thereby increasing the likelihood of
uncovering an underlying cognitive factor. For all these auditory
temporal-order measures, the threshold estimate obtained was
the stimulus onset asynchrony (SOA) that was approximately
midway between chance and 100% correct performance on the
psychometric function relating performance to SOA. SOA is
the time lag between the onsets of successive vowels in the
sequence. Further details regarding the stimuli and procedures
can be found elsewhere (Fogerty et al., 2010; Humes et al.,
2010).

All auditory psychophysical testing was completed in a
sound-attenuating booth meeting the ANSI S3.1 standard for
‘‘ears covered’’ threshold measurements (American National
Standards Institute, 2003). Two adjacent subject stations
were housed within the booth. Each participant was seated
comfortably in front of a touch-screen display (Elo Model
1915L). The right ear was the test ear for all monaural
measurements in this study. Stimuli were generated offline and
presented to each listener using custom MATLAB software.
Stimuli were presented from the Tucker-Davis Technologies
(TDT) digital array processor with 16-bit resolution at a sampling
frequency of 48,828 Hz. The output of the D/A converter
was routed to a TDT programmable attenuator (PA-5), TDT
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headphone buffer (HB-7), and then to an Etymotic Research 3A
insert earphone. Each insert earphone was calibrated acoustically
in an HA-1 2-cm3 coupler (Frank and Richards, 1991). Output
levels were checked electrically just prior to the insert earphones
at the beginning of each data-collection session and were verified
acoustically using a Larson Davis model 2800 sound level meter
with linear weighting in the coupler monthly throughout the
study. Prior to actual data collection in each experiment, all
listeners received 10–30 practice trials to become familiar with
the task. These trials could be repeated a second time to
ensure comprehension of the tasks if desired by the listener,
but this was seldom requested. All responses were made on the
touch screen and were self-paced. Correct/incorrect feedback
was presented after each response during experimental testing.
Further methodological details, specific to each measure, can be
found in prior studies (Humes et al., 2009; Humes and Dubno,
2010; Fogerty et al., 2010).

Several procedural steps were followed to minimize the
impact of high-frequency hearing loss on auditory measures.
Gap-detection thresholds, for example, were obtained using an
overall presentation level of 91 dB SPL. For the four auditory
temporal-order identification tasks, productions of four vowels
that had the shortest duration, F2 < 1,800 Hz, and good
identification during piloting were selected for stimuli. Stimuli
were digitally edited to remove voiceless sounds, leaving only the
voiced pitch pulses and modified in MATLAB using STRAIGHT
(Kawahara et al., 1999) to be 70-ms long with a fundamental
frequency of 100 Hz. Stimuli were low-pass filtered at 1800 Hz
and normalized to the same RMS level. A single stimulus
presentation measured 83 (±2) dB SPL and a presentation of
two overlapping stimuli measured 86 (±2) dB SPL. All listeners
completed the four temporal-order tasks in the following order:
monaural two-item identification (Mono2), monaural four-item
identification (Mono4), dichotic two-item vowel identification
(DichID), and dichotic two-item ear or location identification
(DichEar). For the three vowel-identification tasks, listeners were
required to identify, using a closed-set button response, the
correct vowel sequence exactly (i.e., each vowel in the order
presented) for the response to be judged correct. The ear-
identification task, DichEar, only required the listener to identify
which ear (‘‘Right’’ or ‘‘Left’’) was stimulated first. The dependent
variable measured was the stimulus onset asynchrony (SOA)
between the presented vowels. Each threshold estimate for each
temporal-order task was based on three valid estimates that
were averaged together for analysis, resulting in a total of 216
(Mono2), 288 (Mono4), or 432 (DichID, DichEar) trials per SOA
threshold estimate.

Visual Psychophysical Measures:
Procedures and Equipment
Flicker Fusion
Flicker fusion is a commonly used measure of visual temporal
sensitivity threshold. Flicker sensitivity was determined by
flickering a light around a constant mean luminance. Flicker
frequencies of 2, 4, and 8 Hz were used. The depth of modulation
around the mean luminance was adaptively varied to achieve a
threshold contrast value in a modified two temporal interval task.

A custom-designed light box, in which six 60-watt
incandescent bulbs back-projected onto a white translucent
Plexiglas panel to produce an adapting surround of 112 candelas
per meter squared (cd/m2). This panel was 57 cm × 57 cm,
and in the center (behind the white Plexiglas panel) was a red
light-emitting diode (LED) display device consisting of 12 LEDs
that projected through three additional diffusing screens. The
luminance was adjusted so that the mean luminance was
127.5 cd/m2. The display device cast a shadow of 10.78 degrees
of visual angle and inside was the red circle of diameter 5.39◦.
Participants freely viewed the display at 53 cm with both eyes in
a fully illuminated room (fluorescent lighting).

The stimuli were driven through a custom circuit and
programmed via a 12-bit digital/analog (D/A) card (National
Instruments PCI-6071e). Stimulus sequences were generated in
MATLAB (Mathworks, MA) and sent to the D/A card via the
Real Time Toolbox (Humusoft, Czech Republic). No auditory
cues were perceptible from the operation of the device. The
update rate was 1,000 Hz.

Participants were comfortably seated in front of the display.
The experimenter initiated each trial. Only two intervals were
used, marked by auditory recordings (‘‘Test One’’ and ‘‘Test
Two’’). The experimenter initiated each trial, and the LEDs were
modulated around the baseline 127.5 cd/m2 level at one of three
frequencies (2, 4, or 8 Hz), which was embedded in a Gaussian
temporal envelope 500 ms in duration. The effective visible
duration was approximately 250 ms. The depth of modulation
was varied according to two interleaved tracking programs with
an initial step size for the first two reversals of each track of
0.25 and a final step size for the remaining seven reversals of each
track set to 0.125. Contrast was defined as contrast = (luminance-
127.5)/127.5. Note that this flicker task is not an absolute
threshold task because the background luminance was set to
127.5 cd/m2 and the room lights were left on. The visual task
should be viewed as a relative flicker judgment (i.e., which
interval contained a steady light that appeared to ‘‘flicker’’).

Text Recognition Threshold (TRT)
The TRT is a test of the ability to recognize written sentences that
are partially obscured by a vertical grating. The Dutch version
of the test, developed by Zekveld et al. (2007), was obtained and
modified to present English sentences from the revised Speech
in Noise (R-SPIN) test (Bilger et al., 1984). No other properties
of the test were changed. On each trial, a row of equally spaced
vertical black bars appeared then a sequence of words, that form
a meaningful sentence, appeared behind (obscured by) the bars.
The words appeared sequentially (250 ms per word) and the
complete sentence remained on the screen for 3.5 s. The subject’s
task was to read aloud as much of the sentence as he or she
could identify. The difficulty of the task was varied adaptively
(based on a subject’s performance) by increasing or decreasing
the width of the bars (i.e., the percentage of unobscured text).
The test consisted of four adaptive runs of 13 trials, with four
different sets of R-SPIN predictability-high (PH) sentences. The
threshold for each run was computed as the mean percentage of
unobscured text on trials 5–13 and the final TRT value was the
mean of the four threshold estimates.
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Cognitive Measures
A Quick Test (AQT)
The AQT was used to provide a measure of cognitive abilities
that often decline with age (or due to various types of dementia)
(Wiig et al., 2002). The test is designed to measure verbal
processing speed (PS), automaticity of naming, working memory
(WM), and the ability to shift attention between dimensions of
multidimensional visual stimuli. The test consisted of three timed
subtests in which subjects named the color and/or the shape of
symbols arranged on a page in eight rows of five. Test 1 required
subjects to name the color (black, red, blue, or yellow) of colored
squares. The second test required subjects to name each shape
on a page of black circles, squares, triangles, and lines. The third
test included colored shapes (the same shapes and colors used in
tests 1 and 2) and subjects were asked to name both the color and
the shape. Subjects were told to proceed as fast and as accurately
as they could and the total time to complete each subtest was
recorded.

WAIS-III
The full 13-subscale version of the WAIS-III (Wechsler,
1997) was administered by a research assistant trained in
test administration. Because this test makes use of auditory
instructions or stimuli for various subscales, a personal ‘‘pocket
talker’’ amplification system was available for use by the
participant. It was used whenever the pure-tone average at 1,000,
2,000, and 4,000 Hz exceeded 25 dB HL or the participant
complained of difficulty hearing the test administrator. All
WAIS-III scale scores reported here are the raw scores rather
than the age-corrected normed scores.

SII Calculations
The SII was calculated for the WIN and the QuickSIN according
to the methods described in ANSI S3.5 (1997). All calculations
were made using the one-third octave-band method. When the
long-term-average speech spectra of the WIN (Wilson et al.,
2007) and the QuickSIN (Killion et al., 2004) were compared they
were determined to be essentially equivalent and the QuickSIN
speech spectrum was used in all calculations. For both tests,
a female is the target talker and the competition is a multi-
talker babble that has been shaped to match the spectrum of
the speech. Therefore, the long-term-average noise spectrum
was set to be the same as the QuickSIN speech spectrum as
well. Given the high presentation levels used, all calculations
included the level desensitization factor in the ANSI standard. In
addition, for all SII calculations, pure-tone thresholds at octave
intervals from 250 to 8,000 Hz from the audiogram were used to
represent one-third-octave band thresholds (Cox and McDaniel,
1986) at those same octave center frequencies. Thresholds at the
250-Hz frequency were extrapolated to the bands at 160 and
200 Hz whereas thresholds for all other one-third-octave center
frequencies were interpolated from the adjacent octave center
frequencies. The lowest one-third-octave band used for the SII
calculations performed here was 160 Hz and the highest was
8,000 Hz.

A key component of the SII calculations is the
band-importance function which ascribes differential weighting

to the contributions of various one-third-octave bands of the
speech spectrum. Based on the importance functions available in
the ANSI standard it is likely that the weighting functions differ
for the monosyllabic WIN and the sentence-based QuickSIN but
such functions have not been derived for either test. Given that
the WIN makes use of the NU-6 monosyllables the importance
function derived for these materials by Studebaker et al. (1993)
and included in the ANSI standard was used. Although the
written materials are the same as in the WIN, the WIN involves
a different recording and only a subset of all available NU-6
words. Nonetheless, it was considered the best choice available
for the importance function for the WIN. For the QuickSIN, it
was decided to use the importance function for ‘‘average speech’’
included in the ANSI standard. These two importance functions
are compared in Figure 1. The NU-6 weights give somewhat
greater importance to the frequency region 1,500–3,000 Hz
than the function for average speech but, overall, they are more
similar than dissimilar.

A key difference between the SRTs in noise obtained by
the WIN and QuickSIN has to do with the way in which the
speech and noise signals are presented and calibrated. For the
WIN, the noise level is fixed at a level that is 24 dB below the
maximum speech level to be used (+24 dB SNR). For the 93 dB
SPL test level, at the maximum SNR of +24 dB, the noise is
at 69 dB SPL. For the QuickSIN, it is the speech level that is
fixed at the maximum level to be used and the noise level is
reduced to lower levels to generate the desired SNRs. For the
maximum SNR in the QuickSIN, +25 dB, the speech level is
at the maximum, 93 dB SPL, in this study, and the noise is
25 dB lower at 68 dB SPL. The long-term-average speech and
noise spectra for each test at an SNR of +24 dB for both are
shown in the left two panels of Figure 2, along with the mean
audiogram for the right ear from the 137 participants. Clearly, the
underlying acoustics and audibility for both the QuickSIN (top)
and WIN (bottom) are equivalent at this high SNR. However,
the situation changes considerably at lower SNRs, such as the

FIGURE 1 | One-third octave-band importance weights for average speech
(filled circles) and the Northwestern University Auditory Test No. 6 (NU-6)
monosyllables from the American National Standards Institute (1997)
standard for the Speech Intelligibility Index (SII).
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+4 dB SNR illustrated in the right-hand panels of Figure 2. Given
the high and fixed speech level for the QuickSIN (top right),
the audibility of the speech and noise spectra are not impacted
by the hearing loss shown. For the WIN, however, at this same
SNR of +4 dB, high-frequency hearing thresholds restrict the
audibility of the speech and noise, although just slightly for this
mean audiogram. Clearly, the SNR at SRT from theWIN is more
likely to be impacted by the hearing loss than the QuickSIN and
this reinforces the use of a 10-dB higher presentation level for the
WIN for those with greater amounts of high-frequency hearing
loss.

RESULTS AND DISCUSSION

Effects of Age Group
Prior to examining the factors underlying individual differences
in SRT in noise, the mean data were examined to establish the
representativeness of the data sample in this study. Although
this could be done by just pooling the data from all 137 older
adults and comparing means to pooled means from prior studies
of similarly aged participants, this was accomplished here by
separating the 137 older adults into age decades from 50 to
59 through 80–89 years. In many prior studies, the sample

sizes and age distributions were insufficient to segregate the
data by age decade. Here, it was desired to both establish the
representativeness of the current data by comparison of the
aggregate data to those from prior studies while simultaneously
presenting additional insights into the normative performance
on each of these measures by age decade. Of course, sufficient
numbers of participants are needed in each age decade to
do so. Table 1 summarizes the composition of each of these
subgroups. It should be noted that for the 50s age decade
one individual was younger than the lower limit (47 years)
and for the 80s decade, two individuals exceeded the upper
age limit (ages of 90 and 94 years). With the sample sizes
for each of the four age decades ranging from 26 to 41,
there was sufficient data to assess performance by age decade
while also evaluating the representativeness of the aggregate
data.

Figure 3 presents the means and standard errors for each
of the four age decades for all the auditory measures obtained
from the 137 adults in this study. General Linear Model
(GLM) analyses were performed to examine the effects of age
group on each of the measures in Figure 3. Asterisks mark
significant (p< 0.05) differences among the age groups following
Bonferroni adjustment for multiple dependent measures within

FIGURE 2 | The 1/3-octave-band levels for the long-term average (LTA) speech (filled circles) and competing noise (multi-talker babble; dashed lines) for the
QuickSIN (top) and WIN (bottom) for the 80-dB HL (93-dB SPL) presentation condition. In the left two panels, the signal-to-noise ratio (SNR) is +24 dB (the maximum
for the WIN and within 1 dB of the maximum for the QuickSIN) and in the right two panels, the SNR is +4 dB (near-threshold level for young normal-hearing adults).
Also shown in each panel are the mean pure-tone thresholds for the 137 older adults in this study (unfilled circles).
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TABLE 1 | Age and gender details for each of the four age-decade groups
formed.

Age N Age M Age SD Age Min Age Max % Women
Decade

50s 31 56.2 3.0 47 59 74.2
60s 41 64.7 2.5 60 69 68.3
70s 39 74.9 2.9 70 79 59.0
80s 26 83.4 3.5 80 94 61.5
Total 137 69.2 10.1 47 94 65.7

All age variables are in years. Note that for the age decade labeled “50s”, one individual
was below the range of 50–59 years (age = 47 years) and for the decade labeled “80s”,
two individuals exceeded the 80–89-year age range (ages = 90, 94 years).

a given type of auditory measure (e.g., p < 0.05/4 or 0.0125 for
pure-tone threshold and temporal-order identification). As
expected, hearing loss worsened significantly with age group,
as shown in the top left panel, for both the laboratory
psychophysical measures and the PTA4 for the right ear from
the clinical audiogram (all F(3,131) > 18.1, p < 0.001). The
Eta-squared (η2) effect sizes for all four measures of hearing
threshold, moreover, were very large (0.29 < η2 < 0.40; Cohen,
1988). Post hoc Bonferroni-adjusted t-tests revealed the following
significant differences across age decades: (1) at 500 Hz and
1,400 Hz, mean thresholds for the 50-, 60- and 70-year-olds
were better than those of the 80-year-olds and the thresholds
for the 50-year-olds were better than those for the 70-year-olds;
(2) at 4,000 Hz, the thresholds for each age decade differed
from all others except for the 70- and 80-year-olds; (3) for the
right-ear PTA4, all age decades differed significantly from one
another. The unfilled circles superimposed on the bar graph for
the right-ear PTA4 represent the mean values of the right-ear
PTA4 for each age decade established for 1,244 older adults in
the population sample of Cruickshanks et al. (1998). At least
for this measure of hearing loss, the present data appear to be
representative of older adults ranging in age from 50 to 89 years.
Such population data or similarly large data sets do not exist for
the other auditory measures included in Figure 3.

Given the significant differences in hearing thresholds across
the age decades, especially in the higher frequencies, it is expected
that the SRTs in noise for both the WIN and the QuickSIN will
increase with the advancing age decade due to the progressively
increasing hearing loss. This is confirmed in the middle section
of the top panel of Figure 3 (both F(3,133) > 14.5, p < 0.001).
The η2 effect sizes were also large for the effect of age group
on the WIN SRT (η2 = 0.35) and QuickSIN SRT (η2 = 0.25).
Post hoc Bonferroni-adjusted t-tests revealed that significant
differences were never observed between the mean SRTs in noise
for the 50- and 60-year-olds but each of these two age groups
had significantly lower SRTs than the 70- and 80-year-olds. In
addition, for the WIN, the SRT in noise for the 70-year-olds was
significantly better than that of the 80-year-olds.

Regarding the auditory measures of temporal processing,
there are no significant effects of age group on gap-detection
threshold at either frequency (right section of the top
panel). Among the four temporal-order identification measures
(bottom panel), only the monaural two-item temporal-order
identification task showed a significant effect of age group
(F(3,132) = 3.8, p < 0.0125). For the significant effect of age

FIGURE 3 | Means and standard errors are shown by age decade for each
of the four types of auditory measures completed in this study. The asterisks
mark those measures for which a significant effect of age decade was
observed. The open circles in the top panel for PTA4re show comparison
data from a population study of older adults in the US from Cruickshanks
et al. (1998). PT = pure-tone threshold in dB SPL and 500, 1,414, and
4,000 represent the three test frequencies. PTA4re = pure-tone average for
500, 1,000, 2,000, and 4,000 Hz in the right ear in dB HL.
SRT = speech-recognition threshold in dB; GDT = gap-detection threshold in
ms. The x-axis labels in the lower panel show the four conditions for the
temporal-order identification measures with the stimulus onset asynchrony
(SOA) plotted in ms. Mono2 = monaural two-item. Mono4 = monaural 4-item.
DichID = dichotic with vowel identification. DichLOC = dichotic with ear or
location identification.

group on monaural two-item temporal-order identification,
the η2 value was 0.08 which represents a medium effect size
(Cohen, 1988), and post hoc Bonferroni-adjusted t-tests found
that both the 50- and 60-year-olds had lower SOAs than the
80-year-olds. Although it appears that there is a trend toward
an effect of the age group for the monaural 4-item and the
dichotic-identification task, confirmed by an uncorrected p
value < 0.05 and medium effect sizes (η2 = 0.08 and 0.06,
respectively), these differences were not significant following
Bonferroni adjustment of the p value to 0.0125. The relatively
high variability of the oldest group on both tasks may have
diminished the effect of the age group for these two measures. It
is interesting that on the monaural 4-item and dichotic-location
tasks it was the 60-year-olds who had the best performance
rather than the 50-year-olds, although this was not a significant
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difference in SOA between these two age groups. It is unclear
from these data whether this pattern for these two measures
reflects better-than-expected performance of the 60-year-olds,
worse-than-expected performance of the 50-year-olds, or a
combination of both.

The mean performance observed here, both overall and by
age group, is consistent with prior reports on the hearing
threshold (Cruickshanks et al., 1998) and auditory temporal-
processing measures (Humes et al., 2009; Harris et al., 2010;
Humes and Dubno, 2010; Humes et al., 2013). Given that 101 of
the 137 participants in the current study had participated in
these earlier studies 9 years previously, the agreement between
the present and prior findings on the measures of temporal
processing is expected. Regarding the WIN and QuickSIN SRTs
in noise, neither having been obtained in our prior studies, the
study of Wilson et al. (2007) seemed to be the most appropriate
comparison. Wilson et al. (2007) obtained both SRT measures
from a group of 72 older adults with hearing loss and from a
group of 24 young adults with normal hearing. The older adults
in that study were similar in age to the present sample, although
the hearing loss was considerably greater and the presentation
level about 10 dB lower for the WIN and about 10 dB higher
for the QuickSIN. Wilson et al. (2007) presented their SRT data
for the entire group of 72 older adults, rather than stratified
by age group as in Figure 3. The overall means averaged for
the entire group of 137 in this study were 4.0 dB for the WIN
and 7.3 dB for the QuickSIN which generally falls between the
means for the normal-hearing and hearing-impaired groups for
each test in Wilson et al. (2007). More recently, Wilson (2011)
reported age-decade WIN thresholds for a large clinical sample
with older adults having greater high-frequency hearing loss than
those in the present study. Although the average WIN SRT was
consistently 4–5 dB higher than observed here (Figure 3), the
progression with advancing age was similar. In the present study,
theWIN SRT increases in these cross-sectional data at about 2 dB
per decade.

The primary cognitive measure used in this study was the
WAIS-III. Figure 4 shows the means and standard errors for
each age decade. The top panel shows the results for the seven
scales considered to be verbal in nature, separated into the two
domains tapped by those scales (Verbal Comprehension and
Working Memory), whereas the bottom panel depicts the results
for the performance-based measures, again separated into the
two domains tapped (Perceptual Organization and Processing
Speed). The Picture Arrangement scale, shown at the far right
in the bottom panel, is a performance-based measure like the
others in the bottom panel, but it is not included in either of
the index scores computed from the other performance-based
measures. The asterisks again mark significant effects of age
group on the raw scores for each scale in Figure 4 from the GLM
analyses (all F(3,133) > 6.2) with Bonferroni adjustment of the
p values (p < 0.05/13 or 0.0038). Further, for all six significant
effects of age group shown in Figure 4, the η2 effect sizes ranged
from 0.12 to 0.31, all considered to be large effect sizes (Cohen,
1988). The pattern of age-group effects across the various
WAIS-III scales is entirely consistent with expectations (e.g.,
Salthouse, 2010) and prior findings from a similar cohort (Humes

FIGURE 4 | Means and standard errors on the WAIS-III shown by age
decade. Measures are partitioned into groups (vertical dashed lines)
according to the type of cognitive process. The asterisks mark those
measures for which a significant effect of age decade was observed. The
white circles shown for the right-most measure in each panel provide
example comparisons to normative values from Ardila (2007) for those scales.
WAIS-III scales are: Vocab = vocabulary; Similar = similarities;
Info = information; Compreh = comprehension; Arith = arithmetic;
DigSpn = digit span; LtNumSeq = letter-number sequence;
PicCompl = picture completion; BlkDsgn = block design; MtrxReas = matrix
reasoning; DigSymCd = digit-symbol coding; SymSrch = symbol search; and
PicArrange = picture arrangement.

et al., 2013). Specifically, verbal comprehension measures tend
not to decline substantially with advancing age in adulthood
whereas many process-based measures do decline. Consistent
with this expectation, five of the six performance or process-
based measures in the bottom panel of Figure 4 show significant
effects of age group, as does one of the three measures of
working memory (top right). No significant age-group effects
were observed for the four measures of Verbal Comprehension
in the top left of Figure 4. For the six cognitive measures
showing significant effects of age decade in Figure 4, the

Frontiers in Aging Neuroscience | www.frontiersin.org 10 July 2021 | Volume 13 | Article 70273932

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Humes SRT in Noise

pattern of age-decade differences, based on post hoc Bonferroni-
adjusted t-tests, was the same for five of the six measures,
all but digit- symbol coding. The pattern observed was that
the performance of the 50- and 60-year-olds was significantly
better than that of the 70- and 80-year-olds with no other
significant differences observed. For digit-symbol coding, the 50-
year-olds had significantly better performance than all other age
decades with the 60-year-olds also outperforming the 80-year-
olds significantly.

To illustrate the representativeness of the present data, the
mean WAIS-III raw scores from the standardization sample
(Ardila, 2007) are shown by the white circles for the far-right
cognitive measure in each panel. The age groups for the
comparison WAIS-III data are for age groups of 55–64, 65–69,
70–74, 75–79, 80–84, and 85–89 years, with about 190 individuals
in each age group. Thus, the comparison data span much of the
same range as the age groups in the present analyses but with
different groupings of ages. Although the WAIS-III scores from
the participants in this study tend to be slightly higher than the
group norms from Ardila (2007), likely reflecting a somewhat
higher average education level in the present sample, the patterns
across age groups are very similar for both datasets.

The other cognitive measure completed in this study was
the AQT. As noted previously, the AQT is a brief measure
of verbal processing speed. Three primary measures emerge
from this test: the time required to complete the color naming
only, the shape naming only, or the combined color-shape
naming. It has also been suggested that the number of naming
errors for the color-shape naming task may be informative.
When these four processing-speed measures were analyzed, two
of the four, shape-naming time and color-shape-naming time,
showed significant effects of age decade with both F(3,133) > 6.7,
p < 0.0125 (or 0.05/4). The η2 effect sizes were both > 0.13,
moreover, which corresponds to large effect sizes (Cohen, 1988).
Post hoc Bonferroni-adjusted t-tests comparing performance
across age decades found that for both the color-shape- and
shape-naming times, the 50-year-olds had significantly faster
processing speeds than both the 70- and 80-year-olds. For
the shape-naming time, the 60-year-olds were also significantly
faster than the 80-year-olds. Again, effects of age group on a
processing-based measure like the AQT are expected (Salthouse,
2010) and are also consistent with the WAIS-III data shown
previously in the bottom panel of Figure 4. When the AQT
processing times were averaged across the entire group of
137 adults in this study, the mean times of 23.8 s, 30.4 s,
and 56.8 s for the color, shape and color-shape conditions
compare favorably to the values of 23.0 s, 29.7 s, and 55.4 s,
respectively, reported for a separate group of 98 older adults
(Humes et al., 2013).

Finally, for the four visual measures, the TRT and three
flicker-fusion contrast thresholds, effects of age group were only
observed for the TRT (F(3,131) = 16.4, p < 0.001). None of the
flicker-fusion contrast thresholds showed significant effects of
age decade (all F(3,133) < 3.3, p > 0.0167 or 0.05/3). A very
large η2 effect size of 0.27 was observed for the TRT. Post hoc
Bonferroni-adjusted t-tests revealed that the performance of the
50- and 60-year-olds, with means of 58 and 58.2% unmasked

text at TRT, was significantly better than that of the 70- and
80-year-olds, with means of 61.8 and 62.6% unmasked text at
TRT. The overall TRT value averaged across age decades of 60%
unmasked text is consistent with that observed in older adults
previously (Zekveld et al., 2007; Humes et al., 2013). For the
visual flicker-fusion contrast thresholds, the 137 adults in this
study had mean contrast ratios of 0.024, 0.01, and 0.006 at 2, 4,
and 8 Hz modulation, respectively. The latter two values are in
line with prior findings from a large group of older adults, but
the contrast threshold at 2 Hz is somewhat larger than observed
previously (Humes et al., 2009).

All told, across the various sensory and cognitive measures
obtained, the results from the 137 adults in this study compare
favorably to those obtained from groups of similar age and
with similar amounts of hearing loss. The patterns observed
across age decade for auditory, cognitive, and visual measures
were also compatible with expectations and available literature.
The WIN and QuickSIN SRT values are also in line with
prior observations from comparable participants. Thus, the
performance of the present sample of 137 older adults can
be considered representative of older adults with similar
demographics.

Individual Differences in SRT in Noise
Prior to performing the linear-regression analyses for the
WIN and QuickSIN SRTs, a series of principal-components
factor analyses (Gorsuch, 1983) were completed to reduce
the set of independent variables by eliminating redundancy
within each set. For the cognitive measures, the 13 WAIS-III
scale scores, shown previously in Figure 4, and the four
AQT measures were analyzed using factor analysis with an
extraction criterion of eigenvalue > 1.0. A good fit was obtained
with four factors accounting for 67.9% of the variance. All
communalities exceeded 0.48 and most were above 0.6. The
Kaiser-Mayer-Olkin (KMO) measure of sampling adequacy
was 0.87 also supporting a good fit to the data. The four
components were rotated orthogonally using the Varimax
criterion which resulted in a clear interpretation of each factor.
For example, the digit-symbol coding score and the symbol-
search score from the WAIS-III loaded heavily and positively
on the first component as did the three time-based measures
from the AQT (loading negatively in this case). This first
component represents processing speed (PS) and is referred
to here as W3aqtPS. In a similar fashion, the other three
components were identified as W3VC, W3WM, and W3PO,
representing verbal comprehension (VC), working memory
(WM), and perceptual organization (PO) scales of the WAIS-
III, respectively, corresponding to the partitioning of scale scores
into the functional categories shown in Figure 4. The AQT
error score for the color-shape identification task loaded, again
negatively, with the three WAIS-III tests comprising the PO
factor, which loaded positively on this factor.

Principal-components factor analysis was next conducted for
the nine psychophysical measures of auditory function in this
study. A good fit was obtained with three orthogonal factors
explaining 64.4% of the variance, all communalities exceeding
0.38, and the KMO sampling adequacy = 0.58. The three

Frontiers in Aging Neuroscience | www.frontiersin.org 11 July 2021 | Volume 13 | Article 70273933

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Humes SRT in Noise

factors were identified easily as pure-tone threshold (AudPT),
gap-detection and temporal-order identification (AudGDTO),
and dichotic temporal-order processing (AudTOdich). The
distinction between the latter two factors is that the SOA for
the temporal-order dichotic-location task (identify the ear) only
loaded on this latter factor whereas the other dichotic temporal-
order task (identify the vowel) loaded moderately on both the
AudGDTO and the AudTOdich factors.

For the visual flicker-fusion contrast thresholds, the
thresholds for all three flicker rates were reduced via principal-
components factor analysis to a single factor accounting for
64.4% of the variance. The KMO sampling adequacy measure
was 0.57 and all communalities were greater than 0.45. This
factor is referred to as VisFF here.

Several other predictors or independent variables to be
included in the linear regression analyses were first converted
to z-scores. This transformation resulted in means of 0 and
standard deviations of 1 for these measures, the same means and
standard deviations for each of the factor scores noted above.
The measures undergoing z-transformation and the labels used
here for each were age (zAge), PTA4 (zPTA4), TRT (zTRT), SII
for the WIN (zSIIwin), and SII for the QuickSIN (zSIIqsin). The
two dependent measures, QuickSIN and WIN SRT, were also
z-transformed (zWIN and zQuickSIN, respectively). Except for
age and the TRT, all measures are for the right ear, as was the
case for all the psychophysical measures in this study except the
dichotic measures which clearly involved both ears.

The correlations between the various measures of ‘‘audibility’’
were examined next and, not surprisingly, the zPTA4 and the
AudPT factor score were strongly correlated (r = 0.92, p< 0.01).
Given the more widespread usage of PTA4 in the literature,
zPTA4 was used in the subsequent regression analyses. As
expected, the correlations of PTA4 with the SII were moderate
to strong and significant (p < 0.001) with r = −0.61 and
−0.82 for the QuickSIN and WIN, respectively. In addition,
given the weaker correlations of PTA4 with the SII compared
to the correlation between the clinical and laboratory measures
of hearing loss, correlation magnitudes of 0.6–0.8 vs. 0.9, both
zPTA4 and the corresponding SII measure will be included in
subsequent regression analyses.

To capture the audibility deficit for each SRT in noise
measure, the SII was first calculated at the normal-hearing
SNR value of +4 dB for both the WIN and QuickSIN tests.
The SII value for normal-hearing young adults at +4 dB SNR
corresponds to 0.549 for the QuickSIN with SII values of
0.628 and 0.589 for the 93- and 103-dB SPL presentation
levels of the WIN, respectively. Next, the 0 dB-HL hearing
thresholds of young normal-hearing adults were replaced by
those of the older adult and a reduced SII was most often
observed. This is the SII used in the regression analyses and
represents the reduction in audibility from hearing loss. When
the SII had been reduced by the hearing loss, the SNR was
then increased in steps of 0.1 dB until the SII for the older
adult matched that of the young normal-hearing reference
group (e.g., SII = 0.549 for the QuickSIN). In other words,
the SNR needed to compensate for the audibility loss in the
higher frequencies was established for each individual and

for each speech-in-noise measure. This is referred to here
as the SNRsii or the SNR needed to equate SII values to
that measured in young normal-hearing listeners at +4 dB.
It should also be noted that for the WIN, which varies the
speech level to obtain the SNR for a fixed noise level, the level
desensitization component of the SII calculations also influenced
the SNR needed to match the reference SII calculated for young
normal-hearing adults.

When the SNRsii was compared to the measured SNR for
each test, most often the measured or total SNR exceeded
the SNRsii value. When this was the case, this implies that
the measured SNRtotal is not solely attributable to the loss of
audibility. The extra SNR improvement needed is referred to
here as SNRresidual. In this way, the measured SNR for each
test, SNRtotal, could be partitioned into two components, SNRsii
and SNRresidual. That is, SNRtotal = SNRsii + SNRresidual.
Means and standard deviations for each of the SNR components,
total, sii, and residual, are shown in Figure 5 for the QuickSIN
and WIN. Although the SNRsii represents a substantial portion
of the measured SNRtotal, the mean SNRresidual is 3–4 dB
for both speech-in-noise measures. Each residual is significantly
greater than 0 dB [both t (136) > 9.8, p < 0.001]. The
correlations of each SNRresidual with the measured SNRtotal
for each test were also strong and significant (r = 0.89 for
the WIN and r = 0.96 for the QuickSIN, p < 0.001 for
both). The correlations between SNRsii and SNRresidual,
although significant (p < 0.001), were moderate for the WIN
(r = 0.40) and QuickSIN (r = 0.41) reflecting the relative
independence of these two components of the SNRtotal. Also,
as discussed in more detail below, there is no direct one-to-
one correspondence between the decomposition of SNRtotal
into SNRsii and SNRresidual and the decomposition of SRT-
in-noise into attenuation and distortion terms in Plomp’s SRT
model. As noted below, several individuals with apparent ‘‘SNR

FIGURE 5 | Means and standard deviations (error bars) for the SNRtotal,
SNRsii, and SNRresidual components for the 137 older adults in this study for
the QuickSIN (left) and WIN (right). SNRtotal is the measured SNR at SRT,
SNRsii is the SNR needed to achieve the normal-hearing SII for each listener,
and SNRresidual = SNRtotal − SNRsii.
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Loss’’ or ‘‘distortion’’ terms do not have significant SNRresidual
components.

Linear regression analyses were performed next for each of
the z-transformedQuickSIN andWIN SNR components. Table 2
shows the results of the stepwise regression analysis for each
SNR component of the QuickSIN. The criterion p-values for
progression through the steps were F values with p < 0.05 for
inclusion and p > 0.1 for exclusion. The stepwise solution was
also compared to the solution for entry of all predictor variables
in the equation and the significant independent variables were
the same with either approach giving more confidence in the
stepwise solution (Chowdhury and Turin, 2020). As shown in
the top portion of Table 2, four variables were identified as
significant predictors of the measured QuickSIN SNRtotal (F
(4,132) = 20.3, p < 0.001) collectively accounting for 59.6% of the
variance in QuickSIN SRT. Assuming a test-retest correlation of
about r = 0.9 for the QuickSIN, comparable to that observed for
the WIN (Wilson and McArdle, 2007), the maximum systematic
variance that could be accounted for is 81% (r2). In this light,
accounting for 59.6% of the total variance, or 73.6% of the
systematic variance is a very good fit. The variance inflation
factors (VIFs), moreover, were all less than 2.2 and the Condition
Index values less than 2.6, both indicating that collinearity
among the independent variables was not an issue. This is also
supported by the partial and part (semi-partial) correlations in
the top portion of Table 2. Partial correlation is the correlation
between an independent variable and a dependent variable after
controlling for the influence of other independent variables on
both the independent and the dependent variable. The part or
semi-partial correlation does not control for the influence of the
other independent variables on the dependent variable, only on
the independent variable.

The significant predictor variables for zQuickSIN SNRtotal
include two auditory-basedmeasures (zSIIqsin, zPTA4), age, and
one cognitive measure. It is noteworthy that both hearing loss,
zPTA4, and audibility as captured by the SII, zSIIqsin, emerged
as significant predictors of measured QuickSIN performance.
Further, based on the correlations in Table 2, the contributions
of each are strong and roughly equal whereas the other two
significant predictors make smaller contributions. Note that the
zSIIqsin predictor variable has a negative Beta coefficient. This

reflects the needed increase in SNR resulting from hearing loss
with more severe hearing loss yielding lower SII values and a
need for higher SNRs to compensate for this loss of audibility.
The more the SII has been reduced by the presence of the
hearing loss, the more the SNR needed to be increased to
achieve the targeted (normal) SII. As a result, the correlation
between zSIIqsin and zSNRsii is nearly perfect (r = −0.99) for
the QuickSIN, as expected. As a result, either term could be used
interchangeably in the regression analyses with the SII used here
as this is the direct measure of inaudibility uponwhich the SNRsii
is based.

For hearing loss and age, the higher the value of either,
the greater the SNRtotal that was measured on the QuickSIN.
Those with greater hearing loss, even after factoring in the loss
of audibility via the SII, required higher SNRs, as did those
who were older. The negative Beta coefficient for the cognitive
measure, W3VC, indicates that the higher the cognitive function,
the lower (better) the SNR for the QuickSIN. The association
of SNRtotal on the QuickSIN with verbal comprehension (VC)
likely reflects the use of meaningful sentences in the QuickSIN.

The remainder of the entries in Table 2 show the stepwise
regression results for the two SNR components, SNRsii and
SNRresidual. Not surprisingly, given the trade-off between
SII due to hearing loss and the amount the SNR is then
increased to reach the SII target, SIIqsin and SNRsii should
be strongly correlated. A total of 98.4% of the variance in
zSNRsii was explained with almost all of it explained by
zSII. Perhaps more interesting are the regression results for
SNRresidual in the bottom portion of Table 2. Several things
are noteworthy about these analyses. First, note that 41.8%
of the total variance is all that could be explained given the
auditory, visual, and cognitive measures available. Although this
is still significant and impressive, it is much lower than the
amount of variance explained for either the SNRtotal or the
SNRsii. Second, note that, although zPTA4 is a strong predictor,
accounting for most of the explained variance in SNRresidual,
zSIIqsin is not a significant predictor. This reinforces that the
SNRresidual component is not simply another manifestation
of inaudibility. Rather, the severity of hearing loss, PTA4,
appears to be a marker for poor processing of the stimuli
such that the more severe the hearing loss, the more the

TABLE 2 | The results of the linear regression analyses for the z-transformed QuickSIN SNR components at SRT.

Dependent variable r2 r2change Predictor variables Beta t r Partial r Part r

zSNRtotal 0.596 0.461 zPTA4 0.340 4.24 0.679 0.346 0.234
0.103 zSIIqsin −0.394 −5.64 −0.668 −0.441 −0.312
0.018 zAge 0.154 2.19 0.538 0.187 0.121
0.013 W3VC −0.116 −2.08 −0.159 −0.178 −0.115

zSNRsii 0.984 0.983 zSIIqsin −1.002 −83.0 −0.992 −0.990 −0.911
0.001 zAge −0.025 −2.08 0.391 −0.177 −0.023

zSNRresidual 0.418 0.350 zPTA4 0.436 5.15 0.591 0.409 0.342
0.031 zAge 0.210 2.49 0.501 0.212 0.165
0.020 W3VC −0.142 −2.12 −0.187 −0.182 −0.141
0.017 W3WM −0.134 −1.99 −0.216 −0.170 −0.132

Stepwise regression analyses were performed and all predictor variables shown were significant (p < 0.01).
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TABLE 3 | The results of the linear-regression analyses for the z-transformed WIN SNR components at SRT.

Dependent variable r2 r2 Change Predictor variables Beta t r Partial r Part r

zSNRtotal 0.768 0.688 zSIIwin −0.453 −5.9 −0.829 −0.459 −0.248
0.033 zPTA4 0.285 3.7 0.782 0.311 0.158
0.012 W3WM −0.134 −3.1 −0.271 −0.261 −0.130
0.014 zAge 0.205 3.6 0.617 0.302 0.152
0.022 VisFF −0.155 −3.5 −0.044 −0.292 −0.147

zSNRsii 0.967 0.951 zSIIwin −1.123 −39.0 −0.975 −0.959 −0.618
0.014 zPTA4 −0.194 −6.9 0.728 −0.515 −0.110
0.002 W3WM 0.042 2.5 0.306 0.215 0.040

zSNRresidual 0.463 0.370 zPTA4 0.440 5.40 0.608 0.425 0.344
0.026 zAge 0.272 3.28 0.498 0.274 0.209
0.036 VisFF −0.208 −3.14 −0.072 −0.263 −0.200
0.031 W3WM −0.179 −2.77 −0.253 −0.234 −0.177

Stepwise regression analyses were performed and all predictor variables shown were significant (p < 0.05).

SNR must be increased beyond that attributable to inaudibility
alone.

A review of the results of all three regression analyses
in Table 2 for the QuickSIN indicates that the two primary
predictors of the measured SNRtotal are the SII and PTA4,
each making separate and distinct contributions. Further, age
and cognitive function also emerge as statistically significant
predictors for SNRtotal and these predictors make the strongest
contributions to the SNRresidual component of the measured
SNRtotal. The contributions made by age and cognition,
however, are quite small, typically accounting for less than 3% of
the total variance in SNRtotal or SNRresidual. Finally, note that
the regression analysis for SNRtotal basically reveals a composite
of the factors predicting each of the SNR components, SNRsii
and SNRresidual.

Next, an identical set of linear regression analyses were
conducted with zSNRtotal for theWIN as the dependent variable.
Table 3 shows the results for each of the three SNR components
for the WIN, SNRtotal (top), SNRsii (middle), and SNRresidual
(bottom) with 76.8%, 96.7%, and 46.3% of the total variance
explained for each SNR, respectively. The pattern of results in
Table 3 is remarkably similar to that for the QuickSIN in Table 2.
This is true for the percentage of total variance explained in
each of the three regression analyses as well as in the nature of
the specific significant predictors that emerged in each analysis.
Although hearing loss (PTA4), audibility (SIIwin), age, and
cognition are again identified as the key predictors for various
SNR components, two main differences emerged for these
analyses of the WIN compared to those described previously in
Table 2 for the QuickSIN. First, the specific cognitive predictor
was verbal comprehension (W3VC) for the QuickSIN (Table 2)
but is workingmemory (W3WM) for theWIN (Table 3). Second,
an additional predictor variable, visual flicker fusion (VisFF),
emerged in the analyses of the WIN SNR components. This
variable, however, only accounted for 2.2–3.6% of the total
variance in SNRtotal and SNRresidual, respectively.

For the regression analyses of zSNRtotal for the WIN (top
portion of Table 3), the significant regression solution (F
(5,131) = 20.9, p < 0.001) accounted for 76.8% of the total
variance. Again, assuming a test-retest correlation of r = 0.9 for

the WIN (Wilson and McArdle, 2007) or 81% of the total
variance being systematic non-error variance, this solution
accounts for 94.8% of the systematic variance representing an
excellent fit to the data. There were no indications of collinearity
among the independent variables with all VIF values <3.4 and
Condition Index values <3.8. As was true for the QuickSIN
(Table 2), the predominant predictor variables for SNRtotal,
SNRsii, and SNRresidual are the SII and PTA4, with each of
the other variables typically explaining less than 4% of the total
variance. In general, the lower the SIIwin, working memory
score, or visual flicker threshold and the greater the PTA4 or
age, the higher the SNR for the WIN. Of these predictors, the
only one that is unexpected is the inverse association between
SNRtotal and visual flicker fusion (VisFF). The higher (worse)
the visual contrast needed for flicker fusion the lower (better)
the SNR.

GENERAL DISCUSSION

The first portion of the data analyses sought both to establish
that the present data are consistent with those in the literature
and to develop some normative values for each age decade
from the 50s through the 80s. The latter goal was especially
important for the auditory temporal-processing measures and
the two SRT measures (QuickSIN and WIN) as such age-specific
norms had not been published previously except for the WIN
in a large clinical dataset (Wilson, 2011). Age-specific norms
for pure-tone audiometry and the WAIS-III, on the other
hand, are readily available and have been replicated many
times. Where comparisons were available, these initial analyses
demonstrated that the data gathered from the current sample
of 137 older adults were consistent with the literature and
with the expectations generated from that literature regarding
age effects.

This study also found that, when relatively high speech and
noise levels were used with older adults, individual differences
in the SNR for 50%-correct speech-recognition performance,
or SRT, were largely explained by four factors. These factors
included the SII, a measure of average hearing loss (PTA4),
age, and cognitive processing (verbal comprehension for the
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QuickSIN and working memory for the WIN). The variance
accounted for by the regression solutions for the QuickSIN and
WIN, moreover, appeared to capture most (74%–95%) of the
systematic or non-error variance in these measures.

At first glance, it may be somewhat surprising to find
that the two best predictors of individual differences in SRT
in noise were the SII and PTA4 as both can be considered
measures of the audibility of the speech and noise stimuli.
As noted in the preceding section and in the introduction,
however, although moderately correlated, these two measures
are not equivalent and each appears to capture variance in
SRT performance not captured by the other. This was also
supported through the regression analyses of the SRTtotal,
SRTsii, and SRTresidual components for each speech-in-noise
measure (Tables 2, 3). Figure 6 provides a more detailed
examination of the co-emergence of both SII and average hearing
loss as major predictors of speech-in-noise performance. In the
top panel of Figure 6, the SNRtotal at SRT for the QuickSIN
(filled circles) andWIN (unfilled circles) are plotted as a function
of the PTA4 in the right ear. The correlations between the SRT
and PTA4 are r = 0.68 and r = 0.78 for the QuickSIN and
WIN SNRtotal values, respectively, consistent with correlation
magnitudes observed for both measures previously (Hanna
and Robinson, 1985; Killion et al., 2004; Wilson et al., 2007;
Wilson, 2011; Williams-Sanchez et al., 2014). Best-fitting linear-
regression fits for each test in the top panel of Figure 6, a
dashed line for the WIN and a solid for the QuickSIN, show
the clear dependence of both SRT measures on PTA4 as has
been observed for both tests previously using various measures
of pure-tone average (Killion et al., 2004; Wilson et al., 2007).
Based on the data in the literature for both tests, the mean
(M) and standard deviation (SD) for the SNR at SRT in young
normal-hearing listeners are well approximated by values of
4.0 and 2.0 dB, respectively (Killion et al., 2004; McArdle
et al., 2005; Wilson et al., 2007). The horizontal dotted lines
in the top panel of Figure 6 are the boundaries resulting from
M ± 1 SD and the upper boundary at an SNR value of 6 dB
well approximates the upper limit of ‘‘normal hearing’’ suggested
for both tests (Etymotic Research, 2001; Wilson and Burks,
2005; Wilson, 2011). Of the 137 subjects, using this definition
of normal performance, 69 (50.4%) have SNRtotal values at
SRT for both the QuickSIN and the WIN that exceed the 6-dB
upper limit. Thus, from consideration of the SRT in noise alone,
half of the participants would be considered to have significant
‘‘distortion’’ or an ‘‘SNR loss’’ (Plomp, 1978; Etymotic Research,
2001; Killion et al., 2004); that is, half required a significantly
greater-than-normal SNR to reach 50% correct recognition in
noise.

This is illustrated further in the bottom panel of Figure 6.
Here, the SII was used to predict the SNR at SRT for both
the QuickSIN and the WIN based on the hearing loss alone
(SNRsii) with the difference between the measured (SNRtotal)
and audibility-based SNR (SNRsii), the SNRresidual, plotted as
a function of PTA4 in the bottom panel of Figure 6. A 0-dB
residual would be interpreted as the SII completely explaining
the measured SNRtotal for each test. Each test, however, has
some inherent measurement error. For the SRTs measured with

FIGURE 6 | The top panel shows the measured signal-to-noise ratio (SNR),
SNRtotal, for the QuickSIN (filled circles), and the WIN (unfilled circles) for the
137 older adults in this study plotted as a function of the pure-tone-average
for 500, 1,000, 2,000, and 4,000 Hz in the right ear (PTA4 RE). The sloping
solid and dashed lines are the best-fitting linear-regression solutions for the
QuickSIN (solid; r = 0.68) and WIN (dashed; r = 0.78). Assuming a mean SNR
at SRT for young normal-hearing adults of +4 dB and a standard deviation
(SD) of 2 dB for both tests, the dotted horizontal lines represent ± 1 SD
boundaries for these norms. The bottom panel plots the difference,
SNRresidual, between the measured SNRs at SRT, SRTtotal, in the top panel
and the SNR at SRT predicted by the SII from the hearing loss, SNRsii,
plotted as a function of PTA4 RE. The best-fitting two-piece linear fits for SNR
residual are plotted for the QuickSIN (blue solid; r = 0.59) and WIN (red solid;
r = 0.61). The dotted horizontal lines represent the upper bound of the 95%
confidence interval from test-retest measures for each test, 2.7 dB for the
QuickSIN (blue dotted line), and 3.6 dB for the WIN (red dotted line).

one list of the QuickSIN, as in this study, the 95% confidence
interval for test-retest is 2.7 dB (Killion et al., 2004) and this
is shown in the bottom panel of Figure 6 as the blue dotted
line. The corresponding value for the WIN is 3.6 dB (Wilson
and Burks, 2005) and this appears as the red dotted line in
the bottom panel of Figure 6. The blue and red solid lines
show the best-fitting two-piece linear fits for the QuickSIN and
WIN, respectively. The two-piece linear functions accounted
for 36%–39% of the variance which was slightly better than
the linear fits (34%–37% of the variance explained). Note that

Frontiers in Aging Neuroscience | www.frontiersin.org 15 July 2021 | Volume 13 | Article 70273937

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Humes SRT in Noise

the points at which the red solid and dotted lines, as well as
the blue solid and dotted lines, intersect is at PTA4 values
of 28–30 dB HL. In addition, the inflection point of the
two-piece linear best fits occurs at a PTA4 value of about
22 dB HL for both the QuickSIN and WIN. Above the point
of intersection or the point of inflection for each test, basically
for PTA4 ≥ 25–30 dB HL, the SRTresidual increases steadily
with increasing PTA4. Again, it should be kept in mind that
this is after the inaudibility of the speech and noise stimuli
has been taken into consideration via the SII and that stimulus
levels used here were 10-dB greater than those recommended for
clinical use.

As indicated in the bottom panel of Figure 6, PTA4 is
clearly related to the magnitude of the measured SNR
elevation, SNR residual, for those with PTA4 exceeding 30 dB
HL. The residual errors from the SII prediction are not
random but depend systematically on PTA4 for both the
WIN and the QuickSIN with the best-fitting two-piece linear
fits explaining 36–39% of the variance. Figure 7 shows the
distribution of the SNRresidual values for the QuickSIN (top)
and WIN (bottom). The solid line in each panel represents
the cumulative distribution for each SNRresidual and the
vertical dashed lines are the 95% confidence intervals for
test-retest noted previously for each test. For the QuickSIN,
56.2% of the residual values are within the 95% confidence
interval of a 0-dB residual and, for the WIN, 54.7% of
the values fall within the 95% test-retest confidence interval.
Thus, for a little over half of the older adults in this
study, the SNRtotal was within the test-retest variability of
the SNRsii and could be explained entirely by the audibility
loss. For the remaining 45%, however, this was not the case
and significant residual SNRs were observed on one of the
speech-in-noise measures.

Although about 45% had SNRresidual values exceeding
the test-retest confidence interval indicating that more than
inaudibility may be contributing to their SNRtotal, it was not the
same individuals who demonstrated a significant SNRresidual
on both the WIN and QuickSIN. In fact, there were 41 of the
137 older adults whose SNRresidual values for both the WIN and
the QuickSIN significantly exceeded 0 dB. Such co-occurrence of
a higher-than-expected SNR for both speech-in-noise measures
provides greater confidence in the conclusion that the higher
SNR provided a valid indication of those older adults with
speech-in-noise difficulties.

As explained previously, the SII is essentially a weighted
integration of the SNR over the frequency range of about
250–8,000 Hz with the effective range of the SNR set to ±15 dB
relative to the long–term speech spectrum. In principle, if
portions of the speech spectrum are rendered inaudible through
low-pass filtering or, in this case, severe high-frequency hearing
loss, this can be compensated for by increasing the SNR over
the frequency region that remains audible (Humes and Dubno,
2010). The inability of the SII predictions to fully account for
the measured SRT in noise for both speech-in-noise measures
for 41 of the 137 (29.9%) older adults could reveal a limitation
of the SNR-bandwidth trade-off inherent to the SII. Alternately,
the greater severity of the high-frequency hearing loss may serve

FIGURE 7 | Histograms (gray vertical bars) and cumulative distributions of
the SNRresidual values for the QuickSIN (top) and WIN (bottom) for the
137 older adults in this study.

as a marker for the severity of cochlear pathology that impacts
more than the hearing threshold (Humes, 2007). It has been
suggested previously, for example, that thresholds exceeding
60 dB HL may imply underlying cochlear pathology beyond
the loss of outer hair cells, including loss of inner hair cells or
dysfunction of nerve fibers (e.g., Moore, 2004; Aazh and Moore,
2007). Perhaps such factors underlie the systematic dependence
of the SNRresidual on PTA4 observed for both tests in the bottom
panel of Figure 6. Of course, it is also possible that the 41 older
adults with poorer than predicted speech-in-noise performance
on both tests in this study had other types of deficits, such
as deficits in temporal processing or cognitive function, that
necessitated substantially higher SNRs for both the WIN and
the QuickSIN.

The linear-regression analyses summarized previously in
Tables 2, 3 revealed that the strongest contributors to individual
differences in SRTresidual, beyond PTA4, were cognitive in
nature; specifically, working memory (WIN and QuickSIN)
and verbal comprehension (QuickSIN only). The measures of
auditory temporal processing examined here did not contribute
significantly to the regression solutions for either speech-in-noise
measure. Of course, there could be some other suprathreshold
auditory processing deficit, not measured here and correlated
with the severity of underlying cochlear pathology (PTA4),
underlying such difficulties.
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A key finding in this study concerns the important role played
by consideration of the influence of the SII on the measured
SRTtotal for each test. For example, of the 77 older adults
with ‘‘SNR Loss’’, a SNRtotal >6 dB, on the QuickSIN, 17 or
22%, did not have a significant SNRresidual component. In
other words, for 22% of those with an ‘‘SNR Loss’’ on the
QuickSIN, the loss could be attributed to inaudibility. For the
WIN, 95 of the older adults would be identified as having ‘‘SNR
Loss’’ but 33 of these individuals (35%) did not have significant
SNRresidual components suggesting that the measured ‘‘SNR
Loss’’ was attributable to inaudibility for these 33 older adults.
Finally, as noted, the presence of ‘‘SNR Loss’’ on both tests yields
a more robust determination of such loss. Of the 69 older adults
with such loss on both speech-in-noise tests, 28 (41%) did not
have significant SNRresiduals on both SRT measures whereas
the remaining 41 older adults had significant SNRresiduals.
If one accepts the more robust estimate of such speech-in-
noise difficulty based on poor performance on both measures of
speech-in-noise, then 41 of the 137 older adults in this study,
29.9%, would be considered to have significant ‘‘distortion’’
or ‘‘SNR Loss’’, down from the 50.4% estimated prevalence
of such difficulties without taking SII-based inaudibility into
consideration. Again, it should be kept in mind that the
presentation levels used here were increased to be 10-dB higher
than recommended for clinical use in an effort to minimize the
inaudibility of the stimuli. It is likely that the proportion of
those with significantly elevated SRTs in noise would have been
higher had lower presentation levels been used. It is also possible
that a higher percentage of those elevated SNRs may have been
attributable to SII-based inaudibility of the stimuli at those lower
stimulus levels.

Hearing aids represent the most common intervention for
older adults with hearing loss and are designed to improve
speech communication in noise. For the most part, hearing
aids compensate for the inaudibility of the speech stimulus
and can improve speech-in-noise performance considerably
as a result (Humes and Dubno, 2010). This improvement
will be more challenging to attain, however, for those with
significant SNRresidual components. Here, the devices will
need to also improve the SNR acoustically through directional
microphones or noise-reduction processing. Auditory training
to make better use of the existing SNR may also prove
beneficial (Ferguson et al., 2014; Henshaw et al., 2015). To
the extent that deficits in cognitive function underlie the

SNRresidual component of speech-in-noise performance in
older adults, computer-based auditory training might prove
useful as improvements in cognitive functions pertinent to
speech-in-noise performance have been demonstrated for such
training (Ferguson et al., 2014; Ferguson and Henshaw,
2015a,b).

Future studies of speech-in-noise performance using SRT
measures such as the WIN and QuickSIN should make use
of measures like the SII to control for audibility then, after
doing so, may proceed to the identification of factors beyond
audibility that influence performance. When doing so here, the
linear-regression analyses presented in Tables 2, 3 indicated
that the individual differences in SNRresidual were captured
by a combination of the severity of hearing loss and cognitive
processing.
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Strong links between hearing and cognitive function have been confirmed by a growing
number of cross-sectional and longitudinal studies. Seniors with age-related hearing
loss (ARHL) have a significantly higher cognitive impairment incidence than those with
normal hearing. The correlation mechanism between ARHL and cognitive decline is
not fully elucidated to date. However, auditory intervention for patients with ARHL
may reduce the risk of cognitive decline, as early cognitive screening may improve
related treatment strategies. Currently, clinical audiology examinations rarely include
cognitive screening tests, partly due to the lack of objective quantitative indicators
with high sensitivity and specificity. Questionnaires are currently widely used as a
cognitive screening tool, but the subject’s performance may be negatively affected by
hearing loss. Numerous electroencephalogram (EEG) and magnetic resonance imaging
(MRI) studies analyzed brain structure and function changes in patients with ARHL.
These objective electrophysiological tools can be employed to reveal the association
mechanism between auditory and cognitive functions, which may also find biological
markers to be more extensively applied in assessing the progression towards cognitive
decline and observing the effects of rehabilitation training for patients with ARHL. In
this study, we reviewed clinical manifestations, pathological changes, and causes of
ARHL and discussed their cognitive function effects. Specifically, we focused on current
cognitive screening tools and assessment methods and analyzed their limitations and
potential integration.

Keywords: age-related hearing loss, cognitive decline, presbyacusis, EEG, MRI

INTRODUCTION

According to the statistics of the World Health Organization, almost one-third of all adults above
65 years of age are affected by hearing loss, with 226 million experiencing disabling hearing
loss. With the rise and aging of the global population, the number of people with hearing loss
is snowballing (World Health Organization, 2018), and as per current estimates, this number
is expected to rise to almost 585 million by 2050. Hearing loss in the elderly mostly involves
age-related hearing loss (ARHL), which refers to the sensorineural hearing loss occurring with age
(Slade et al., 2020). Patients with ARHL have difficulty processing voice information and perceiving
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speech, which causes communication barriers and sensory
deprivation. Some individuals with ARHL will avoid social
interaction, which aggravates loneliness and depression,
leading to social isolation. Researchers found that ARHL is
associated with cognitive decline. However, the exact correlation
mechanism between hearing loss and cognitive decline has not
yet been fully elucidated to date. In this review, we summarized
the hypotheses regarding the relation between ARHL and
cognitive decline and discussed physiological and clinical
manifestations of ARHL.

Pathology and Characteristics of
Age-Related Hearing Loss
According to the results of pure tone audiometry and changes
in temporal bone histology, ARHL is divided into the following
types (Schuknecht and Igarashi, 1964): (1) Peripheral ARHL,
where the main changes are the loss of outer hair cell at
the base of the cochlea, spiral ganglion cell, and auditory
nerve fiber (Ohlemiller, 2004; Wu et al., 2019). Typical clinical
manifestations are reduced speech recognition ability and a
steep drop in high-frequency hearing. (2) Metabolic or Vascular
ARHL, where the main pathological changes include atrophy
of the spiral ligament and stria vascularis (Wiwatpanit et al.,
2018). Typical clinical manifestations are progressive hearing
loss, whereas speech recognition ability is not significantly
reduced. (3) Mechanical ARHL, where the main pathological
changes include basilar membrane sclerosis and degeneration
of cochlear nerve fibers (Keithley, 2020). This is characterized
by a high-frequency hearing loss that is severe but does not
affect daily communication. (4) Central ARHL, involving mainly
degenerative changes in the central nervous system function,
where clinical manifestations are a distortion of the sound
perception of the surrounding environment and obstacles to
sound localization. (5) Mixed ARHL, for most patients with
ARHL, their clinical manifestations are often mixed, and there
is more than one histological change.

The pathogenesis of ARHL is highly complex, as studies
have shown that it may result from multi-link and multi-factor
interaction, involving various aspects of human physiology,
pathology, biochemistry, and molecular biology (Figure 1;
Rousset et al., 2020). For most patients with ARHL, among
the most evident symptoms is a decline in speech recognition
ability. Patients are able to hear surrounding sounds but have
difficulty distinguishing and understanding them. Over time,
patients with ARHL enter into a state of auditory deprivation,
and daily communication between patients and people becomes
increasingly difficult, which manifests as a decline in social
adaptability, a change in mental state, sense of social isolation,
and decline in the quality of life (Gates and Mills, 2005; Huang
and Tang, 2010).

Cognitive Decline Associated With ARHL
The impact of ARHL on the elders, however, may not only
be reflected in their hearing ability. As one of the clinical
manifestations of ARHL described above, the patients’ executive
function and psychomotor processing change as well (Quaranta
et al., 2014). Hearing impairment makes daily communication

FIGURE 1 | The pathogenic factors of age-related hearing loss (ARHL).
ARHL is a multifactorial disease, mainly caused by external environmental
factors (e.g., noise and exposure to chemical factors, ingestion of ototoxic
medications, intake of hormones, alcohol, nicotine, etc.); mitochondrial DNA
deletion mutation (Seidman, 2000; Yamasoba et al., 2013; Lyu et al., 2020);
metabolic factors (oxidative damage caused by reactive oxygen species,
related cell apoptosis; Pickles, 2004; Fetoni et al., 2018); physiological aging
of the cochlea and genetic factors (Liu and Yan, 2007; Ciorba et al., 2015;
Tawfik et al., 2020). The mutual influence of these factors leads to the
cumulative development of ARHL.

between patients and others more difficult. This profoundly
affects interpersonal communication, independence, happiness,
and quality of life (Anon, 2016). It reduces the patients’ social
adaptability, causes changes in the mental state (Bowl and
Dawson, 2019), and may lead to social isolation, depression,
and possible cognitive impairment (Fortunato et al., 2016; Cosh
et al., 2019; Jafari et al., 2019). A meta-analysis of 11 cohort
studies found that suffering from peripheral or central hearing
impairment was associated with a higher risk of cognitive
impairment, and the risk increased with the degree of hearing
loss: for moderate/severe hearing impairment, the risk increases
by 1.57 times (95% confidence interval, CI: 1.13–2.20); for severe
central hearing impairment, the risk increases by 3.21 times
(95% CI: 1.19–8.69; Yuan et al., 2018). According to the Lancet
Commission 2020 report, if hearing impairment, which is one
of 12 modifiable risk factors for dementia, is eliminated, the
risk of dementia is reduced by 8%. The report claims that
the risk of dementia increases by 30% (95% CI: 1.00–1.60)
per 10 dB of worsening of hearing loss (Livingston et al.,
2020). A meta-analysis of 40 studies reported that ARHL was
a possible biomarker and modifiable risk factor for cognitive
decline, cognitive impairment, and dementia (Loughrey et al.,
2018). A 13-year longitudinal study of 9,666 adults above the
age of 50 from the United Kingdom evaluated cognitive function
every 2 years and found that the direct association between mild
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hearing loss and memory test was –0.52 (95% CI: –0.65 to –0.39)
(Ray et al., 2018). Moreover, a study reported that it is possible
to prevent cognitive decline associated with ARHL through early
auditory intervention and increased opportunistic screening for
the elders (Davis and Smith, 2013). Cumulative evidence strongly
suggests that ARHL independently increases the risk of cognitive
impairment and dementia, increasing with the severity of hearing
loss (Panza et al., 2019).

Although a link between hearing loss and cognitive decline
has been acknowledged, and numerous studies have been
conducted on the possible correlation between ARHL and
cognitive impairment, the relationship between the two remains
unclear. Presently, there are three main hypotheses, namely
the: (1) common cause hypothesis; (2) cascade hypothesis, and
(3) cognitive load hypothesis (Lin and Albert, 2014). Researchers
supporting the common cause hypothesis argue that there
is a third variable that causes the seniors’ multiple sensory
and cognitive declines at the same time, i.e., that hearing
impairment and cognitive decline have common age-related
changes, such as the central nervous system degeneration
(Wayne and Johnsrude, 2015). The cascading hypothesis suggests
that prolonged continuous hearing loss leads to social isolation,
loneliness, apathy, and depression, which cause a reduction
in cognitive stimulation and thus impaired cognitive function.
Imaging studies of some patients with hearing loss showed that
after hearing loss was aggravated, the auditory cortex atrophied,
and the brain volume decreased to a certain extent, which might
also reduce the brain’s ability to perform other tasks besides
hearing (Golub, 2017). All of these factors further accelerate
the decline of cognitive function. The cognitive load hypothesis
argues that hearing loss will lead to decreased quality of auditory
signals received by patients, and further cognitive resources will
be consumed in the process of auditory perception. In this
manner, the higher listening effort will decrease the performance
of patients in other cognitive tasks during the listening process
(Chern and Golub, 2019). In the long term, high-load tasks
may also eventually lead to the depletion of cognitive reserves,
manifesting as cognitive decline.

Role of Assisted Listening Device
Because ARHL is an irreversible degenerative disease, there is
currently no effective treatment. In particular, patients with
moderate-to-severe hearing loss, who have a long onset time,
often rely on assisted listening devices, such as hearing aids
and cochlear implants, to improve their hearing level (Sprinzl
and Riechelmann, 2010; Löhler et al., 2019). Hearing aids are
suitable for patients with mild-severe hearing loss and are the
first choice for patients with ARHL (Williger and Lang, 2014;
Ferguson et al., 2017). The working principle of hearing aids is to
amplify the external sound to the degree required by the hearing
loss patient and use the patient’s residual hearing to obtain
greater stimulation to compensate for the hearing loss (Dillon,
2008). Cochlear implants work by converting external acoustic
signals into electrical signals and directly stimulate auditory
nerve fibers through electrodes implanted in the cochlea, thereby
restoring the patient’s auditory function (Roche and Hansen,
2015). Cochlear implants are generally suitable for patients

with severe-to-profound hearing loss and are significantly more
effective than hearing aids in language understanding (Jiam et al.,
2017; Rapport et al., 2020; Svirsky et al., 2020). However, because
most patients are elderly, they may be concerned about whether
the potential complications of cochlear implant surgery outweigh
the benefits. A 13-year retrospective comparative study of the
clinical and functional effects of cochlear implantation in the
elderly found that patients’ overall quality of life after cochlear
implantation was significantly improved (p < 0.001), such that
the patients’ age should not be a factor in deciding whether
to receive a cochlear implant (Orabi et al., 2006). A research
report on the outcomes after cochlear implantation in the very
elderly likewise showed that speech perception benefited from
cochlear implants, and age was not a limitation for the implant
(Wong et al., 2016).

Considering this association between hearing loss and
cognitive decline, researchers studied whether an assisted
listening device can ameliorate the currently observed risk of
accelerated cognitive decline due to hearing loss in older adults.
A longitudinal cohort study designed to test whether the use of
hearing aids can change the cognitive trajectory of the elderly,
which tested the cognitive performance of 2,040 people above
50 every 2 years for 18 years, found that the patients’ decline in
episodic memory decelerated after using a hearing aid (β = –0.02,
p < 0.001; Maharani et al., 2018). Long–term follow-up studies
demonstrated that hearing aids might have a mitigating effect
on the trajectory of cognitive decline in later life. A large cross-
sectional study of 164,770 adults also found that hearing aid
usage was associated with better cognitive performance (Dawes
et al., 2015b). These research results lean toward the cascade
and cognitive load hypotheses. This because if the cognitive
function is assumed to be affected by the deterioration of the
central nervous system based on the common cause hypothesis,
no matter whether maintaining a fair hearing or using assisted
listening devices, it will not affect the rate of cognitive decline.
These results are encouraging, indicating that using assisted
listening devices positively affects cognitive function and can
help reduce the risk of cognitive decline in patients with ARHL.
However, the cognitive benefit of hearing aids could also be due
to a recruitment bias, as elders with better cognitive function
are more prone to use hearing aids (Glick and Sharma, 2020;
Vogelzang et al., 2021).

Furthermore, not all results are in agreement. A follow-up
study of 16 elders with cochlear implants argued there was
no significant cognitive function change (Sonnet et al., 2017).
Although this study’s maximum follow-up time was 12 months,
extensive further research is urgently required to determine the
benefits of treating hearing loss on cognitive outcomes.

Certainly, assisted listening devices can improve the life
quality of hearing-impaired people, so they are still strongly
recommended to treat hearing loss. Although the prevalence of
hearing loss is very high, the usage rate of hearing aids remains
low. A statistical survey among 1,503 participants who required
hearing aids estimated a prevalence of hearing aid acquisition at
only 6.5% (95% CI, 5.3–7.8; He et al., 2018). According to the
report, the main reason for individuals not acquiring a hearing
aid was the feeling that it was unnecessary, incomprehension,
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and unaffordability. Given the benefits of hearing aids to hearing,
quality of life, and the potential benefits of cognitive function,
most of all, the use of hearing aids is an accessible strategy. It is
necessary to improve and disseminate knowledge on hearing and
enhance understanding of hearing aid function among hearing
loss patients.

COGNITIVE SCREENING TOOLS
OVERVIEW

Questionnaire
A variety of cognitive screening tools have been used to study
the relationship between ARHL and cognitive decline (Shen
et al., 2016). The most widely used and studied cognitive
function screening tool is the mini-mental state examination
(MMSE; Folstein et al., 1975), which includes 30 questions
investigating the aspects of orientation, registration, attention,
and calculation. A score greater than or equal to 24 (total
score 30) denotes normal intelligence. The standard score can
be modified for years of education and age. The questionnaire
has the advantages of being short, easy to manage and score,
and is often used as a reference for comparative evaluations
of other assessments. Another commonly used questionnaire is
the Montreal cognitive assessment (MoCA; Nasreddine et al.,
2005), which contains 11 examination items in eight cognitive
fields, including attention, concentration, executive function,
memory, language, visuospatial abilities, abstraction, calculation,
and orientation (Lim and Loo, 2018). A score greater than or
equal to 26 (total score 30) indicates normal intelligence. This
questionnaire is more sensitive than MMSE in detecting mild
cognitive impairment (Saczynski et al., 2015; Ciesielska et al.,
2016), and the test time is shorter, which is more suitable for
clinical application.

However, these questionnaires’ performance may be
negatively affected by hearing loss, leading to false-positive
recognition of cognitive impairment, thereby overestimating the
degree of cognitive decline (De Silva et al., 2008; Dupuis et al.,
2015). A study developed a modified questionnaire (HI-MoCA)
designed explicitly for hearing loss patients based on MoCA to
convert verbal instructions into visual ones (Lin et al., 2017).
However, this is more complicated than the original MoCA,
and it is not clear whether such changes would affect the
specificity and sensitivity of the detection. Further research is
still encouraged to use appropriate cognitive screening tools for
hearing loss patients and perform appropriate statistical tests.

Notably, the cognitive assessment of ARHL patients using
questionnaires has an evident drawback, namely, the results are
subjective (Jayakody et al., 2018). Because the final evaluation
result may be influenced by the patient’s understanding of the
problem and the environment, an objective quantitative index
would be more capable of reflecting the patient’s cognitive
status truly.

Electrophysiologic Method
ARHL and cognitive impairment are complex multifactorial
diseases, and the two may influence each other during the
research process. Hearing loss will affect the cognitive test

scores and can thus be mistaken for cognitive impairment,
while cognitive impairment may also affect the auditory function
test results, thereby exaggerating the degree of hearing loss.
Hence, it is promising to employ objective electrophysiological
tools to assess patients diagnosed with ARHL. Clinically,
common electrophysiological tools for patients with ARHL
include the electrocochleogram (ECochG), auditory steady-state
response (ASSR), otoacoustic emission (OAE), and auditory
brainstem responses (ABR). Currently, these are powerful tools
to objectively assess the degree of hearing loss, cochlear function,
and auditory nerve–auditory pathway in patients. A limited
number of studies have correlated OAE (Belkhiria et al.,
2019, 2020) and ABR (Delano et al., 2020) with magnetic
resonance imaging (MRI) which is the most commonly used
objective measurement tool of cognitive function. Furthermore,
electroencephalogram (EEG) technology has become another
potential tool to measure cognitive function. Here, we focus on
the advantages, prospects, and drawbacks of MRI and EEG in
this field.

Magnetic Resonance Imaging
MRI, particularly structural MRI (Hamilton et al., 2019), and
functional MRI (fMRI), are powerful tools for studying the
neural mechanisms of disease (Yousaf et al., 2018). An MRI and
diffusion tensor imaging study involving patients with ARHL
and age-matched normal-hearing participants found that the
gray matter volume in the frontal cortex was significantly lower
in the ARHL group than in the control group (Rosemann and
Thiel, 2020). The results suggested that the cortical gray matter
atrophy observed in the brains of older people with hearing loss is
independent of age. A 6-year longitudinal study of brain volume
detection of the elderly with hearing loss found that compared
with a normal-hearing control group, the elderly with hearing
loss showed an accelerated decline in the overall brain volume,
particularly in the right temporal lobe (Lin et al., 2014), which
suggested that differences in the cortical structure are related to
the duration of hearing loss.

In addition to MRI studies on the local brain regions
of patients with ARHL, the whole-brain functional network’s
research deserves further discussion. An MRI study on the
functional connectivity of the resting state of 65 patients
with ARHL found that a higher degree of hearing loss was
significantly associated with decreased resting-state functional
coupling, and the connectivity of the dorsal attention network
gradually decreased with an increase in the hearing loss degree
(Schulte et al., 2020). The connectivity of the dorsal attention
network increases when performing tasks requiring attention
and responding to stimuli (Corbetta and Shulman, 2002).
Impaired connectivity in the dorsal attention network may
explain the risk of cognitive decline in patients with ARHL.

In summary, MRI studies confirmed that ARHL significantly
alters the cochlear function in the peripheral auditory system
and profoundly affects neural processing in the brain (Peelle and
Wingfield, 2016; Belkhiria et al., 2019). The volume of the overall
brain and the local volume of the right temporal lobe of ARHL
patients decreased at an accelerated pace, the cortical volume of
the auditory processing area of the superior temporal gyrus was
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reduced, and the connectivity of the dorsal attention network
decreased gradually (Qian et al., 2017; Rosemann and Thiel,
2019). These areas are crucial for verbal processing, semantic
memory, concentration, and sensory integration. Changes in
the brain structure observed in the elderly with hearing loss
cannot be fully explained by age-related mechanisms, providing
evidence for the cascade and cognitive load hypotheses.

Electroencephalogram
In 1929, Berger (1929), a German psychiatrist, first used scalp
electrodes to record the human electroencephalogram (EEG).
To date, a large number of studies have analyzed the brain’s
higher psychological activities through EEG, which has become
an essential tool for analyzing the brain’s senior functions
owing to advantages including objectivity, non-invasiveness, and
low cost (Cavanagh and Frank, 2014; Anderson and Perone,
2018). With the development of EEG technology, numerous
studies explored EEG characteristics at different cognitive levels.
Traditionally, EEG is divided according to the frequency bands,
namely, the δ rhythm (1–3 Hz), θ rhythm (4–7 Hz), α rhythm
(8–13 Hz), β rhythm (14–30 Hz), and γ rhythm (30–80 Hz),
which are associated with various aspects of cognitive function
(Winneke et al., 2020). Studies have shown that α and θ

rhythms are significantly correlated with overall cognitive tests,
memory, language, and executive function (Klimesch, 1999).
Good cognition and memory performance are significantly
correlated with lower theta and higher alpha powers, respectively
(Van Der Hiele et al., 2007). The analysis of EEG spectral power
in patients with ARHL may be a potential strategy to reveal
meaningful cognition-related results. Furthermore, in addition
to the EEG power of each frequency band, other characteristics
of the frequency bands can also be used as the basis for cognitive
evaluation, such as total power, the linear combination of power
values in a specific frequency band, average power, and root
mean square power (Moretti et al., 2007; Price et al., 2019;
Seleznov et al., 2019; Laptinskaya et al., 2020).

Sutton et al. (1965) proposed event-related potential (ERP).
ERPs are closely related to cognitive processes and are therefore
regarded as ‘‘windows’’ to ‘‘penetrate’’ mental activities (Helfrich
and Knight, 2019). The stimulation path is divided into auditory,
visual, and somatosensory ERPs. Auditory ERP components
include P1, N1, P2, N2, P300, and mismatch negativity (MMN;
Rösler et al., 1986). The P300 is an endogenous ERP component,
which is a positive wave that appears about 300 ms after the
appearance of the deviant stimuli (Figure 2), mainly related
to cognitive activities, such as attention, discrimination, and
working memory when people are engaged in a specific task
(Polich, 1989; Linden, 2005). The stimulation usually triggers
it with the Oddball paradigm (Picton, 1992). In the classic
Oddball paradigm, two types of stimuli appear randomly to act
on the same sensory channel, and the probability of the stimuli
appearing differs considerably (Halgren et al., 1998). Those with
high probability, usually 80%, are referred to as standard stimuli,
which form the background to the whole experiment, and those
with low probability, usually 20%, are called deviant stimuli. The
subjects must pay attention to the deviant stimuli and respond as
soon as the stimuli appear, which involves pressing a counter or

FIGURE 2 | Schematic representation of auditory event-related potential
(ERP). P300 is the ERP component triggered by the brain in response to
low-probability stimuli, causing a maximum positive wave approximately
300 ms after the stimuli. As the most widely used component in ERP,
P300 has two characteristics: amplitude and latency. The P300 amplitude
refers to the maximum value that ERP achieves in the time window of
300–500 ms, while peak latency refers to the delay time between the
occurrence of the stimuli to the detection of the maximum potential value
(Johnson, 1993). P300 amplitude is considered to reflect the attentional
resource allocation (Donchin and Coles, 1988; Kok, 2001). P300 latency is
considered to reflect the processing speed or efficiency in the process of
detecting and evaluating the stimulus (Kutas et al., 1977), and individual
differences for P300 latency are correlated with mental function speed, such
that shorter latencies are related to superior cognitive performance (Polich,
2007). P300 is affected by numerous factors, such as the concentration of
the subject’s attention, the difficulty of the task, the probability of deviation
from the stimulus, and the time interval between the two stimuli.

memorizing the number of events of the deviant stimuli, while
the standard stimuli remain unnoted. Furthermore, MMN also
reflects automatic stimulus discrimination in the human auditory
system. Unlike P300, the subjects were able to induce MMN
without paying attention to the stimuli. Hence, MMN reflects the
activation of an automatic differential detection mechanism in
early hearing.

Several EEG studies were carried out on patients with ARHL
in recent years. Multiple studies addressing EEG brain functional
connectivity and cortical source localization showed that even
mild hearing loss could alter functional communication between
regions of the cerebral cortex (Bidelman et al., 2019; Price
et al., 2019). Long-term hearing loss in patients with ARHL
may affect how sound is encoded in the brain, resulting in
a cross-modal reorganization of the somatosensory system’s
auditory cortex (Cardon and Sharma, 2018; McClannahan
et al., 2019). Compared with the elderly with normal-hearing,
the temporal lobe cortex activity of patients with ARHL was
decreased, whereas frontal cortex activity was increased, which is
consistent with the observations in MRI studies (Campbell and
Sharma, 2013, 2014; Wingfield and Peelle, 2015). The frontal
cortex, which improves sensory perception through top-down
regulatory control, is associated with cognitive activities, such
as working memory and information processing (Liakakis et al.,
2011). This implies that receiving external auditory stimuli
triggers changes in the allocation of resources in the cognitive
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cortex. These changes may be triggered by better compensating
for auditory perception, which leads to an increase in the
cognitive load, and these results hint at the evidence for the
cognitive load hypothesis.

Furthermore, auditory intervention may have the potential to
reverse compensatory changes in the cortical resource. One study
compared cortical auditory evoked potentials of 32 hearing-
impaired seniors aged 62–82 before and after the use of hearing
aids (Karawani et al., 2018). The experiment was carried out
using the Oddball paradigm, and the results indicated that the
amplitude of the P2 component increased significantly after
using hearing aids for 6 months. Previous evidence suggested
that P2 is a marker of perceptual memory and auditory plasticity
(Picton, 2013; Ross et al., 2013). The increase in the P2 amplitude
indicates that hearing aids improved hearing ability, working
memory performance, and increased cortical neural processing
ability. However, this study’s follow-up time was relatively short,
and further studies may be necessary to follow patients for a
longer time to verify the reliability of the results.

DISCUSSION

Hearing loss is prevalent in the elderly, and it has been
shown that ARHL is independently associated with cognitive
decline (Chadha et al., 2017). Determining the mechanism
between the two states would be of great theoretical and clinical
significance. For individuals with reduced cognitive function,
particularly dementia, and Alzheimer’s disease, hearing loss
intervention is more comfortable to achieve than for other risk
factors (Dawes, 2019). Because pharmacology has not effectively
cured hearing impairment, the hearing must be improved
by intervention once the diagnosis is confirmed. Currently,
hearing aids and cochlear implants are effective methods of
hearing loss intervention. Patients with ARHL must promptly
conduct hearing compensation or reconstruction to prevent
the continued decline of language resolution, which affects
interpersonal communication and quality of life. Certainly,
auditory interventions significantly improve speech perception
and communication skills, affecting social engagement and
interaction, and reducing depression, anxiety, and loneliness
(Dawes et al., 2015a; Davis et al., 2016). Auditory intervention
may be an effective approach to prevent and treat cognitive
decline associated with ARHL. The use of an assisted listening
device to improve hearing and achieve more participation
in social activities may reduce the risk of cognitive decline.
Therefore, a comprehensive assessment of cognition over an
extended investigation period is highly desirable to understand
when and how to intervene with regard to hearing loss and
assess the risk of cognitive decline to provide more data and
information for clinical diagnosis and treatment.

Although the relationship between ARHL and cognitive
decline has yet to be elucidated, we must urgently find a way
to identify ARHL patients who are at risk or who are already
developing cognitive impairment. Providing audiologists with
the opportunity to synchronously test the cognitive status of
the elderly during the hearing examination and assess whether
it may lead to cognitive impairment would be significant for

early detection and prevention. However, a statistical survey
of otolaryngologists and audiologists showed that the rate of
cognitive function assessment for hearing loss patients was only
21.21% (Raymond et al., 2020), which indicates that the practice
of cognitive assessment of high-risk groups, such as patients
with ARHL, in clinical practice is not yet universal. This could
be because the relationship between the two has not yet been
popularized and further due to the lack of objective quantitative
indicators with high sensitivity and specificity (Panza et al., 2015;
Raymond et al., 2021). The development of electrophysiological
technologies, such as EEG and MRI, provides the opportunity
to achieve this goal. Current electrophysiological studies reveal
a series of structural and functional changes in the brains of
patients with ARHL, some of which are not related to age. These
changes appear in the auditory and cerebral cortices related
to attention and emotional processing (Cardin, 2016; Fitzhugh
et al., 2019). In future neuroelectrophysiological and imaging
studies, further attention must be paid to patients’ grouping
design to confirm the existing findings. Meanwhile, valuable
discoveries may be made by analyzing other electrophysiological
characteristics.

Currently, the P300 has been widely used to study cognitive
function. Studies have shown that with the development of
neurodegenerative diseases, the amplitude of P300 decreases
while the latency increases (Papadaniil et al., 2016; Tsolaki
et al., 2017). Developing studies on auditory ERP in patients
with hearing impairment may employ the P300 as an objective
examination method to assess patients’ auditory center and
cognitive function status with ARHL.

EEG technology has the advantage of high temporal
resolution (Michel and Murray, 2012). However, because
electrodes measure electrical activity on the brain’s surface, it
is difficult to determine whether the signal is generated in
the cortex or deeper areas. Hence the spatial resolution is low
(Srinivasan, 2006; Michel, 2019). Correspondingly, the spatial
resolution of MRI technology is high and can achieve a crisper
brain image (Trindade, 2004). However, it takes a few seconds
for the blood flow to change during brain activity, and changes
in hemodynamic signals in the active brain area detectable by
MRI are minuscule. The time interval from when the time point
at which the brain is stimulated to the MRI signal’s peak and
the limitation of calculation factors during the recording process
results in a low temporal resolution (Cheng, 2011). EEG and MRI
have the advantages of temporal resolutions down to the ns. scale
and spatial resolution down to the micron scale, respectively.
However, neither of the technologies can guarantee both good
temporal and spatial resolution. Compromises in one dimension
are often needed to improve the accuracy in the other.

Ives et al. (1993) achieved the simultaneous acquisition of
EEG and MRI for the first time, and presently, simultaneous
EEG-fMRI has matured. Simultaneous EEG-fMRI can fuse the
time information of the EEG signal’s dynamic changes with
spatial information in the large-scale network reflected by fMRI,
combining the advantages of fMRI’s high spatial resolution
and EEG’s high temporal resolution, making it superior for
classifying different cognitive processes (Debener et al., 2006;
Abreu et al., 2018). This combination deepens the fusion of
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multi-modal data, mitigates the shortcomings, overcomes the
single-mode method’s limitations, and achieves high-temporal
spatial-resolution observation of brain activity, which provides
a powerful means for exploring the neural mechanism of
psychological nerve activity (Mulert et al., 2008; Ahmad et al.,
2016). Its use is expected to be more widespread to formulate
more specific and individualized prevention and treatment
programs and observe the effects of rehabilitation training for
patients with ARHL and cognitive impairment.

Future Directions
The potential of electrophysiological tools has already been
demonstrated in this field, and the following future research
directions are preliminarily anticipated:

• Current studies on brain function changes in hearing
loss mainly focus on analyzing the resting state of brain
function, with few studies addressing the task state. Therefore,
researchers are able to design cognitive tasks based on early
signs of cognitive declines, such as declines in logic and
memory, to simulate daily life scenarios. Hence, dynamic
characteristics of the patient’s brain are obtained in the
cognitive task state. Here, the cognitive task state refers to
how the patients actively perform tasks, such as memory
or calculation, rather than passively accepting external
stimulation in the form of visual or auditory stimuli. How to
ameliorate patient’s participation in the experiment is likewise
a relevant challenge when designing experiments.

• Auditory ERP components, such as P300 and MMN, reflect
cognitive function, have the advantage of high time resolution,
and apply to ARHL patients. By observing the time-domain
characteristics of the signal, namely amplitude and latency,
the signal reflects the patient’s dynamic cognitive process,
which makes it possible to find a potential early biomarker
for detection of the process of ARHL patients progressing to
cognitive decline.

• As an effective method to study neural activation and
endogenous brain activity in the cognitive process,
simultaneous EEG-fMRI technology explores the neural
mechanism of cognitive activities, which is expected to
elucidate the association between ARHL and cognitive
decline. Nevertheless, this technology still faces numerous
challenges: low signal-to-noise ratio, poor individual comfort,
and complex data analysis (Laufs, 2012; Jorge et al., 2014;
Murta et al., 2015). Future EEG-fMRI studies still require
optimization of algorithms and hardware.

• OAE and ABR also have the potential to determine which
ARHL patients could be at risk of having a cognitive

impairment (Belkhiria et al., 2019, 2020; Delano et al., 2020).
In addition, a recent study found that impaired facial emotion
recognition in ARHL patients is correlated with the atrophy
of multiple areas of the cerebral cortex and may also relate to
cognitive impairment (Belkhiria et al., 2021). Future research
may find more reliable biomarkers for cognitive decline caused
by ARHL.

EEG and MRI, serving as objective examination tools of
advanced brain functions, combined with objective measures of
auditory assessment, are expected to evaluate the auditory center
and cognitive function status of patients with ARHL. They will,
in time, provide a more extensive application for finding clues
to search for the causes of ARHL, developing more accurate
and individualized prevention and treatment, and observing the
effects of rehabilitation training for patients with ARHL and
cognitive impairment. Clinical and experimental research results
on ARHL patients are abundant; however, many areas remain
to be studied. Even if current technical methods have more or
fewer limitations, we believe that the joint efforts of experts and
researchers globally will eventually reveal the mystery of changes
in brain structure and function of hearing loss patients through
the use of multi-modal technology, ingenious experimental
design, experimental research, sophisticated algorithms, and
mature hardware systems. This will enable effective cognitive
screening for patients with ARHL, the development of more
accurate and valuable treatment methods for ARHL, and their
application in clinical practice. The critical link between ARHL
and cognitive impairment will be found, leading to combined
intervention, and individualized treatment for patients with
ARHL will eventually be realized.
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Presbycusis (PC) is characterized by preferential hearing loss at high frequencies and
difficulty in speech recognition in noisy environments. Previous studies have linked
PC to cognitive impairment, accelerated cognitive decline and incident Alzheimer’s
disease. However, the neural mechanisms of cognitive impairment in patients with
PC remain unclear. Although resting-state functional magnetic resonance imaging (rs-
fMRI) studies have explored low-frequency oscillation (LFO) connectivity or amplitude
of PC-related neural activity, it remains unclear whether the abnormalities occur within
all frequency bands or within specific frequency bands. Fifty-one PC patients and
fifty-one well-matched normal hearing controls participated in this study. The LFO
amplitudes were investigated using the amplitude of low-frequency fluctuation (ALFF)
at different frequency bands (slow-4 and slow-5). PC patients showed abnormal LFO
amplitudes in the Heschl’s gyrus, dorsolateral prefrontal cortex (dlPFC), frontal eye field
and key nodes of the speech network exclusively in slow-4, which suggested that
abnormal spontaneous neural activity in PC was frequency dependent. Our findings also
revealed that stronger functional connectivity between the dlPFC and the posterodorsal
stream of auditory processing, as well as lower functional coupling between the PCC
and key nodes of the DMN, which were associated with cognitive impairments in
PC patients. Our study might underlie the cross-modal plasticity and higher-order
cognitive participation of the auditory cortex after partial hearing deprivation. Our findings
indicate that frequency-specific analysis of ALFF could provide valuable insights into
functional alterations in the auditory cortex and non-auditory regions involved in cognitive
impairment associated with PC.
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INTRODUCTION

The prevalence of presbycusis (PC), referred to as age-related
hearing loss, is nearly 45% of elderly people > 60 years and 65%
of elderly people > 75 years (Cruickshanks et al., 1998). PC most
often show a decline of hearing ability toward high frequencies,
which play a crucial role in speech recognition (Gates and Mills,
2005). Recently, an increasing number of studies have linked
PC to cognitive impairment, accelerated cognitive decline and
incident Alzheimer’s disease (Panza et al., 2015; Loughrey et al.,
2018; Ren et al., 2019). A longitudinal research demonstrated that
elderly people with mild hearing decline had a twofold increased
risk, and those with moderate hearing decline had a threefold
increased risk of developing dementia compared to those without
hearing loss (Lin et al., 2011a), and PC was recently identified
as potentially the most modifiable risk factor in dementia such
as Alzheimer’s disease (Livingston et al., 2017, 2020; Chern and
Golub, 2019). However, the neural mechanisms of cognitive
impairment in patients with PC remain unclear.

Previous magnetic resonance imaging (MRI) studies have
demonstrated that the auditory cortex and cognition-related
cortical regions are involved in cognitive impairment in patients
with PC (Gao et al., 2015; Ma et al., 2016; Ren et al.,
2018; Chen et al., 2020; Delano et al., 2020). In structural
MRI studies using surface-based morphometry, compared
to age-matched normal hearing controls, patients with PC
showed decreased gray matter (GM) volume or thickness
in auditory region, precuneus and posterior cingulate cortex
(PCC), which are core nodes of default mode network (DMN)
(Ren et al., 2018), as well as anterior cingulate cortex (ACC)
and parahippocampus (Belkhiria et al., 2019). Interestingly,
18F-fluro-deoxyglucose (FDG) positron Emission Tomography
(PET) has found decreased cerebral metabolism in the right
auditory cortex and increased metabolism in the left inferior
parietal gyrus of late-onset deaf patients, which was positively
associated with better cognitive performance (Verger et al.,
2017). More recently, an arterial spin labeling (ASL) MRI study
found the cerebral blood flow of the right auditory cortex was
significantly reduced, which was negatively associated with the
audiogram steepness in patients with PC (Ponticorvo et al., 2019).
Resting-state functional MRI (rs-fMRI) has become a valuable
technique to explore neuronal fluctuations in GM in a number
of neurologic and psychiatric diseases. For example, a rs-fMRI
study suggested that the functional connectivity (FC) between
hippocampus and inferior parietal lobule (IPL) were significantly
correlated Trail-Making Test B (TMT-B) scores in patients with
PC (Chen et al., 2020). Additionally, amplitude of low-frequency
fluctuations (ALFF) was decreased in the superior temporal
gyrus (STG) and precuneus in patients with PC (Chen et al.,
2018), which demonstrated that changes of blood oxygen level-
dependent (BOLD) signal intensity within specific brain regions
(Zang et al., 2007).

The abovementioned rs-fMRI studies have explored low-
frequency oscillations (LFO) connectivity or amplitude of PC-
related neural activity in a frequency band (0.01–0.1 Hz).
However, several recent studies have demonstrated that distinct
frequency bands sensitively reveal changes of spontaneous neural

activity (Penttonen, 2003; Mantini et al., 2007). Specifically, there
are four frequency bands in LFO: slow-5 (0.01–0.027 Hz), slow-4
(0.027–0.073 Hz), slow-3 (0.073–0.198 Hz), and slow-2 (0.198–
0.25 Hz) (Zuo et al., 2010). The slow-4 and slow-5 frequency
bands mainly indicate GM-related LFO amplitudes (Zuo et al.,
2010), whereas the slow-2 and slow-3 frequency bands mainly
reflect white matter-related LFO amplitudes and physiological
noises (Zuo et al., 2010; Baria et al., 2011). Frequency-dependent
changes of spontaneous neural activity have been explored in
a number of neurologic and psychiatric diseases, whereas it
remains unclear whether the abnormalities occur in patients with
PC. Moreover, ALFF reflects brain activity by BOLD fluctuation
amplitude within specific brain regions (Zuo et al., 2010), whereas
FC is often calculated the temporal correlation of BOLD signal
between brain regions (Biswal et al., 1995). Local and remote
spontaneous neural activity can be observed using these two
parameters in a complementary way (Qi et al., 2015). However,
to date there is no study detecting changes of spontaneous neural
activity in PC patients using ALFF and FC values together.

In this study, therefore, we applied ALFF at slow-4 and slow-
5 frequency bands to explore changes of LFO amplitudes in
patients with PC. Then, regions showing altered ALFF were
defined as seeds to detect FC which reflects the temporal
correlation of these regions with other regions. Based on previous
findings, we hypothesized that (1) abnormal ALFF may be
frequency dependent in patients with PC, (2) these frequency-
dependent changes of spontaneous neural activity (if it is
altered) may be associated with PC-related cognitive impairment,
and (3) these changes in LFO amplitude would be related
to changes in FC.

MATERIALS AND METHODS

Subjects
This study included 102 subjects: fifty-one PC patients (PC group,
28 males/23 females, mean age, 65.16 ± 2.43 years) and fifty-one
age-, sex- and education-level matched normal hearing controls
(NH group, 21 males/30 females, mean age, 64.67 ± 1.67 years)
(Table 1). All participants were Chinese Han nationality with
right handedness (Gong et al., 2005; Hatta, 2007). Hearing loss
was assessed by the speech-frequency pure tone average (PTA)
of thresholds at 0.5, 1, 2, and 4 kHz, while the PTA value of
25 dB HL was accepted as the normal hearing threshold limit
(Lin et al., 2011b). This work was approved by the Shandong
University Institutional Review Board, and the written informed
consent was obtained from each participant.

Inclusion criteria for the PC group were PTA > 25 dB HL
in the better hearing ear and age ≥ 60 years; and for the NH
group, it was PTA≤ 25 dB HL in the better hearing ear. Exclusion
criteria for both PC and the NH groups were as follows: (1)
ear diseases that affect hearing thresholds and sensorineural
hearing losses other than PC; (2) asymmetrical hearing loss or
conductive hearing loss; (3) Meniere’s disease, acoustic neuroma,
hyperacusis and tinnitus; (4) neurological or psychiatric disease;
(5) MRI contraindications (e.g., claustrophobia, pacemakers, and
metal implants).
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TABLE 1 | Subjects’ demographic and clinical data.

Characteristics PC group NH group P-value

(n = 51) (n = 51)

Gender (male/female) 28/23 21/30 0.165

Age (years) 65.16 ± 2.43 64.67 ± 1.67 0.238

Education (years) 10.31 ± 4.37 11.43 ± 2.56 0.119

Disease duration (years) 5.80 ± 4.90 – –

Diabetes (yes/no) 8/43 8/43 1.000

Smoking (yes/no) 9/42 4/47 0.138

Alcohol abuse (yes/no) 4/47 2/49 0.674

Hypertension (yes/no) 27/24 20/31 0.164

Hyperlipemia (yes/no) 9/42 9/42 1.000

Anxiety 3.04 ± 3.19 3.61 ± 3.38 0.384

Depression 3.84 ± 3.89 3.33 ± 3.52 0.489

PTA (dB/HL) 38.33 ± 12.23 10.83 ± 3.50 < 0.001

SRT (dB/HL) 38.34 ± 13.56 11.01 ± 3.97 < 0.001

MoCA 23.53 ± 4.90 26.67 ± 2.90 <0.001

AVLT 48.22 ± 9.96 51.71 ± 13.08 0.133

SDMT 24.80 ± 12.23 35.33 ± 10.99 <0.001

Stroop (s) 153.25 ± 43.60 132.61 ± 27.21 0.005

TMT-A (s) 77.25 ± 38.42 59.90 ± 26.41 0.009

TMT-B (s) 212.16 ± 93.84 159.63 ± 62.87 0.001

The data are presented as means ± standard deviations. Values in bold are
statistically significant.
PTA, pure tone average; SRT, speech reception threshold; PC, presbycusis; NH,
normal hearing controls; MoCA, Montreal Cognitive Assessment; AVLT, Auditory
Verbal Learning Test; SDMT, Symbol Digit Modalities Test; TMT, Trail-Making Test;
levels of anxiety and depression were assessed according to the Hospital Anxiety
and Depression Scale (HADS).

Auditory and Cognitive Function Test
The tympanometry, pure tone audiometry, and speech reception
threshold (SRT) were conducted using Madsen Electronics
Zodiac 901, Madsen Electronics Midimate 622 and HOPE
software, respectively. Air conduction was measured at 0.125–
8 kHz, and SRT was tested according to the American
Speech-language Hearing Association. Details of SRT acquisition
procedures are provided in the Supplementary Materials. The
cognitive status of PC patients and controls was assessed using the
Montreal Cognitive Assessment (MoCA) (Galea and Woodward,
2005; Nasreddine et al., 2005), Auditory Verbal Learning Test
(AVLT, Chinese version) (Zhao et al., 2012), Symbol Digit
Modalities Test (SDMT) (Van Schependom et al., 2014), Stroop
color word interference test (Savitz and Jansen, 2003), and Trail-
Making Test (including both the TMT-A and TMT-B) (Sanchez-
Cubillo et al., 2009). Finally, depression and anxiety status of PC
patients and controls were assessed by the Hospital Anxiety and
Depression Scale (HADS) (Zigmond and Snaith, 1983).

MRI Acquisition
All subjects were scanned with a 3.0 T scanner (Philips,
Achieva TX) using an eight-channel phased-array head coil. The
scanning sessions included: (i) localization, (ii) 5-min three-
dimensional (3D) T1-weighted images, (iii) 8-min rs-fMRI, (iv)
2-min fluid-attenuated inversion recovery (FLAIR) sequence.

The T1-weighted images were acquired using 3D turbo field
echo sequence: time to repetition time (TR) = 8.1 ms; time to
echo time (TE) = 3.7 ms; voxel size = 1 × 1 × 1 mm3; field
of view = 24 × 24 cm2; slice thickness = 1 mm; 160 slices.
The rs-fMRI data were acquired using an echo-planar gradient
echo pulse sequence: TR = 2,000 ms; TE = 35 ms; field of
view= 24× 24 cm2; in-plane resolution= 3.75× 3.75 mm2; slice
thickness = 4 mm; 35 slices; 240 volumes. FLAIR images were
used to evaluate white matter hyperintensity and intracranial
structural lesions.

Functional Data Preprocessing
Functional data preprocessing was conducted with the Data
Processing & Analysis for Brain Imaging (DPABI) V5.1 toolbox
(Yan et al., 2016) based on Statistical Parametric Mapping (SPM)
12 software1. Preprocessing for each subject included (1) the
removal of the first 10 volumes of each fMRI scan to avoid the
influence of image signal fluctuation at the beginning of scanning;
(2) slice-time and head motion corrected; (3) coregistration
of T1 and fMRI image; (4) normalization of T1 to Montreal
Neurological Institute (MNI) space and using the resulting
deformation fields to project the functional images to MNI
space; (5) nuisance covariate regression with the Friston 24 head
motion parameters (Friston, 2015) and cerebrospinal fluid signal
(Ashburner and Friston, 2005); (6) isotropic smoothing Gaussian
kernel of 4 mm full width at half maximum; (7) linear detrending.

ALFF Calculation and FC Analysis
Firstly, the ALFF values at the slow-5 (0.01–0.027 Hz) and slow-4
(0.027–0.073 Hz) frequency bands were calculated by the DPABI
toolbox. The time series for a given voxel was converted to the
frequency domain using Fast Fourier Transform, then the square
root of the power spectrum was computed and then averaged
at each voxel, and this averaged square root was defined as the
ALFF. Secondly, preprocessed rs-fMRI images were bandpass
filtered at the slow-5 and slow-4 frequency bands. Regions
showing altered ALFF between the PC and NH groups were
defined as seeds to detect FC. Specifically, correlation analysis of
time course was conducted between the seeds and all other brain
voxels in the PC and NH groups.

Statistical Analysis
Group differences in demographic and auditory and cognitive
function scores were evaluated by the two-tailed t-test, and group
differences in sex, diabetes, smoking, alcohol abuse, hypertension,
and hyperlipemia were assessed by the chi-square test in PASW
17.0 software (Chicago, IL, United States). P-values of less than
0.05 were accepted as significant.

Two-way repeated-measures analysis of variance (ANOVA)
was conducted to assess the main effects of group and frequency
band, and their interactions in ALFF, group (PC vs. NH) served
as a between-subject factor; frequency band (slow-5 vs. slow-4)
served as a repeated-measures factor. Age, sex, and education
levels were imported as covariates. The FDR correction (p< 0.01,
cluster size > 5 voxels) was used to correct the T map for main

1http://www.fil.ion.ucl.ac.uk/spm
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effects and F map for interaction effect using SPM 12. Then,
differences between the PC and NH groups in each frequency
band were assessed by the post hoc two-sample t-tests. The FDR
correction (p < 0.01, cluster size > 5 voxels) was used to correct
the T map using SPM 12. If these results cannot survive after FDR
correction, the AlphaSim-corrected (p < 0.05, cluster size > 19
voxels) was used to correct using REST V1.8 (Song et al., 2011).

For following seed-based FC analysis, a two-sample t-test was
used to compare the FC maps between the PC and NH groups
in the slow-4 and slow-5 band, respectively. The significance
level was set at an FDR-corrected p < 0.05, cluster size > 20
voxels. Finally, the relationships in the PC and NH groups
between the mean ALFF or FC value within regions that
exhibited significant group differences and cognitive function or

FIGURE 1 | Hearing thresholds of the presbycusis (PC) and normal hearing controls (NH) groups (means ± standard deviation) in air conduction. Hearing thresholds
from both ears are averaged.

FIGURE 2 | Main effect of the group factor on ALFF. Hot and cold colors indicate significantly higher and lower ALFF in the presbycusis (PC) group than in the
normal hearing controls (NH) group, respectively. Results obtained by a two-way repeated-measures ANOVA. FDR corrected p < 0.01, cluster size > 5 voxels. L,
left; R, right; ALFF, amplitude of low-frequency fluctuation; ANOVA, analysis of variance.
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FIGURE 3 | (A) The difference of ALFF between the presbycusis (PC) and normal hearing controls (NH) groups in slow-4. (B) The difference of ALFF between the PC
and NH groups in slow-5. Hot and cold colors indicate significantly higher and lower ALFF in the PC group than in the NH group, respectively. Results obtained by a
two-sample t-test. FDR corrected p < 0.01, cluster size > 5 voxels. L, left; R, right; ALFF, amplitude of low-frequency fluctuation.

audiological outcomes (controlled for age, sex, education level)
were assessed using partial correlation analyses.

RESULTS

Demographic and Clinical
Characteristics
Compared to the controls, PC patients performed worse on
the MoCA, SDMT, Stroop, TMT-A, TMT-B tests, PTA, and
SRT (p < 0.05, Table 1). No subject was excluded for severe
white matter hyperintensity or intracranial lesions. Figure 1

shows the average hearing thresholds of the PC and NH
groups, respectively. The results of correlations between cognitive
function and PTA or SRT in the PC and NH groups were added
to the Supplementary Materials.

ALFF Results
Figure 2 shows main effects of group from the two-way repeated-
measure ANOVA. Compared with the NH group, the PC group
showed significantly decreased ALFF in the bilateral posterior
cingulate cortex (PCC), precuneus, superior occipital gyrus
(SOG), angular gyrus (AG), frontal eye field (FEF), paracentral
lobule and supplementary motor area (SMA); the right superior
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TABLE 2 | The difference of ALFF in each frequency band between PC and NH groups.

Fequency band Brain region Brodmann area MNI coordinates T-value Cluster size

x y z

Slow-4 (0.027–0.073 Hz)

PC > NH

R inferior temporal gyrus 20 42 −39 −30 −5.4433 45

L inferior temporal gyrus 20 −48 −39 −2 −4.4161 8

L heschl gyrus 41, 42 −39 −24 15 −5.0421 6

NH > PC

R putamen — 24 9 −6 5.2885 26

L putamen — −21 6 −3 4.5976 18

L precuneus 7 −18 −54 18 7.9703 90

R posterior cingulate cortex 23 21 −51 18 8.6013 127

R superior occipital gyrus 18 21 −87 18 5.8254 28

R angular gyrus 39 51 −57 36 6.1707 32

L Posterior Cingulate Cortex 31 −6 −48 27 4.5817 13

R precuneus 7 18 −63 30 5.8248 18

R superior marginal gyrus 40 54 −45 39 5.9243 22

L inferior parietal gyrus 39 −36 −60 42 5.1904 14

L dorsolateral prefrontal cortex 46 −36 27 42 5.2038 11

R frontal eye field 8 21 30 48 6.2324 22

L supplementary motor area 6 −12 6 63 5.6375 34

Slow-5 (0.01–0.027 Hz)

PC > NH

R inferior temporal gyrus 20 51 −48 −24 −5.1617 32

NH > PC

L Precuneus 7 −18 −54 15 7.8129 93

R Precuneus 7 21 −51 12 9.3104 78

R superior occipital gyrus 18 21 −84 15 5.7463 15

R posterior cingulate cortex 23 3 −33 24 6.4022 45

R supplementary motor area 6 −6 12 57 5.2753 35

FDR corrected p < 0.01, cluster size > 5 voxels. ALFF, amplitude of low-frequency fluctuation; PC, presbycusis; NH, normal hearing controls; MNI, Montreal Neurological
Institute; L, left; R, right.

marginal gyrus (SMG). Compared with the NH group, the
PC group showed significantly increased ALFF in the bilateral
inferior temporal gyrus (ITG) and the left Heschl’s gyrus (HG).
The related results without covariates factors were added to
Supplementary Materials.

The comparisons between PC and NH groups showed some
similarities in the two frequency bands, such as decreased ALFF
in the bilateral precuneus; the right PCC and SOG, as well as
increased ALFF in the right ITG in the PC patients in both bands
(Figure 3 and Table 2). In contrast, some obvious differences
also existed between the two bands. There was decreased ALFF
in the bilateral putamen; the right AG, SMG, and FEF; the left
PCC, Inferior Parietal Gyrus (IPG), dlPFC and SMA, along with
increased ALFF in the left HG and ITG in PC patients compared
to the controls in slow-4 band, changes which were not seen in
the slow-5 band (Figure 3 and Table 2). The results between the
PC and NH groups in full band (0.01–0.1 Hz) were added to the
Supplementary Materials.

The analysis on the effect of frequency band in both groups
showed that the ALFF in the slow-4 band compared to that
in the slow-5 band was higher in the pons, midbrain, caudate,

putamen, thalamus, SMA, hippocampus, and cerebellum, but
lower in the MTG, ITG, inferior occipital gyrus, precentral gyrus,
middle frontal gyrus, and superior frontal gyrus (Figure 4). The
results regarding the interaction effect cannot survive after FDR
correction so that we show the trends of such differences that
were corrected by the AlphaSim approach instead. There was
significant interaction between frequency band and group in the
left precentral gyrus and the right MTG, and decreased ALFF in
the two regions in PC patients compared to controls was greater
in the slow-4 band than those in the slow-5 band (Figure 5
and Table 3). The percent amplitude of fluctuation (PerAF) (Jia
et al., 2017; Zhao et al., 2018; Yu et al., 2019) was also applied
to explore changes of LFO amplitudes in patients with PC. The
related results were added to the Supplementary Materials.

Functional Connectivity Results
Compared with the NH group, the dlPFC in the slow-4 band
showed stronger FC with the left middle temporal pole, STG,
middle occipital gyrus (MOG) and SOG in patients with PC
(p < 0.001, uncorrected) (Figure 6 and Table 4). However, none
of these differences can survive after FDR correction (p < 0.05).
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FIGURE 4 | Main effect of the frequency band factor on ALFF. Hot and cold colors indicate significantly higher and lower ALFF in the slow-4 band than in the slow-5
band, respectively. Results obtained by a two-way repeated-measures ANOVA. FDR corrected p < 0.01, cluster size > 5 voxels. L, left; R, right; ALFF, amplitude of
low-frequency fluctuation; ANOVA, analysis of variance.

FIGURE 5 | The interaction between group and frequency band on ALFF. Hot color indicates that decreased ALFF in the left precentral gyrus and the right middle
temporal gyrus in presbycusis compared to controls was greater in slow-4 than those in slow-5. The results were obtained by a two-way repeated-measures ANOVA
and post hoc t-tests. AlphaSim corrected (p < 0.05, cluster size > 19 voxels). L, left; R, right; ALFF, amplitude of low-frequency fluctuation; ANOVA, analysis of
variance.
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TABLE 3 | Brain regions showing significant interaction in the ALFF between
group and frequency band.

Brain region Brodmann
area

MNI coordinates F-
value

Cluster
size

x y z

R middle temporal gyrus 21 45 −72 −3 4.4458 45

L precentral gyrus 4 −33 −21 60 3.8567 26

AlphaSim corrected (p < 0.05, cluster size > 19 voxels). ALFF, amplitude of low-
frequency fluctuation; MNI, Montreal Neurological Institute; L, left; R, right.

The related results without covariates factors were added to the
Supplementary Materials.

Compared with the NH group, the PCC in the slow-5 band
showed weaker FC with the right inferior occipital gyrus, cuneus,
anterior cingulate cortex (ACC), and the left superior parietal
gyrus, precuneus and SMA in patients with PC (FDR corrected
p < 0.05, cluster size > 20 voxels) (Figure 7 and Table 5).

Brain-Behavior Relationships
In the PC group (Figure 8), partial correlation analyses revealed
that Stroop scores were negatively correlated with the ALFF
of the left IPG (r = −0.303, p = 0.037); TMT-B scores were
negatively correlated with the ALFF of the left ITG (r = −0.294,
p = 0.043); SDMT scores were positively associated with the
ALFF of the right SMG (r = 0.261, p= 0.073). AVLT scores were
positively associated with the ALFF of the left HG (r = 0.303,
p = 0.037). In the PC group, no correlations were observed
between audiological characteristics or disease duration and
ALFF. In the NH group, no correlations were observed between
clinical characteristics and ALFF.

In the PC group (Figure 9), TMT-A scores was negatively
associated with the FC between dlPFC and the left temporal
pole (r = −0.297, p = 0.040). In the PC group, no correlations
were observed between audiological characteristics or disease
duration and FC of dlPFC. In the NH group, no relationships

TABLE 4 | Brain regions showing significantly different functional connectivity of
dlPFC in the slow-4 band in PC group.

Brain region Brodmann
area

MNI coordinates T-value Cluster
size

x y z

L middle
temporal pole

38 −45 18 −30 −3.5614 13

L superior
temporal gyrus

22 −48 12 −12 −3.8103 6

L middle
occipital gyrus

— −39 −75 6 −3.9123 13

L superior
occipital gyrus

19 −27 −87 30 −3.8953 15

p < 0.001 (uncorrected, cluster size > 5 voxels). PC, presbycusis; MNI, Montreal
Neurological Institute; L, left; R, right.

were observed between auditory or cognitive function scores and
FC of dlPFC. In the PC group (Figure 9), TMT-A scores was
negatively associated with the FC between PCC and the right
ACC (r = −0.290, p = 0.045), left precuneus (r = −0.382,
p = 0.007), right SMA (r = −0.324, p = 0.025), respectively.
In the PC group, no correlations were observed between
audiological characteristics or disease duration and FC of PCC. In
the NH group, no relationships were observed between auditory
or cognitive function scores and FC of PCC.

DISCUSSION

In this study, we investigated changes in LFO amplitudes in PC
at two different frequency bands (slow-4 and slow-5). In each
band, PC patients showed decreased ALFF in the precuneus, PCC
and SMA, as well as increased ALFF in the ITG. Exclusively
in the slow-4 band, PC patients showed decreased ALFF in the
putamen, SOG, AG, SMG, IPG, dlPFC, and FEF, as well as
increased ALFF in the HG. Moreover, a significant interaction

FIGURE 6 | Between-group differences in FC analyses of the seed of left dlPFC in slow-4. Winter color indicates significantly higher FC in the presbycusis (PC) group
than in the normal hearing controls (NH) group. Results obtained by a two-sample t-test. p < 0.001 (uncorrected, cluster size > 5 voxels). L, left; R, right; ALFF,
amplitude of low-frequency fluctuation; FC, functional connectivity; dlPFC, dorsolateral prefrontal cortex.
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FIGURE 7 | Between-group differences in FC analyses of the seed of right PCC in slow-5. Hot color indicates significantly lower FC in the presbycusis (PC) group
than in the normal hearing controls (NH) group. Results obtained by a two-sample t-test. FDR corrected p < 0.05, cluster size > 20 voxels. L, left; R, right; ALFF,
amplitude of low-frequency fluctuation; FC, functional connectivity; PCC, posterior cingulate cortex.

between group and frequency band was found in MTG and
precentral gyrus. Importantly, ALFF alterations in HG, SMG,
IPG, and ITG were correlated with cognitive impairments in
PC patients. In addition, dlPFC and PCC that showing changed
ALFF between groups showed frequency-dependent alterations
in FC, which were associated with the attention and the executive
control in PC patients. To the best of our knowledge, this is
the first study to demonstrate that abnormal spontaneous neural
activity in PC is frequency specific.

TABLE 5 | Brain regions showing significantly different functional connectivity of
PCC in the slow-5 band in PC group.

Brain region Brodmann
area

MNI coordinates T-value Cluster
size

x y z

R Inferior
Occipital Gyrus

18 45 −84 −15 4.6042 71

R Cuneus 7 12 −78 36 5.9099 205

R Anterior
Cingulate Cortex

32 21 27 30 5.5348 51

L Superior
Parietal Gyrus

7 −18 −75 42 4.2971 58

L Precuneus — −12 −42 66 4.9208 48

L Supplementary
Motor Area

6 0 18 60 4.0550 38

FDR corrected p < 0.05, cluster size > 20 voxels.
PC, presbycusis; MNI, Montreal Neurological Institute; L, left; R, right.

Abnormalities of ALFF in Slow-4 and
Slow-5 Bands
Our study revealed that ALFF was significantly decreased in the
PCC and precuneus in both the slow-4 and slow-5 bands, as
well as in the AG and IPG in the slow-4 band in patients with
PC. The PCC, precuneus, AG, and IPG are the key nodes in
the DMN, which is a large-scale brain network of interacting
brain regions that shows increased activity at rest and plays
a critical role in self-referential mental activity and cognitive
processing (Raichle et al., 2001; Mantini et al., 2007). Moreover,
Stroop scores, which indicates attention function, were negatively
correlated with the ALFF of the IPG in PC patients in this study.
Our results are consistent with a previous study using ALFF in
the typical frequency band (0.01–0.08 Hz) (Chen et al., 2018).
However, in that study, a small sample size of PC patients showed
decreased ALFF only in the precuneus. Our results suggested that
with a large sample size and by distinguishing frequency bands,
more changes in LFO amplitudes in the key nodes in the DMN in
PC patients can be detected.

In this study, ALFF in the PC patients significantly decreased
in the SMA in both the slow-4 and slow-5 bands. Although the
SMA has been consistently reported to be involved in many
aspects of motor functions, including motor preparation, motor
learning and motor control (Hardwick et al., 2013; Bonini et al.,
2014), the SMA has also been widely investigated in studies of
speech perception, auditory processing and auditory imagery.
Regarding speech perception, fMRI studies have demonstrated
significant activation in the SMA in response to syllables,
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FIGURE 8 | Correlations between ALFF changes and cognitive impairments in the presbycusis (PC) group. Correlations were controlled for age, sex, and education.
(A) Stroop scores were negatively correlated with the ALFF of the left inferior parietal gyrus (r = −0.303, p = 0.037). (B) TMT-B scores were negatively correlated
with the ALFF of the left inferior temporal gyrus (r = −0.294, p = 0.043). (C) SDMT scores were positively associated with the ALFF of the right superior marginal
gyrus (r = 0.261, p = 0.073). (D) AVLT scores were positively associated with the ALFF of the left HG (r = 0.303, p = 0.037). ALFF, amplitude of low-frequency
fluctuation; AVLT, Auditory Verbal Learning Test; SDMT, Symbol Digit Modalities Test; TMT, Trail-Making Test.

words and sentences (Binder et al., 2008; Meltzer et al., 2010;
Liebenthal et al., 2013). Moreover, such responses seemed
to be modulated by the difficulty of speech processing and
comprehension. Specifically, SMA activity was stronger when
the speech signal was less intelligible, and comprehension was
more challenging as a result of background noise and speech
rate (Du et al., 2014). PC is characterized by difficulty in speech
perception and comprehension in noisy environments. Thus,
the changes in LFO amplitudes in the SMA may contribute to
abnormal speech recognition in patients with PC and indicate
that motor cross-modal reorganization arose from long-term
degraded auditory input.

Frequency-Specific Alterations in the
ALFF
There were obvious differences in PC-related neural activity
between the two bands. ALFF values were decreased in the

putamen, SOG, AG, SMG, FEF, IPG, and dlPFC, along with
increased ALFF in the HG in PC patients compared to controls
in the slow-4 band; however, there were no changes in the slow-5
band. Importantly, there was a significant interaction between the
frequency band and group in the precentral gyrus and the MTG,
and decreased ALFF in the two regions in PC patients was greater
in slow-4 band than those in slow-5 band. Our results suggest
that it is useful for sensitivity investigations of PC-related neural
activity to select an appropriate frequency band.

Primary auditory cortex is located within HG, which is very
important for receiving information from the ascending auditory
pathway and processing auditory input (Langers et al., 2007).
Our previous study revealed that PC patients showed reduced
cortical thickness in the left HG, and PC patients with higher PTA
had lower cortical thickness in that region (Ren et al., 2018). In
this study, PC patients showed increased ALFF in the left HG,
exclusively in the slow-4 band. Our findings point to a possible
relationship between alterations in functional and structural
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FIGURE 9 | Correlations between FC changes and cognitive impairments in the presbycusis (PC) group. Correlations were controlled for age, sex, and education.
(A) TMT-A scores was negatively correlated with the FC between dlPFC and of the left temporal pole (r = −0.297, p = 0.040); (B) TMT-A scores was negatively
associated with the FC between PCC and the right ACC (r = −0.290, p = 0.045); (C) TMT-A scores was negatively associated with the FC between PCC and the
left precuneus (r = −0.382, p = 0.007); (D) TMT-A scores was negatively associated with the FC between PCC and the right SMA (r = −0.324, p = 0.025). FC,
functional connectivity; dlPFC, dorsolateral prefrontal cortex; PCC, posterior cingulate cortex; TMT, Trail-Making Test.

organizations in the deprived auditory cortex in PC patients.
Increased ALFF in HG may reflect the retention of exuberant
LFO amplitudes that resulted from degraded auditory input.
This is consistent with previous electrophysiological studies,
in which increased spontaneous activity and neural synchrony
were observed in animal models of PC (Hughes et al., 2010;
Ng and Recanzone, 2018). Importantly, our study revealed that
the ALFF of the HG in PC patients were positively correlated
with AVLT performance, which assesses verbal learning and
memory. Additionally, in one previous ALFF study, a small
sample size of PC patients did not show any change in HG in the
typical frequency band (Chen et al., 2018). Therefore, our study
demonstrates that LFO amplitude abnormalities in HG in PC
are frequency dependent, and a large cohort of patients is clearly
better for reliability.

In our study, ALFF in PC patients significantly decreased in
the SMG and AG exclusively in the slow-4 band. The SMG and
AG have been considered to play a crucial role in phonological

and semantic aspects of word processing, respectively (Seghier,
2013; Deschamps et al., 2014). More specifically, previous fMRI
studies demonstrated SMG activation related to phonological
processing during language tasks (Deschamps et al., 2014),
and AG activation for auditory stimuli during semantic tasks
(Demonet et al., 1992). Our study also revealed that the ALFF
of the SMG in PC patients were positively correlated with SDMT
performance, which assesses psychomotor speed. Our study also
observed significantly decreased ALFF in the putamen and IPG in
patients with PC exclusively in slow-4, and decreased ALFF in the
precentral gyrus in PC patients compared to controls was greater
in slow-4 than in slow-5. Recent studies have demonstrated
the involvement of the putamen in speech articulation and
high-order speech functions, including speech processing and
production (Vinas-Guasch and Wu, 2017). Moreover, functional
neuroimaging studies have provided corroborating evidence
pointing to the critical role of the IPG in speech processing and
suggested a causal involvement of the precentral gyrus in speech
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perception (Simonyan and Fuertinger, 2015; Smalle et al., 2015).
Therefore, decreased ALFF in the putamen, IPG and precentral
gyrus may suggest impairment in the core speech networks in
patients with PC, indicating that long-term degraded auditory
input may affect speech function.

Interestingly, we also observed decreased ALFF in the dlPFC
and FEF in PC exclusively in the slow-4 band. The dlPFC,
a key node in the executive control network (ECN), is most
typically associated with executive functions. The FEF, a key
node in the dorsal attention network (DAN), which is very
important for controlling of visual attention and eye movements.
Previous fMRI studies have demonstrated decreased inter-
network FC between the ECN or DAN and multiple sensory
networks in sensorineural hearing loss (Husain et al., 2014; Luan
et al., 2019). Furthermore, recent studies have shown that the
prefrontal cortex receives auditory information from auditory
regions and that the prefrontal cortex is involved in auditory
cognition (Plakke and Romanski, 2014). Therefore, decreased
ALFF in the dlPFC and FEF may suggest functional alterations
in PC involving both auditory processing and higher-order
cognitive functions.

Abnormal Functional Connectivity of
dlPFC and PCC
Using FC analyses with these regions that showing changed ALFF
between groups as seeds, we determined that the dlPFC in the
slow-4 band was associated with increased FC of selective regions
in PC. These regions included the auditory regions (temporal
pole and STG) and visual regions (SOG and MOG). Stronger
functional connectivity (dlPFC-temporal pole) was associated
with executive control in PC. Recent studies have shown that
the dlPFC receives a widespread array of afferents from the
sensory cortices (Romanski et al., 1999), hence, the dlPFC is very
important for multisensory integration and top-down regulation
(Morrone, 2010). Our findings suggest that increased FC between
the dlPFC and auditory and visual regions might underlie the
cross-modal plasticity and higher-order cognitive participation of
the auditory cortex after partial hearing deprivation. Moreover,
the STG belongs to the posterodorsal stream of auditory
processing, which is important in sensorimotor integration and
spatial processing (Lima et al., 2016). Higher functional coupling
between the dlPFC and posterodorsal pathway may suggest that
the dlPFC is very important for maintaining auditory processing
in PC. Additionally, the PCC in the slow-5 band showed weaker
FC with the right ACC and the left precuneus in patients
with PC, which were associated with cognitive impairments in
PC patients. PCC is a hub mainly for memory and attention
information processing and also adjust auditory stimuli under
non-optimal conditions (Leech and Sharp, 2014), and PCC, ACC
and precuneus are the core regions of the DMN. Thus, our results
suggest that PC may trigger a series of cognitive compensation
to complete the top-down network regulation, resulting in the
decreased intra-network FC of DMN. Previous fMRI studies in
sensorineural hearing loss patients have demonstrated decreased
intra-network FC related to DMN, including precuneus and
PCC, which consistent with our results (Luan et al., 2019).

There are some limitations to our study. First, the origins
of slow-4 and slow-5 bands have not been fully explored,
and the combination of electrophysiological, pathological and
fMRI methods could be useful for a better description of these
problems in the future. Second, between-group changes in LFO
amplitudes only in slow-4 and slow-5 were investigated in our
study. Future studies exploring changes in LFO amplitudes
in all frequency bands and their relationships with clinical
characteristics may provide valuable information on the neural
mechanisms that underlie PC-related cognitive impairment.
Third, our primary purpose was to identify brain areas that
exhibit abnormal LFO amplitudes in PC and subsequently
quantify the changes of FC between these areas and all other
brain voxels at different frequency bands. Therefore, instead
of exploring FC regarding every area of the brain, we focused
on brain areas where altered ALFF in PC patients comparing
with controls.

CONCLUSION

Our study revealed that abnormal spontaneous neural activity
in PC was frequency dependent, which was correlated with
cognitive impairments. Moreover, higher functional coupling
between the dlPFC and the posterodorsal stream of auditory
processing, as well as lower functional coupling between the
PCC and key nodes of the DMN might underlie the cross-
modal plasticity and higher-order cognitive participation of the
auditory cortex after partial hearing deprivation. Taken together,
our findings indicate that frequency-specific analysis of ALFF
could provide valuable insights into functional alterations in the
auditory cortex and non-auditory regions involved in cognitive
impairment associated with PC.
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Objectives: This research aims to validate a modified visually based Montreal Cognitive
Assessment for hearing-aid users (MoCA-HA). This population should be the target of
cognitive screening due to high risk of developing dementia.

Design: Case-control study.

Setting: The participants were recruited from referral hearing-aid center and memory
clinic in central London, United Kingdom.

Participant: 75 hearing-aid users were recruited. Of these, thirty were cognitively intact
controls with hearing impairment (NC-HI); thirty had mild cognitive impairment with
hearing impairment (MCI-HI); fifteen had dementia with hearing impairment (D-HI).

Measurements: The baseline characteristics and analysis of the MoCA-HA for the NC-
HI were recorded. The MoCA-HA performance of the MCI-HI cohort and D-HI cohort
were also studied.

Results: The cutpoint of <26 yields 93.3% sensitivity with 80% specificity in
distinguishing MCI-HI from NC-HI. The specificity increased to 95.6% in screening for
all cognitive impairment (MCI-HI and D-HI) from NC-HI.

Conclusion: The MoCA-HA has been validated with a cutpoint which is comparable to
the traditional MoCA. This tool may help clinicians to early identify older adult hearing-aid
users for appropriate cognitive evaluation.

Keywords: montreal cognitive assessment (MoCA), cognitive screening, auditory cognitive neuroscience, hearing
impairment, older adult

INTRODUCTION

One in every three adults over the age of 65 suffer from disabling hearing loss (World Health
Organization (WHO), 2012; WHO, 2018). A recent meta-analysis showed that hearing loss is a
significant modifiable risk factor for dementia, with a pooled relative risk of 1.94 (95% CI [1.38-
2.73]) (Livingston et al., 2017). These findings indicate that older adults with hearing loss should be
targeted for cognitive screening as a high-risk population for dementia.
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Since current available screening tools for cognitive
impairment require patients to follow orally presented
instructions, normal hearing thresholds are implicitly
assumed when conducting the test. However, mishearing or
misinterpreting the test instructions and test items due to
hearing loss can lead to underestimations of cognitive ability
(Dupuis et al., 2015). Timely diagnosis of dementia is critical
in promoting positive patients outcomes (Prince et al., 2011),
and the development of sensitive, valid and reliable dementia
screening tools designed for a hearing-impaired population is of
paramount importance.

The Montreal cognitive assessment (MoCA) has excellent
validity in identifying mild cognitive impairment (MCI)
compared to other commonly used screening tools (Ciesielska
et al., 2016; Kopecek et al., 2016). However, previously proposed
modifications of the MoCA for its use in hearing-impaired
populations tend to introduce new problems. For example,
delivering the test with auditory amplification, has lead to the
variability of results across cognitive sub-categories; and omitting
hearing-dependent items, has decreased the tool’s sensitivity
for detecting cognitive impairment (Saunders et al., 2018;
Shen et al., 2019).

Another possible way of MoCA modification is to adapt
commonly used dementia screening tools for a visual as opposed
to an auditory presentation. Lin et al. have demonstrated the
utility of a visually adapted version of the MoCA for the severely
hearing-impaired (HI-MoCA) by examining the performance of
cognitively intact individuals with cochlear-implants (Lin et al.,
2017). However, cochlear implants candidates differ in several
ways from the broader target population of older adults with
age-related hearing loss, as the former have severe to profound
hearing loss to meet cochlear implantation criteria, while the
latter has all severities of hearing impairment.

This study aims to expand upon Lin et al.’s work by examining
the performance of the adapted MoCA in older adults with no
restriction of hearing loss severity. Moreover, it aims to test the
ability of the visually adapted MoCA to distinguish individuals
with a diagnosis of MCI and dementia from those without
and establish an optimum cutpoint. The cutpoint may differ
from the traditional MoCA due to the different test delivery
modality and cognitive ability of the hearing-impaired cohort
(Utoomprurkporn et al., 2020b).

MATERIALS AND METHODS

The project was approved by the UK National Health Services
(NHS) Ethical Committee IRAS247176. The study was under
the University College London Joint Research Office (JRO)
sponsorship ID 18/0306. The study protocol was registered in
clinicaltrial.gov with Identifier: NCT03648502.

Participants
Older Adults With Hearing Impairment Who Had
Normal Cognition (NC-HI) Cohort
A sample of 30 adults aged ≥65 were recruited via recruitment
flyers and posters distributed in the hearing aid center at the

Royal National Throat Nose Ear Hospital (RNTNEH), London,
United Kingdom. The inclusion criteria were age ≥65 years
with documented hearing loss (currently wearing hearing aids
and/or audiogram with a better ear puretone average at 500 Hz,
1000 Hz, 2000 Hz and 4000 Hz of ≥ 30 dB HL) who are
not on the cochlear implant waiting list. To ensure participants
in the study had normal cognition, only those with a General
Practitioner’s Assessment of Cognition (GPCOG) score of equal
9 or GPCOG score = 5–8 with informant score = 4–6 were
recruited (Brodaty et al., 2004).

Older Adults With Hearing Impairment Who Were
Diagnosed With Mild Cognitive Impairment (MCI-HI)
and With Dementia (D-HI) Cohort
A sample of 30 adults diagnosed with mild cognitive impairment
(MCI-HI) and 15 with dementia (D-HI) aged≥65 were recruited
via clinician referral and research registry in the memory clinics
at Camden and Islington NHS Foundation Trust, London,
United Kingdom. The RNTNEH, where the control NC-HI
cohort was recruited, is also based within the Camden and
Islington borough. The diagnosis of MCI and dementia cases
were based on the ICD-10 criteria (WHO., 2016).

The diagnostic assessment was done within NHS Memory
Services, which are specialist diagnostic services for the
assessment of patients with suspected dementia referred by
primary care doctors. Diagnostic assessments are conducted by
medical practitioners, under the supervision of consultant old-
age psychiatrists, and following ICD-10 criteria. The assessment
consists of a clinical interview of patient and collateral obtained
from relative or friend, review of medical and psychiatric
history, assessment of functional needs inclusive of sensory
impairment, review of psychiatric and physical health needs
medication, any use of alcohol and drugs and their potential
impact of cognition, assessment of mental state and cognitive
testing. The main tool for cognitive testing is Addenbrooke’s
Cognitive Examination v3, a validated clinical tool for the
diagnosis of mild cognitive impairment and dementia. Additional
neuropsychological testing is used if required and the diagnostic
assessment includes a brain scan if clinically appropriate after
initial assessment. The recruitments were done within 2 weeks of
their last follow-up with the service to ensure the current status
of the diagnosis of MCI and dementia.

The inclusion criteria were age ≥65 years with documented
hearing loss (currently wearing hearing aids and/or audiogram
with a better ear hearing average at 500 Hz, 1000 Hz, 2000 Hz
and 4000 Hz of ≥30 dB HL) who are not in the cochlear
implant waiting list.

The exclusion criteria for all groups were uncorrected
visual impairment; physical disability(s) which might inhibit
performance on the written/drawing elements of the tests as
evaluated by the researchers, and congenital/childhood-onset
hearing loss (<18 years old age) as reported by participants.

Measures
Hearing Measurement
Audiograms were conducted for every participant
according to the British Society of Audiology protocol
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(British Society of Audiology, 2018) during the same visit as
the cognitive assessment. The hearing thresholds were recorded
at 250 Hz, 500 Hz, 1000 Hz, 2000 Hz, 4000 Hz, and 8000 Hz
for both right and left ear. For analysis purposes, the pure-tone
audiogram outcome measure was the average of the thresholds
(Pure-tone average: PTA) in 500 Hz, 1000 Hz, 2000 Hz, and
4000 Hz of the better hearing ear.

Cognition
A version of the MoCA adapted for people with hearing
impairment/hearing aids users was used. The original
MoCA has a total score of 30 with 7 subcategories which
are Visuospatial/executive, Naming, Memory (word recall),
Attention, Language, Abstract and Orientation.

The hearing-impaired MoCA (HI-MoCA) developed by Lin
et al. (2017) was used in an initial Patient Public Involvement
(PPI) group of older adults with hearing aids volunteers. As part
of the PPI process, additional feedback from the healthcare
providers including psychiatrists, clinical psychologists,
audiologists, hearing aids center manager, otolaryngologists,
audiovestibular medicine physicians (users), and from older
adults with dual sensory impairments (visual and auditory) was
also incorporated to the feedback from older adults with hearing
impairment. We used the PPI information to adapt the MoCA
version 8.3 into a computer-based tool by using only visual input
to make it suitable for older adults with all severities of hearing
loss. This version also included the Memory Index Score (MIS)
sub-task which was not present in the HI-MoCA. The scoring
sheet and administration instructions were downloaded from
www.mocatest.org.

In the final version, the instructions were presented visually
on the screen via the Microsoft PowerPoint program. The tool
was also adapted according to guidance for the visually impaired
population to ensure good visibility for the older adults with
possible visual and hearing impairments. The duration of each
slide timed was set according to the previously published paper
by Lin et al. (2017).

The slides were presented to the participants by the
administrator. The participants told the administrator when they
were ready to move on to the next slide. The administrator guided
the participants to read the instruction on the screen without
further explanation by the administrator. The decision to have the
administrator progressing the test to the next slide was suggested
by the PPI volunteers, since they judged that some older people
may not be comfortable when operating computer screens.

The participants responded to each slide verbally except
when they were prompted to draw in the visuospatial/executive
sub-tests. Their responses for this task were recorded in the
original record form (MoCA 8.3) which can be downloaded
from www.mocatest.org. There were some changes from the Lin
et al. (2017) version. The decision to use the original response
from recorded by the test administrator was made since the
older volunteers were not comfortable with the self-written
response form used by Lin et al. (2017). Moreover, volunteer PPI
participants felt that writing down the word recall response would
act as additional practice and therefore may represent additional
help to remember beyond the standard MoCA instructions and

overestimate memory status. The sentences recall task (part of
a Language sub-category) was also affected by their writing
ability of such compound sentences which took longer than a
verbal response.

The final MoCA used was the MoCA version for hearing aids
users (MoCA-HA) which incorporated all the changes suggested
by the volunteer end-users and the health care professionals. The
test was completed within 15 min. The MoCA-HA was used for
all the participants recruited in this study.

ANALYSIS

The sample size was calculated for using Receiver Operating
Curve (ROC) analysis using the EasyROC tool (Goksuluk et al.,
2016) in distinguishing individuals with MCI from those without.
The alpha was set at 0.05 and beta at 0.8. The estimated effect
size [predicted area under the curve (AUC)] was set at 0.70. The
effect size for the calculation was much less than the AUC for the
original MoCA = 0.85 (Roalf et al., 2013). This was purposely
done to ensure a conservative sample size estimate in case the
hearing-impaired version of the MoCA is less accurate than
the original MoCA.

The statistical analysis was done with IBM statistic SPSS
program version 25. The baseline characteristics of the NC-
HI, MCI-HI, and D-HI were compared with one-way ANOVA
with Tukey-Kramer post hoc analysis. When the baseline
characteristics shown significant difference, subgroup analysis
with matched controls was done as a sensitivity analysis method
to account for the differences. Matched controls analysis was
done by repeating the sensitivity analysis after eliminating each
unmatched control case until the baseline characteristics of
interest were matched.

The Receiver Operating Characteristic [ROC] curve was
computed to evaluate the overall effectiveness of a newly
developed binary outcome diagnostic tool, MoCA-HA. The
calculation was made against the ICD-10 gold standard of
the diagnosis of MCI and dementia. The AUC of the plot,
which determines the diagnostic property of this tool was also
conducted (Bradley, 1997). The higher AUC (closer to 1.00)
indicates a better diagnostic property of the tool.

The appropriate cutpoint for distinguishing between the NC-
HI and MCI-HI was identified with the highest Youden index
(J) value via formula J = (sensitivity + specificity)−1 (Youden,
1950; Greiner et al., 2000). The Youden index was previously
found to better indicate the appropriate cutpoint to classify the
cohorts than traditional visual inspection of the ROC curve
(Perkins and Schisterman, 2006).

RESULTS

Baseline Characteristics Data
There were significant differences in the mean age and years
of education of the NC-HI, MCI-HI, and D-HI cohort,
F(2,72) = 12.43, p < 0.005 and F(2,72) = 10.47, p < 0.005,
respectively, as shown in Table 1. No significant difference was
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TABLE 1 | Baseline characteristics of the 3 cohorts.

Baseline characteristics NC-HI (N = 30) MCI-HI (N = 30) D-HI (N = 15) F P-value

Age 75.27 (SD = 5.88) 83.80 (SD = 6.42) 80.80 (SD = 8.53) 12.43 < 0.005

Education years 16.07 (SD = 3.69) 13.27 (SD = 4.17) 10.53 (SD = 3.87) 10.47 < 0.005

Better-ear pure-tone average (PTA) 48.87 (SD = 18.05) 47.75 (SD = 14.90) 45.33 (SD = 14.14) 0.24 0.79

found in the better-ear PTA of the 3 groups [F(2,72) = 0.24,
p = 0.79] as demonstrated in Table 1.

The mean age of the NC-HI cohort was significantly lower
than the MCI-HI cohort by 8.53 years (95% confidence interval;
CI 12.66, 4.40) (p < 0.005) and the D-HI cohort by 5.53 years
(95% CI 10.59, 0.47) (p = 0.03). There was no significant
difference between the MCI-HI and the D-HI mean ages
(p = 0.34).

The mean years of education of the NC-HI cohort was
significantly higher than the MCI-HI cohort by 2.80 years (95%
CI 0.37, 5.23) (p = 0.02) and the D-HI cohort by 5.53 years (95%
CI 2.56,8.50) (p < 0.005). There was no significant difference
between the MCI-HI and D-HI mean years of education
(p = 0.08).

Due to the differences in the age and years of education,
subgroup analysis with matched controls was done. As a result,
only 9 NC-HI controls aged over 76 years old were included
for the subgroup analysis which demonstrated no significant
difference between the age and education years compared with
the cognitively impaired group.

Overall MoCA Performance for the
Cohorts
Overall; the total MoCA-HA mean score was 27.27(SD = 2.16)
for the normal cognition (NC-HI) participants, and mean
score = 22.03 (SD = 3.06) for the MCI-HI, and mean score = 15.20
(SD = 4.21) for the D-HI. The mean scores were significantly
differenced among the three cohorts F(2,72) = 81.45 (p < 0.005)
as demonstrated in Figure 1. The frequencies of MoCA-HA
scores in each group were illustrated in Figure 2.

Diagnostic Property of the MoCA-HA
For the Mild Cognitive Impairment Cohort
For determining the diagnostic property of MoCA-HA in
screening for MCI-HI, the AUC was calculated for the NC-HI
and MCI-HI cohort (Figure 3). With the whole NC-HI cohort,
the AUC was statistically significant at 0.92, standard error
(SE) = 0.03 (95% CI 0.86, 0.99). The AUC with only aged and
education-matched NC-HI controls (N = 9) was also statistically
significant at 0.84 with SE = 0.07 (95% CI 0.70, 0.98).

With the whole NC-HI control cohort, the highest Youden
index was 0.733, which resulted in the MoCA-HA cutpoint of
25.50 (sensitivity = 93.3%, specificity = 80%). With the matched
NC-HI control cohort, the highest Youden index was 0.489,
which resulted in the same MoCA-HA cutpoint score of 25.50
(sensitivity = 93.3%, specificity = 55.6%) in practice. The MoCA-
HA only provides integer scores, therefore the overall score below
26 may be utilized as cutpoint.

For the Dementia Cohort (D-HI)
For determining the diagnostic property of MoCA-HA
in screening for D-HI, the AUC was calculated for the
NC-HI and D-HI cohort (Figure 4). With the whole
NC-HI cohort, the AUC was statistically significant at
0.999, SE = 0.002 (95% CI 0.994, 1.000). The AUC
with aged-matched NC-HI controls (N = 14) was
also statistically significant at 0.998, SE = 0.005 (95%
CI 0.988, 1.000).

With the whole NC-HI control cohort, the highest Youden
index was 0.967 which resulted in the MoCA-HA cutpoint of 22.5
(sensitivity = 100%, specificity = 96.7%).

With the 14 aged-matched NC-HI control cohort, the highest
Youden index was 0.933 which resulted in the MoCA-HA
cutpoint of 21.5 (sensitivity = 93.3%, specificity = 100%).
The second highest Youden index was 0.929 which resulted
in the MoCA-HA cut-point of 22.5 (sensitivity = 100%,
specificity = 92.9%). In practice, the MoCA-HA only
provides integer scores, therefore the overall score below
23 may be utilized as cutpoint to maximize the sensitivity of
screening for dementia.

DISCUSSION

We have demonstrated the use of MoCA-HA (visually
modified MoCA) for the hearing-impaired older adults.
When implemented among adults aged ≥65 who used hearing
aids, the MoCA-HA had an outstanding diagnostic property
with AUC of >0.9. When considering only the matched control
cohort of mean age >80 years, the MoCA-HA still has an
excellent AUC of 0.84 (AUC 0.8–0.9).

The cutpoint of the MoCA-HA was found to be <26 which
is similar to the traditional MoCA cutpoint in screening for
the MCI-HI. This cutpoint also yield similarly high sensitivity
of 93.3% as the traditional MoCA with a specificity of 80.0%.
When considering all cognitive impairment stages (MCI-HI
and D-HI), using a cutpoint of <26 could screen for potential
cognitive impairment with even higher sensitivity up to 95.6%
while maintaining the specificity of 80%.

A Modified Version of MoCA for Hearing
Loss/Hearing Aids Users (MoCA-HA)
It is important to have a version of the MoCA suitable
for older adults with hearing impairment since previous
research has shown that they may be at a higher risk of
developing MCI or dementia (Livingston et al., 2017) and
interpretation of the results of standard versions of the test are
confounded by verbal presentation, with key dementia-relevant
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FIGURE 1 | The Boxplots demonstrated the mean MoCA-HA score of the NC-HI, MCI-HI, and the D-HI cohorts.

FIGURE 2 | The histograms demonstrated the distribution of MoCA-HA score of the NC-HI, the MCI-HI and the D-HI cohort.

elements of registration, recall and attention, particularly affected
(Al-Yawer et al., 2019).

Since cochlear implant candidates with prolonged and
severe to profound hearing loss may have poorer speech
production pre-operatively (Dawson et al., 1995), a written
response for the MoCA may be more appropriate as used
by Lin et al. (2017). However, for the majority of older
adults who attend memory services or general practices, a
written response may not be the best option to evaluate their
cognition. Writing depends on additional fine motor skills in
addition to the cognitive abilities that the MOCA measures,
so that reduced performance assessed by written response may
be due to impairment in these motor skills rather than on
the target cognitive abilities. According to our PPI sessions,
this added complexity may also cause confusion and stress
for participants sessions. A verbal response was much more
acceptable and comfortable among all older adults in the

PPI interviews. Therefore, we decided to use the original
scoring sheet of MoCA with the traditional verbal response
from the subjects.

Another difference among cochlear implant candidates and
other older adults with hearing impairment (hearing aids
users) is that most of the cochlear implant candidates need
to be physically fit enough to undergo surgery. Moreover, the
candidates may tend to be younger since cochlear implant
at a younger age was associated with a better outcome
in older adults (Lin et al., 2012). In our PPI session, the
participants preferred the test administrators to press the
button for the next slide and to control the pacing of
the task, since they were not comfortable with a computer
screen. We implemented these changes in our protocol
to enhance the participants testing experience and allow
for standardized administration in future research and in
clinical practice.
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FIGURE 3 | ROC plots of sensitivity against 1- specificity for the MoCA-HA tool of the NC-HI and the MCI-HI cohort to demonstrate the screening property of the
tool. (A) The 30 NC-HI and 30 MCI-HI cohorts. (B) The age/education-matched 9 NC-HI and 30 MCI-HI cohorts. (The diagonal line demonstrates no significant
diagnostic property for the dichotomous outcome with sensitivity = 50% and specificity = 50%).

FIGURE 4 | ROC plots of sensitivity against 1- specificity for the MoCA-HA tool of the NC-HI and the D-HI cohort to demonstrate the screening property of the tool.
(A) The 30 NC-HI and 15 D-HI cohorts. (B) The matched 14 NC-HI and 15 D-HI cohorts. (The diagonal line demonstrates no significant diagnostic property for the
dichotomous outcome with sensitivity = 50% and specificity = 50%).
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Study Limitation
The Difference in Age and Education Years of the
NC-HI From the MCI-HI and the D-HI Cohort
Since years of formal education has previously been found to be a
risk factor for dementia (Livingston et al., 2017), lower education
years among MCI-HI and D-HI were to be expected. The higher
age of the MCI-HI and D-HI may be explained by our targeting
of individuals who wore hearing aids. Despite an unusually high
prevalence of hearing loss among patients in a memory clinic,
individuals with cognitive impairment are known to be more
likely to under-report their hearing difficulties and are therefore
more likely to delay seeking medical intervention with hearing
aid (Gold et al., 1996).

Role of Further Auditory Processing Disorder
Evaluation
This study only evaluated the hearing ability of the cohorts
by means of an audiogram. However, it is well established
in the scientific literature that auditory processing disorder
is also a possible diagnostic marker of cognitive dysfunction
in older patients as well as peripheral type hearing loss.
Further studies that apply an auditory processing test battery
on these populations should be conducted in order to evaluate
their hearing ability in more detail (Sardone et al., 2020;
Utoomprurkporn et al., 2020a).

Generalizability of the Result
All recruitment and testing were at one site, which may limit
generalizability. The findings of the study need to be validated
at other sites and with larger samples. More sample with
age/education years-matched controls could be beneficial in the
implementation of this tool in a broader context.

Clinical Implications and Further
Research
Previous research has shown that performance on the original,
verbally presented MoCA test performance is affected by hearing
loss (Roalf et al., 2013), and while there is a visually presented
version available (Lin et al., 2017), this requires a written
response, which may be less practical and acceptable in a

population of older users with hearing loss than the MoCA-HA,
which require only verbal responses.

The MoCA-HA was well accepted by clinicians and patients.
Our recently published work using the MoCA-HA has shown
that the MoCA-HA results were not affected by the participants’
hearing levels (Utoomprurkporn et al., 2021). Using our modified
version of MoCA will make it easier to disentangle the impact of
hearing from cognitive impairment thus creating a more reliable
tool for screening of cognitive impairment in this population for
clinical and research purposes.
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Age-related hidden hearing loss is often described as a cochlear synaptopathy that

results from a progressive degeneration of the inner hair cell (IHC) ribbon synapses. The

functional changes occurring at these synapses during aging are not fully understood.

Here, we characterized this aging process in IHCs of C57BL/6J mice, a strain which

is known to carry a cadherin-23 mutation and experiences early hearing loss with age.

These mice, while displaying a large increase in auditory brainstem thresholds due to

50% loss of IHC synaptic ribbons at middle age (postnatal day 365), paradoxically

showed enhanced acoustic startle reflex suggesting a hyperacusis-like response. The

auditory defect was associated with a large shrinkage of the IHCs’ cell body and a

drastic enlargement of their remaining presynaptic ribbons which were facing enlarged

postsynaptic AMPAR clusters. Presynaptic Ca2+ microdomains and the capacity of IHCs

to sustain high rates of exocytosis were largely increased, while on the contrary the

expression of the fast-repolarizing BK channels, known to negatively control transmitter

release, was decreased. This age-related synaptic plasticity in IHCs suggested a

functional potentiation of synaptic transmission at the surviving synapses, a process that

could partially compensate the decrease in synapse number and underlie hyperacusis.

Keywords: auditory hair cells, synaptic ribbons, synaptopathy, hyperacusis, Ca2+ channels, exocytosis

INTRODUCTION

Age-related hearing loss (ARHL or presbycusis) is the most prevalent form of sensory disability
in human populations and adversely affects the quality of life of many elderly individuals.
Simultaneously with ARHL, chronic tinnitus and hyperacusis often develop due to abnormal
neural activity in the central auditory system whose origin may arise from cochlear pathologies
(for review see Knipper et al., 2013). The development of ARHL has been generally considered
to be associated with primary degeneration of cochlear hair cells, with secondary deafferentation
associating degeneration of spiral ganglion neurons and ribbon synapses. However, recent studies
have resulted in a paradigm shift in the understanding of the early cause of ARHL (Kujawa and
Liberman, 2015, 2019). During aging, hearing thresholds in the elderly often remain normal but
speech intelligibility becomes hampered, especially in noisy environment. This pathology in the
elderly is referred as hidden hearing loss and has been proposed to be caused in mice by an early
loss of ribbon synapses contacting the inner hair cells (IHCs), well before any major loss of hair
cells and spiral ganglion neurons (Stamataki et al., 2006). While glutamate excitotoxicity, resulting
in nerve terminal swelling, has been proposed to play a role in the setting of noise-induced hearing
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loss (Pujol and Puel, 1999; Hu et al., 2020), the molecular
mechanisms underlying the degeneration of the cochlear ribbon
synapses during aging remain to be elucidated. Oxidative damage
due to an increase in ROS levels seems to play a crucial role
in ARHL (Fu et al., 2018) but how the ribbon synapses are
functionally affected remain unknown.

The C57BL/6J inbred strain of mice has been extensively
used as model for ARHL (Johnson et al., 1997; Spongr et al.,
1997; Hequembourg and Liberman, 2001; Bartolome et al.,
2002; Henry, 2002). This mouse strain carries a cadherin-23
mutation (Cdh23753A, also known as Ahl), which affects inner ear
structures, characterized by progressive degeneration of ribbon
synapses and spiral ganglion neurons, and results in age-related
hearing loss. Ahl is a recessive single nucleotide mutation at 753
(G=>A) on the Cdh23 gene on mouse chromosome 10 (Noben-
Trauth et al., 2003). Cdh23 encodes cadherin 23, a protein
necessary for inner ear development and maintenance of the
sensory hair cell structures, in particular the tip and lateral links
of the stereocilia at the hair bundle (Siemens et al., 2004; Sollner
et al., 2004; Lagziel et al., 2005; Michel et al., 2005; Kazmierczak
et al., 2007), but growing anatomical evidence also suggests that
synaptic rearrangements on sensory hair cells also contribute to
auditory functional decline in C57BL/6J mice (Stamataki et al.,
2006; Jiang et al., 2015; Zachary and Fuchs, 2015; Jeng et al.,
2021). Surprisingly, aging C57BL/6J mice, although showing
cochlear ribbon synapse degeneration and hearing loss, display
increased acoustic startle reflex amplitudes (Ison and Allen, 2003;
Ouagazzal et al., 2006; Ison et al., 2007) and a time increase
in recovery from ABR short-term adaptation (Walton et al.,
1995). Whether this exaggerated startle reflex can be explained
by functional changes of cochlear hair cell ribbon synapses
remain to be explored. Our present study will show that aged
C57BL/6J mice, while losing nearly up to 50% of their IHC
ribbon synapses, have IHCs with reduced BK channel clusters,
larger remaining presynaptic ribbons (with increased Ca2+

microdomains and larger sustained exocytotic responses) facing
postsynaptic afferent boutons with larger AMPAR clusters. All
these features indicated that synaptic release potentiation occurs
at auditory IHC ribbon synapses during aging. This age-related
synaptic plasticity could be viewed as compensatory mechanisms
of the decrease IHC synapse number and may explain the
hyperacusis-like startle reflex observed in aged C57BL/6J mice.

RESULTS

Increased ABR Thresholds and
Hyperacusis-Like Effect on ASR
As previously described (Zheng et al., 1999; Zhou et al., 2006),
CBA/J mice, used here as a reference, showed no sign of rapid
degradation of their hearing function with aging, as attested by
constant click ABR thresholds near 15 dB SPL up to 1 year

Abbreviations: ABR, Auditory brainstem responses; AHRL, Age-related hearing

loss; ASR, Acoustic startle reflex; AZ, active zone; dB(SPL), decibel Sound Pressure

Level; DPOAE, Distorsion product otoacoustic emission; IHC, Inner Hair Cell;

OHC, Outer Hair Cell; ROS, reactive oxygen species; RRP, readily releasable pool;

SRP, secondarily releasable pool.

of age (Figure 1A). On the contrary, C57BL/6J mice, carrying
the Cdh23753A mutation, displayed an early progressive increase
in ABR thresholds with aging (Figure 1A). Hearing thresholds
started to increase significantly at postnatal day P180 to reach
a mean 50 dB increase at P365 (click ABR thresholds above 65
dB SPL) as compared to young mature P30 mice. Distortion
product otoacoustic emissions (DPOAEs) in P365 C57BL/6J
mice were still present but significantly reduced, indicating that
the electromechanical activity of the outer hair cells (OHCs) was
also affected (Figure 1D). However, counting hair cells on surface
preparations of organs of Corti from these P365 mice, in the
mid-cochlea region (8–16 kHz), indicated only a moderate loss
of OHCs and IHCs (statistically not significant; Figure 2E), in
good agreement with the study of Zachary and Fuchs (Zachary
and Fuchs, 2015). This moderate loss of OHCs suggested that the
profound hearing loss occurring at P365 in C57BL/6J mice arose
from additional factors than a simple alteration of the cochlear
amplifier. We then compared the amplitude on the ABR wave-
I as a function of sound intensity in young and old mice. The
wave-I is known to result from the synchronous activity of the
auditory nerve fibers and can provide an objective measure of
ribbon synapses loss when measured at high sound intensity
above 70 dB SPL. In P365 old mice, ABR wave-I amplitudes were
largely reduced as compared to young mature P30 mice, even
at high sound intensity when IHCs are directly stimulated and
bypass the amplification process of the OHCs (Figure 1B). The
large decrease in wave-I amplitude indicated a decreased number
of auditory nerve fibers activated by sound and/or a decrease in
their firing rate or synchrony. The latencies of the ABR wave-I
were also significantly increased suggesting again that the IHC
ribbon synapses are affected (Figure 1C).

Surprisingly, at lower sound intensities tested (between 20 and
35 dB above background noise level), the strength of the acoustic
startle reflex (ASR) was found larger in old P365 C57BL/6J mice
as compared to young P60, indicating hyperacusis reactivity
(Figure 1E). The origin of this acoustic hypereactivity at low
sound intensities could arise from central neural reorganization
(Willott, 1996) and be consecutive to functional defect of the IHC
ribbon synapses in aging C57BL/6J mice that we are going to
characterize in this study. At loud sound intensities, 45 dB above
background noise, the amplitudes of the ASR responses were
however diminished in old mice, likely reflecting the increase in
ABR thresholds due to a drastic decrease in the number of ribbon
synapses per IHCs.

Drastic Loss of IHC Synaptic Ribbons With
Aging
Confocal immunofluorescence imaging of the synaptic ribbons
in IHCs from C57BL/6J mice, in the cochlear region encoding
between 8 and 16 kHz, showed a progressive and large decrease
in the number of synaptic ribbons with aging, from 16.3 ±

0.3 ribbons/IHC at P15 to 8.7 ± 0.5 ribbons/IHC at P365
(Figures 2A–C). This nearly 50% loss of synaptic ribbons in
IHCs of C57BL/6J mice at P365 was in good agreement with
previous studies (Zachary and Fuchs, 2015; Jeng et al., 2020).
Counting the spiral ganglion neurons in the mid-frequency
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FIGURE 1 | Sensorineural hearing loss with Aging in C57BL/6J mice. (A) Click-ABR thresholds as a function of age in CBA/J mice (blue; n = 5–16) and C57BL/6J

mice (black, n = 6–15). For each strain, asterisks indicate significant difference with p < 0.05 as compared to P30 mice (two-way ANOVA). Inset show comparative

mean ABR waves at 70 dB SPL in P30 and P365 C57BL/6J mice. (B) Wave-I amplitude (P1–N1) as a function of sound intensity in young P30 (black) and old P365

(pink) C57BL/6J mice. Asterisks indicate significant difference with p < 0.05 (two-way ANOVA; p = 0.001). (C) Latency to reach peak amplitude of wave-I as a

function of sound intensity. Significantly different with p = 0.003 between 80 and 50 dB SPL (two-way ANOVA; n is indicated in graph B). (D) Distortion products

otoacoustic emissions (DPOAEs; 2f1–f2 with f1 = 12.73 kHz and f2 = 15.26 kHz) as a function of sound intensity in young P30 (black) and old P360 (pink) C57BL/6J

mice. Asterisk indicated significant difference with p < 0.05 (two-way ANOVA, p = 0.01). (E) Startle reactivity to acoustic stimulation. The intensity of startle reaction

(in mV) was ln-transformed and obtained through two conditions of white-noise bursts of 20 and 40ms. Note that below 35 dB above background the startle reaction

is increased at P360 whereas at 45 and 55 dB above background the startle reaction is decreased compared to P30 mice. Asterisks indicated significant difference

with p < 0.05 (two-way ANOVA, p = 0.007 between 20 and 35 dB and p = 0.005 between 45 and 55 dB).

region of the cochlea (8–16 kHz) showed a mean 20% loss of
neurons in P365 mice as compared to P30 mice (Figures 2D–F).
Remarkably, the age-related loss of neurons, averaging 20%, was
much less pronounced than the loss of IHC synaptic ribbons
(50%), suggesting that there was a large number of neurons
surviving without dendritic/synaptic projection toward the organ
of Corti as previously shown by Stamataki et al. (2006).

Enlarged Presynaptic Ribbons Associated
With Larger Postsynaptic AMPAR Clusters
When analyzing the 3-D imaging reconstruction of the IHC
synaptic ribbons from P365 C57BL/6J IHCs from high resolution

confocal STED immunofluorescent sections, we found that these
structures displayed a progressive increase in their mean size
(volume) as compared to young P15 mice (Figure 3A). The
mean volume of the synaptic ribbons increased nearly three-fold
between P15 and P365 (Figure 3B). Interestingly, the increase in
size of the ribbons started very early after P30, an age at which
their number also started to decrease (Figure 2B) while hearing
thresholds were still normal (Figure 1A).

We next investigated the changes occurring with aging in
the spatial distribution of the synaptic ribbons at the basolateral
membrane of the IHCs. It is worth recalling that larger
presynaptic ribbons associated to low-spontaneous-rate afferent
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FIGURE 2 | Synaptic ribbon loss in aging IHCs and comparative density of spiral ganglion neurons. (A–C) Confocal immunofluorescence imaging of IHCs from P30

and P360 C57BL/6J mice. Image resulted from stack reconstructions of 22 slices of 0.3µm thickness, showing F-actin (green, labeling the hair bundles), otoferlin

(blue; a synaptic Ca2+ sensor labeling the entire IHC body) and synaptic ribbons (Ribeye/CtBP2, red dots). The white bars indicated 8µm. (B) Plot of synaptic ribbon

counts per IHC as a function of age in C57BL/6J mice (black) in the mid-frequency cochlear region (8–16 kHz). Asterisks indicate significant difference with p < 0.05

(comparison with P15 C57BL/6J mice, one-way ANOVA post-hoc Tukey test). 203, 306, 306, 306, and 295 ribbons were, respectively, analyzed at P15, P30, P60,

P180, and P365 in 3–5 mice at each age. (D–F) Confocal immunofluorescence imaging of cochlear transversal sections from P30 and P360 mice (8–16 kHz area)

where neurons and their afferent dendrites are labeled with dextran amines 3,000. (E) Analyzed in the mid-cochlea (8–16 kHz), comparative histogram of hair cells

counts, SGNs and synaptic ribbons (three mice at each age relative to young mature P30 C57BL/6J mice). The asterisks indicated statistical difference with p < 0.05

(from left to right p = 0.37, 0.14, and 0.020 for SGNs and p = 1.01E−14 for ribbons, using unpaired t-test). Note the reduction in SGNs and the drastic decrease of

the fluorescent labeling of the afferent nerve fibers projecting to the organ of Corti.

fibers are usually found at the modiolar side of the IHCs (i.e., the
baso-lateral curved side of the IHCs directed toward the spiral
ganglion neurons) while smaller ribbons associated with high-
spontaneous-rate afferent fibers predominates at the pillar side
(Liberman, 1982; Liberman et al., 2011). We found that, while a
larger proportion of synaptic ribbons distributed at the modiolar
side in young P30 IHCs (∼60%), the surviving ribbons in old
P365 IHCs were evenly distributed at the pillar and modiolar
side (Figures 4A,B). The loss of synaptic ribbons with aging
was more pronounced at the modiolar side, i.e., at the side
where most of the low-spontaneous (high threshold) fibers make
contact to IHCs (Figure 4C). An increase in volume was noted
both in pillar and modiolar ribbons (Figure 4D). Unlike young
P30 IHCs, old P365 IHCs had modiolar and pillar ribbons with
similar volume (0.7± 0.1µm3 and 0.57± 0.07µm3, respectively;
not significantly different, unpaired t-test p = 0.28, Figure 4D).

Similar preferential loss of synaptic modiolar ribbons associated
with an increase in ribbon volume was also reported after noise-
induced hearing loss (Liberman and Kujawa, 2017; Hickman
et al., 2020).

Postsynaptic afferent endings to ribbon IHCs express AMPA-
type ionotropic glutamate [glutamate receptor A2 (GluA2)]-
containing AMPA receptors (Matsubara et al., 1996; Hu
et al., 2020). To determine whether the organization of
postsynaptic AMPARs facing the IHCs ribbon was modified
in old P365 mice we performed GluA2 immunostaining and
confocal fluorescence imaging (Figure 5). As compared to young
ribbon synapses, old synapses had larger ribbons associated
with larger AMPAR clusters, suggesting that the changes
occurring with aging are both at the pre and postsynaptic
side in good agreement with the EM morphological analysis of
Stamataki et al. (2006).
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FIGURE 3 | IHC synaptic ribbons progressively increased in size with aging. (A) Example of high magnification confocal STED images (stack reconstruction of five

0.25µm slices). The yellow line delineates the IHC contour. Ribbons were less numerous and larger in size in IHCs from P365 C57BL/6J mice. (B) The mean volume

of the IHC synaptic ribbons was calculated in the mid-cochlear region (encoding 8–16 kHz), using the plugin 3D-Object counter of ImageJ, and was plotted as a

function of age: P15 (203 ribbons–40 IHCs–3 mice), P30 (306 ribbons–98 IHCs–5 mice), P60 (306 ribbons–95 IHCs–3 mice), P180 (306 ribbons–67 IHCs–3 mice),

P365 (295 ribbons–43 IHCs–3 mice). As indicated by the asterisks, when comparing with P15, the mean volume of the ribbons started significantly to increase

significantly from P30 (p < 0.05; one-way ANOVA).

Drastic IHC Cell Size Reduction With Aging
To determine whether the loss of synaptic ribbons was associated
with a cell size reduction in old P365 IHCs, we labeled the cytosol
of IHCs with an antibody against myo-7a, an unconventional
myosin essential for the hair bundle functional integrity and
found in the apical sterocilia as well as the cytoplasm of the hair
cells (Hasson et al., 1995). We found a drastic reduction of the
basal infra-nuclear synaptic zone of the IHCs from an average of
15.7 ± 0.1µm (n = 34) in P21 IHCs to 12.4 ± 0.3µm (n = 50)
in old P365 IHCs (unpaired-t test, p= 1.1 E−13, Figures 6A–C).
The cell size reduction of old IHCs was confirmed by another
method using whole-cell patch clamp measurement of the IHC
resting membrane capacitance in organs of Corti preparation ex-
vivo (Figures 6D,E). P365 IHCs displayed a significant smaller
resting capacitance, measured at−70mV, of 7.9± 0.4 pF (n= 22)
as compared to P21 IHCs (10. 8± 0.1 pF, n= 44, unpaired t-test,
p= 3.7 E−10).

Higher Ca2+ Current Density and
Exocytosis in Old IHCs
Although the loss of IHC ribbon synapses in C57BL/6J mice
with aging is well-documented in the literature (Wan and Corfas,
2015), the functional changes of the remaining “old” IHC ribbon
synapses has not yet been explored in detail at the cellular
level. We investigated here the changes in the calcium-evoked
exocytotic responses of aging IHCs from ex-vivo explants of
the organ of Corti from aging C57BL/6J mice. We recall that
Ca2+ is a key messenger for normal hearing since it tunes the
transduction of the analogic sound signal into nerve impulses.
This transduction occurs at the IHC synaptic active zone through
the voltage-activation of Cav1.3 Ca2+ channels (Brandt et al.,
2003; Vincent et al., 2017) and the action of the Ca2+ sensor
otoferlin (Roux et al., 2006; Beurg et al., 2010; Michalski et al.,
2017). Increase in the density of L-type Ca2+ channels have
long been recognized as a characteristic of aging central neurons
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FIGURE 4 | Modiolar vs. pillar distribution of the synaptic ribbons with aging. (A,B) The distribution of IHC synaptic ribbons was splitted in two cell areas: P (pillar side)

and M (Modiolar side). The two regions were determined using the K-means clustering method for each cell (see section Methods). The yellow lines in the inset

confocal images was drawn to arbitrarily delineate the frontier between pillar and modiolar ribbons (green labeling F-actin, blue Otoferlin and red the synaptic ribbons).

Note that in young P35 IHCs (n = 16), synaptic ribbons are preferentially localized in the modiolar region (62.3 ± 3.5% vs. 37.7 ± 3.5; unpaired t-test p = 2.07 E−5).

In old P365 IHCs (n = 11), the remaining ribbons equally distributed in the modiolar and pillar side (50.7 ± 4.0% vs. 49.3 ± 4.0%, unpaired t-test; p = 0.81).

(C) Synaptic ribbons were significantly loss both at the modiolar side and pillar side. However, the loss was much more pronounced in the IHCs’ modiolar side (9.56 ±

0.5 ribbons (n = 16 IHCs) vs. 3.27 ± 0.24 ribbons (n = 11 IHCs); unpaired t-test p = 5.57 E−10) and pillar (5.9 ± 0.6 ribbons vs. 3.6 ± 0.6 ribbons, unpaired t-test

p = 0.016). (D) The increase in volume affected both modiolar [P35 = 0.24 ± 0.02 µm3 (153 ribbons) vs. P365 = 0.7 ± 0.1 µm3 (36 ribbons) unpaired t-test, p = 3.7

E−11] and pillar [P35 = 0.12 ± 0.01 µm3 (95 ribbons) vs. P365= 0.57 ± 0.07 µm3 (40 ribbons), unpaired t-test p = 7.5 E−14] synaptic ribbons. This comparative

analysis was performed in IHCs of the mid-cochlear region (encoding 8–16 kHz). Asterisks indicate statistical difference with *p < 0.05 and ***p < 0.001.

(Campbell et al., 1996; Thibault and Landfield, 1996) but possible
altered function in Ca2+ signaling has not been investigated in
aging IHCs.

In the present study, whole cell patch-clamp recordings from
old P365 IHCs showed a significantly increase in Ca2+ current
density (Ca2+ current amplitude normalized to cell size) as
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FIGURE 5 | Larger postsynaptic patches of GluA2 receptors in old IHCs. (A,B) Immuno-confocal imaging of IHCs (stack reconstructions of 22 slices of 0.3µm

thickness) showing otoferlin (blue), the synaptic ribbons (Ribeye/CtBP2, red dots) and the post-synaptic AMPA receptors (GluA2, green dots). Fluorescent-phaloidin

(gray) labeled F-actin in the strereocilia. The white bars indicate 5µm in (A,B), then 0.5µm in the 3 small panels. (C) Comparative distribution of the volume of

postsynaptic patches of AMPA GluA2 receptors. Note that the GluA2 receptor volume significantly increased with aging in C57Bl/6J mice (p < 0.001; unpaired-t test);

(n = 86 synapses; from three mice at P30 (16 IHCs) and P365 (29 IHCs); mid-cochlear region encoding 8–16 kHz). (D) Comparative volume distribution of

postsynaptic GluA2 and corresponding postsynaptic ribbon in P30 and P365 IHCs. Note a good linear correlation between GluA2 and ribbon volumes (Pearson’s

coefficient r = 0.93 and 0.86, respectively, for P30 and P360).

compared to young mature P30 IHCs, rising from a mean peak
value of 15.8 ± 1.75 pA/pF to 20.1 ± 1.9 pA/pF at −10mV
(Figure 7A; unpaired t-test, p < 0.05). The voltage-activation
curve of the Ca2+ currents in old P365 IHCs remained similar to
the young mature P30 IHCs, with a mean half-voltage activation
(V1/2) of−29.3± 1.1 and−26.7± 2.8mV, respectively (unpaired
t-test, p= 0.06).

Patch-clamp measurement of membrane capacitance upon
depolarizing voltage-steps from −80 to −10mV with increasing
time duration allowed to compare the kinetics of vesicle
exocytosis in young and old IHCs. For brief stimulations
below 25ms, a time-frame addressing the release of the Readily
Releasable Pool (RRP) of vesicles, the exocytosis response
(normalized to cell size) was similar in P30 and P365 IHCs
(Figures 7B,C). However, longer depolarization above 25ms
revealed a more sustained exocytotic response in old IHCs,
suggesting the mobilization of a more efficient secondarily
releasable pool (SRP), i.e., a more efficient vesicle recruitment in

these cells (Figures 7B,D). To investigate whether this increased
SRP exocytosis was due to higher Ca2+ microdomains at the
ribbon active zones, we used the high affinity Ca2+-indicator
Rhod-2 (Kd = 570 nM) which is known to allow a good
monitoring of low Ca2+ concentrations ranging from 20 nM
to 20µM (Del Nido et al., 1998). We choose to use Rhod-2
rather than a low affinity Ca2+ dye such as OGB-5N with a
Kd at 20µM (Vincent et al., 2014) because we wanted here to
primarily probe the amplitude of the Ca2+ microdomains, where
the changes in Ca2+ concentrations are due to Ca2+ diffusion
and are lower than at the nanodomain range near the Ca2+

channels. Ca2+ microdomains allow vesicle replenishment, a
process occurring at theµm scale away from the ribbon and their
associated Ca2+ channels (Spassova et al., 2004; Johnson et al.,
2005; Graydon et al., 2011). We found that, upon 5 consecutive
long 100ms voltage-step stimulations (from −80 to −10mV),
IHCs displayed brighter transient Ca2+ hot spots (measured
in 1 µm2 areas) at their basal synaptic area in P365 mice as
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FIGURE 6 | Cell size reduction of IHCs with aging. (A,B) Immuno-confocal imaging of IHCs labeled for myo-7a (blue) and CtBP2 (labeling the ribbons, red) in P21

(A) and P365 (B) mice (reconstructed stack images of 22 slices of 0.3µm thick). The length of the infra-nuclear synaptic zone was measured from the center of the

nucleus to the bottom of the cell as indicated by the yellow line. The scale bar indicated 5µm. (C) Comparative histogram of the length of the infra-nuclear synaptic

zone. Asterisks indicated statistical significance with p < 0.0001, unpaired t-test, n = 50 IHCs for P21 and 34 IHCs for P365. Measurements were made from IHCs of

the mid-cochlear region (8–16 kHz). (D) Photomicrograph showing a row of IHCs in an ex-vivo organ of Corti explant and a patch-clamp recording electrode allowing

measurements of capacitive and ionic currents. (E) Comparative mean IHC resting membrane capacitance, measured at −70mV, in whole-cell patch-clamp

configuration. Asterisks indicated values with significant difference with p < 0.0001, unpaired-t test, n = 44 IHCs for P21 and n = 22 for P365.

compared to young P30 IHCs (Figures 8A,B). This indicated the
expression of synaptic Ca2+ microdomains with larger amplitude
in old P365 IHCs, a response likely due to a larger Ca2+ channel
density at their ribbon active zones (Figure 7A). Simultaneously,
in the same cells, the application of the 5 consecutive 100ms
stimulations, generated a facilitated vesicular recruitment in old
P365 IHCs (Figure 8D). Also, as a consequence of increased
Ca2+ microdomains in old IHCs, the simultaneous recording of
Ca2+ currents showed an enhanced time-inactivation, indicative
of an increased Ca2+-dependent inactivation due to higher
intracellular Ca2+ concentration (Figure 8C).

Aging Promoted Autophagy in IHCs
Through the Recruitment of LC3B
The size reduction of the old IHCs (Figure 6) suggested that
the degenerative process of the ribbon synapses was associated
with a concomitant reduction of the cell surface membrane
of IHCs during aging, suggesting a largely augmented uptake
of plasma membrane through endocytosis. Like other type
of cells, such as neurons or retinal cells, auditory hair cells
utilize autophagic pathways to maintain cell homeostasis during

excessive ROS production (Fu et al., 2018; Defourny et al.,
2019). Autophagy is a degradation process where cytoplasmic
and plasma membrane components are engulfed by vesicles
called autophagosomes. To determine whether this process could
explain the IHC size reduction with aging, we investigated the
recruitment of LC3B, a structural protein of autophagosomal
membranes. We assessed and compared the autophagosome
numbers and surface area in young P30 and old P365 IHCs
by quantifying LC3B puncta numbers/cell by using confocal
immunofluoresence. We found that the number and overall
surface area of LC3-positive structures in IHCs largely increased
with aging (Figure 9), indicating an increased autophagosome
formation. Similar investigations in P365 CBA/J mice, a strain
which does not display early age-related hearing loss (Figure 1),
showed a weak expression of LC3B in IHCs (Figure 9).

Clustering and Voltage-Dependent
Activation of BK Channels Are Affected in
Aging IHCs
There is increasing evidence that oxydative damage due to
an increase in ROS levels plays a crucial role in age-related
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FIGURE 7 | Ca2+ currents and exocytosis are exacerbated in IHCs from aged C57BL6/J mice. (A) Ca2+ current density of old P365 IHCs (pink) was larger as

compared to young mature P21 IHCs (black). IHCs were subjected to a voltage ramp stimulation from −90 to +30mV in 120ms, giving a slope change in voltage of 1

mV/ms. Comparative ICa maximum density measured at −10mV indicated a significant increase in P360 IHCs (unpaired two-sample t-test, p = 0.03) while the

half-max voltage activation (V1/2) of the Ca2+ currents remained unchanged (unpaired t-test, p = 0.06). (B) Kinetics of exocytosis were evoked by a voltage-steps

from −80 to −10mV with increasing duration from 5 to 80ms. Note that brief stimulations below 25ms, a time-frame addressing the release of the Readily Releasable

Pool of vesicles, the exocytotic response (normalized to cell size) was similar in P30 and P360 IHCs (p = 0.2; two-way ANOVA). Longer stimulations, above 30ms,

which probed the activation of the secondarily releasable pool of vesicles, showed a significant increase in exocytosis (two-way ANOVA; p = 2.3 E−8), indicating that

old IHCs were more likely to sustain high rates of vesicular release. (C,D) Representative examples of 1Cm and ICa recordings from P30 and P365 IHCs during a

20ms and a 100ms voltage-step stimulation from −80 to −10mV. The number of IHCs, indicated in graph, were obtained from five mice at P365 and six mice

at P30. Asterisks indicate statistical difference with *p < 0.05 and ***p < 0.001.

degeneration of the synaptic ribbon synapses (Fu et al., 2018;
Rousset et al., 2020). BK (KCa1.1) channels are known to be highly
sensitive to oxydative stress and their activity is a good indicator

of intracellular ROS production (Sahoo et al., 2014; Hermann
et al., 2015). Interestingly, a decrease in BK channel expression in
IHCs has been associated to noise-related ROS and peroxysome
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FIGURE 8 | Larger synaptic Ca2+ signaling and increased sustained exocytosis in aged IHCs. (A) Example of confocal Ca2+ imaging, using the intracellular fluorescent

Ca2+ indicator Rhod2, in an IHC. The cell was voltage-clamped at −80mV and stimulated by 5 (100ms) consecutive voltage-step to −10mV. The photograph shows

two examples of square zones (1 µm2 ) below the cell nucleus where voltage-induced calcium increase was measured. (B) Comparative mean amplitude of transient

fluorescent hot spots showed higher Ca2+ responses at the presynaptic active zones of old P365 IHCs (pink) as compared to young mature P30 IHCs (black). Hair

cells were depolarized by 5 five consecutive 100ms depolarizing steps from −80 to −10mV. The values n in the graph indicated the number of active zones analyzed

for young (six IHCs from six mice) and old mice (five IHCs from five mice), respectively. The peak of the 5 calcium responses (1F = F–F0 with F0 as the fluorescent

base line value averaged 0.5 s before stimulation) were significantly larger in old IHCs [two-way ANOVA (p = 8.8 E−5)]. The histogram compared the overall

fluorescent response 1F/F0 occurring during the 5 stimulations (0.5–2.5 s). The integral of the Ca2+ response (Area Under the Curve, AUC) was significantly larger in

old P365 IHCs (unpaired t-test, p = 0.03). (C) Comparative mean of calcium current recorded at the same time during the five stimulations shown in (B). Note that the

inactivating part of the calcium current is increased in P365 IHCs. Asterisk indicate statistical analysis with unpaired t-test. (D) The concomitant exocytosis was also

measured during the five stimulations shown in (B), Exocytosis was normalized for each IHC to their ribbon number or cell size; both normalizations giving similar

results. The exocytotic responses were larger in old P365 IHCs. The asterisks indicated statistically significant difference with p < 0.05 (two-way ANOVA; p = 0.0015).

pathology (Delmaghani et al., 2015) but never yet described in
IHCs during age-relate hearing loss. It is worth recalling that BK
channels allows fast repolarization of IHCs and are essential for
phase-locking of the auditory afferent neurons (Kros et al., 1998;
Skinner et al., 2003; Oliver et al., 2006; Kurt et al., 2012). We here
investigated, using immunofluorescent confocal microscopy, the

comparative level expression of BK channels in IHCs from young
(P30) and old P365 C57BL/6J mice. In young mature IHCs, BK
channels are known to be organized in a dozen of clusters at the
neck of the IHCs below the cuticular plate (Pyott et al., 2004;
Hafidi et al., 2005). We used 3-D reconstructions from stacks of
confocal images of immunostained organs of Corti (mid-cochlear
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FIGURE 9 | LC3-positive structures are prominent in aging IHCs. Representative confocal immunofluorescence images showing LC3B staining in IHCs from young

P30 C57BL/6J (left), old P365 CBA/J (middle), and old P365 C57BL/6J (right) mice. The histograms below show the quantification of the LC3B puncta average

number and average mean surface area per IHC. Images were obtained from processing confocal stack images (22 of 0.3µm thickness) using ImageJ quantification

tool (3D-object counter). Quantification was performed from 23 to 38 IHCs for each condition in the mid-cochlea (encoding region 8–16 kHz; 3 mice). Asterisks

indicate statistical significance p < 0.05 (unpaired t-test).
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FIGURE 10 | Immunofluorescent confocal imaging of BK channels in aging IHCs. (A) Numerous large BK channel clusters (red) are localized extrasynaptically below

the cuticular plate of IHCs in young mature P30 C57BL6/J mice. (B) Note the strong reduction in size of the BK channels clusters in IHCs of old P365 C57BL6/J mice.

(C) Histogram comparing the total surface area covered by the BK channel clusters per IHC in the mid-turn cochlea (region encoding 8–16 kHz). The total number of

IHCs analyzed was 58 and 16 from P30 (n = 3) and P365 (n = 3) mice, respectively. Asterisks indicate statistical significance with p < 0.05 (p = 1.12 E−7; unpaired

t-test). (D) Comparative fast outward potassium currents (IKf), carried by BK channels, recorded from P30 (black, n = 12) and P360 (pink, n = 8) IHCs when using a

brief depolarization step of 20ms from −80 to −10mV. (E) Comparative BK current–voltage curves (n = 12 and 8 IHCs, respectively, in P30 and P360 mice, from

three mice at each age). Significantly different two-way ANOVA, p = 2.7 E−8. IKf was measured 2.5ms after the onset of the voltage-step stimulation. (F)

Comparative BK conductance fitted with a Boltzman function indicated a V1/2 of −20.5 ± 5.7mV in P30 IHCs and of −13.7 ± 1.4mV in P365 IHCs, respectively

(unpaired t-test, p = 0.009). Note that voltage error across series resistance (Rs = 5 ± 2 MΩ ) and leak current were compensated for each IHC. All values are

expressed as means ± SEM.

frequency region 8–16 kHz) to determine the mean total surface
area of the BK clusters per IHCs (Figures 10A–C). The results
indicated that the membrane surface covered by BK channel
clusters was reduced almost three-fold in P365 IHCs as compared
to P30 IHCs.

To further characterize the changes in BK channel function
with aging, we performed whole cell patch-clamp recordings in
IHCs from P30 and P365 mice. Since BK currents in IHCs have
the peculiar property to be extremely fast activating currents
(also termed IKf; Kros et al., 1998), these currents were recorded
during brief 20ms depolarizing steps and measured 2.5ms
after their onset (Figures 10D–F). BK currents in IHCs from
young mature have also the particularity to activate at extremely
negative membrane potential (near−60mV) (Lingle et al., 2019).
While the whole-cell conductance of BK channels from P365
IHCs was not significantly different from P30 IHCs (0.26 ± 0.04
nS and 0.23 ±.0.03 nS, respectively), their voltage-dependant

activation showed a large positive shift of 7mV (Figure 10F).
Interestingly, the decrease in size of the BK patches and the
positive voltage-activation shift in old IHCs somewhat resembled
the phenotype observed in mice KO for LRRC52, a γ BK
regulatory subunits (Lang et al., 2019; Lingle et al., 2019),
suggesting that the BK complex formed with this γ subunit could
be one the target of the degenerative oxydative process in aging
C57BL56/J mice IHCs.

DISCUSSION

Larger Synaptic Ribbons Associated With
Increased Ca2+ Signals
Ribbons are presynaptic organelles tethering glutamate-filled
vesicles at the hair cell active zone (AZ, Figure 11). These
intracellular structures, composed of the protein RIBEYE, are
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FIGURE 11 | Synaptic IHC degeneration was associated with a strong potentiation of the remaining ribbon synapses in aging C57BL/6J mice. (A) Age-related

hearing loss in P360 mice was associated with IHC shrinkage (cell size reduction), an important loss of afferent ribbon synapses (>50%), a drastic enlargement of the

surviving synaptic ribbons (both at pillar and modiolar side), an increase in Ca2+ signaling (larger Ca2+ microdomain amplitude as indicated by the larger pink domains

around the ribbons) and a large decrease in the fast-repolarizing BK channel clusters (blue bars). (B) Hypothetical view of a young and old IHC ribbon synapse.

anchored by the scaffold protein bassoon to the AZ plasma
membrane, adjacent to Ca2+ CaV1.3 channels (Brandt et al.,
2003; Graydon et al., 2011; Jing et al., 2013; Vincent et al.,
2017). Ribbons are essential for high rate of transmitter release
and for high temporal precision of neuronal encoding of
sound at the auditory afferent nerve fibers (Becker et al.,
2018; Jean et al., 2018). Each auditory IHC have 10 to

20 synaptic ribbons depending of their cochlear frequency
location (Meyer et al., 2009). Ribbons are heterogeneous in
size and each ribbon makes a single synaptic contact with
one afferent nerve fiber. Remarkably, fibers associated to
large ribbons display low spontaneous rate and high-threshold
have the tendency to be distributed at the modiolar side
of IHCs (Liberman et al., 2011). Nerve fibers associated
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with smaller ribbons display high spontaneous rate and low-
threshold activation, are mainly located toward the pillar side
of IHCs. Interestingly, we found here that old C57BL6/J
IHCs preferentially loose modiolar ribbons (known to be
associated with high threshold low spontaneous fibers), therefore
mimicking what is happening during noise-induced hearing loss
(Fernandez et al., 2015; Liberman and Kujawa, 2017; Hickman
et al., 2020). Heterogeneity in the voltage-dependence of Ca2+

channels and release site coupling has been recently proposed to
contribute to the firing fiber specificity, with modiolar ribbons
being activated at more negative potentials (Ozcete and Moser,
2021). In our study, we did not find evidence for a voltage-shift
in the voltage-dependence of Ca2+ channels with aging but we
did observe an increase in the density of Ca2+ currents. The
increase in Ca2+ entry was further confirmed by the stronger
time-inactivation of the Ca2+ currents (Grant and Fuchs, 2008;
Vincent et al., 2017).

One of the most striking observations was that the IHC
synaptic ribbons underwent a nearly three-fold increase in
size with aging, confirming a certain degree of plasticity of
these synaptic structures. The enlargement of the presynaptic
ribbons was in good agreement with a previous ultrastructural
study in aging C57BL/6J mice by Stamataki et al. (2006)
and the recent study of Jeng et al. (2020). Interestingly, the
size of the young mature IHC synaptic ribbons is known to
correlate positively with the AZ Ca2+ microdomain amplitude,
as well as the number and gating of the Cav1.3 Ca2+ channels
(Frank et al., 2009; Neef et al., 2018). Also, hair cells of
transgenic zebrafish with enlarged ribbons display larger ribbon-
localized Ca2+ currents (Sheets et al., 2017). In agreement
with these previous studies, we found here, in IHCs from
aging C57BL/6J mice, that the remaining larger ribbons were
associated with larger Ca2+ microdomain amplitude, and larger
density of calcium currents, reinforcing the idea that Ca2+ ions
regulate the size of the synaptic ribbons. In this context, It
is worth recalling that mitochondrial-Ca2+ uptake has been
proposed to lower cellular NAD+/NADH redox and regulates
ribbon size, possibly by acting through the NAD+ binding
site of the B domain of RIBEYE (Wong et al., 2019). In
vitro work has shown that NAD+ and NADH can promote
interactions between ribeye domains (Magupalli et al., 2008)
and the size of the ribbons would be then sensitive to the
subcellular synaptic NAD+/NADH redox level (Wong et al.,
2019), suggesting that the increase in size of the IHCs ribbons
from aged C57BL/6J mice also results from NAD+/NADH
homeostasis disruption.

Increased Capacity for Sustained IHC
Synaptic Exocytosis: Implication for the
Discharge Pattern of the Auditory Nerve
Firing
As a consequence of larger Ca2+ microdomains, we found that
IHCs from old C57BL/6J mice had larger and more sustained
exocytotic responses. These larger release responses could also
well be explained by a higher synaptic vesicle density at the active
zone of the IHC ribbon synapses as suggested by the EM study

of Stamataki et al. (2006). Surprisingly, the recent study of Jeng
et al. (2020), which did not perform Ca2+ imaging, concluded
that the size and kinetics of Ca2+-dependent exocytosis in IHCs
were unaffected in aging mice but this study did not normalize
the IHC exocytotic responses to their cell size or to their
ribbon synapse number, and therefore may have overlooked the
differential phenotype.

What would be the consequences on the discharge pattern of
the remaining afferent fibers of a more sustained release capacity
in old ribbon synapses? Fast adaptation in the discharge rate of
the afferent auditory nerve fibers is thought to be one of their
essential property for emphasizing the timing information of
sound stimuli. This adaption takes the form of a fast increase
in spike rate at stimulus onset that rapidly declines in a double
exponential decay to a lower steady-state rate after a few tens
of milliseconds (Taberner and Liberman, 2005). The origin of
this fast adaptation has been proposed to arise first from H+

release block of Ca2+ channels and second to rapid depletion of
synaptic vesicle release (Vincent et al., 2017). We predict that the
increased capacity to sustain SRP exocytosis in old IHCs with
larger ribbons would have the tendency to decrease the level
of firing adaptation of the auditory fibers and therefore explain
the altered recovery from short-term adaptation in old C57BL/6J
mice (Walton et al., 1995).

Furthermore, we confirmed here the hyperacusis-like effect of
the startle responses in old C57BL/6J mice (Ison et al., 2007).
This increased response at low sound intensity could be explained
by a release potentiation at the IHC ribbon synapses due to
the presynaptic higher Ca2+ channel density associated with a
larger ribbon coupled with a larger vesicular SRP, and increased
expression of post-synaptic AMPARs. All these features would
make the auditory ribbon synapses hypersensitive and underlie
the hyperacusis-like reflex in old C57BL/6J mice.

IHC Shrinkage and Disruption of BK
Channel Clusters
Another novel observation of our study was the drastic reduction
in cell size of IHCs from aging C57BL/6J mice. Interestingly,
tuberous sclerosis rapamycin-sensitive complex 1 (mTORC1)
has been shown to be overactivated and promote oxidative
damages to synapse ribbon loss in aging C57BL/6 mice (Fu
et al., 2018). We found that aged P365 IHCs had an increase
expression of the autophagy marker LC3B. The activation of
the mTOR pathway with aging could therefore trigger the cell
size reduction of IHCs, by activating the autophagy pathway, as
proposed in many other cell types (Fingar et al., 2002; Fumarola
et al., 2005). In addition, our study described another novel
remarkable feature of aging IHCs, a drastic disruption of the
BK channel clusters, suggesting that these potassium channels
are also a good indicator of the redox state and autophagy in
IHCs. The expression and distribution of BK channels could
be regulated through the rapamycin insensitive mTOR complex
2 (mTORC2) as shown in the kidney glomerulus podocytes
(Wang et al., 2019). Interestingly, the disruption of the BK
channel clusters in aging IHCswas associated with a large positive
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shift in their voltage-activation curve, suggesting that the fast-
repolarizing property mediated by BK channels which likely
contributes to decrease transmitter release (Skinner et al., 2003),
would be largely hampered during sound stimuli in aging mice,
an additional factor that may also contribute to hyperacusis.

A Role of Cadherin-23 in Ribbon Synapse
Maintenance and Function?
In the CNS, cadherins are considered as essential Ca2+-binding
transmembrane cell adhesion molecules that regulate synapse
formation and function (Bamji, 2005). In the murine retina,
cadherin-23 is highly abundant at the ribbon synapse of rod
photoreceptor cells (Bolz et al., 2002). The presence of cadherin-
23 at IHC ribbon synapses remain unknown. The results
observed by our study and others in C57BL/6J mice suggest that
this molecule plays a crucial role in hair cell ribbon synapse
maintenance and function. It is possible that the Cdh23753A

mutation weakens the mechanical organization of the hair
cell synaptic contacts leading with aging to their progressive
disorganization. The exacerbated release of glutamate in aging
ribbon synapses could then lead to excitotoxicity and progressive
synapse degeneration.

CONCLUSIONS

In conclusion, our study unraveled several novel functional
and structural features of aging in IHC ribbon synapses from
C57BL/6J mice (Figure 11): (1) a large reduction in IHC cell
size, (2) a drastic enlargement of the presynaptic ribbons and
postsynaptic AMPAR clusters, (3) an increased presynaptic
Ca2+ signaling associated with a stronger sustained exocytotic
response, and (4) a disruption of BK channel clusters and
a drastic shift in their voltage-dependence decreasing their
potential negative feedback on neurotransmission. Overall, these
results suggested that aging IHCs ribbon synapses can undergo
important structural and functional plasticity that led to synaptic
potentiation that could explain the paradoxical hyperacusis-
like exaggeration of the acoustic startle reflex observed in
C57BL/6J mice.

MATERIALS AND METHODS

Mice
Inbred C57BL/6J mice of either sex (Souris JAXTM C57BL/6J,
Jackson Laboratory) which are homozygous for the recessive
cadherin-23 mutation Cdh23753A (also known as Ah1) were used
in the present study. Hearing thresholds and IHC ribbon counts
in mice of either sex were performed at postnatal ages: P15, P30,
P60, P180, and P365. CBA/J mice of either sex (from Charles
River) were also tested as controls at P50, P250, and P365. Animal
care and all procedures were approved by the institutional care
and use committee of the University of Bordeaux and the French
Ministry of Agriculture (agreement C33-063-075).

Assessment of Hearing Thresholds (ABRs)
To record ABRs (Auditory Brainstem Responses, which
represent the sound-evoked synchronous firing of the auditory

cochlear nerve fibers and the activation of the subsequent central
auditory relays), mice were anesthetized with intraperitoneal
injection of xylazine (6 mg/ml, Rompun Bayer) and ketamine
(80 mg/ml, Virbac) mixture diluted in physiological saline. The
mouse was placed in a closed acoustic chamber and its body
temperature was kept constant at 37◦C during ABRs recording.
For sound stimulus generation and data acquisition, we used
a TDT RZ6/BioSigRZ system (Tucker-Davis Technologies).
Click-based ABR signals were averaged after the presentation
of a series of 512 stimulations. Thresholds were defined
as the lowest stimulus for recognizable wave-I and II. The
amplitude of ABR wave-I was estimated by measuring the
voltage difference between the positive (P1) and negative (N1)
peak of wave-I. Sound intensities of 10–90 dB SPL in 10 dB step,
were tested.

Distortion product otoacoustic emissions (DPOAEs), which
originate from the electromechanical activity of the outer hair
cells (OHCs), were tested by using two simultaneous continuous
pure tones with frequency ratio of 1.2 (f 1 = 12.73 kHz and
f 2 = 15.26 kHz). DPOAEs were collected with the TDT
RZ6/BioSigRZ system designed to measure the level of the “cubic
difference tone” 2f 1–f 2.

Acoustic Startle Reflex Measurements
Testing was conducted in four acoustic startle chambers for mice
(SR-LAB, San Diego Instruments, San Diego, CA). Each chamber
consisted of a nonrestrictive cylindrical enclosure attached
horizontally on a mobile platform, which was in turn resting
on a solid base inside a sound-attenuated isolation cubicle. A
high-frequency loudspeaker mounted directly above the animal
enclosure inside each cubicle produced a continuous background
noise of 65 dBA and various acoustic stimuli in the form of white
noise. Mechanical vibrations caused by the startle response of
the mouse were converted into analog signals by a piezoelectric
accelerometer attached to the platform. A total of 130 readings
were taken at 0.5-ms intervals (i.e., spanning across 65ms),
starting at the onset of the startle stimulus. The average amplitude
over the 65ms was used to determine the stimulus reactivity. The
sensitivity of the stabilimeter was routinely calibrated to ensure
consistency between chambers and across sessions.

Acoustic startle reflex was assessed during a session lasting
for ∼30min, in which the mice were presented with a series of
discrete pulse-alone trials of different intensities and durations.
Ten pulse intensities were used: 69, 73, 77, 81, 85, 90, 95, 100,
110, and 120 dBA lasting for either 20 or 40ms (background
noise level: 65 dBA). A session began when the animals were
placed into the Plexiglas enclosure. The mice were acclimatized
to the apparatus for 2min before the first trial began. The
first six trials consisted of six pulse-alone trials of 120 dBA,
comprising three trials of each duration. These trials served
to stabilize the animals’ startle response, and were analyzed
separately. Subsequently, the animals were presented with five
blocks of discrete test trials. Each block consisted of 20 pulse
alone trials, one for each intensity and duration. All trials were
presented in a pseudorandom order with an inter-trials interval
of 14 s.
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Tissue Preparation and
Immunocytochemistry
Mice were deeply anesthetized with isofluorane (Vetflurane,
Virbac). The ramps of the cochlear apparatus were dissected and
prepared as previously described by Vincent et al. (2014). Inner
ears (cochleae) were fixed by incubation in 4% paraformaldehyde
in phosphate-buffered saline (PBS), pH 7.4, at 4◦C overnight
and washed with cold phosphate buffered saline (PBS). They
were then incubated for 2 days in PBS solution containing
10% EDTA pH 7.4 at 4◦C. The middle part of the organ of
Corti (area encoding between 8 and 16 kHz) was then dissected
and the tectorial membrane removed. The tissue was first
incubated with PBS containing 30% normal horse serum and
triton X100 0.5 % for 1 h at room temperature. Synaptic ribbons
were labeled with anti-CtBP2 (1/200 Goat polyclonal, Santa
Cruz, USA; cat # SC-5966 or 1/200 Mouse IgG1 monoclonal
antibody BD Biosciences, cat # 612044). Otoferlin was labeled
with a mouse monoclonal antibody (1/200 AbCam, cat #
ab53233). Autophagy was detected by labeling LC3B protein with
anti-Rabbit monoclonal antibody [1/200 LC3B(D11) XP, Cell
Signaling Technology, cat # 3868]. BK channels were labeled
with a Rabbit polyclonal antibody (1/200, Alomone, Israel, cat
#APC-021). Explants of Organ of Corti were incubated overnight
at 4◦C with primary antibodies. The following fluorescent
secondary antibodies 1/500 were then used: anti-Goat Donkey
polyclonal Fluoprobes 547H (Interchim, cat# FP-SB2110), anti-
Mouse Donkey polyclonal Fluoprobes 647H (Interchim, cat#
FP-SC4110), anti-Mouse Donkey polyclonal Alexa Fluor 488
(AbCam, cat# ab150109), anti-Mouse Goat polyclonal Alexa
Fluor 546 (Molecular Probes, cat# A-11003), anti-Mouse Goat
polyclonal Alexa Fluor 488 (Molecular Probes, cat# A-10680),
anti-Rabbit Donkey polyclonal Fluoprobes 594 (Interchim,
cat# FP-SD5110). Actin-F was also used to visualize hair
cells (1/100, Phalloidin Fluoprobe 405, Interchim, Montlucon,
France; cat # FP-CA9870). For Image Acquisition, organ of
Corti samples were analyzed using a confocal laser scanning
microscope Leica SP8 with a 63X oil immersion objective
(NA = 1.4) and white light laser (470–670 nm) (Bordeaux
Imaging Center). Phalloidin was imaged by using a diode laser
at 405 nm also mounted on the microscope. For complete 3D-
stack reconstruction of IHCs, 25–30 images (0.3µm thickness)
were acquired as previously described (Vincent et al., 2014).
Ribbon volumes were calculated using the 3D-Objects Counter
Plugin of ImageJ. Image resolution was 0.038 µm/pixel. As
previously described by Hickman et al. (2020) and Jeng
et al. (2020), the x,y,z coordinates of ribbons in each z-
stack were transformed into a coordinate system based on
the modiolar-pillar polarity of the IHCs. We determined the
pillar vs. modiolar distribution of the synaptic ribbons by
using a k-means clustering method in the z-stack position
of each ribbon, with arbitrarily choosing the number of
clusters as 2 (OriginPro 9.1software, OriginLab, Northampton,
USA). From these two clusters, we determine arbitrarily the
border between the modiolar and pillar side in each IHC by
taking the half-distance between the two nearest ribbon of
each cluster.

High Resolution Imaging of Synaptic
Ribbons With Confocal STED Microscopy
For high-resolution imaging of IHC ribbons, we used a
Leica DMI6000 TCS SP8 STED microscope with 93X glycerol
immersion objective (NA 1.3) (Bordeaux Imaging Center).
Mouse sensory organs were fixed and incubated with primary
anti CtBP2 (1/100) antibodies in conditions similar to those
described above for confocal microscopy. Secondary antibodies
Goat anti- IgG1Mouse polyclonal Alexa Fluor 647 (Jackson, cat#
115-605-205) were used to label CtBP2 primary antibodies. The
pulsed STED depletion laser (pulsed laser IR, Spectra Physics
Mai Tai) was set at 775 nm. Stack images were acquired with the
following parameters: scan rate 200Hz, 775 nm depletion laser
power between 8 and 15%, scans frames accumulated per X–Y
section 8 times, z-step size 0.25µm, number of plans between 8
and 10, pixel size 20 nm giving an X–Y image size of 21 × 5µm
(1,024× 256 pixels).

Counting Spiral Ganglion Neurons
The afferent nerve fibers of the auditory nerve were fluorescently
labeled using a retrograde track tracing technique with dextran
amines (Fritzsch et al., 2016). Cochleae were extracted from
temporal bone of freshly euthanized mice and rapidly immerged
intact into ice-cold artificial perilymph (NaCl 135; KCl 5.8; CaCl2
1.3; MgCl2 0.9; NaH2PO4 0.7; Glucose 5.6; Na pyruvate 2; HEPES
10, pH 7.4, 305 mOsm). A small crystal of tetramethyl rhodamine
dextran amines 3000 (Life technologies, NY) was placed for 15–
20min at the edge of the auditory nerve coming out at the
internal auditory canal of the intact cochlea and rinsed with
artificial perilymph. The intracochlear sensory tissues were then
fixed by gentle perfusion of a 4% PFA solution for 30min and
rinsed with PBS. They were then decalcified for 2 days in PBS
solution containing 10% EDTA pH 7.4 at 4◦C. The cochleae were
then sliced with a razor blade along the longitudinal cochlear
axes and the slices were then mounted on a glass-slide for
fluorescent confocal microscopy observation. The quantification
of the spiral ganglion neurons per surface area of the neural
ganglion were made in the middle part of the cochlea in a region
encoding 8–16 kHz, by using the 3D object counter application
of ImageJ software.

Ca2+ Currents and Whole-Cell Membrane
Capacitance Measurement in IHCs
Measurements of resting membrane capacitance of IHCs were
performed at P30 and P365 mice in the 20–40% normalized
distance from the apex, an area coding for frequencies ranging
from 8 to 16 kHz, by using an EPC10 amplifier controlled by
Patchmaster pulse software (HEKA Elektronik, Germany), as
previously described in detail (Vincent et al., 2014, 2015). The
organ of Corti was incubated in an extracellular perilymph-like
solution containing NaCl 135; KCl 5.8; CaCl2 5; MgCl2 0.9;
NaH2PO4 0.7; Glucose 5.6; Na pyruvate 2; HEPES 10, pH 7.4,
305 mOsm. This extracellular solution was complemented with
0.25µM of apamin (Latoxan; cat # L8407) and 1µM of XE-991
(Tocris Bioscience; cat # 2000) to block SK channels and KCNQ4
channels, respectively. The external Ca2+ concentration was
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increased from 1.3 to 5mM to enhance the amplitude of Ca2+

currents to levels nearby body temperature. All experiments were
performed at room temperature (22–24◦C).

Patch pipettes were pulled with a micropipette Puller P-
97 Flaming/Brown (Sutter Instrument, Novato, CA, USA) and
fire-polished with a Micro forge MF-830 (Narishige, Japan)
to obtain a resistance range from 3 to 5 MΩ . Patch pipettes
were filled with a cesium-based intracellular solution containing
(in mM): CsCl 145; MgCl2 1; HEPES 5; EGTA 1; TEA 20,
ATP 2, GTP 0.3, pH 7.2, 300 mOsm. Measurements of the
resting membrane capacitance (cell size) of IHCs were obtained
in whole-cell voltage-clamp configuration at −70mV and
after 2min equilibrium of the internal patch-pipette recording
solution with the IHC cytosol.

BK Currents
Whole-cell recordings of BK currents were recorded in P30 and
P365 IHCs from ex-vivowhole-mount preparation (Skinner et al.,
2003) as described above for Ca2+ currents. Recording pipettes
were filled with a KCl-based intracellular solution containing in
mM: 158 KCl, 2 MgCl2, 1.1 EGTA, 5 HEPES, and 3.05 KOH,
pH 7.20.

Intracellular Ca2+ Imaging
Fluorescent Ca2+ signals were measured with a C2 confocal
system and NIS-element imaging software (Nikon) coupled to
the FN1 upright microscope as previously described (Vincent
et al., 2014, 2017). For Ca2+ imaging in IHCs, in which
membrane capacitance and Ca2+ currents were simultaneously
recorded, patch pipettes were filled with the same cesium-
base solution described above supplemented with 50µM of
the red fluorescent indicator Rhod2 (R14220, InvitrogenTM,
Thermofisher Scientific). The Ca2+ dye was excited with a
543 nm Helium Neon Laser system (Melles Griot 05-LGR-193-
381) coupled to a Nikon C2-confocal FN1- upright microscope
and emission fluorescence at 552–617 nm was recorded at 18
images/s (resolution 0.4 µm/pixel). Using the Nikon imaging
system NIS-Elements, IHC active zones were first individually
identified by their fluorescent transient responses, following a
100ms stimulation (from −80 to −10mV) and then the focal
plane (with pinhole 1.1µm) was adjusted in the z dimension
to give the brightest value for each active zone. Then, after
a 1min rest, each active zone was stimulated by a train of
five consecutive 100ms stimulation, each separated by 250ms.
Fluorescence emission in each active zone was subsequently
measured with ImageJ software by drawing a region of interest

of 1 µm2 at the synaptic zone (Figure 8A). Emission fluorescent
signals were analyzed and normalized by the ratio 1F/F0 ratio,
where F0 was the fluorescence level before stimulation.

Statistical Analysis
Results were analyzed with OriginPro 9.1software (OriginLab,
Northampton, USA). Data were tested for normal distribution
using the Shapiro–Wilk normality test, and parametric or
nonparametric tests were applied accordingly. For statistical
analyses with two data sets, two-tailed unpaired t-tests or two-
sided Mann–Whitney tests were used. For comparisons of more

than two data sets, one-way ANOVA or two-way ANOVA
followed by Tukey multiple comparison test were used when
data was normally distributed. If a data set was not normally
distributed Kruskal–Wallis tests followed by Dunn multiple
comparison tests, respectively, was used. When more than
two data sets were compared and significant differences were
found, reported p-values correspond to the post-hoc multiple
comparison test. Values of p < 0.05 were considered significant.
Results are expressed as mean± SEM.
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A contemporary topic in aging research relates to the significance of cognitive changes
proper to mild cognitive impairment (MCI) to higher risk of falls and gait deteriorations.
The present study addresses this question in the amnestic type of MCI (aMCI) by
examining a triad of interrelated comorbidities occurring in the MCI condition: attentional
impairments, hearing loss and gait disturbances. To this end, we applied a dichotic
listening (DL) test during over-ground walking. DL assesses spontaneous and lateralized
auditory attention in three conditions (i.e., free report or Non-forced (NF), Forced-Right
(FR) ear and Forced-Left (FL) ear). Earlier reports suggest that this dual-task paradigm
evoke asymmetric gait effects on healthy controls, which are moderated by degree of
hearing loss. Therefore, the aim of the present study was to evaluate the effects of DL
on bilateral (data from both limbs) and lateralized (each limb separately) gait outcomes
in a group of forty-three aMCI participants (mean = 71.19) and fifty-two healthy older
controls (mean = 70.90) by using hearing loss as a covariate in all analyses. Results
showed the aMCI group presented overall compromised gait parameters, especially
higher gait variability in all DL conditions during lateralized attentional control. These
findings were observed bilaterally, and no lateralized effects on gait were observed. Only
after controlling for hearing acuity, gait asymmetries on step length variability emerged
almost exclusively in healthy controls. It was concluded that hearing loss in the aMCI
group together with higher attentional impairments preclude aMCI individuals to properly
execute DL and therefore, they do not display gait asymmetries. The present data
demonstrate that varied demands on attentional control dependent on hearing acuity
affects gait negatively in healthy older adults and aMCI individuals in very different ways.
The appearance of asymmetric effects seems to be a perturbation related to normal
aging, while the lack of asymmetries but exaggerated gait variability characterizes
aMCI. The present findings show the intricate interplay of sensory, cognitive, and motor
deteriorations in different group of older adults, which stresses the need of addressing
co-occurring comorbidities behind gait perturbations in individuals prone to develop a
dementia state.

Keywords: dual-task, amnestic mild cognitive impairment (aMCI), hearing loss, gait, aging, dichotic listening
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INTRODUCTION

Mild Cognitive Impairment (MCI) is the transitional stage
between normal aging and dementia, which is characterized
by objective impairment in one or more cognitive domains,
preserved activities of daily living, and absence of dementia
(Petersen et al., 2001; Winblad et al., 2004). In recent years, motor
dysfunctions such as gait impairments have been associated
with MCI (Verghese et al., 2008; Montero-Odasso et al., 2014;
Bahureksa et al., 2017; König et al., 2017). For instance, during
regular walking, individuals with MCI show slower gait velocity,
shorter steps and stride length, and increased gait variability
(Verghese et al., 2008; Montero-Odasso et al., 2012). These gait
changes are associated with progression to dementia (Verghese
et al., 2008; Doi et al., 2014; Beauchet et al., 2016; Bahureksa
et al., 2017; Montero-Odasso et al., 2017; Goyal et al., 2019).
For this reason, understanding the underlying causes of gait
deteriorations in MCI is a central topic of investigation.

Various studies based on dual-tasks protocols have
demonstrated that individuals with MCI show more deteriorated
gait outcomes as compared to healthy controls, as well as worsen
performance in the concomitant cognitive task (e.g., Martin
et al., 2013). Thus, it is proposed that dual-task assessment may
help in differentiating MCI subtypes (Montero-Odasso et al.,
2014; Savica et al., 2017; Ghoraani et al., 2021). Since MCI is
a heterogeneous condition with a broad range of preclinical
impairments, it has been categorized into various subtypes such
as amnestic, non-amnestic, single, and multi-domain types
(Petersen et al., 2001). Nevertheless, at present research on MCI
subtypes and gait impairments is rather scarce and inconsistent.
For example, some studies addressing the matter have reported
that individuals with amnestic MCI show slower gait and
higher gait variability than non-amnestic MCI (Verghese et al.,
2008; Doi et al., 2014); but the contrary has also been reported
(Allali et al., 2016).

Because of all the MCI subtypes the most prone to progress
into Alzheimer’s disease is the amnestic type (aMCI) (Petersen,
2004; Winblad et al., 2004; Ward et al., 2013), investigation
of gait alterations in aMCI needs to be pursued. However,
in order to address the issue, implementation of a dual-
task paradigm evaluating cognitive dysfunctions associated with
aMCI such as memory and attentional/executive dysfunctions
(Brandt et al., 2009; Johns et al., 2012) is required. Ideally,
such a paradigm should resemble a daily action, that can be
experimentally tested, and which evaluates various levels of
cognitive loading. The need for stringent methods that are
sufficiently ecologically valid for MCI individuals is central as
MCI individuals show more difficulties on task prioritization (Lee
and Park, 2018) and ecological relevance determines task priority
(Doumas and Krampe, 2015).

Attempts to find appropriate cognitive tasks that enable the
disclosure of gait alterations in aging populations have been
conducted, such as the proposal by the Canadian Consortium
on Neurodegeneration in Aging (CCNA, Montero-Odasso et al.,
2019). This initiative suggests the use of specific tests in dual-
tasking for optimization of the assessment of cognitive-motor
interaction in aging populations. Most of the suggested tasks

from the CCNA consortium are mental tracking tests, which have
shown to be well-suited instruments challenging gait (Al-Yahya
et al., 2011). In spite that robust data supports the use of these
tasks in dual-task settings, there are serious limitations related to
their ecological validity as well as their lack of specificity on the
type of cognitive mechanisms measured (Gorecka et al., 2018). In
addition, most of these tasks rely on varied sensorial modalities.
For these reasons, our group has implemented a dichotic listening
(DL) test, which has proven to be ecologically valid for older
adults (Gorecka et al., 2018). Indeed, DL has advantageous
features for its implementation on dual-task paradigms. To begin
with, DL is a robust neuropsychological procedure assessing
divided and sustained attention (Kimura, 1967), as well as various
aspects of executive control (Hugdahl et al., 2009) in the auditory
modality. Additionally, the neural mechanisms underlying DL
have been largely explored (Ocklenburg et al., 2014). In DL,
different auditory stimuli are presented simultaneously to both
ears, and subjects are asked to ignore or report the most salient
sound or focus on a single ear. Right-handed individuals display
a right-ear advantage (REA) due to the decussation of dominant
language-processing in the brain (see Bryden, 1988). To date, few
studies have assessed DL on individuals with MCI. The limited
findings have shown that individuals with MCI fail to allocate
attention to the left -side and simultaneously ignore right-side
information due to a failure to sustain attention and inhibit
stimuli (Andersson et al., 2008; Takio et al., 2009; Bouma and
Gootjes, 2011; Utoomprurkporn et al., 2020). The same difficulty
also exists to a lesser extent in cognitively healthy older adults,
which indicates that focusing attention to the left-side poses
the heaviest load in allocation of cognitive resources among
older people (Andersson et al., 2008; Takio et al., 2009; Bouma
and Gootjes, 2011; Kompus et al., 2012; Passow et al., 2012;
Westerhausen et al., 2015). Interestingly, most investigations
using DL in MCI populations have been conducted for the
evaluation of auditory function connected to the development
of dementia (Idrizbegovic et al., 2011; Häggström et al., 2018;
Swords et al., 2018). This piece of information linking auditory
function, DL and dementia development in MCI is noteworthy
for the present study.

In our laboratory, we have applied a DL paradigm with
different attentional conditions during over-ground walking
in healthy older adults. Our first study (Gorecka et al.,
2018), showed important asymmetrical effects on spatiotemporal
measures of gait that were modulated by degree of hearing loss
in cognitively normal older participants. Because the incidence
of central auditory dysfunction is higher in elders with MCI
(Idrizbegovic et al., 2011), the application of DL during walking
will allow for the evaluation of factors known to interact
with gait and which are particularly affected by the MCI
condition. Taken the above facts together, the present study
aims to apply the same dual-task paradigm as in our previous
investigations to individuals with amnestic MCI. The main goal
is to determine whether an aMCI group show quantitative or
qualitative impairments on gait as compared to healthy age-
matched controls. According to Simoni et al. (2021) quantitative
impairments in gait are related to perturbations on typical spatio-
temporal parameters such as gait speed, step length or step
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width, while qualitative impairments concern alterations on gait
harmony, that is on symmetric outcomes of gait. Relying on
the literature about MCI development and gait (e.g., Montero-
Odasso et al., 2014), quantitative changes are expected to arise
in the aMCI group in terms of more exaggerated deteriorations
across all spatiotemporal parameters. However, we also expect
to obtain qualitative dysfunctions unique to the aMCI group,
such as clear asymmetric gait outcomes in those conditions
with high attentional load, which according to our own data
(Gorecka et al., 2018; Castro-Chavira et al., 2021) would arise
during the DL conditions where spontaneous attention and
attention to left side are required. Since our previous studies
showed a modulating effect of hearing status on gait and
DL, we also expect that higher hearing difficulties in aMCI
participants will moderate the effects on gait induced by the
dual-task procedure.

MATERIALS AND METHODS

Participants and Evaluations
MCI Group
Sixty individuals diagnosed with MCI by a senior geriatrician or
neurologist at the Department of Geriatrics and the Department
of Neurology at the University Hospital of North Norway
(UNN), Tromsø were recruited for the study. These individuals
were referred to the specialists initially for the assessment of
memory problems and they were diagnosed with F06.7 Mild
cognitive disorder in accordance with the International Statistical
Classification of Diseases and Related Health Problems (ICD-10)
criteria. All these individuals underwent detailed examinations at
the hospital that included standard laboratory and cognitive tests
as well as brain imaging assessments. Inclusion criteria for this
group was a referral from the specialists with a MCI diagnosis,
being right-handed, Norwegian native speaker, not depressed and
able to move and walk freely.

Older Adults in the Control Group
Fifty-eight, age-matched older adults volunteered as control
participants through advertisements at the local senior citizens’
center, flyers, and as well as by means of word of mouth.
Inclusion criteria for this group were being right-handed and
native Norwegian speakers; free from any musculoskeletal,
neurological or walking difficulties and no symptoms of clinical
depression or cognitive impairment. To rule out any of the
above criteria, all participants completed a semi-structured
interview to collect information about their health status and
health history, education and daily functioning. Furthermore,
all participants were screened for depression using the Beck
Depression Inventory II (BDI-II; Beck et al., 1996) and for
global cognitive status with the Mini-Mental State Examination
(Folstein et al., 1975)—Norwegian version (MMSE-NR; Strobel
and Engedal, 2008). Only participants with a of MMSE cut-
off score > 27 and not depressed according to the adapted
criteria on BDI for older adults (Rodríguez-Aranda, 2003) were
recruited for the study.

General Initial Evaluation for Both MCI and Older
Volunteers
Although the MCI participants were screened for depression
and global cognitive status at the University Hospital, we
tested them for these aspects after enrollment in the study to
standardize dataset of this investigation. Thus, all participants,
both MCI individuals and older controls were evaluated with
the MMSE-NR (Strobel and Engedal, 2008), the Beck Depression
Inventory II (BDI-II; Beck et al., 1996), and the Falls Efficacy
Scale International (FES-I; Yardley et al., 2005) to check for
fear of falling. In addition, the Norwegian version of the F-
36 questionnaire (Loge et al., 1998) was also applied to check
the participants’ subjective evaluation of their health status and
the Handedness Inventory (Briggs and Nebes, 1975) to confirm
hand preference.

As part of a major umbrella project at the Department of
Psychology, UIT—The Arctic University of Norway, Tromsø,
about motor functions and cognition in aging, this study was
approved by the Regional Committee for Medical and Health
Research Ethics—REK (2009/1427). Written and informed
consent was acquired from all participants prior to the study.

Procedures and Assessments
Even though, the main goal of this investigation is to assess a dual-
task paradigm with dichotic listening (DL) while walking, there
are various prerequisites necessary to perform before the dual-
task paradigm could be carried out. All the participants needed to
be tested with a neuropsychological battery to define and assure
their group affiliation (amnestic MCI, vs. controls). Also, they
needed to undergo audiometric screening to settle their hearing
status and assure their hearing was well enough to perform the
DL task. Thereafter, the dual-task paradigm could be performed.
A clear description of this paradigm involves the methods for
acquisition of gait parameters, DL-testing, and conduction of the
dual-task paradigm. Based on the above, in the following section
we will first present the methods related to the prerequisites
(neuropsychological and audiometric assessments). Next, we will
present the methods related to the dual-task paradigm (i.e.,
recording of gait parameters, DL test, and dual-tasking). Finally,
a description of the overall data acquisition will be given.

Neuropsychological Assessment and Group Assignment
Since the present investigation aims to evaluate amnestic MCI
participants against cognitively healthy age-matched controls, a
thorough neuropsychological assessment was conducted. This
allowed us to assign participants referred from the hospital to a
particular MCI subgroup (i.e., amnestic, non-amnestic, multiple
domain) and to corroborate that older volunteers conforming the
control group were indeed free of cognitive impairments. To this
end, we employed eleven neuropsychological tests to assess three
cognitive domains:

Executive Function/ Working Memory/Attention Domain. For
assessment of this domain, we relied on four tests. The subtest
Digit Span backward from Wechsler Adults Intelligence Scale
4th Edition (WAIS-IV, Wechsler, 2008) which examines attention
and working memory was used. Also, the interference part
word/color of the Stroop Word Color Test (Golden, 1978) and
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the Trail Making Test B (TMT B; Reitan and Wolfson, 1993) were
used to examine executive functions, like inhibition and cognitive
flexibility. Finally, the phonemic fluency test (COWAT, Benton,
1969) was applied to assess inhibition, ability to initiate systematic
lexical search and working memory.

Memory Domain. Logical Memory I and II from Wechsler
Memory Scale 3rd edition (Wechsler, 1997); the subtest Digit
Span forward from Wechsler Adults Intelligence Scale 4th
Edition (WAIS-IV, Wechsler, 2008), as well as semantic fluency
(Newcombe, 1969) were used to measure memory abilities.

Visuospatial Abilities Domain. Visuospatial processing was
examined by applying Block Design from WAIS-IV (Wechsler,
2008), the Clock Drawing Test (CDT, Shulman, 2000) and
Trail Making Test A (TMT A; Reitan and Wolfson, 1993). The
first two are tests commonly used to evaluate visual memory
and construction ability, while the TMT A is employed in the
assessment of visuospatial ability, motor skills in addition to
processing speed.

Procedures for Group Assignment. Mild cognitive impairment
participants in this study were classified according to
neuropsychological criteria of MCI suggested by Jak et al.
(2009) and Bondi et al. (2014). These criteria propose that in
order to qualify as MCI in a particular domain, it is required
that an individual shows impaired performance greater than
one standard deviation (SD) below appropriate age-norms.
Thus, participants in the MCI group were classified as amnestic
MCI if they were impaired on tests belonging to the memory
domain. As part of a major aging project at our institution, we
also classified the referred patients into the MCI categories of
non-amnestic (if they presented impairment in a non-memory
domain) and of multiple domain (if they presented impairment
in various cognitive domains). As for the older volunteers, they
were confirmed as cognitively normal, if their performance
on each of the assessed domains was within 1 SD of the
normative expectations.

Audiometric Screening
All participants completed audiometric screening in a double-
walled, sound- attenuated room using pure-tone audiometry
(Madsen Itera II, GN Otometrics, Denmark). Hearing sensitivity
was measured calculating the Pure Tone Average (PTA) from
hearing thresholds of the frequencies 500, 1,000, 2,000, and
4,000 Hz. The results of the PTA showing thresholds > 45 dB
scores as well as an interaural difference larger than 15 dB were
criteria for exclusion of participants (Saliba et al., 2009).

Acquisition of Gait Parameters
Spatiotemporal parameters of gait were acquired using the
OptoGait System (OptoGait, Microgate, Bolzano, Italy). The
system consists of transmitting-receiving bars aligned in parallel
and creating a 7 × 1.3 m area that quantifies spatiotemporal gait
parameters by using photoelectric cells that register interference
in light signals. The sensors in the OptoGait system are placed
over ground in a rectangular fashion where subjects walk within
in circles. Ninety-six LED diodes are positioned on each bar one
centimeter apart at three millimeters above the ground. When

subjects pass between two bars positioned in parallel with the
ground, transmission and reception are blocked by their feet,
automatically calculating spatio-temporal parameters. Data were
extracted at 1,000 Hz and saved on a PC using OptoGait Version
1.6.4.0 software. Gait parameters examined were gait speed, step
length, and step width, for both feet and per foot. Linear measures
including the mean (M) and the coefficient of variation [CoV,
based on the formula (SD/mean) × 100%] were calculated for
each gait parameter. All walking conditions were recorded with
two Logitech web cameras from different angles to overlook any
difficulties or changes during walking conditions. The Optogait
system has proven to be a highly reliable and valid instrument
(Lee et al., 2014).

Dichotic Listening Task
As the concomitant cognitive task to walking, we applied
the Bergen Dichotic Listening Test (Hugdahl and Andersson,
1986). The test consists on the simultaneous and randomized
presentation of six syllables: /ba/ /ta/ /pa/ /ga/ /da/ /ka/. Each pair
of syllables has a duration of 350 ms. The syllables were paired
with each other in all possible combinations to form 36 different
syllable pairs. From these, the homonymic pairs (e.g., ba–ba) were
included in the test as perceptual control, but not considered
in statistical analysis. The syllables were read by a Norwegian-
speaking male voice with constant intonation and intensity with
a time interval of 4,000 ms. The total duration of each DL
condition was 3 min. The DL procedure has three conditions:
The Non-forced condition (NF) was always conducted first where
participants were instructed to report the syllable they heard
the clearest. The NF condition evaluates spontaneous attentional
abilities as subjects choose freely which stimulus they report.
Thereafter, two conditions followed where participants were
instructed to pay attention either to the right ear (Forced-Right
condition, FR) or to left ear (Forced-Left condition, FL) while
ignoring stimuli from the opposite ear. The forced attention
conditions evaluate volitional lateralized attentional control to
the respective side. On each DL-condition, the following scores
are calculated: Number of correct responses and homonyms,
number of errors/no responses and calculation of a laterality
index (LI =

[
(RE − LE)
RE + LE

]
× 100) for each condition. These scores

were used in the statistical analyses for DL. The FR and FL
were counterbalanced across subjects depending on their ID
number. Participants with ID numbers that were odd numbers
received FR before FL. The syllables were presented using wireless
noise-canceling headphones.

Dual-Task Paradigm
In this part of the study, all participants were evaluated for single
walking as well as while performing the three DL conditions
(i.e., Non-forced, NF; Forced-Right, FR; Forced-Left, FL) during
walking. Thus, four conditions confirmed the paradigm: (1) A
baseline walking condition (i.e., only walking); (2) NF while
walking; (3) FR while walking; and (4) FL while walking. It is
important to remark that no previous training or habituation
sessions were conducted as we aimed to obtain data from naïve
subjects exposed to a single experience. The experiment was
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FIGURE 1 | Illustration of the dual-task experimental setting and a volunteer performing the paradigm.

conducted in a rectangular shaped room. An illustration of the
experimental setting is shown on Figure 1.

Baseline Condition (Only Walking)
Prior to the experiment, participants were given a demonstration
trial of the walking direction by the experimenter within
the gait analysis system, and they were required to confirm
the well understanding of these instructions. To allow for
the best ecological valid situation, participants were asked to
walk in a self-selected, comfortable walking speed (usual),
counterclockwise. The decision of the counterclockwise direction
agrees with the natural tendency of right-handed individuals to
turn to the left (e.g., Mohr et al., 2003; Lenoir et al., 2006). The
Optogait system started recording the gait measures when the
subject took their first footstep, initiated by a verbal signal. In
the baseline condition, participants were instructed to walk for
1 min within the Optogait field to collect baseline measurements
without performing the cognitive task. Based on pilot trials, the
baseline condition was shorter (1 min) than the rest of the dual-
task conditions (3 min). The reason was to obtain a balanced
situation in which subjects did not get tired or lightheaded while
allowing acquisition of enough gait data.

Preparations for Dual-Tasking
Participants were given a demonstration trial of how to
perform the DL before the dual-task was conducted. First,
the experimenter explained to the subjects that they will wear
headphones while walking again at their usual pace, and that they
will be exposed to different syllables on each ear. Participants
were also asked to wear around the neck a small portable digital
recorder to record their responses during the trial. A sheet of
paper with the six printed syllables used in DL test was shown to
the participants to clarify the sort of stimuli used. A similar sheet
of paper was attached on one wall at the end of the walkway to

remind participants which stimulation they should expect. Then,
they were required to listen and respond loudly to three stimuli
presentations from the DL test while wearing headphones in a
stand still position. In this way, we ensured good comprehension
of the instructions. Volume of the auditory stimuli was also
adjusted for each person prior to the testing. Moreover, we
emphasize equal task prioritization by asking subjects to keep
walking and execute the DL task as accurate as possible during
the entire trial.

DL Instructions
DL Non-forced condition: In this condition participants were
asked to report loudly the syllables best perceived. Instructions
were: “We ask you to loudly say the clearest syllable you detect
each time you get stimulation. Please walk at your usual pace all
the time while responding. We remind you that only six possible
syllables (those shown on the paper) will be presented and we
ask you to perform as well as possible walking continuously in
rounds in the designated area as previously demonstrated, while
reporting the clearest sounds you perceive.” DL Forced-Right
condition: In this condition, same instructions were given with
the only difference that we required subjects to report loudly only
the syllables presented to the right ear. DL Forced-Left condition:
Again, same instructions yielded, but this time participants were
asked to report syllables presented to the left ear.

Conduction of DLWhile Walking
In all dual-task conditions, the dichotic listening task was
initiated simultaneously as the subject lifted a foot to initiate
walking, again when the experimenter gave a verbal cue. At
the time of testing, DL-responses were recorded in the digital
voice recorder and also written down by the experimenter on
a sheet of paper. Data acquisition for gait parameters were
conducted in the 1-min trial for baseline and on each 3-min
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trial of the DL conditions during walking. When necessary,
short breaks were given between baseline and on each of the
dual-task conditions. After the experiment was completed, two
additional experimenters listened the recorded DL answers from
the digital recorder and checked them against the written answers
to ensure the reliability of the data. Thereafter, the experimenters
manually inserted all DL answers in the E-prime 2.0 Software
(Psychology Software Tools, Inc., Pittsburgh, PA, United States)
for the calculation of DL scores.

General Procedure for All Data Acquisition
The study took place at the Department of Psychology, UiT Arctic
University of Norway. The duration of the whole procedure was
about 3 h and testing sessions were divided into two sessions to
avoid fatigue. In the first session, participants were interviewed
to acquire their demographic background and health history in
a sound-attenuated room. Also, in this session and under the
same environment, they underwent audiometric screening, and
they were evaluated with the neuropsychological test battery.
In the second session, participants answered to remaining
questionnaires and they performed the dual-task paradigm.

Statistical Analyses
All analyses were performed with the statistical package IBM
SPSS Statistics 26. Group comparisons for demographics,
background variables, cognitive tests and questionnaires were
performed with independent t-tests.

Classification of MCI Subgroups
We applied the method used by Aarsland et al. (2009), where raw
cognitive scores were converted into z-scores using the mean and
standard deviations of an existing database of cognitively healthy
older adults (n = 103) from North Norway collected at our
laboratory. Thereafter, an averaged composite score by domain
was calculated for each participant. Adjustments regarding age,
sex and education were performed via multiple regression
analyses relying on the cognitively healthy older adults’ database
for each cognitive domain. The intercepts and beta weights from
these calculations were used to obtain predicted z-scores for each
participant in the study.

Dichotic Listening Data
A series of factorial analyses of variance with repeated measures
in one factor were carried out. For DL data, the design 2 Group
(aMCI, Control)× 2 Ear (right, left)× 3 Condition (NF, FR, and
FL) was used. In case of a significant omnibus test, univariate tests
were performed. Multivariate tests for simple main effects were
employed in the case of significant interactions.

Gait Parameters
For gait, we also applied a series of factorial analyses of variance
with repeated measures in one factor. This time, we analyzed
the mean and coefficient of variations (CoV) separately for
each gait parameter. First, we analyzed bilateral outcomes (i.e.,
data from both limbs together) and then lateralized outcomes
(i.e., separate data for each limb). In the first set of analyses,
mixed-ANOVAs were conducted for bilateral gait parameters
with the design 4 Condition (Baseline, NF, FR, and FL) × 2

Group (aMCI, Control). Next, we investigated the existence of
possible asymmetric effects on gait parameters due to the DL
condition with the mixed-ANOVA design of 4 Condition × 2
Group × 2 Feet. In case of a significant omnibus test, univariate
tests were performed. Multivariate tests for simple main effects
were employed in the case of significant interactions.

Effects of Hearing Loss on DL and Gait
Since age-related hearing impairment has shown to modulate
effects of lateralized attention on gait parameters in previous
studies from our laboratory (Gorecka et al., 2018), we performed
different ANCOVAs by using Best PTA as covariate. In this
investigation, the moderating effects of hearing status were
explored on both gait and on DL data. The use of Best PTA was
chosen as it depicts the lowest functional threshold, which enables
hearing compensation (Linssen et al., 2014).

In all analyses, Greenhouse–Geisser corrections were chosen
when the sphericity assumption was not met. Significant
interactions or main effects involving group differences were
followed up with appropriate post hoc analyses. The Bonferroni
correction was applied across all factorial analyses.

RESULTS

Group Assignment
By applying a cut-off of ≥ 1 SD lower than the expected z-score
on the memory domain we were able to identify 43 amnestic MCI
individuals from the original pool of 60 referred participants. As
for the control group, we were able to confirm that 52 out of
58 older adults recruited originally as control volunteers were
cognitively healthy and thus, these participants were retained for
the present study.

Demographics
Results from demographic variables are shown in Table 1. No
significant differences were found between the groups regarding
age or education. Positive measures from the Handedness
Inventory confirmed participants were right-handed. However,
significant group differences were found where the aMCI group
reported significantly more preference to the use of right hand
than healthy controls. No group differences were found in terms
of self-reported health status, fear of falling or depression.

Audiometric Scores
Table 1 also shows pure tone average scores interaurally for
both groups. The aMCI group had significantly higher hearing
thresholds compared to healthy controls on all outcomes.

Neuropsychological Results
Results from the neuropsychological assessments are displayed
in Table 2. The control group showed significantly better
performances than aMCI individuals on all neuropsychological
measures.
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TABLE 1 | Demographic characteristics and initial assessments by group.

Controls
(n = 52)

aMCI
(n = 43)

Gender (men/women) 24/28 20/23

M (SD) M (SD) t

Age 70.90 (7.35) 71.19 (8.75) 0.17

Education (years) 13.18 (3.55) 11.90 (3.91) −0.65

MMSE-NR 29.27 (1.07) 25.67 (3.28) −7.45***

BDI-II 5.39 (5.46) 6.08 (4.77) 0.21

Handedness 19.88 (4.47) 22.02 (3.37) 2.56*

FES–I 19.26 (4.02) 19.66 (4.67) 0.41

SF-36 111.98 (45.52) 105.00 (9.62) 0.31

PTA right (dB) 23.74 (11.21) 32.69 (16.17) 3.17**

PTA left (dB) 25.56 (11.83) 32.09 (13.88) 2.47*

PTA Worst (dB) 27.45 (12.53) 35.41 (16.90) 2.68**

PTA Best (dB) 21.53 (9.62) 29.37 (12.90) 3.39***

M, mean; SD, standard deviation; MMSE-NR, mini mental status examination
- norwegian revision; BDI-II, Becks Depression Inventory; FES-I, Falls Efficacy
Scale International; SF-36, Short Form Survey 36 items; PTA, Pure Tone
Average; dB, decibel. *p ≤ 0.05; **p ≤ 0.01; and ***p ≤ 0.001.

TABLE 2 | Means and standard deviations from neuropsychological tests by
cognitive domain.

Controls(n = 52) aMCI(n = 43)

Domain M (SD) M (SD) t

Executive functions/working memory

TMT B, sec 92.10 (27.56) 195.67 (157.53) 5.04***

Stroop WCI 32.52 (8.87) 27.63 (11.61) −2.24*

DigitSpan B 8.08 (1.49) 6.37 (1.59) −5.32***

COWAT 13.83 (3.21) 11.16 (4.17) −3.13**

Memory

Log Memory I 23.93 (6.04) 8.16 (6.13) −10.14***

Log Memory II 27.56 (6.09) 7.39 (8.17) −11.74***

DigitSpan F 8.90 (1.76) 7.37 (1.28) −4.69***

Sematic Fluency 16.54 (3.52) 12.78 (4.27) −4.13***

Visuospatial

CDT 6.93 (0.23) 6.10 (1.71) −3.49**

TMT A, sec 36.07 (15.09) 56.64 (24.81) 5.31***

Block Design 38.23 (8.02) 27.61 (9.76) −5.76***

M, Mean; SD, standard deviation; aMCI, amnestic Mild Cognitive Impairment;
CDT, Clock Drawing Test; TMT, Trail Making Test; Sec, seconds; Stroop WCI,
Stroop Word-Color Interference; COWAT, Controlled Oral Word Association Test;
DigitSpan B, Digit span backward; DigitSpan F, Digit span forward; Log Memory,
Logical Memory. *p < 0.05; **p < 0.01; and ***p < 0.001.

Dichotic Listening Results
Correct Responses
Three-way MANOVA showed only significant main effect for
Ear [Pillai’s Trace = 0.33, F (1, 93) = 46.66, p < 0.001,
η2

p = 0.33]. No main effect of group [F (1, 93) = 0.040,
p = NS] or condition were found, [Pillai’s Trace = 0.01, F
(2, 92) = 0.045, p = NS] However, there was a significant
interaction for Condition × Ear [Pillai’s Trace = 0.16, p < 0.001,
F (2, 92) = 9.98, p < 0.001, η2

p = 0.16]. These results are as

expected and naturally due to the change in focus of attention
driven by the instructions. Additionally, an interaction effect
between Condition × Ear × Group [Pillai’s Trace = 0.07, F
(2, 92) = 3.68, p < 0.05, η2

p = 0.07] was observed. Simple
main effects analyses of this interaction revealed that healthy
controls produced significantly less correct right-ear responses
in the FL conditions, as compared to right-ear responses in the
NF, p < 0.01, and the FR conditions, p < 0.001 (see Figure 2).
Furthermore, the cognitively healthy controls also reported
significantly less from the left-ear in NF (p < 0.01) and FR
(p < 0.001) compared to the FL condition. Concerning the aMCI
group, these subjects reported significantly more correct left-ear
responses in NF than in FR. No further significant differences
were seen (see Figure 3). Controlling for effects of hearing on
correct responses: After controlling for hearing, a significant
interaction between Condition × Ear, [Pillai’s Trace = 0.08, F (2,
91) = 3.85, p < 0.05, η2

p = 0.08] was still present and showed
same results as previously. The interaction effect was seen in
healthy controls, [Pillai’s Trace = 0.13, F (2, 49) = 3.57, p < 0.05,
η2

p = 0.13], but not in aMCI. However, the original significant
interaction effect between Condition × Ear × Group was no
longer significant [Pillai’s Trace = 0.05, F (2, 91) = 2.49, p = NS].

Laterality Index
Further analysis for laterality index (LI), showed a main effect
of Condition, [Pillais’s Trace = 0.11, F (2, 92) = 5.51 p < 0.006,
η2

p = 0.11] and an interaction effect Condition × Group [Pillai’s
Trace = 0.07, F (2, 92) = 3.27, p < 0.05, η2

p = 0.16]. This
interaction effect showed that the cognitively healthy control
group had significantly higher REA, i.e., laterality index in the
NF, 22.7% (SD = 23.43), and FR, 26.7%, (SD = 29.72) condition
compared to FL, 8.4% (SD = 32.67). There were no significant
differences in laterality index between the conditions in the
aMCI group, with 17.7% (SD = 32.23) in the NF condition,
and 24.9% (SD = 37.2) and 19.5% (SD = 36.0) in FR and
FL respectively. Controlling for effects of hearing on LI: The
significant interaction on LI was no longer significant when
controlling for Best PTA [Pillai’s Trace = 0.04, F (2, 91) = 1.95,
p = NS].

DL Errors and Non-responses
We distinguished the errors into real errors (commissions) and
non-responses (omissions). For the errors, there was only a
main effect of Condition [Pillai’s Trace = 0.15, F (2, 91) = 8.25,
p < 0.001, η2

p = 0.15]. Controlling for effects of hearing on
errors/non-responses: By controlling for hearing acuity, this effect
was no longer significant. For non-responses, we also found a
significant main effect of Condition [Pillai’s Trace = 0.20, F (2,
92) = 11.67, p < 0.001, η2

p = 0.20] that persisted after controlling
for Best PTA [Pillai’s trace = 0.10, F (2, 91) = 5. 03, p < 0.01,
η2

p = 0.10].

Results for Gait Outcomes
Bilateral Results (i.e., Right and Left-Foot Data Together)
The analyses performed with series of two-way MANOVAs
on the mean and CoV values of step length [mean: Pillai’s
Trace = 0.58, F (3, 91) = 42.72, p < 0.001, η2

p = 0.58; CoV:
Pillai’s Trace = 0.15, F (3, 91) = 5.62, p < 0.001, η2

p = 0.16],
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FIGURE 2 | Mean and ± SEM for correct right-ear responses across three dichotic listening conditions. aMCI, amnestic Mild Cognitive Impairment. (**p < 0.01; and
***p < 0.001) Reported significant differences are only for the control group.

FIGURE 3 | Mean and ± SEM for correct left-ear responses across three dichotic listening conditions. aMCI, amnestic Mild Cognitive Impairment. The reported †
denotes significant differences of p < 0.05 for aMCI group and the ∗∗ and ∗∗∗ denotes significant differences of p < 0.01 and p < 0.001) respectively, for healthy
controls.

and gait speed [mean: Pillai’s Trace = 0.57, F (3, 9) = 40.68,
p < 0.001, η2

p = 0.57; CoV: Pillai’s Trace = 0.10, F (3, 91) = 3.69,
p < 0.05, η2

p = 0.11] showed a main effect of condition in
which shorter steps, slower speed and increased variability were
found during the dual-task conditions as compared to baseline.
In contrast, no main effect of condition was found for the mean
[Pillai’s Trace = 0.06, F (3, 91) = 2.08, p = NS] or CoV [Pillai’s
Trace = 0.06, F (3, 91) = 1.9, p = NS] of step width. No significant
interactions were found.

Furthermore, a main effect of group was found in these
three spatio-temporal parameters for mean values [step length:
F (1, 93) = 21.44, p < 0.001, η2

p = 0.19; gait speed: F (1,
93) = 40.68, p < 0.001, η2

p = 0.20; step width: F (1, 93) = 26.63,
p < 0.001, η2

p = 0.22] showing more deteriorated results in
the aMCI group as compared to healthy controls. Likewise,
an effect of group was found for CoVs for step length [F (1,
93) = 26.58, p < 0.001, η2

p = 0.22] and gait speed [F (1,
93) = 22.11, p < 0.001, η2

p = 0.19] where aMCI demonstrated

higher variability than controls. No main effect of group was
observed for CoV in step width [F (1, 93) = 0.14, p = NS] and
no significant interactions were found. Controlling for effects of
hearing on bilateral gait data: By controlling for hearing status
none of the results mentioned above were modified, except
for CoV of gait speed, where the main effect of condition
was no longer present [Pillai’s Trace = 0.03, F (3, 90) = 0.92,
p = NS]. Results from the bilateral analyses are presented in
Supplementary Table 1.

Lateralized Results (i.e., Right Foot and Left Foot Separately)
A series of three-way MANOVAS were performed in this part of
the analyses where the factors of condition (x 4), group (x 2) and
foot (x 2) were tested. By conducting these lateralized analyses,
we assessed possible asymmetric effects of DL on each of the gait
measures. Results did not show any significant main effect of foot
for neither gait speed [mean: Pillai’s Trace = 0.01, F (1, 93) = 1.29,
p = NS; CoV: Pillai’s Trace = 0.01, F (1, 93) = 0.73, p = NS] or step
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TABLE 3 | Mean and standard deviations for gait parameters by foot expressed in mean values and coefficients of variation (CoV).

Conditions

Baseline Non-forced Forced-right Forced-left

Controls aMCI Controls aMCI Controls aMCI Controls aMCI RMANOVA, p, (η2
p) ANCOVA, p, (η2

p)

M (SD) M (SD) M (SD) M (SD) M (SD) M (SD) M (SD) M (SD) Condition/Foot/Interact./Group Foot/Interact./Group/PTA

Mean

Step length R 62.8 (12.4) 55.4 (8.8) 60.4 (10.1) 51.6 (9.4) 58.7 (10.0) 50.4 (8.3) 58.9 (9.9) 50.5 (8.9)

Step length L 63.9 (9.0) 55.5 (8.9) 60.7 (9.2) 51.9 (9.2) 59.2 (9.4) 50.3 (9.4) 59.2 (9.4) 50.3 (9.4) 0.001 (0.3)/ NS/ NS//0.001 (0.2) NS/0.026 (0.1)/0.003 (0.1)/0.003 (0.9)

Gait speed R 1.1 (0.2) 0.8 (0.2) 1.0 (0.2) 0.7 (0.2) 0.9 (0.2) 0.7 (0.2) 1.0 (0.3) 0.7 (0.2)

Gait speed L 1.1 (0.2) 0.9 (0.2) 1.0 (0.2) 0.7 (0.2) 0.9 (0.3) 0.7 (0.2) 1.0 (0.3) 0.7 (0.2) 0.001 (0.4)/ NS /NS /0.001 (0.2) 0.03 (0.5)/NS/0.001 (0.1)/0.001 (0.3)

Step width R 9.3 (3.6) 13.5 (3.7) 9.7 (2.7) 13.2 (3.3) 10.3 (4.2) 13.1 (3.5) 9.0 (4.0) 13.2 (3.8)

Step width L 9.0 (3.8) 12.8 (3.1) 9.3 (3.2) 13.1 (3.5) 9.7 (4.2) 13.1 (4.0) 10.6 (3.5) 13.5 (3.7) NS / 0.002 (0.1)/ NS/ 0.001 (0.2) NS / NS/0.001 (0.1)/0.001 (0.1)

CoV (%)

Step length R 8.6 (6.2) 15.4 (7.5) 6.9 (5.7) 13.9 (7.3) 7.9 (6.5) 16.6 (9.9) 9.4 (7.9) 15.5 (7.9)

Step length L 8.6 (7.0) 15.4 (7.1) 7.7 (7.0) 13.5 (7.4) 7.9 (5.8) 17.0 (10.0) 9.4 (7.7) 15.1 (7.5) 0.001 (0.07)/0.015 (0.04)/NS/0.001 (0.2) 0.009 (0.04)/0.001 (0.2)/0.001 (0.1)

Gait speed R 8.7 (9.8) 20.9 (11.8) 9.2 (9.0) 21.6 (10.6) 12.4 (16.1) 26.5 (35.7) 11.9 (15.1) 27.2 (42.9)

Gait speed L 8.4 (9.1) 20.6 (11.6) 9.4 (8.6) 21.3 (10.6) 12.9 (15.2) 22.5 (35.8) 11.9 (14.7) 22.2 (11.6) 0.029 (0.03)/ NS/ NS/0.001 (0.06) NS/NS/ 0.001 (0.13)/0.011 (0.07)

Step width R 83.2 (43.6) 90.6 (31.9) 77.1 (29.4) 85.8 (33.9) 85.5 (29.9) 85.8 (29.8) 85.7 (35.4) 86.6 (32.7)

Step width L 81.3 (31.4) 90.6 (37.1) 82.9 (35.5) 83.0 (26.5) 87.6 (31.8) 85.5 (29.8) 86.6 (32.7) 83.6 (28.3) NS / NS / NS / NS NS / NS / NS/ NS

RMANOVA and ANCOVA with Bonferroni correction for multiple comparisons. Interactions marked with †refer to = Condition × Foot p < 0.05. Units for Step length,
Step width and Stride length = cm.; units for Gait speed = m/s. M, mean; SD, standard deviation; R, Right; L, Left; RMANOVA, repeated measures analysis of variance;
ANCOVA, Analysis of covariance; CoV, Coefficient of Variation; Interact., Interactions; PTA, Best Pure Tone Audiometry values; NS, non-significant; CoV, calculated with
the formula: (SD/mean) × 100.

FIGURE 4 | CoV, coefficient of variance, shown in %; aMCI, amnestic mild cognitive impairment; R, right; L, left; (significance level in aMCI shown with ∗p < 0.05;
∗∗p < 0.01; and ∗∗∗p < 0.001. Significance in healthy controls shown as †p < 0.05 for one limb and ‡p < 0.05 for both limbs).

length [mean: Pillai’s Trace = 0.01, F (1, 93) = 1.13, p = NS; CoV:
Pillai’s Trace = 0.0, F (1, 93) = 0.16, p = NS]. The same results as
those reported in the bilateral analyses regarding main effects for
condition and group were replicated for these two variables on
both means and CoVs values and therefore, these results are not
reported in this section.

However, a main effect of foot was observed on the mean
of step width [Pillai’s Trace = 0.11, F (1, 93) = 11.30,
p < 0.001, η2

p = 0.11]. This finding indicated that the values
of step width were wider for the right foot of all participants

disregarding group. Furthermore, the main effect of group
already observed in the bilateral analyses was equally present in
the lateralized analyses. Nevertheless, this time we could note that
the differences between feet were larger for aMCI group than
for controls (see Table 3). In spite of this finding, no significant
Foot×Group interaction existed. Interestingly, no main effect of
foot was observed on the CoV of step width [Pillai’s Trace = 0.00,
F (1, 93) = 0.41, p = NS], which agrees with the lack of main effects
for group and condition already observed on this exact variable in
the bilateral MANOVA.

Frontiers in Aging Neuroscience | www.frontiersin.org 9 November 2021 | Volume 13 | Article 718900102

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-718900 November 8, 2021 Time: 16:20 # 10

Gorecka et al. Dichotic Listening While Walking in aMCI

Controlling for effects of hearing on lateralized gait
parameters: In line with the approach applied on the bilateral
analyses, we also conducted a series of factorial MANCOVAs
with Best PTA as covariate on the lateralized assessments.
Results showed no significant effects of the covariate in the
mean of all three gait measures or on the CoVs of gait speed
and step width. Nonetheless, we found an exception for the
CoV of step length in which Best PTA affected the original
results by nullifying a significant interaction and causing the
occurrence of two new significant interactions. First, we found
that the interaction between Condition × Group became
non-significant after controlling for hearing status [Pillai’s
Trace = 0.08, F (3, 90) = 2.51, p = NS]. Second, the appearance
of a significant interaction between Condition × Foot [Pillai’s
Trace = 0.08, F (3, 90) = 2.75, p < 0.05, η2

p = 0.11] and between
Condition× Foot×Group [Pillai’s Trace = 0.08, F (3, 90) = 2.63,
p < 0.05, η2

p = 0.08] were seen after controlling for Best PTA.
Analyses of simple main effects revealed that aMCI participants
displayed significantly higher CoVs (p < 0.05) for left foot in the
NF condition as compared to Baseline (see Figure 4). No further
significant differences for the aMCI group were seen in left or
right foot variability across the dual-task conditions.

Regarding the healthy control group, several findings yielded.
To begin with, there was observed a significant increment in
variability on both the right and the left foot (p < 0.05) during
the FR as compared to NF condition (see Figure 4). Also, step
length variability of right foot increased significantly during
the FR (p < 0.001) and the FL (p < 0.01) conditions as
compared to Baseline.

DISCUSSION

In the present study, individuals with amnestic MCI and
cognitively healthy older controls performed a dual-task
paradigm consisting of a dichotic listening task simultaneously
to over-ground walking. The main goal was to determine
whether spontaneous vs. volitional focus of attention evoked
quantitative and qualitative impairments on gait in aMCI
individuals as compared to healthy controls. As in any complex
dual-task situation, we found that performing DL while walking
compromised quantitatively all gait parameters in the aMCI
group. The aMCI group showed worse mean values in all
conditions, in regard to slower gait speed, shorter step length,
and wider step width. However, the aMCI group’s CoVs were
significantly higher for step length and gait speed during the
forced attention-conditions. No increment was found on step
width CoV. Thus, these data confirm that our dual-task paradigm
posed heavier demands for the individuals with aMCI particularly
during volitional control of attention.

However, we also expected qualitative differences in the aMCI
group, such as asymmetric gait outcomes related to lateralized
focus of attention. This was not the case. Only after adjusting for
hearing status, we observed a significant asymmetric increment
on step length variability of left foot in the aMCI group during
the NF condition. No further significant asymmetries were seen
in this group. It could be argued that this is a main finding in

our study, but a closer scrutiny to Figure 4 shows that the result
could be incidental. Indeed, the significant result offers a hint
to the possible moderating role hearing loss might exert on step
length variability of these individuals. Notwithstanding, we rather
believe that the main finding of this investigation relies on the
lack of asymmetries in the aMCI group. In fact, the difference in
number of significant asymmetries that arose in healthy controls
and not in aMCI participants after controlling for hearing status
is worth noting.

After adjusting for Best PTA, significant asymmetries were
disclosed in the control group related to increased step length
variability of their right foot in all conditions, though the
effect was more evident during the forced-attention conditions.
Usually, asymmetries are regarded as deleterious or linked to
pathology in older populations (Verghese et al., 2008; Yogev-
Seligmann et al., 2008). Therefore, our interpretation has been
that asymmetries in healthy older adults evoked by directing
attention to one specific ear are detrimental. However, in the
present study, without accounting for hearing status, these effects
get masked and their emergence after controlling for Best PTA
-thresholds suggests a link to good auditory compensation.
This interpretation was also reported in our study from 2018
(Gorecka et al., 2018). In short, healthy elders have better
hearing acuity than aMCIs across all audiometric outcomes,
which indicates that controls had better perceptual abilities that
enable them to perform the task appropriately and for this
reason the asymmetries evoked may represent a risk of falling in
healthy seniors.

Now, the question is why aMCIs did not display as
many asymmetries as controls and the answer may rely on
performance of the DL task. As mentioned in the introduction,
dichotic listening tasks have been usually applied in MCI
persons for the assessment of hearing ability (Swords et al.,
2018), which limits information about the exact nature of
attentional/executive disabilities of this population during
performance of DL. In the present study, even if the aMCI
group reported more responses from the right side (regardless
of the task’s instructions), the number of correct responses
across conditions did not differ significantly between groups.
In spite of no group differences, aMCIs clearly showed a
difficulty to direct attention to left ear as denoted by the
laterality indexes (LIs). This finding is understandable as
aMCI individuals present not only memory difficulties but also
executive impairments (Johns et al., 2012; Rabi et al., 2020),
which are documented by the neuropsychological results of
our study. Notwithstanding, the LIs not only point to the
aMCI group’s difficulty in focusing on the non-dominant ear.
On one hand, LIs revealed that the aMCI group had less
REA in the NF condition than healthy controls, indicating
troubles in bottom-up processing based on perceptual salience
of the stimulus material (Kaya and Elhilali, 2014), which can be
related to their hearing difficulties. On the other hand, aMCI
participants did not show a clear attentional focus for any
side, as their LIs were rather similar during the NF and FR
conditions. Thus, these findings suggest a lack of lateralized
attentional capacity to attend auditory stimuli, which hinders
them to properly direct their attention to any specific side.
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Still, the aMCI group’s gait becomes compromised, though,
not asymmetrically.

The reason for having difficulties in the DL task during
walking are various and not necessarily only based on executive
dysfunctions. It is certain that the main sources of their inability
to perform DL are associated to executive impairments and
hearing troubles. Still, the aMCI individuals could have neglected
to adequately execute the dual-task due to prioritization of
walking. It has been shown that just “walking while talking”
is a demanding task for some type of elders (Lundin-Olsson
et al., 1997). Thus, a too complex cognitive task such as DL
while walking, imposing too much cognitive load causes older
individuals with cognitive impairment to take a cautious and
more secure walking strategy (Cederwall et al., 2014; Montero-
Odasso et al., 2014). Hence, it is possible that the aMCI
group adopted a “posture first”- strategy (i.e., they might have
prioritized the walking) (Yogev-Seligmann et al., 2012), in spite
of being required to perform as well as possible, both the
walking and attending the DL test. This highlights the importance
of selecting appropriately difficulty level for the concomitant
task (see Montero-Odasso et al., 2014; Bishnoi and Hernandez,
2020). For instance, the Bergen Dichotic Listening Test that
was applied in this study is based on syllables as auditory
stimuli. It may have proved difficult for aMCI participants to
perceive and differentiate between these sounds, due to their
heavier hearing difficulties. It is reported that effortful listening
in older people increases cognitive load (Carr et al., 2020).
Thus, not being able to fully perceive sounds successfully,
might have increased the cognitive load during execution of DL
and under such circumstances, auditory and motor processes
may compete for limited resources (Bruce et al., 2017). Based
on the above, it is plausible that implementation of another
DL paradigm relying on the use of meaningful words may
promote asymmetric effects as those seen in healthy controls.
Therefore, future studies evaluating individuals with MCI should
apply DL paradigms involving regular or familiar words for
easier recognition (Westerhausen and Samuelsen, 2020) and
confirmation of the present findings such as simple numbers
(Klichowski and Kroliczak, 2017) or sentences like the “Dichotic
sentence identification test” (Jerger et al., 1994).

Another possible reason related to the lack of asymmetries
in the aMCI group, concerns the walking setting in our
study. In most dual-tasks studies, participants are required
to walk for shorter distances and in a linear fashion on a
walkway. In our paradigm, subjects walked straight as well as
negotiate the turns to follow the circuit within the walking area,
which requires adjusting their walking accordingly. Memory
and executive functions are necessary to maintain a safe gait,
and deficits in these cognitive domains affect the ability to
estimate hazards in balance and navigation (Montero-Odasso
et al., 2017) such as the turns in the Optogait field. In
a recent study, by Pieruccini-Faria et al. (2019) it has been
demonstrated that executive functions have a mediating role in
abnormal gait control and gait adjustments, meaning by this that
persons with executive impairments cannot judge appropriately
environmental hazards. Consequently, the walking design of
the present study could have contributed to the prioritization

of walking in aMCI individuals as turning poses additional
challenges to walking (Sunderaraman et al., 2019).

In line with the previous argument, the counterclockwise
direction adopted in our study may potentially have an impact
on the results. To our knowledge, no study has been conducted
to compare asymmetric effects of walking directions on spatio-
temporal gait data and this yields for any type of population.
However, a study by Caballero et al. (2019), showed no significant
differences on walking kinematic variability between clockwise
or counterclockwise walking directions. Thus, because right-
handers tend to prefer a counterclockwise walking direction
(Mohr et al., 2003), and walking turn preference has been
reported to work as a stabilizing factor in walking (Lenoir et al.,
2006) we believe that the adopted walking direction should not
have a substantial effect on our results, at least on the cognitively
healthy controls. Notwithstanding, data from our laboratory
(Rodríguez-Aranda et al., 2018) and other researchers (Liu
et al., 2018) indicate that right-handed MCI individuals undergo
abnormal lateralized abilities that might cause alterations on
walking preferences. Thus, future studies are encouraged to
apply other walking alternatives to evaluate whether the present
findings rely on the sole use of DL, independent of walking
environment, or whether gait alterations due to DL are tightly
related to the experimental situation.

All in all and based on the findings the most parsimonious
interpretation is that our data point to a combination of auditory
and attentional constraints that impeded good task-execution
in aMCI individuals and hence, a lack of asymmetries. For this
reason, we wish to deepen into the interplay of hearing, cognition
and walking among aMCIs and healthy elders.

Interplay of Hearing Loss, Attentional
Abilities and Gait Perturbations in
Normal Aging and aMCI
Results of the present study suggest that different levels of hearing
loss and attentional decline in two groups of older adults interact
differently during execution of dichotic listening while walking.
The appearance of asymmetric effects on step length variability
seems to be a perturbation related to normal aging, while the
lack of asymmetries but exaggerated variability increments on
gait needs to be regarded as pathological and proper to aMCI.
These outcomes are of interest, and they contribute to better
understanding the interplay of cognitive and sensory-motor
changes in the aging continuum.

There are scarce empirical data about how concomitant
disabilities such as hearing decline and attentional impairments
affect functional aspects of older persons, such as gait. Much
information exists coupling peripheral hearing loss with central
auditory dysfunction, and risk factor for dementia (e.g., Thomson
et al., 2017). Also, several cross-sectional and longitudinal
investigations have reported a link between hearing loss,
cognitive decline and frailty in older populations including
community dwelling elders (Kamil et al., 2016), as well as those
suffering of MCI and Alzheimer’s disease (Rahman et al., 2011;
Panza et al., 2015; Wayne and Johnsrude, 2015). It must be
highlighted that the link between hearing loss and cognitive
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decline in aging is not a new one (e.g., Lin et al., 2013). In
contrast, the suggestion that these ailments are tightly related
to frailty, and specifically to its operationalization based on gait
impairments is a more recent observation (Ayers and Verghese,
2019; Panza et al., 2019; Cheng et al., 2021). Because, we are
still far from understanding the real nature of these associations,
we believe that the present study is a step forward to unveil
how concrete cognitive constraints, such as attentional control
dependent on hearing acuity affects gait in aMCI. In addition,
our results have clinical implications since we have focused on
aMCI, which is the MCI subtype most susceptible to progress
into Alzheimer’s dementia. Since MCI subtypes are proposed to
differ in neuropathology (see Doi et al., 2017), gait outcomes
in dual-tasking are expected to vary accordingly. Though, so
far, few dual-task studies have been conducted as an attempt
to distinguish between non-amnestic and amnestic MCI (for
review, see Doi et al., 2014; Montero-Odasso et al., 2014; Tseng
et al., 2014; Bishnoi and Hernandez, 2020). The present findings
suggest that in order to properly establish differential profiles
based on MCI subtypes, cognitive and sensory declines need
to be integrated.

Limitations and Strengths
There are some limitations of this investigation that should be
acknowledged. The lack of DL as single-task can be regarded
as a weakness of our study. Many dual-tasks paradigms assess
the motor and cognitive tests as both single and during dual-
tasking. However, since we wished to evaluate the effects of
the experimental situation without previous exposure to DL,
we intentionally did not assess the cognitive test as single task.
A similar approach has been adopted in several studies that
equally have only assessed single-task performances in cognition
(Al-Yahya et al., 2011). In the current study, the rationale of
avoiding single-execution of DL was important to appraise the
effects of this over-ground dual-task paradigm as a novel situation
and as a more ecological approach where participants were naïve
to the cognitive task. However, the interest of applying DL
as single test among aMCI participants is evident and future
research should include DL as a single-task (both the Bergen DL
test and other variants) to deepen into the executive abilities of
aMCI as well as to assess the effects of previous exposure of DL in
the dual-task paradigm.

Another limitation is that we have not explored whether the
walking direction (i.e., counterclockwise) and/or settings (i.e.,
walking in circles) may impact the results. Future investigations
are encouraged to address these issues by conducting the present
paradigm in straight walking environments and by comparing
outcomes from different walking directions. Also, it is important
to acknowledge that while our group of aMCI is well defined
and the amnestic subtype is the most prone to convert into
Alzheimer’s dementia (Ward et al., 2013), not everyone with such
a diagnosis develop dementia (Langa and Levine, 2014). In fact,
the certainty of the diagnosis can only be achieved after a follow-
up assessment (Sun et al., 2019). This means that only through
a longitudinal evaluation we would be able to assert whether the
present paradigm can be used in the early detection of AD.

Despite the limitations of the present study, we wish
to highlight some important strengths. In addition to the
application of an ecologically valid paradigm, we regard
the selection of the patient group as important. The aMCI
participants recruited in our study were referred from
the University Hospital of North Norway with a clinical
diagnosis of MCI. Thereafter, these participants underwent a
thorough neuropsychological assessment, which enabled correct
classification into MCI subtypes. Compared to many aging
studies dealing with a wide category of MCI, who are recruited
from the community and are often categorized in MCI upon
single measures of cognitive status (e.g., MMSE score), our
criteria for aMCI inclusion provides clinical trustworthiness to
our findings. We used several measures within each cognitive
domain to determine not only subtype of MCI but also to ensure
normal cognitive status of controls. Many studies apply too
few measures representing different cognitive domains, which
prove not to be sufficient (Clark et al., 2013). By having the
certitude that the MCI group in this current study is properly
classified as aMCI, we also assert that this sample indeed displays
mixed difficulties of memory and executive dysfunctions. Rabi
et al. (2020) suggested that individuals properly categorized as
aMCI from clinical samples, not only show higher conversion
to Alzheimer’s Disease but also perform significantly worse on
measures of executive functions than community-based samples.
This in turn allows us to claim that the difficulties to perform
DL task by the aMCI group are strongly related to executive
impairments and higher levels of hearing loss.

Clinical Implications and Future
Directions
Challenging everyday actions such as dual-tasking depend
heavily on cognitive resources but also on adequate hearing
and free walking. The present approach reveals the importance
to assess multiple bodily and cognitive changes affecting older
adults that are in need of preserving their autonomy as long as
possible. Applying DL with gait assessment may provide a cost-
efficient and sensitive measure to detect gait difficulties, cognitive
dysfunction, and auditory difficulties in older adults with a
probable risk of developing dementia. Since older adults with
hearing loss are at greater risk of falls, audiological assessment
in addition to thorough cognitive evaluation and gait analysis
may be important in providing a holistic approach to aid
activities of daily living in older adults with MCI. The association
between cognition, hearing loss and gait disturbances provides
an interdisciplinary approach in assessment and shows that a
targeted audiological rehabilitation could be used to complement
physical and cognitive rehabilitation in older adults.

Furthermore, we consider that the clinical application of
the present paradigm has a great potential on the differential
diagnosis of various MCI subtypes. For instance, results of the
present study can be compared to the rest of the traditional
MCI subgroups. Though, because our paradigm tightly involves
a motor element (walking), hearing ability and their interplay to
lateralized attentional/executive capacities, other MCI subtypes
more prone to present impairments in these areas represent
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a fruitful venue of exploration. The recent criteria proposed
for prodromal Lewy-Body Dementia (LBD) and Parkinson’s
Disease Dementia (PDD) (McKeith et al., 2020; Pieruccini-Faria
et al., 2021) offers good examples. It has been reported that
auditory hallucinations are an important characteristic for LBD
and PDD (Eversfield and Orton, 2019) and in turn, hallucinations
have been related to greater hearing loss, mainly in PDD (Lai
et al., 2014). In addition, it is suggested that MCI for LBD and
PDD characterizes by important executive impairment which
has been successfully evaluated with the Stroop test (Belghali
et al., 2017). Thus, application of the present paradigm with
dichotic listening offers a good alternative that relies on an
ecologically valid environment. In sum, it is appealing to consider
in future research the use of dichotic listening while walking in
the differential diagnosis of prodromal LBD and PDD.

CONCLUSION

Results of the present study demonstrate that the interplay
between cognitive status, hearing loss and gait perturbations
differs between cognitively healthy older adults and individuals
with aMCI. Asymmetric effects on step length variability
were evident in controls who were able to perform DL task
appropriately. In contrast, symmetric gait variability increased
overly in aMCI participants due to lack of cognitive and
auditory abilities that enabled them to execute the DL test.
Thus, the association between hearing, cognition and gait in
older populations is undisputable, but based on our findings
the interactive mechanisms are not so easy to seize. Outcomes
may depend upon degree of impairment and task difficulty.
In addition, other factors such as task prioritization, novelty
in the walking environment and practice may have a further
impact in the results. Future studies should further investigate the
importance of these aspects in different MCI subtypes.

Application of the present dual-task paradigm with aMCI
individuals stresses the importance of considering sensory loss
when assessing the mechanisms behind dual-task decrements
in older adults with cognitive impairment. From a clinical
perspective, it is crucial to understand the moderating role
of hearing loss in cognition and functional abilities, especially
related to how these deteriorations enhance the risk of dementia
development. Therefore, we consider that the present paradigm
is a suitable alternative to better understanding of the sensory-
motor-cognition triad of hearing loss, gait perturbations and
executive impairments in MCI.

As exposed by authorities in the field, there is a need to
improve the methods used to understand the cognition-gait
association link in specific populations of older adults (Montero-
Odasso et al., 2019). Currently, the cognitive tasks suggested
for dual-task paradigms rely on complex and intertwined
cognitive abilities with no predominant involvement of a
specific sensorial modality. Probably therefore they affect gait
at a rather general level, perturbing many spatiotemporal
parameters. Thus, we believe that the present findings are a
step forward to improve an understanding of how specific
attentional constraints in the auditory modality affects concrete

gait characteristics. It is still early to declare whether our
paradigm is a suitable assessment method for the detection
of aMCI as we have to assert adequate difficulty level of
DL and the possible differential strength of this method
for different MCI subtypes at the long term. Nevertheless,
application of dichotic listening on dual-task paradigms provides
a promising multicomponent assessment tool for the early
detection of cognitive impairment and future studies should
account for other decrements in sensory functions such as visual
acuity or balance.
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Objectives: Age-related hearing loss (ARHL) is highly prevalent among older adults, but
the potential mechanisms and predictive markers for ARHL are lacking. Epigenetic age
acceleration has been shown to be predictive of many age-associated diseases and
mortality. However, the association between epigenetic age acceleration and hearing
remains unknown. Our study aims to investigate the relationship between epigenetic
age acceleration and audiometric hearing in the Baltimore Longitudinal Study of Aging
(BLSA).

Methods: Participants with both DNA methylation and audiometric hearing
measurements were included. The main independent variables are epigenetic age
acceleration measures, including intrinsic epigenetic age acceleration—“IEAA,” Hannum
age acceleration—“AgeAccelerationResidualHannum,” PhenoAge acceleration—
“AgeAccelPheno,” GrimAge acceleration—“AgeAccelGrim,” and methylation-based
pace of aging estimation—“DunedinPoAm.” The main dependent variable is speech-
frequency pure tone average. Linear regression was used to assess the association
between epigenetic age acceleration and hearing.

Results: Among the 236 participants (52.5% female), after adjusting for age, sex, race,
time difference between measurements, cardiovascular factors, and smoking history,
the effect sizes were 0.11 995% CI: (–0.00, 0.23), p = 0.054] for Hannum’s clock, 0.08
[95% CI: (–0.03, 0.19), p = 0.143] for Horvath’s clock, 0.10 [95% CI: (–0.01, 0.21),
p = 0.089] for PhenoAge, 0.20 [95% CI: (0.06, 0.33), p = 0.004] for GrimAge, and 0.21
[95% CI: (0.09, 0.33), p = 0.001] for DunedinPoAm.

Discussion: The present study suggests that some epigenetic age acceleration
measurements are associated with hearing. Future research is needed to study the
potential subclinical cardiovascular causes of hearing and to investigate the longitudinal
relationship between DNA methylation and hearing.

Keywords: aging, age-related hearing loss (ARHL), epigenetic clock, DNA methylation, pace of aging, phenotypic
aging, functional aging, epigenetic age acceleration
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INTRODUCTION

Age is one of the strongest risk factors for hearing loss which is
prevalent in nearly two-thirds of adults over 70 years (Goman
and Lin, 2016; Kuo et al., 2021). According to the geroscience
paradigm, most age-related chronic diseases are caused by the
shared biological mechanisms of aging (Ferrucci et al., 2018; Kuo
et al., 2020). Among these hallmarks of aging, epigenetic change
and DNA methylation have been associated with chronic disease
(Salameh et al., 2020; Oblak et al., 2021). It is plausible that
epigenetic mechanisms also contribute to hearing loss (Walters
and Cox, 2019; Leso et al., 2020).

We have previously hypothesized that there is a hierarchical
and temporal relationship between biological aging, phenotypic
aging, and functional aging (Ferrucci et al., 2018; Kuo et al.,
2020). Thus, biomarkers that capture the rate of biological
aging may capture the early development of age-related diseases
such as hearing loss prior to the full onset of symptoms and
perception of deficits by the individual (Ferrucci et al., 2018;
Kuo et al., 2020). Over the past decade, DNA methylation
has emerged as one of the most promising biomarkers that
captures biological aging (Oblak et al., 2021). Previous studies
have demonstrated that independent of chronological age, DNA
methylation clock algorithms predict several health outcomes,
including chronic diseases and mortality (Oblak et al., 2021).
There have been several recent refinements of methods first
suggested by Bocklandt et al. (2011); Hannum et al. (2013), and
Horvath (2013). Levine et al. (2018) developed an algorithm
using an aggregate measure of phenotypic aging (“PhenoAge”)
that included biomarkers that are commonly measured in a
clinical setting trained by predicting mortality, and then train
the epigenetic clock on this aggregate measure of phenotypic
aging. Lu et al. (2019) used an alternate strategy first building
epigenetics-based measures for informative aging markers and
smoking pack-years, and then summarize these measures into
a composite score (“GrimAge”). Belsky et al. (2020) proposed
to first summarize the longitudinal rate of changes across
several available phenotypes to then create a summarized
epigenetic score (“DunedinPoAm”) to predict the summarized
rate of changes.

Although the relationship between these epigenetic measures
and many early life exposures as well as age-related functional
decline (e.g., declining cognitive and physical function) have
been widely studied (Oblak et al., 2021), the relationship
between accelerated epigenetic measures and hearing has not
been established yet. In this paper, we examine the relationship
between several epigenetic clocks and audiometric hearing in the
Baltimore Longitudinal Study of Aging (BLSA).

MATERIALS AND METHODS

Study Population
The BLSA is a study of healthy aging conducted by the National
Institute on Aging Intramural Research Program. Established
in 1958 and comprehensively revised in 2003, the BLSA
includes extensive domain-based phenotypic measurements and

molecular biomarkers (Kuo et al., 2020). All participants are
community-dwelling volunteers free of major chronic conditions
upon enrollment. Detailed inclusion/exclusion criteria are
described in our previous work (Kuo et al., 2020). DNA
extracted from buffy coats derived from overnight fasting blood
samples were used for DNA methylation measurement. The
study protocol has been approved by the Internal Review Board
of the Intramural Research Program of the National Institutes
of Health and participants provided written informed consent
at each visit. The study sample for the analyses described here
includes participants with DNA methylation measurement and
audiometric hearing measurements no more than 6 years apart.

DNA Methylation and Epigenetic Age
Acceleration
DNA methylation was assayed using DNA extracted from
blood samples collected at visits between November 1993 and
March 2010. CpG methylation status of 485,577 CpG sites was
determined using the Illumina Infinium HumanMethylation450
BeadChip (Illumina Inc., San Diego, CA) per the manufacturer’s
protocol. Data processing included NOOB and BMIQ
normalization using R package “minfi” (Aryee et al., 2014).
Multi-dimension scaling-defined outliers, as well as sex and
SNP discordant samples were excluded in quality control. The
following chronological age independent epigenetic measures
were calculated: intrinsic epigenetic age acceleration—“IEAA,”
Hannum age acceleration—“AgeAccelerationResidualHannum,”
PhenoAge acceleration—“AgeAccelPheno,” GrimAge
acceleration—“AgeAccelGrim,” and methylation-based pace of
aging estimation —“ DunedinPoAm” (or “POAm_38_Dunedin”
in this paper). Epigenetic ages were calculated using the
Horvath online calculator1 or “projector” package.2 As to the
construction of PhenoAge, Levine et al. (2018) “first” used the
blood-based clinical phenotypes (albumin, creatinine, glucose,
c-reactive protein, lymphocyte percentage, mean cell volume,
red cell distribution with, alkaline phosphatase white blood
cell count), and chronological age. To calculate the pace of
aging in Dunedin cohort, Belsky et al. (2020) incorporated
the longitudinal changes in 18 phenotypes (cardiorespiratory
fitness, mean arterial pressure, lipoprotein, triglycerides, total
cholesterol, HDL cholesterol, ApoB100/ApoA, and etc.). As
to GrimAge, Lu et al. (2019) leveraged on the epigenetic
estimates of seven proteins and smoke-pack years to generate the
methylation-based GrimAge.

Audiometry
Audiometric testing was conducted using a sound-attenuating
booth and an Interacoustics AD629 audiometer with ER3A insert
earphones by trained technicians. Air-conduction thresholds
were assessed in each ear at octave frequencies from 0.5 to
8 kHz. The speech-frequency pure tone average (PTA) defined
by thresholds at 0.5, 1, 2, and 4 kHz in the better ear was
used in the main analyses (Lin et al., 2011). Higher PTA
means worse hearing.

1https://dnamage.genetics.ucla.edu/
2https://github.com/danbelsky/DunedinPoAm38
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Other Covariates
Age, sex, race, smoking history, and history of hypertension,
diabetes, congestive heart failure, peripheral arterial disease
were obtained from health history interviews and examinations
conducted by the trained health professionals. As to detailed
smoking history, participants were asked about their history of
using pipe tobacco, cigarette, and cigar.

Statistical Analysis
Linear regression was used to estimate the association
between epigenetic measurements (independent variable)
and audiometric hearing (dependent variable). In model 1, we
adjusted for sex, black race, age, and time difference between
epigenetic measurement and hearing measurement. In model 2,
to account for potential confounding by cardiovascular diseases,
we further adjusted for hypertension, diabetes, congestive heart
failure, and peripheral arterial disease. Because smoking history
was used as an intermediate step to create GrimAge, in model 3,
to account for the potential confounding by smoking, we further
adjusted for smoking history (4 category: never smoker, quit over
10 years ago, quit less than 10 years ago, and current smoker).
Since not all epigenetic clocks were developed using populations
with wide age ranges, we performed a subgroup analysis limiting
to those aged 60 and above. Additional sensitivity analysis
evaluating smoking using pack-years including pipe tobacco,
cigarette, and cigar history were also conducted. Further, we
also conducted the other sensitivity analysis using the PTA at
worse ear as dependent variable. All standardized estimates were
reported with 95% confidence interval (CI). The analysis was
conducted using R 3.6.

RESULTS

Baseline characteristics of the analytic population are shown in
Table 1. Of the 236 participants, 124 (52.5%) were female, and
135 (57.2%) had never smoked. The mean epigenetic ages across
epigenetic measures were lower than the mean chronological age
of the study sample: Hannum—67.81 (SD: 11.47), Horvath—
66.65 (SD: 10.42), PhenoAge—59.39 (SD: 12.16), and GrimAge —
63.69 (SD:9.72). The mean pace of aging estimated by DNA
methylation was 1.02 (SD: 0.08).

Because not all epigenetic age acceleration measurements are
with the same unit, we quantify the association using effect size
that corresponds to the standard deviation difference in PTA
associated with a one standard deviation increase in epigenetic
age acceleration. As shown in Table 2, after adjusting for age, sex,
race, and measurement time interval, the association between all
epigenetic measures and hearing was positive with statistically
significant associations for GrimAge (“AgeAccelGrim”) with
effect size of 0.19 (p = 0.001), and pace of aging estimate
(“POAm_38_Dunedin”) with effect size of 0.19 (p < 0.001)
(Table 2, Model 1). The direction and magnitude of associations
were consistent after additional adjustment for hypertension,
diabetes, congestive heart failure, peripheral arterial disease, and
smoking history (Table 2, Model 3, and Figure 1).

TABLE 1 | Baseline characteristics among 236 participants in Baltimore
Longitudinal Study of Aging.

Characteristics Overall Female Male

Mean (SD)/n (%)

N 236 (100) 124 (52.5) 112 (47.5)

Age 68.39 (10.73) 67.24 (10.90) 69.67 (10.44)

Black 65 (27.5) 40 (32.3) 25 (22.3)

Pure tone averagea 29.75 (14.98) 27.31 (14.80) 32.46 (14.77)

Epigenetic summaryb

Hannum’s DNAmAge 67.81 (11.47) 65.23 (11.44) 70.66 (10.85)

Horvath’s DNAmAge 66.65 (10.42) 65.15 (10.29) 68.33 (10.35)

DNAmPhenoAge 59.39 (12.16) 57.90 (12.21) 61.03 (11.94)

DNAmGrimAge 63.69 (9.72) 61.12 (9.52) 66.54 (9.16)

DunedinPoAm 1.02 (0.08) 1.00 (0.08) 1.04 (0.08)

Other covariates

Hypertension 154 (73.3) 71 (65.1) 83 (82.2)

Diabetes 38 (18.1) 11 (10.1) 27 (26.7)

Congestive heart failure 35 (16.7) 13 (11.9) 22 (21.8)

Peripheral arterial disease 7 (3.3) 2 (1.8) 5 (5.0)

Smoke history

Never 135 (57.2) 77 (62.1) 58 (51.8)

Quit over 10 years ago 93 (39.4) 45 (36.3) 48 (42.9)

Quit less than 10 years ago 4 (1.7) 1 (0.8) 3 (2.7)

Current 4 (1.7) 1 (0.8) 3 (2.7)

aPure tone average was defined as average thresholds across speech frequency
(0.5–4 Hz). Higher pure tone average means worse hearing.
bEpigenetic Summary includes Hannum’s DNAmAge (the clock developed
by Hannum et al., 2013), Horvath’s DNAmAge (the clock developed by
Horvath, 2013), DNAmPhenoAge (the clock developed by Levine et al., 2018),
DNAmGrimAge (the clock developed by Lu et al., 2019), and DunedinPoAm (the
clock developed by Belsky et al., 2020).

Because some epigenetic clocks were developed in older
populations, a subgroup analysis limiting to 197 participants
aged 60 and above was performed. Models were estimated
with the same covariates as the analyses performed in
the full study sample. Similar direction and magnitude of
association were observed in the subset of older participants
with statistically significant associations observed for GrimAge
(“AgeAccelGrim”) 0.20 (p = 0.005), and pace of aging estimate
(“POAm_38_Dunedin”) 0.21 (p = 0.001) in the fully adjusted
model (Table 3, Model 3, and Figure 1).

For the fine adjustment of smoking using pack-years,
the results remained consistent (Supplementary Table 1).
When the dependent variable changed from PTA at better
ear to PTA at worse ear, the results remained consistent
(Supplementary Figure 1).

DISCUSSION

To the best of our knowledge, this is the first study investigating
the relationship between epigenetic clocks and hearing loss using
objective audiometric measurement among healthy adults in
the U.S. Our results demonstrate that the relationship between
epigenetic clocks and hearing varies across epigenetic clock
algorithms. In comparison to the Hannum clock, Horvath clock,
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TABLE 2 | Association between summarized epigenetic measurements and hearing (n = 236).

Model 1 Model 2 Model 3

Epigenetic measurementa Estimatesb 95% CI p-value Estimatesb 95% CI p-value Estimatesb 95% CI p-value

AgeAccelerationResidualHannum 0.07 –0.03–0.18 0.159 0.10 –0.02–0.21 0.090 0.11 –0.00–0.23 0.054

IEAA 0.08 –0.02–0.18 0.125 0.07 –0.04–0.18 0.204 0.08 –0.03–0.19 0.143

AgeAccelPheno 0.08 –0.02–0.18 0.104 0.09 –0.02–0.20 0.108 0.10 –0.01–0.21 0.089

AgeAccelGrim 0.19 0.08–0.31 0.001 0.21 0.08–0.33 0.001 0.20 0.06–0.33 0.004

DunedinPoAm 0.19 0.09–0.30 < 0.001 0.21 0.10–0.33 < 0.001 0.21 0.09–0.33 0.001

Linear regression was used for calculating the association between epigenetic measurements and hearing. Speech-frequency pure tone average at better ear was used
for hearing measurement, and treated as the dependent variable in the linear regression.
Model 1: adjusted for sex, black, age, time difference between epigenetic and hearing measurements.
Model 2: adjusted for sex, black, age, time difference between epigenetic and hearing measurements, hypertension, diabetes, congestive heart failure, and peripheral
arterial disease.
Model 3: adjusted for sex, black, age, time difference between epigenetic and hearing measurements, hypertension, diabetes, congestive heart failure, peripheral arterial
disease, and smoke history.
aTo measure epigenetic age acceleration, the chronological age-adjusted version was used. AgeAccelerationResidualHannum is the chronological age-adjusted version
for the epigenetic clock proposed by Hannum et al. (2013). IEAA is the chronological age-adjusted version for the epigenetic clock proposed by Horvath (2013).
AgeAccelPheno is the chronological age-adjusted version for the epigenetic clock proposed by Levine et al. (2018). AgeAccelGrim is the chronological age-adjusted
version for the epigenetic clock proposed by Lu et al. (2019). DunedinPoAm is the epigenetic score proposed by Belsky et al. (2020) which did not need additional
adjustment for chronological age.
bEstimates referred to the estimate of effect size.
Bold indicates p < 0.05.

FIGURE 1 | Effect sizes of epigenetic measurements on hearing. To measure epigenetic age acceleration, the chronological age-adjusted version was used.
AgeAccelerationResidualHannum is the chronological age-adjusted version for the epigenetic clock proposed by Hannum et al. (2013). IEAA is the chronological
age-adjusted version for the epigenetic clock proposed by Horvath (2013). AgeAccelPheno is the chronological age-adjusted version for the epigenetic clock
proposed by Levine et al. (2018). AgeAccelGrim is the chronological age-adjusted version for the epigenetic clock proposed by Lu et al. (2019). DunedinPoAm is the
epigenetic score proposed by Belsky et al. (2020) which did not need additional adjustment for chronological age.

and PhenoAge, GrimAge and pace of aging epigenetic clock have
stronger associations with hearing, in terms of both magnitude
and statistical significance.

Our results suggest that not all commonly cited epigenetic
clocks may correlate with sensory function. Although these
clocks have been shown to be associated with mortality, as
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TABLE 3 | Association between summarized epigenetic measurements and hearing among those aged 60 years and above (n = 197).

Model 1 Model 2 Model 3

Epigenetic measurementa Estimatesb 95% CI p-value Estimatesb 95% CI p-value Estimates b 95% CI p-value

AgeAccelerationResidualHannum 0.07 –0.05–0.19 0.242 0.10 –0.02–0.22 0.119 0.12 –0.01–0.24 0.066

IEAA 0.07 –0.04–0.19 0.211 0.07 –0.05–0.18 0.277 0.08 –0.04–0.20 0.192

AgeAccelPheno 0.08 –0.04–0.20 0.194 0.08 –0.04–0.20 0.183 0.09 –0.03–0.21 0.150

AgeAccelGrim 0.21 0.08–0.34 0.001 0.22 0.09–0.35 0.001 0.20 0.06–0.34 0.005

DunedinPoAm 0.19 0.07–0.31 0.002 0.22 0.10–0.34 < 0.001 0.21 0.08–0.33 0.001

Linear regression was used for calculating the association between epigenetic measurements and hearing. Speech-frequency pure tone average at better ear was used
for hearing measurement, and treated as the dependent variable in the linear regression.
Model 1: adjusted for sex, black, age, time difference between epigenetic and hearing measurements.
Model 2: adjusted for sex, black, age, time difference between epigenetic and hearing measurements, hypertension, diabetes, congestive heart failure, and peripheral
arterial disease.
Model 3: adjusted for sex, black, age, time difference between epigenetic and hearing measurements, hypertension, diabetes, congestive heart failure, peripheral arterial
disease, and smoke history.
aTo measure epigenetic age acceleration, the chronological age-adjusted version was used. AgeAccelerationResidualHannum is the chronological age-adjusted version for
the epigenetic clock proposed by Hannum et al. (2013) IEAA is the chronological age-adjusted version for the epigenetic clock proposed by Horvath (2013) AgeAccelPheno
is the chronological age-adjusted version for the epigenetic clock proposed by Levine et al. (2018) AgeAccelGrim is the chronological age-adjusted version for the
epigenetic clock proposed by Lu et al. (2019) DunedinPoAm is the epigenetic score proposed by Belsky et al. (2020) which did not need additional adjustment for
chronological age.
bEstimates referred to the estimate of effect size.
Bold indicates p < 0.05.

well as physical and cognitive function, they may not capture
the same aspects of aging (Oblak et al., 2021). The epigenetic
clocks were constructed using different phenotype information
in populations of varying ages. Previously it has been observed
that the correlation between clocks is not always strong.
Indeed, among BLSA participants who are typically healthier
than general population, we observe younger epigenetic age
(Hannum clock, Horvath clock, GrimAge, and PhenoAge)
but the mean epigenetic measurement of pace of aging is
1.02, a value consistent with slightly accelerated aging. One
potential explanation is that many age-related functional and
phenotypic changes in fact accelerates at mid-to-late life, which
the pace of aging may be unable to acknowledge because
this epigenetic measure is established using only young adults
(Belsky et al., 2020).

Despite the difference in how epigenetic clocks were built, two
epigenetic measurements (GrimAge and epigenetic measurement
of pace of aging) were associated with hearing. One potential
explanation is that these two epigenetic clocks contain richer
information than the other three clocks. The construction
of GrimAge uses more biomarkers and smoking history in
comparison to the other three epigenetic clocks (Hannum
clock, Horvath clock, PhenoAge), and mortality information
was directly used for training in the last step (Lu et al.,
2019). Pace of aging is the only epigenetic measure that
utilizes longitudinal trends of phenotypes in its construction
(Belsky et al., 2020). Consequently, GrimAge and pace of aging
may capture deviations from healthy aging operationalized as
accelerated epigenetic age better than the other clocks.

Alternatively, our findings may be an indication of the impact
of cardiovascular factors on hearing loss. Wattamwar et al.
(2018) showed that cardiovascular comorbidities were associated
with worse hearing, and in comparison to other cardiovascular
factors, coronary artery disease has the strongest association
with hearing. The authors attributed their finding to coronary

artery disease being an indicator of cochlear microvascular
disease (Wattamwar et al., 2018). Thus, it is reasonable to
hypothesize that many subclinical cardiovascular changes that
cannot be captured by the clinical diagnoses of cardiovascular
disease may also affect cochlear microvascular environment and
hearing. While adjusting for overt cardiovascular diseases and
smoking did not substantially alter the associations between
epigenetic clocks and hearing, the presence of association for
GrimAge and pace of aging may reflect the dependence of their
construction on cardiovascular measurements. GrimAge and
pace of aging may be able to capture the cardiovascular aging
that is developed before cardiovascular diseases are diagnosed
(Hillary et al., 2020; Oblak et al., 2021), leading to the observed
association with hearing.

The absence of association between hearing and several
epigenetic clocks suggests both that the meaning of epigenetic
clocks is highly dependent on the ways they are constructed
(Oblak et al., 2021) and that there may be some unique biological
pathways leading to age-related hearing deterioration that are not
shared with other age-related functional decline (e.g., cognitive or
physical function) (Oblak et al., 2021). Current epigenetic clocks
capture only limited information on the factors that lead to age-
related hearing loss (ARHL). To discover potential epigenetic
influences on hearing, an epigenetic signature of hearing needs
to be investigated separately.

We acknowledge several limitations to our study. First,
the hearing and DNA methylation were not measured at the
same time. Second, the DNA methylation was sampled from
blood, which may not reflect the DNA methylation in cells
of the inner ear or other tissues that are involved in the
pathogenesis of hearing loss. Third, although DNA methylation
was measured before hearing, since this is cross-sectional study,
the results may be driven by unmeasured confounders, such
as environmental/occupational noise exposure, and detailed
medication history. Although the relationship between noise
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exposure and epigenetic age acceleration remains unclear, the
observed association between epigenetic age acceleration and
hearing is expected to be weakened if there is a strong association
between noise exposure and epigenetic age acceleration. Fourth,
because BLSA aims to study healthy aging, the participants in
BLSA are healthier than the general population. Future studies
are needed to understand whether the association between
epigenetic age acceleration and hearing is stronger in the
population with higher proportion of participants experiencing
accelerated epigenetic aging. However, despite these limitations,
the BLSA is one of the very few studies collecting both DNA
methylation data and performing audiometric hearing testing.
We believe these measurements analyzed in the context of a
deeply phenotyped cohort represent an important first step in
understanding biological aging processes and hearing loss.

CONCLUSION

In conclusion, our findings demonstrate that not all epigenetic
clocks were strongly correlated with hearing. Only those
epigenetic clocks established using many cardiovascular
measurements with longitudinal information were associated
with hearing. Future research is needed to study the
potential subclinical cardiovascular causes of hearing and to
investigate the relationship between DNA methylation and
hearing longitudinally.
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Hearing loss and cognitive impairments are both highly prevalent neurological
complications for older adults. While there is growing evidence to suggest that
these two conditions are interrelated, little research has been conducted that directly
examines the progression and developmental trajectories of these complications
contemporaneously. The aim of the study is to identify the distinct trajectory profiles for
hearing loss and cognitive function in an older population over a 10-year period. Through
dual trajectory modeling, the interrelationship, co-occurring movements, and overlaps
between these two complications were examined. We also investigated the influence
of hearing aid ownership on cognitive function trajectories. We utilized longitudinal
data from 1,445 participants in the Blue Mountains Hearing Study (aged 55+ years)
involving repeated measures from a population-based survey with audiometric hearing
assessments. Cognitive function was assessed using the Mini-Mental State Examination
(MMSE). The group-based trajectory modeling (GBTM) identified three trajectory profiles
for both hearing loss and cognitive function in two older age groups (55–69 years
and 70+ years). The outputs from the dual trajectories models showed the conditional
probability for “no hearing loss” trajectories to be around 90% more likely to have
“high-normal” cognitive function, demonstrating co-occurring overlap. In contrast, for
“moderate to severe hearing loss” trajectories, the conditional probability drops to
65% and 79% for the 55–69 age group and 70+ age group respectively. There
was also an increasing probability for “cognitive decline” conditional on the severity
of hearing loss with 6.7%, 7.5%, and 8.7% for no hearing loss, mild hearing loss,
and moderate to severe hearing loss trajectory groups. While we did not find any
statistically significant difference in the influence of hearing aid use in the cognitive
function trajectories, there was a consistent greater representation of non-hearing aid
users in the trajectories with poorer cognitive function. This study found GBTM to identify
trajectories that were in agreement with our current understanding of hearing loss and
cognitive impairment in older adults. This study also adds to the existing evidence-base
as dual trajectories demonstrated co-occurrence in developmental changes in these two
common neurological complications for the older population.

Keywords: hearing loss, cognitve function, aging, older adults, group-based trajectory model, dual trajectory
models, blue mountains hearing study
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INTRODUCTION

Growth in the older population is increasing worldwide mostly
due to the rise in life expectancy. It has been estimated
that by 2050 the number of persons aged 65 years or over
will double to 1.5 billion (United Nations, Department of
Economics and Social Affairs, Population Division, 2019). With
this rapid demographic aging, the prevalence of disease and
disability will likely surge. This is concerning for highly prevalent
neurological complications such as age-related hearing loss and
cognitive impairment. The World Health Organization (WHO)
has projected that by 2050, one in four people will have some
degree of hearing loss (World Health Organization, 2021), with
age-related hearing loss being most prevalent (Yang et al., 2015).
Similarly, the projected rise for dementia, a syndrome that leads
to deterioration of cognitive function, is estimated to reach
139 million in 2050, which is, 2.5 times greater than the current
prevalence (World Health Organization, 2017). Aside from both
being highly prevalent, there is also growing evidence to suggest
that these two conditions are interrelated, possibly leading to
a compounding burden (Nadhimi and Llano, 2021). Studies
are showing hearing loss to be significantly associated with
cognitive decline and increases the risk for cognitive impairment
(Loughrey et al., 2018). One postulation for their linkage is
that hearing loss has associations with language comprehension
and that cognitive decline will increase the contributing effect
of hearing loss as a cognitive impairing factor (Peracino and
Pecorelli, 2016).

In the last decade, there has been an increase in research
addressing the associations between cognitive impairment and
hearing loss. In the Baltimore Longitudinal Study of Aging
(BLSA), a greater hearing loss was found to be associated
with poorer cognitive function with lower scores on measured
mental status (Mini-Mental State Exam), memory (Free Recall),
and executive function (Stroop Mixed, Trail Making B; Lin
et al., 2011a). A meta-analysis from 36 unique studies on
cognitive function and hearing loss also found significant
associations in 10 cognitive domains in cross-sectional studies
including executive function, episodic and semantic memory,
and visuospatial ability (Loughrey et al., 2018). In addition to
hearing loss being associated with poor cognitive function, it
is also found to be a risk factor for cognitive impairment and
dementia (Lin et al., 2011b; Deal et al., 2017; Livingston et al.,
2020) with possible brain bases for this relationship (Griffiths
et al., 2020; Slade et al., 2020). In another meta-analysis, a
synthesis of four cohort studies found a risk ratio of 1.3 times
higher risk for mild cognitive impairments with hearing loss, and
a synthesis of seven cohort studies found a risk ratio of 2.4 times
higher risk for dementia for hearing impaired (Wei et al., 2017).

For people who experience age-related hearing loss the
main clinical intervention for mild to moderate hearing loss
is the provision of hearing aids (Ferguson et al., 2017). Some
studies have examined whether the use of hearing aids could
help mitigate cognitive decline. Estimated cognitive decline
in memory and global function was found to be greatest in
participants with moderate hearing loss who did not wear a
hearing aid (Deal et al., 2015). There was also support that rates

of cognitive decline in hearing aid users were not significantly
different to those with no hearing loss but significantly higher in
non-hearing aid users (Amieva et al., 2015). Dawes et al. (2015)
have also found support for hearing aid use showing associations
with better cognition. They posit that hearing aid use may boost
self-efficacy which then impacts cognitive performance (Dawes
et al., 2015).

There has also been some research focused on the progression
and developmental trajectories of hearing loss and cognitive
function. Trajectories describe the evolution of a behavior or
biomarker over time (Elmer et al., 2018). Longitudinal analysis
using linear mixed-effects modeling (LMM) has been used to
show steeper declines in brain volume in temporal lobe structures
with hearing impairment (Armstrong et al., 2019). Similarly,
using LMM, a faster decline in mini-mental state scores was
found for hearing loss vs. no hearing loss groups (Gurgel et al.,
2014). Using group-based trajectory modeling (GBTM), Ferraro
et al. (2021) examined three outcomes, cognitive, physical
function, and disability from the Activities of Daily Living
(ADL) score and identified group profiles. Utilizing GBTM they
found three trajectory groups for these outcomes, which were
labeled as ‘‘good’’, ‘‘intermediate, ’’ and ‘‘severe’’. The ‘‘severe’’
trajectory group was found to have the worst performance with
a decline in all the three outcomes and highest incidence of
dementia (Ferraro et al., 2021). While LMM can be used to map
prospective changes, group differences are pre-determined from
measured cut-offs, that is, the existence of distinct developmental
trajectories is assumed a priori. This means LMM cannot be
used to test for the presence of distinct trajectories. Using finite
mixture modeling, GBTM maximizes the information available
in multivariate longitudinal data to track the course of an
outcome and assess the heterogeneity in the population allowing
for a more precise individual classifications into various groups
that comprise the taxonomy (Nagin and Odgers, 2010). It allows
for the identification of meaningful subgroups and the frequency
distribution in each subgroup within a population that are not
based on a measured set of characteristics (Nagin, 2014), that is,
rather than assuming existing trajectories a priori, GBTM allows
the trajectories to emerge from the data itself and determines
the form and number of groups that best fit the data (Nagin,
1999). For this current study, profiling developmental pathways
will contribute to our understanding of the relationship between
types of hearing loss and types of cognitive function.

Using an extension of the GBTM, a dual trajectory approach
will be used to examine how hearing loss and cognitive
impairment trajectories co-occur and evolve contemporaneously
over time. ‘‘Dual disorders’’ are common in health research
and dual trajectory models provide an opportunity to study
this phenomenon. Previous studies have found that concurrent
sensory impairment such as vision and hearing loss increases
the risk of dementia (Kuo et al., 2021b). Gopinath et al.
(2013) have found dual sensory impairment to be associated
with increased mortality with a greater risk of death than
that of vision loss or hearing loss alone. This demonstrates
that concurrent impairments often compound the burden and
additional resources are required to reduce risks (Kuo et al.,
2021b). This study will examine the interrelationship between
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hearing loss and cognitive impairment simultaneously. By
examining the interrelationship across various trajectories, the
dual models will allow us to understand the multidimensional
and dynamic association between hearing loss and cognitive
impairment. The aim of this novel epidemiological study is to
identify the distinct trajectories and profiles for hearing loss
and cognitive function in an older population over a 10-year
period. Through the application of a dual-GBTM, the evolution
of developmental trajectories from hearing loss and cognitive
function will be examined contemporaneously. A secondary
aim is to investigate the influence of hearing aid use on
cognitive function trajectories, to examine whether hearing aid
use mitigates poorer cognitive outcomes.

MATERIALS AND METHODS

Study Population
The study population was from the Blue Mountains Cohort
Study, which examined the long-term development and
progression of sensory problems such as vision and hearing loss.
We utilized the hearing study data which collected demographic,
lifestyle factors, health outcomes, and audiometric measures
from 1997 (baseline), with 5- and 10-year follow-up to 2009
(Gopinath et al., 2009). The Blue Mountains Hearing Study
(BMHS) is a population-based survey of older adults (ages 50+)
from the Blue Mountains area, west of Sydney, Australia. For
the current study, we examined data from 1,445 participants
from the BMHS, where data from at least two time-points
for both pure-tone audiometry and survey responses on
cognitive function were available. The BMHS was conducted in
accordance with the Declaration of Helsinki and was approved
by The University of Sydney Human Research Ethics Committee
(Reference: HREC 9826).

Sub-group Analyses
The BLSA examined longitudinal phenotypic dimensions of
aging and found changes are not necessarily linear, as an
example, differences between 30 and 50 years are not equivalent
to that of 60 and 80 years (Kuo et al., 2020), supporting
age-stratified analysis. As increasing age is likely to influence
the results of developmental trajectories, with greater hearing
loss and cognitive decline in older respondents (Hong et al.,
2016), we stratified the study population into two groups. We
chose a cut-off of age 70 as it has previously been established
that cognitive function starts declining after this age and brain
white matter volume is also known to decrease more rapidly
and ventricular volume is known to increase rapidly at this age
(Harada et al., 2013; Kuo et al., 2020). The two age subgroups
examined for the current study were those with age ranges
55–69 and those that were age 70+. There were 847 participants
between 55 and 69 years of age and 598 participants over 70 years
of age.

In addition, as we were interested in the influence of hearing
aid use on the co-occurring developmental trajectories for
hearing loss and cognitive decline, we conducted subgroup
analysis with the hearing aid owners. As the number of hearing
aid owners is substantially smaller there is an overall group

imbalance, to adjust for the imbalance a matched comparison
groupwas used.We investigated differences in cognitive function
between a hearing aid group vs. a non-hearing aid group.

Measures
Audiometric Testing
To obtain an audiometric measure of hearing loss, pure-tone
audiometry was administered by audiologists in sound-treated
facilities. The air conduction thresholds were obtained using a
Madsen OB822 audiometer (Madsen Electronics Copenhagen,
Denmark) calibrated to Australian standards. Stimuli were
presented through supra-aural headphones using standard
TDH-39 earphones. Audiometric thresholds for air-conduction
stimuli in both ears were established for frequencies at
0.25–8.0 kHz. For a measure of hearing loss, we used the
conventional hearing status in accordance with theWorld Health
Organization (WHO), using averaged pure-tone audiometric
hearing thresholds at 0.5, 1, 2, and 4 kHz. A four-frequency
pure tone average PTA (dB HL) greater than 25 dB HL in
the better hearing ear was used to define hearing loss. This
defines hearing loss as bilateral. Hearing loss was defined as
mild at 25–45 dB, and moderate to severe at greater than 45 dB
(Chia et al., 2007).

Mini-Mental State Examination (MMSE)
Cognitive function was assessed using the mini-mental state
examination (MMSE), often used as a check for cognitive
impairment (Folstein et al., 1975). MMSE consists of 11 main
items that assess attention and orientation, memory, registration,
recall, calculation, language, and ability to draw a complex
polygon (Folstein et al., 1975). MMSE has a possible scores range
of 1 to a maximum of 30. Questions are scored with 0 for
incorrect and 1 for correct responses. Within each item are sub-
scores, for example, the question ‘‘What is the date today’’ has a
possible 3-points for the correct day (1 point), the correct month
(1 point), and the correct year (1 point). Scores between 25 and
30 indicate normal cognitive function. MMSE is a validated
screen for dementia with a score of less than or equal to 24 used as
the cut-off for cognitive impairment or dementia (Creavin et al.,
2016).

Hearing Aid Question
To obtain information regarding HA use in the study population
we used the question ‘‘Do you or have you ever worn a hearing
aid?’’ from the BMHS survey. Response for this question was
categorized as ‘‘Yes’’ or ‘‘No’’. HA owners were defined as those
reporting ‘‘Yes’’ that they have ever worn a HA, and conversely
non-HA owners are those that responded ‘‘No’’.

Group-Based Trajectory Modeling (GBTM)
To identify developmental trajectories for hearing loss and
cognitive function, group-based trajectory modeling (GBTM)
was used. GBTM is an exploratory technique used for isolating
developmental trajectories within a population with the goal
of identifying subgroups that follow distinct trajectories over
time (Nagin, 2014). It was used to classify and identify the
number of unobserved heterogeneities in this sample of older
adults for hearing loss and cognitive function. To guide the
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choice for the optimal number of trajectories we evaluated
the fit for each number of classes, using the fit indices from
information criterion indices Akaike information criterion (AIC)
and Bayesian information criterion (BIC), a measure of entropy,
Lo-Mendell-Rubin (LMR) test and the parametric bootstrap
likelihood-ratio test (BLRT) and interpretability of the model
(Nylund et al., 2007). The chosen number of classes/trajectories
were determined by the change in the rate of decrease in the
information criterion, a higher value of entropy indicating how
well the classification distinguishes from one group to another,
and a significant LMR test or BLRT likelihood-ratio test showing
whether the number of classes was a better fit than the number of
classes prior, as well as interpretability of the trajectories.

To examine the co-occurring relationship between hearing
loss and cognitive function trajectories we used the extension
of the GBTM, the dual trajectory analysis (Jones and Nagin,
2007). The dual-GBTM is a multivariate version of the GBTM
and estimates the joint developmental trajectories of two distinct
but related co-occurring longitudinal outcomes (Xie et al., 2010).
The evolving contemporaneous associations between hearing
loss and cognitive function trajectories were measured as the
conditional probability of membership in each of the trajectories
from the dual measurement time series. Both GBTM and
dual-GBTM were conducted in Mplus version 7.3 (Muthen and
Muthen, 1998–2011).

Statistical Analysis
Statistical analyses were conducted using SPSS version 27 (IBM
Corp, 2020). Descriptive statistics were calculated as means with
standard deviations or frequencies and percentages. T-tests and
chi-square tests were used to compare demographic, hearing
loss characteristics, and cognitive function between the 55 and
69 age group and the 70+ age group. The Chi-square test was
also used to examine the differences in proportion between
hearing aid users and non-hearing aid users in the cognitive
function trajectories. We matched the hearing group owners
with a group similar in age, sex, and hearing loss levels using
propensity score matching. Propensity score matching was
performed in R (Version 4.3) using the R package MatchIt
(Ho et al., 2007). Propensity scores were calculated using
logistic regression and matching was conducted with the nearest
neighbor approach using the optimal method. Age, sex, and
baseline PTA (dB HL) were entered into the logistic regression
model. Standardized mean differences (SMD) and variance
ratios were used to assess covariate balance diagnostics after
matching. A cut-off of SMD ≤ 0.2 and variance ratio close
to 1 and <2 shows covariate balance and good matching
(Zhang et al., 2019).

RESULTS

Table 1 shows the descriptive statistics for the two age groups.
There were significant differences between the two age groups
for hearing loss characteristics, cognitive function, and hearing
aid ownership. Both groups showed a slight decline in cognitive
function and greater increases in hearing loss over time. There
were greater hearing aid users in the older age group of 70+ years.

TABLE 1 | Demographic, cognitive function, and hearing loss characteristics for
the two age groups in the study.

Characteristics Age group 54–69 Age group 70+ p-value
N = 847 N = 598

Age, Mean (SD) 62.7 (4.1) 75.4 (4.3) <0.001
Sex, N (%) Male: 369 (43.6) Male: 244 (40.8) 0.295

Female: 478 (56.4) Female: 354 (59.2)
Baseline PTA (dB HL),
Mean (SD)

18.2 (12.0) 27.5 (12.6) <0.001

5-years PTA (dB HL),
Mean (SD)

20.5 (12.4) 31.8 (13.4) <0.001

10 years PTA (dB HL),
Mean (SD)

26.6 (13.6) 37.7 (15.6) <0.001

Cognitive function (MMSE)
Baseline, Mean (SD)

28.8 (1.5) 28.4 (1.9) <0.001

Cognitive function (MMSE)
5-years, Mean (SD)

28.9 (1.7) 28.2 (2.5) <0.001

Cognitive function (MMSE)
10-years, Mean (SD)

27.9 (2.7) 26.7 (3.5) <0.001

Hearing Aid Use, N (%) Yes: 42 (5) Yes: 110 (18.4) <0.001
No: 805 (95) No: 488 (81.6)

Abbreviations: HL, Hearing loss; PTA, Pure-tone average; db, decibels; SD, Standard
deviation; MMSE, Mini-Mental State Examination.

Hearing Loss and Cognitive Function
Trajectories for the 55–69 Years Age Group
Fit indices determined that three trajectories were the best
solution for both hearing loss and cognitive function (see
Supplementary Material for details). Figure 1A shows the
hearing loss and cognitive function trajectories for the 55–65 age
group. Table 2 and Table 3 show the descriptive statistics
for the hearing loss and cognitive function trajectories for
this group. Age was found to be significantly different in the
three trajectories with increasing age for increasing hearing loss

TABLE 2 | Descriptive statistics for hearing loss trajectories.

Sub-group Characteristics No HL Mild HL Moderate HL
Mean (SD) Mean (SD) Mean (SD)

Age 55–69 N= 532 272 43
Hearing Loss

Age 61.71 (3.99) 64.36 (3.70) 64.47 (3.95)
Sex, Female, (N(%)) 324 (60.9) 136 (50) 18 (41.9)
HL dB per year 0.78 1.05 1.23
Baseline PTA (dB HL) 11.51 (4.59) 25.38 (5.83) 52.80 (14.74)
5-year PTA (dB HL) 13.30 (5.23) 29.14 (6.25) 56.04 (9.95)
10-year PTA (dB HL) 19.29 (6.11) 35.88 (6.67) 65.09 (15.38)
Baseline MMSE 28.97 (1.31) 28.59 (1.76) 28.02 (1.97)
5-year MMSE 29.03 (1.56) 28.79 (1.79) 28.14 (2.01)
10-year MMSE 28.03 (2.74) 27.72 (2.46) 26.45 (3.68)

Age 70 + N= 258 274 66
Hearing Loss

Age 74.35 (3.08) 75.75 (4.20) 78.08 (5.08)
Sex, Female, (N(%)) 150 (58.1) 162 (59.1) 42 (63.6)
HL dB per year 1.05 1.32 1.24
Baseline PTA (dB HL) 16.54 (5.15) 31.89 (6.11) 50.36 (10.30)
5-year PTA (dB HL) 19.90 (5.95) 36.84 (5.65) 56.44 (8.87)
10-year PTA (dB HL) 27.04 (7.17) 45.04 (8.02) 62.76 (18.13)
Baseline MMSE 28.66 (1.60) 28.43 (1.62) 27.48 (3.17)
5-year MMSE 28.33 (2.44) 28.25 (2.27) 27.94 (3.09)
10-year MMSE 26.89 (3.56) 26.62 (3.70) 26.33 (2.86)

Abbreviations: HL, Hearing loss; PTA, Pure-tone average; db, decibels; SD, Standard
deviation; MMSE, Mini-Mental State Examination.
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TABLE 3 | Descriptive statistics for cognitive function trajectory subgroups.

Sub-group Characteristics Normal Low-Normal Decline
Mean (SD) Mean (SD) Mean (SD)

Age 55–69 N= 740 96 11
Cognitive
Function

Age 62.59 (4.13) 63.66 (3.79) 61.91 (3.53)
Sex, Female, (N(%)) 436 (58.9) 38 (39.6) 4 (36.4)
Baseline PTA (dB HL) 17.31 (10.67) 24.24 (17.61) 26.14 (18.28)
5-year PTA (dB HL) 19.67 (11.47) 26.41 (16.50) 26.82 (17.12)
10-year PTA (dB HL) 25.91 (12.53) 32.95 (19.53) 29.06 (28.58)
Baseline MMSE 29.02 (1.21) 27.56 (2.17) 26.09 (3.75)
5-year MMSE 29.40 (0.84) 25.94 (1.41) 21.64 (1.86)
10-year MMSE 28.30 (2.09) 25.03 (3.35) 15.00 (5.96)

Age 70 + N= 528 28 42
Cognitive
Function

Age 75.26 (4.24) 76.45 (4.27) 76.5 (5.13)
Sex, Female, (N(%)) 315 (59.7) 16 (57.1) 23 (54.8)
Baseline PTA (dB HL) 27.21 (12.51) 29.20 (14.6) 29.66 (12.65)
5-year PTA (dB HL) 31.37 (13.22) 35.79 (13.22) 34.09 (14.47)
10-year PTA (dB HL) 37.58 (14.75) 40.21 (8.99) 41.00 (14.29)
Baseline MMSE 28.83 (1.19) 23.07 (2.62) 26.90 (2.05)
5-year MMSE 28.80 (1.38) 27.69 (1.78) 21.38 (3.26)
10-year MMSE 27.07 (3.03) 26.00 (3.55) 16.89 (4.20)

Abbreviations: HL, Hearing loss; PTA, Pure-tone average; db, decibels; SD, Standard
deviation; MMSE, Mini-Mental State Examination.

(F(2, 844) = 46.13, p < 0.001). There were also significant sex
differences between the three trajectories (χ2 = 12.6, p = 0.002),
with a larger proportion of females in the no hearing loss
trajectory and a smaller proportion in the moderate hearing
loss trajectory. The three classes identified from GBTM for
hearing loss were labeled as no hearing loss, mild hearing
loss, and moderate to severe hearing loss. This was named
based upon their baseline hearing loss status since hearing
loss is considered as a status from a specific timepoint rather
than over a period of time. The mean (95% CI) of any
hearing loss for the three trajectories were 14.8 (14.3–15.3), 30.2
(29.6–30.9), and 57.6 (55.9–59.3) dB HL. Hearing loss was found
to increase over time in all three trajectories over the 10-year
period with an average rate of change in the three trajectories
being 1 dB hearing loss per year. For the 55–65 age group,
62.8% belonged to the trajectory with no hearing loss, 32.0%
belonged to a trajectory with mild hearing loss, and only 5.2%
of the group in the moderate to severe hearing loss trajectory.
There were three cognitive function trajectories labeled as a
high-normal cognitive function, low-normal cognitive function,
and declining cognitive function. The high-normal cognitive
trajectory stayed within the normal MMSE range for the
10-year period. The low-normal cognitive trajectory showed a
decline towards mild cognitive impairment by 10 years, whereas
the declining cognitive function trajectory showed cognitive

FIGURE 1 | Hearing loss and cognitive function trajectories for the two age groups. (A) Trajectories for any hearing loss PTA (dB HL). Age group 55–69 years
shown in red and age group 70+ years shown in blue. (B) Trajectories for cognitive function measured using the Mini-Mental State Examination (MMSE). Age group
55–69 years shown in red and age group 70+ years shown in blue. HL, Hearing loss; PTA, Pure-tone average; db, decibels.
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impairment at both 5- and 10-year follow-ups (see Figure 1).
For the three cognitive function trajectories, age was just
significantly different (F(2, 844) = 3.11, p = 0.045) between the
trajectories. Similar to the hearing loss trajectories there were
differences in the proportion of males and females for the
cognitive function trajectories (χ2 = 14.7, p < 0.001). There was
a smaller proportion of females in the low-normal and decline
trajectories. The rate of change for the declining trajectory is
at 1.1 MMSE points per year. The mean (95% CI) MMSE
scores for these three trajectories were 28.9 (28.8–29.0), 26.1
(25.9–26.3), and 21.0 (20.2–21.8). For this age group, 86.9% of
this cohort belonged to a stable high-normal cognitive function
trajectory, 11.7% in the stable low-normal cognitive function
trajectory, and only 1.4% belonged to a trajectory with declining
cognitive function.

Hearing Loss and Cognitive Function
Trajectories for the 70+ Years Age Group
Figure 1B shows the hearing loss and cognitive function
trajectories for the older age group of 70+. Table 2 and Table 3
show the descriptive statistics for the hearing loss and cognitive
function trajectories for this group. The trajectory classes were
very similar to the trajectories identified for the younger age
range of 55–69 years and labeled the same. Once again, there were
age differences for the hearing loss trajectories (F(2, 595) = 22.95,
p < 0.001), with increasing age associated with greater hearing
loss. However, there were no significant differences in the
proportion of males and females for these trajectories. The rates
of hearing loss for all three trajectories were also increasing
over the 10-year period, an average rate of change in the three
trajectories of 1.2 dB hearing loss per year. The mean (95%
CI) bilateral hearing loss for the three trajectories were 21.3
(20.5–22.1), 38.1 (37.4–38.9), and 56.6 (55.0–58.3) dB HL. The
three trajectories identified from GBTM for this age group had
42.7% belonging to the trajectory with no hearing loss, 45.4%
belonged to a trajectory with mild hearing loss, and 11.9% of
the group in the moderate to severe hearing loss trajectory.
Similarly, there were three cognitive function trajectories labeled
the same as the 55–69 age group. There were no significant
differences in the proportion of males and females or in the
ages of the three cognitive function trajectories. The mean
(95% CI) MMSE scores for these three trajectories were 28.2
(28.1–28.4), 25.5 (24.8–26.2), and 21.6 (20.8–22.3). For this
age group, 87.9% of this cohort belonged to the high-normal
cognitive function trajectory, 7.3% in the low-normal cognitive
function trajectory, and only 4.9% belonged to a trajectory with
declining cognitive function. Once again, the rate of decline
in the declining trajectory was also at 1.1 MMSE score per
year.

Dual Trajectory Models for Hearing Loss
and Cognitive Function
To examine the contemporaneous development of hearing
loss and cognitive function dual-GBTMs were examined.
The conditional probabilities of co-occurring developmental
trajectories for hearing loss and cognitive function for the
55–69 age group are shown in Figure 2A. There was a 90.7%

(n = 491) probability for those in the no hearing loss to also
belong to the high-normal cognitive function trajectory. From
the linkage probabilities, there is evidence for large overlap or
co-movement between no hearing loss and mild hearing loss
83.4% (n = 219) and high-normal cognitive function. For no
hearing loss there was an 8.4% (n = 44) probability of belonging
to the low-normal trajectory and 14.6% (n = 40) probability for
mild hearing loss. In contrast, those that belong to the moderate
to severe hearing loss trajectory had only a 65.2% (n = 28) chance
of belonging to the high-normal cognitive function trajectory
with the remaining 34.8% (n = 15) probability of belonging to
the trajectory with lower (but still within the normal range)
cognitive function trajectory. The cognitive decline group was
small and as mentioned earlier only accounted for 1.4% of the
whole group. Those in the mild hearing loss trajectory had a 2%
(n = 5) probability of belonging to this trajectory and those in the
no hearing loss trajectory had a 0.9% (n = 5) chance of belonging
to this trajectory.

For the 70+ group, the conditional probabilities are shown in
Figure 2B. The probabilities for belonging to the high-normal
cognitive function group were similar for the no hearing loss
and mild hearing loss trajectories. The linkage probabilities for
no hearing loss and high-normal cognitive function were also
found to have a large overlap at 88.5% (n = 225). There was a
larger probability for mild hearing loss trajectory to also belong
to the high-normal cognitive function trajectory compared with
those in the younger 55–69 age group at 89.2% (n = 248).
There were smaller probabilities of belonging to low-normal
cognitive trajectories compared to the younger age group at 4.8%
(n = 12) for no hearing loss, 3.3% (n = 8) for mild hearing
loss, and 12.4% (n = 8) for moderate hearing loss. There was
an increasing conditional probability between levels of hearing
loss trajectories and the cognitive decline trajectory with 6.7%
(n = 20), 7.5% (n = 20), and 8.7% (n = 6) for no hearing
loss, mild hearing loss, and moderate to severe hearing loss
respectively.

Hearing Aid Use With Cognitive Function
Trajectories
The influence of hearing aid use on the cognitive function
trajectories was also examined.We utilized a subgroup of hearing
aid users and a matched comparison group from propensity
score matching. For distribution of the propensity scores for
the unmatched and matched subgroups see Supplementary
Material for details. The SMD for the two groups was less than
0.2 for age (SMD = 0.15) and sex (SMD = 0.15), but greater
than the 0.2 cut-off for PTA(dB HL; SMD = 0.33). The variance
ratio was close to 1 (and below 2) for all three covariates,
with age = 1.09, sex = 1.05, and PTA(dB HL) = 1.14, showing
acceptable matching. There was no significant difference for age
(F(1, 288) = 1.65, p = 0.2) or sex (χ2 = 1.71, p = 0.2), however,
the hearing loss group remains significantly more severe in
hearing loss from PTA(dB HL; F(1, 288) = 8.43, p = 0.004) between
the two subgroups. We tested for differences in the proportion
of hearing aid users and non-hearing aid users for the three
cognitive function trajectories While there was no significant
difference in proportion between the two groups in the three
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FIGURE 2 | Cognitive function trajectory (MMSE) probabilities conditional on hearing loss trajectories for (A) 55–69 years age group and (B) 70+ years age group.

cognitive function trajectories (χ2 = 4.0, p = 0.1), there was
a greater percentage of hearing aid users in the high-normal
cognitive function trajectory with 91.7% (n = 133) compared
with 84.1% (n = 122). Fewer hearing aid users were in poorer
cognitive function trajectories such as the low-normal trajectory
[2.1% (n = 3) compared with 4.8% (n = 7)] and cognitive decline
trajectory [6.2% (n = 9) compared with 11.0% (n = 16)]. Despite
the higher severity of hearing loss in the hearing-aid users’ group,
there were modest protective effects found from hearing aid use
on cognitive functions.

DISCUSSION

This study examined the developmental pathways of
two interrelated complications prevalent in the older
population—hearing loss and cognitive impairment. We
identified through the GBTM approach, three trajectory profiles
with frequency distributions for both hearing loss and cognitive
function in two older age groups (55–69 years and 70+ years).
For hearing loss profiles, the trajectories were, no-hearing loss
(62.8% and 42.7%), mild hearing loss (32.0% and 45.4%), and
moderate to severe hearing loss (5.2% and 11.9%) for the two
age groups, respectively. For the cognitive function profiles, the
trajectories were, high-normal (86.9% and 87.9%), low-normal
(11.7% and 7.3%), and declining cognitive function (1.4%

and 4.9%), for the two age groups, respectively. Further, the
findings have extended our understanding of hearing loss and
cognitive impairment by examining the two complications
as they co-occur. Dual-GBTM allowed for a comprehensive
understanding of the underlying relationship between these
two outcomes by examining the dynamic linkage between the
concurrent trajectories (Xie et al., 2010). We found hearing loss
and cognitive function trajectories to be co-occurring with a
relationship between the increasing probability of belonging
in the cognitive decline trajectory and the increasing levels of
hearing loss.

Despite the known cognitive function differences that occur
at 70 years and older (Harada et al., 2013), the trajectory
profiles in this study were similar for the two age groups
examined. Differences between the two age groups occurred
in the distribution of older adults belonging to each of the
profiles. Most of those 55–69 years belonged to the no hearing
loss, whereas the 70+ age group had an almost equal number
of no loss and mild hearing loss and a greater percentage of
moderate to severe hearing loss. These trajectory breakdowns
are similar to hearing loss prevalence that show one-third of
adults with adults 61–70 years of age have a hearing loss (Mitchell
et al., 2011; Walling and Dickson, 2012) and approximately one
half with hearing loss for adults 70–80 years (Michels et al.,
2019). There were no significant differences found for age or
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sex for the older 70+ age group for all six trajectories. However,
differences in age and sex were found for the hearing loss and
cognitive function trajectories with increasing age associated
with greater hearing loss and a smaller proportion of females
in the hearing loss and cognitive impairment trajectories. The
smaller proportion of females with hearing loss is supported by
other research, with sex hormones such as estrogen, thought
to play a role in signaling pathways to modulate differences
in hearing (Murphy and Gates, 1997; Shuster et al., 2019).
However, we did not find support for greater susceptibility
in cognitive impairments for females. We found a smaller
proportion of females in the cognitive impairment trajectories
for the 55–69 years age groups. It may be that this is the
younger age group as other studies are finding greater cognitive
impairment in females, especially the case after age 75 (Wang
et al., 2020).

Surprisingly, the profile for high-normal cognitive function
for the two age groups was very similar at 86.9% and 87.9%.
This may be a limitation of the MMSE, whereby ceiling
effects are common especially in normal or predementia stages
(Trzepacz et al., 2015). However, the frequency distribution
for the other two trajectories was different. There was more
representation in the cognitive declining trajectory for the
older age group of 70+. Although the cognitive decline has
been reported to begin in midlife, it has been found to
occur more often at higher ages (over 70 years; Aartsen
et al., 2002), this is consistent with the trajectories in this
study. The prevalence of dementia reported for Australia is
similar with approximately 1% of cases in the age range of
65–74, increasing to 6% at 75–84 years of age (Australian
Bureau of Statistics, 2018). Both the hearing loss and cognitive
function trajectories from this study population are comparable
with other research on these demographics demonstrating that
GBTM has successfully identified the relevant trajectories for
older adults.

Further, the results from this study also demonstrated that
the different hearing loss profiles have an impact on the
contemporaneous development of cognitive impairment. Dual
trajectories were applied to examine the co-occurring pathways
and showed that up to 90% probability of belonging in the
high-normal cognitive function trajectory was conditional on
belonging to the no hearing loss trajectory, irrespective of
age group. The linkage probabilities show a high level of
temporal correspondence between no hearing loss and normal
cognitive function. Having a higher severity of hearing loss
reduces the probability of belonging to a high-normal cognitive
trajectory to 65–79%. This result strongly supports maintaining
optimal normal hearing function for normal cognitive function.
There was a relationship between severity of hearing loss and
cognitive decline. Those belonging to the no hearing loss
trajectory had a 6.5 probability of being in the cognitive declined
trajectory and this increased with severity of hearing loss to
7.5% probability for mild hearing loss and 8.7% probability
for moderate to severe hearing loss. These results demonstrate
a steady decline in cognitive function for those belonging to
increasing hearing loss severity trajectories. Similarly, compared
to normal hearing, another research has found a two-, three-

and five-fold increase in risk for dementia with mild, moderate,
and severe hearing impairment (Lin et al., 2011b). There is
evidence from other longitudinal studies that show hearing
impairment to be independently associated with a 30–40%
rate of accelerated cognitive decline (Lin and Albert, 2014).
In this study, the average MMSE score for the cognitive
declining trajectories was below the cut-off of 25, at 21.0 and
21.3 for both age groups, those in this trajectory have scores
suggesting mild dementia (Creavin et al., 2016). Hearing loss
has been found to be independently associated with incident
all-cause dementia (Lin et al., 2011b). The results examining dual
trajectories for hearing loss and cognitive function support the
hypothesis for the underlying mechanisms for this association
as reviewed in Lin and Albert (2014). With progressive damage
to cochlear function from aging, cognitive load would always
be a ‘‘dual-task’’ for people with hearing impairment thus
adversely affecting cognitive performance and increasing risk of
dementia.

It is of concern that hearing loss, although highly prevalent
in older adults and prospectively associated with incident
dementia, often remains untreated (Popelka et al., 1998; Lin
et al., 2011b). The results of this study suggest that maintaining
optimal hearing function is valuable for the maintenance of
better cognitive function. We sought to examine whether there
would be benefits on cognitive function from interventions
that improve hearing function, through hearing aid use. We
compared a hearing aid subgroup with a comparison group
matched for age, sex, and audiometric measures of hearing
loss. While we did not find any significant difference in
proportions of hearing aid use vs. matched comparison group
in the three cognitive function trajectories, we did find a
consistently greater representation of non-hearing aid users
in the trajectories with poorer cognitive function. There
was also a greater proportion of hearing aid users in the
high-normal cognitive function trajectory (91.7%) compared
with non-hearing aid users (84.1%). The results suggest that
hearing intervention may be protective against poorer cognitive
function. However, the beneficial effects from this study are
modest, and further investigation perhaps with an intervention is
required to determine if there are mitigating effects from hearing
aid use.

The strengths of this study include utilizing a modeling
technique that allows for the identification of distinct
heterogenous patterns within a large representative longitudinal
dataset. In addition, we were able to explore developmental
changes in these two common neurological complications
for the older population as they evolve contemporaneously,
showing their relationship and co-occurrence of movement with
each other. As to limitations, we examined the trajectories as
they were occurring without examining potential unmeasured
confounders. We have tried to limit the confounding influence
of demographic confounders such as age through stratification
into subgroups and have also examined effects of sex on these
trajectories, however, other potential unmeasured confounders,
such as noise exposure (Huang et al., 2021), physical activity
profiles (Kuo et al., 2021a), dietary intake (Gopinath et al.,
2010), and birth weight (Gopinath et al., 2021) may influence
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these trajectories and need further exploration. Although
we utilized a large representative sample, the sample size in
each of the subgroups outside of the normal hearing and
high-normal cognitive are modest and this should be noted.
Also, the number of hearing aid users was small and mostly of
moderate hearing loss, which is another limitation. We were
unable to find any significant differences between the hearing
aid sample and the matched comparison group, however, there
was a trend that hearing aid use may be protective for cognitive
functions. A larger sample size of hearing aid users would
provide more power to detect differences especially within
small trajectories such as cognitive decline. A larger hearing
aid users’ sample would also allow for the examination of the
data for level of hearing aid use which may provide better
information for hearing intervention and cognitive function.
Another limitation is that there were only two follow-up
time points with a total of three time points for the model.
This meant that only linear relationships could be explored.
Other developmental relationships such as quadratic changes
would require more than three time points, this may be of
interest with hearing loss and cognitive function changes
over time.

This study utilized a representative population-based sample
of older adults in the Australian community. It identified
trajectories in proportions that were in agreement with our
current understanding of hearing loss and cognitive impairment
in the older population worldwide, showing support for
the generalizability of the trajectories. With the growing
evidence that these two conditions are interrelated, this
study directly examined the progression and developmental
trajectories of these complications contemporaneously. This adds
to the existing evidence-base as dual trajectories demonstrated
co-occurrence in developmental changes in these two common
neurological complications for the older population. Results
demonstrate a high probability for normal cognitive function
with optimal/normal hearing. Examining both hearing loss and
cognitive function longitudinally allowed the heterogeneity of
both complications to be addressed together.
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Abnormal Static and Dynamic
Functional Network Connectivity in
Patients With Presbycusis
Chunhua Xing1†, Yu-Chen Chen1†, Song’an Shang1, Jin-Jing Xu2, Huiyou Chen1,
Xindao Yin1, Yuanqing Wu2* and Jin-Xia Zheng3*
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Aim: This study aimed to investigate abnormal static and dynamic functional
network connectivity (FNC) and its association with cognitive function in patients with
presbycusis.

Methods: In total, 60 patients with presbycusis and 60 age-, sex-, and education-
matched healthy controls (HCs) underwent resting-state functional MRI (rs-fMRI) and
cognitive assessments. Group independent component analysis (ICA) was carried out
on the rs-fMRI data, and eight resting-state networks (RSNs) were identified. Static
and dynamic FNCs (sFNC and dFNC) were then constructed to evaluate differences
in RSN connectivity between the patients with presbycusis and the HCs. Furthermore,
the correlations between these differences and cognitive scores were analyzed.

Results: Patients with presbycusis had differences in sFNC compared with HCs, mainly
reflected in decreased sFNC in the default mode network (DMN)-left frontoparietal
network (LFPN) and attention network (AN)-cerebellum network (CN) pairs, but they
had increased sFNC in the auditory network (AUN) between DMN domains. The
decreased sFNC in the DMN-LFPN pair was negatively correlated with their TMT-B score
(r = –0.441, p = 0.002). Patients with presbycusis exhibited aberrant dFNCs in State 2
and decreased dFNCs between the CN and AN and the visual network (VN). Moreover,
the presbycusis group had a shorter mean dwell time (MDT) and fraction time (FT) in
State 3 (p = 0.0027; p = 0.0031, respectively).

Conclusion: This study highlighted differences in static and dynamic functional
connectivity in patients with presbycusis and suggested that FNC may serve as an
important biomarker of cognitive performance since abnormal alterations can better
track cognitive impairment in presbycusis.

Keywords: presbycusis, static functional network connectivity, cognitive impairment, dynamic functional network
connectivity, functional magnetic resonance imaging
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INTRODUCTION

Presbycusis (or age-related hearing loss) is the most pervasive
sensory deficit affecting elderly individuals and manifests with
progressive, bilateral, sensorineural high-frequency hearing loss
(Gates and Mills, 2005), resulting from the cumulative influence
of aging on the auditory nervous system and binaural hearing
ability (Uchida et al., 2019). This disorder is mainly characterized
by reduced auditory sensitivity, impaired sound perception and
localization, and decreased ability to distinguish speech in noisy
environments (Gates and Mills, 2005) and has become the third
most prevalent health disorder affecting elderly individuals, after
heart disease and arthritis (Mahmoudi et al., 2021). Numerous
studies have demonstrated that presbycusis is strongly associated
with cognitive decline and impairment to cognitive-related
domains, which may precipitate the early landmarks of dementia
(Ford et al., 2018; Loughrey et al., 2018). Given that hearing loss
is the most modifiable risk factor for cognitive impairment (Slade
et al., 2020), early detection and intervention are particularly
important. Thus, elucidating the underlying neural mechanisms
between hearing loss, related neurological changes, and cognitive
function is of great significance.

Resting-state functional MRI (rs-fMRI), a prominent non-
invasive tool for the localization and lateralization of brain
functions, has gradually become the focus of neuroscience
research in recent years (Smitha et al., 2017). “Resting-state”
refers to the absence of any stimulus or task during the fMRI
analysis, while functional connectivity (FC) can reflect significant
temporal correlations between spontaneous neurophysiological
events in spatially remote brain areas (Biswal et al., 1995). At
present, a large number of studies have employed rs-FC to
detect the functional organization of the brain in presbycusis.
Previous fMRI studies have found that age-related hearing loss
contributes to reduced activation in central auditory pathways,
dysfunctional connectivity between auditory and limbic networks
(Rutherford et al., 2018), and decreased directed FC between the
middle temporal gyrus (MTG), insula, and hippocampus (Chen
et al., 2020). While the compensatory activation of the frontal
lobe and cognitive control network increased, hearing-impaired
individuals also compensated for their difficulty in understanding
speech through supplemental executive function, thus leading
to cascading cognitive effects that further affected cognitive
processing, such as perception, comprehension, and working
memory (Peelle and Wingfield, 2016; Loughrey et al., 2018).
Similarly, earlier hearing loss may cause an increase in the FC
of networks, such as the visual and sensorimotor networks (VN
and SMN), indicating that cross-modal plastic reorganization
can occur after loss of function in the auditory-deprived brain
(Schulte et al., 2020). However, resting-state functional coupling
changes with the progression of presbycusis, as the aggravating
degree of hearing loss is accompanied by increased audiovisual
integration and decreased connectivity between AUN and motor-
related network (Schulte et al., 2020).

It is worth noting that the abovementioned studies adopted
the traditional rs-FC approach, which assumes that the functional
interactions are spatially and temporally stationary. However,
functional connections across networks are increasingly

considered to be dynamic, i.e., they fluctuate over time (Meier
et al., 2016). These time-varying characteristics represent
transient and recurring whole-brain patterns of temporal
coupling, which reveal neural mechanisms that cannot be
detected by static rs-FC. Therefore, an analytical framework
based on the group independent component analysis (ICA)
(Olivito et al., 2020), the sliding window approach, and
the k-means clustering was proposed to characterize the
dynamic changes in disorder-related whole-brain rs-FC or
functional network connectivity (FNC) (Fu et al., 2018, 2019).
Previous studies have applied this approach to diseases such
as autism (Fu et al., 2019), Parkinson’s disease (Kim et al.,
2017), and schizophrenia (Fu et al., 2018), confirming that
dynamic FNC (dFNC) serves as a useful biomarker and
showing that more details can be obtained through dFNC than
otherwise accessible through the static connectivity analyses of
neurodegenerative diseases.

In our previous study, significant decreases in static FNC
(sFNC) between the auditory network (AUN) and the default
mode network (DMN) were correlated with cognitive scores,
suggesting that sFNC may be used to evaluate the onset and
progression of cognitive impairment in presbycusis and to
provide potential clues for clinical treatment (Xing et al., 2020).
No prior studies have investigated changes in sFNC and dFNC
in presbycusis individuals. Thus, we hypothesized that the sFNC,
dFNC, and temporal characteristics of dynamic FC states might
be able to describe the underlying nature of cognitive impairment
in presbycusis more accurately. To this end, we combined dFNC
with sFNC approaches to comprehensively explore the changes in
whole-brain connectivity patterns from both static and dynamic
aspects and to reveal the relationship between altered FNC
features and patterns and cognitive impairment.

MATERIALS AND METHODS

Participants
All 60 patients with presbycusis were recruited from the
Department of Otolaryngology in Nanjing First Hospital, and
60 healthy controls (HCs), who were age-, sex-, education-, and
handedness-matched, were recruited via the community health
census or advertisements. Approval for the study was obtained
from the Research Ethics Committee of Nanjing Medical
University, and each individual provided written informed
consent before their participation in this study. Pure-tone
audiometry was carried out by a clinical audiometer to measure
the pure tone average (PTA) and to determine the hearing
level of individuals using seven different octave frequencies
(i.e., 0.125, 0.25, 0.5, 1, 2, 4, and 8 kHz). For the presbycusis
group, the inclusion criterion of the audiometric threshold was
a PTA > 25 dB HL in the better hearing ear; for the HCs, normal
hearing was defined as a PTA < 25 dB HL for all 7 frequencies.
Moreover, to confirm normal functioning of the middle ear,
tympanometry was measured using a Madsen Electronics Zodiac
901 Middle Ear Analyzer (GN Otowrics).

Nine participants in the presbycusis group were excluded from
the study due to excessive head movement during MRI scans.
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In addition, to obtain a more homogenous sample, the study
excluded individuals who suffered from ear diseases other than
presbycusis that affected hearing thresholds and sensorineural
hearing loss, including tinnitus (Baguley et al., 2013), hyperacusis
(Khalfa et al., 2002), Meniere’s disease, and otosclerosis, as well
as individuals with a previous history of occupational noise
exposure (Guest et al., 2017), otologic surgery, ototoxic drug
therapy, or hearing aid use. Individuals who were addicted to
smoking and alcoholism had depression, brain damage, epilepsy,
major illnesses (i.e., anemia, thyroid dysfunction, and cancer),
or mental or neurological disorders, as well as individuals with
contraindications to MRI were also excluded.

Cognitive Assessment
We conducted a series of cognitive assessments in a fixed
order to reveal various aspects of cognitive functioning, mainly
focusing on memory, attention, and executive functions. The
tests conducted on all participants were as follows: the Mini-
Mental State Exam (MMSE) (Ardila et al., 2016) and the Montreal
Cognitive Assessment (MoCA) (Dawes et al., 2019) to assess
general cognitive function including verbal abilities and cognitive
reserve; the Auditory Verbal Learning Test (AVLT) (Xu et al.,
2020) and Complex Figure Test (CFT) (Shin et al., 2006) to
investigate episodic verbal learning as well as visual memory
recall; and the Digit Span Test (DST) (Gabel et al., 2019)
to measure working memory. Additionally, attentiveness and
executive functions were assessed by the Trail Making Test
(TMT) (Sanchez-Cubillo et al., 2009) and Clock-Drawing Test
(CDT) (Viscogliosi et al., 2017). The TMT consists of two
subtests: TMT-A mainly assesses motor speed and visual search
skills, while TMT-B reflects cognitive flexibility. Furthermore, the
Digit Symbol Substitution Test (DSST) (Rosano et al., 2013) and
Verbal Fluency Test (VFT) (Vaucheret Paz et al., 2020) were used
to measure both the mental operating speed and visuospatial
abilities. Additionally, the symptoms of anxiety and depression
were evaluated by the hospital anxiety and depression scale (Pais-
Ribeiro et al., 2018). In total, it took approximately 60 min for
each individual to complete all these tests.

Imaging Data Acquisition and
Preprocessing
A 3.0 Tesla Philips MRI scanner (Ingenia, Netherlands) with
an eight-channel phased-array head coil was used to collect
imaging data from all participants. During the data acquisition,
participants were instructed to lie quietly, keep still, and keep
their eyes closed but not to fall asleep or think about anything
special. Foam padding and paper tape were used to reduce
involuntary head movements, and earplugs were used to decrease
the influence of noise. According to the specifications of the
manufacturer, the earplugs (Hearos Ultimate Softness Series,
Buffalo, NY, United States) could attenuate scanner noise by
almost 32 dB. All the participants completed an 8-min and 8-s rs-
fMRI scan with a gradient echo-planar imaging (EPI) sequence:
repetition time (TR) = 2,000 ms, echo time (TE) = 30 ms,
slices = 36, thickness = 4 mm, gap = 0 mm, matrix size = 64× 64,
field of view (FOV) = 240 mm × 240 mm, and flip angle

(FA) = 90◦ with voxel size = 3.75 mm × 3.75 mm × 4.0 mm.
The structural images were acquired using a three-dimensional
turbo fast echo (3D-TFE) T1-weighted (T1WI) sequence with
an FOV = 256 mm × 256 mm; matrix size = 256 × 256;
TR/TE = 8.1/3.7 ms, slices = 170, thickness = 1 mm, gap = 0 mm,
and FA = 8◦, which lasted for 5 min and 29 s. Furthermore, all
scans were obtained with parallel imaging using the sensitivity
encoding (SENSE) technique and the SENSE factor = 2.

The functional image data were preprocessed by the Graph
Theoretical Network Analysis (GRETNA) to make the data
suitable for further analysis. The specific steps were as follows:
first, the first 10 volumes were deleted to reach a steady-state
of magnetization and to allow participants to adapt to the
scanning environment. Second, default slice timing routines in
GRETNA were used to correct differences in image acquisition
time between slices, with the middle slice serving as the reference
slice. Third, the functional data were realigned to correct for
head motion (realignment), and any subjects with a head
motion greater than 2.0-mm translation or 2.0 rotation in any
direction were excluded. Other preprocessing steps included
spatial normalizing of corrected volumes to the Montreal
Neurological Institute space by EPI template with resampled
voxel size = 3 mm × 3 mm × 3 mm and spatial smoothing with
a 6-mm full width at half maximum Gaussian smooth kernel.

Group Independent Component Analysis
and Resting-State Networks
Identification
We used the group ICA function of the fMRI Toolbox (GIFT) to
implement the spatial group ICA and to detect the resting-state
networks (RSNs), which involved the following steps: first, the
principal component analysis (PCA) was conducted to reduce the
data dimensionality. The number of ICs for all participants was
automatically estimated using the minimum description length
(MDL) criteria (resulting in 34 ICs), and another PCA was
performed to achieve the remaining dimensionality reduction.
Second, the InfoMax algorithm was used to run the appropriate
ICA. Finally, the time courses and spatial maps of individual
subjects were back-reconstructed by group ICA (Wang et al.,
2020), and the results were transformed to Z-scores for display.
Ten significant components were identified as RSNs through
visual observation of the ICA results based on previous studies.
These ICs were classified into eight RSNs, namely, AUN, DMN,
attention network (AN), left frontoparietal network (LFPN),
right frontoparietal network (RFPN), SMN, VN, and cerebellum
network (CN), all of which have been widely reported in previous
rs-fMRI research (Jiang et al., 2020; Wang et al., 2020).

Static Functional Network Connectivity
After ICA analysis, the MANCOVAN toolbox in GIFT was used
to calculate the correlations between any two RSN time courses
for each individual. Then, the FNC (temporal correlation) was
acquired by computing the Pearson’s correlation coefficient
between each summary time course and every other summary
time course, thus generating a 10 × 10 matrix for each
participant. The correlation results were Fisher Z-transformed
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before further analysis. Finally, we used a general linear model
(GLM) with age, sex, and education as nuisance covariates
to determine which pair of RSNs was significantly different
between the groups. The significance threshold was set at
p < 0.05, and multiple comparisons were corrected using false
discovery rate (FDR).

Dynamic Functional Network
Connectivity
The temporal dFNC module, as implemented in the GIFT
software package, was used to perform the dFNC analysis.
Preprocessing included cubic detrending, despiking using 3D-
despike, and low-pass filtering using a high-frequency cutoff of
0.15 Hz to decrease the impact of artifacts (Wang et al., 2020).
Then, a sliding time-window approach [window size set to 15
TRs of a rectangular window convolved with a Gaussian ( = 3
TRs)] was employed to compute the dFNC between ICA time
courses (Du et al., 2016). Thus, a total of 21,090 windowed FNC
(wFNC) symmetric matrices (111 participants with 190 wFNCs)
were constructed. Then, the k-means clustering algorithm (using
the squared Euclidean distance method with 500 iterations and
150 replicate dFNC windows) was conducted on the wFNC
matrices (Malhi et al., 2019). The most commonly used method
to determine the optimal value of k, which is defined as the
ratio of within- to between-cluster distances, is the k-means
clustering algorithm based on the elbow criterion; the goal of the
algorithm is to minimize k. The turning point (or elbow) of our
results was at 4 FNC states, which reflects the optimal number
of clusters (Jiang et al., 2020). Two-sample t-tests were used to
compare each of the 45 mean dFNC correlations (10 × 9/2)
from each of the 4 states between groups, with a significance
threshold of p < 0.05 (FDR-corrected). In addition, three dFNC
indices were extracted from all four states of each subject (Jiang
et al., 2020), namely, fraction time (FT) of each state, mean dwell
time (MDT), and number of transitions (NT). FT indicates the
percentage of time spent in each state out of the total time, MDT
reflects the average length of time the subjects spent in a certain
state, and NT refers to the number of times a subject switched
between different states. These indices were compared by the
non-parametric Mann–WhitneyU-tests; p< 0.05 was considered
statistically significant.

Statistical Analyses
The IBM SPSS 19.0 software package was used to investigate the
differences in demographic and clinical information between the
patients with presbycusis and the HC groups. Chi-square tests
were used for categorical variables, and the independent two-
sample t-tests were used for continuous variables. Additionally,
significant differences between the two groups were explored
for the eight RSNs, and static and dFNC coefficients were used
to calculate correlations with cognitive assessment scores via
Pearson’s or Spearman’s correlation analysis. The dFNC values,
such as FT, MDT, and NT, were also analyzed for correlation
with cognitive assessment scores; p < 0.05 was considered
statistically significant.

RESULTS

Demographic Data and Cognitive Status
Notably, 51 patients with presbycusis and 60 HCs were included
in the final analysis. The clinical and neuropsychological
characteristics of both groups are summarized in Tables 1, 2.
There were no significant differences between the presbycusis
group and HCs in terms of age, sex, education level, or middle-
ear function (because all participants had a type A curve on
tympanometry, which indicates normal function). In addition,
no significant differences were found in the PTA between the
left and right ears of the patients with presbycusis and the HCs.
A summary of the average hearing thresholds of both ears in all
subjects is presented in Figure 1. The average PTA of patients
with presbycusis was significantly higher than that of the HCs
(p< 0.001, 1,000–8,000 Hz). In terms of the cognitive assessment,
patients with presbycusis performed significantly worse, with
lower DST and TMT-B scores (p < 0.05). Significant differences
in the other cognitive assessments were not detected.

Resting-State Network Alterations
We identified eight RSNs (10 ICs) from the fMRI data
after the ICA, with spatial distributions similar to those of
previous research. The AUN (IC20) was composed of the
superior temporal gyrus and MTG, which are responsible for
auditory processing. The DMN (IC15) comprised the medial
prefrontal cortex, posterior cingulate cortex/precuneus, bilateral
inferior parietal lobe, and angular gyrus. The AN (IC6 + 12)
included the dorsal domain and the ventral domain, which
mainly encompassed the bilateral intraparietal sulcus, frontal
eye field, temporoparietal junction area, and ventral frontal
cortex. The LFPN (IC25) and RFPN (IC21) were concentrated
in the prefrontal cortex and the posterior parietal cortex.
The SMN (IC4) mainly included the precentral gyrus and
part of the postcentral gyrus. The VN (IC9 + 34) and CN
(IC11) encompassed the occipital pole and cerebellar cortex,
respectively, which are consistent with prior anatomical and
functional delineations (Figure 2).

Static Functional Network Connectivity
and Dynamic Functional Network
Connectivity
The results of the sFNC analysis for patients with presbycusis
and HCs are shown in Figure 3. Significant differences were
found in network connectivity in the AUN, AN, DMN, LFPN,
and CN between these two groups. Compared with HCs, patients
with presbycusis had decreased sFNC between DMN (IC15) and
LFPN (IC25), as well as between AN (IC12) and CN (IC11). The
presbycusis group exhibited significantly increased sFNC in the
AUN (20)-DMN (15) pairs.

Time-varying FNC during scanning was clustered into four
states by k-means clustering; the centroids of the four states are
presented in Figure 4. State 1 accounted for 46% of all windows
and had the largest occurrence frequency. It is worth noting that
the total number of subjects per state varied, as not all subjects
entered into all states. The majority of the subjects (108/111)
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TABLE 1 | Demographics of patients with presbycusis and the healthy controls (HCs).

Patients with presbycusis
(n = 51)

Healthy controls
(n = 60)

p-value

Age (year) 61.65 ± 8.24 59.78 ± 5.15 0.165

Gender (male: female) 24/27 27/33 0.828

Education (years) 10.80 ± 2.03 10.80 ± 1.70 0.991

PTA of left ear (dB HL) 33.02 ± 4.06 15.88 ± 2.79 <0.001*

PTA of right ear (dB HL) 32.65 ± 6.29 16.22 ± 3.11 <0.001*

Mean PTA of both ears (dB HL) 32.84 ± 3.85 16.05 ± 2.16 <0.001*

Data are represented as mean ± SD. *p < 0.001. PTA, pure tone audiometry.

experienced State 1 and State 3 (81/111), which had the highest
occurrence rates. In addition, 55 subjects experienced State 2,
and 54 experienced State 4. The number of presbycusis and
HC subjects in each state was similar, indicating that the two
groups were equally represented across states despite the reduced
number of subjects. State 1 mostly exhibited weak connectivity
among all networks. That is, the connections were mainly sparse.
State 2 accounted for 11% of all windows; in this state, there
were highly positive FNCs within and between all RSNs, except
for the relatively weaker FNCs between FPN and CN related to
the other networks. State 3 was characterized by highly positive
connections between AN, DMN, and LFPN. State 4 was similar to
State 3, with strong positive connectivity between SMN, VN, and
AN; the AN and DMN were highly connected, while the other
RSNs had relatively weaker or negative FNCs in States 3 and 4.

The presbycusis group exhibited an abnormal decrease in
transient dFNC patterns compared to HCs in State 2, which are
illustrated in Figure 5. In State 2, significantly decreased dFNCs
were found between CN (IC11), AN (IC6+12), and VN (IC9).
Moreover, patients with presbycusis demonstrated significantly

TABLE 2 | Neuropsychological scores of patients with presbycusis and HCs.

Patients with presbycusis
(n = 51)

Healthy controls
(n = 60)

p-value

MMSE 28.96 ± 1.26 28.85 ± 1.36 0.666

MoCA 25.84 ± 1.77 26.46 ± 1.80 0.072

AVLT 33.49 ± 7.24 34.93 ± 6.94 0.285

CFT 34.50 ± 1.71 34.43 ± 1.71 0.816

CFT-delay 16.68 ± 3.71 17.21 ± 4.25 0.483

TMT-A 69.08 ± 20.37 70.56 ± 20.71 0.705

TMT-B 171.35 ± 51.49 151.03 ± 45.58 0.031*

CDT 3.47 ± 0.54 3.54 ± 0.53 0.492

DST 11.20 ± 1.58 11.80 ± 1.90 0.067

VFT 14.71 ± 4.05 14.91 ± 3.62 0.779

DSST 69.90 ± 8.43 68.85 ± 9.36 0.538

SAS 36.67 ± 5.86 35.66 ± 6.51 0.394

SDS 38.49 ± 8.64 36.34 ± 8.02 0.176

Data are represented as mean ± SD, *p < 0.05. MMSE, Mini-Mental State
Examination; MoCA, Montreal Cognitive Assessment; AVLT, Auditory Verbal
Learning Test; CFT, Complex Figure Test; DST, Digit Span Test; TMT-A, Trail Making
Test-Part A; TMT-B, Trail Making Test-Part B; CDT, Clock Drawing Test; VFT, Verbal
Fluency Test; DSST, Digit Symbol Substitution Test; SDS, Self-Rating Depression
Scale; SAS, Self-Rating Anxiety Scale.

shorter MDT and FT in State 3 than HCs (p = 0.0027 and
p = 0.0031, respectively) (Tables 3, 4). However, no significant
difference in the NT of states between presbycusis group and HCs
was found (p > 0.05).

Correlation Results
The correlations between FC attributes and cognitive
performance in the presbycusis group were further analyzed.
A significant negative correlation was found between the sFNC
differences in the DMN-LFPN pair and the TMT-B score
(r = –0.441, p = 0.002). However, the other sFNC or dFNC
differences were not significantly correlated with cognitive
performance. Moreover, no significant correlations among the
dFNC indices (i.e., MDT, FT, and NT) and cognitive scores were
observed in patients with presbycusis.

DISCUSSION

This was the first study to combine sFNC analysis with dFNC
analyses; thus, compared to the previous purely static evaluations,
the brain dynamics were fully considered. Studies have shown

FIGURE 1 | Average hearing thresholds of patients with presbycusis and
healthy controls. The hearing thresholds were significantly higher in patients
with presbycusis than controls (*p < 0.001; 1,000–8,000 Hz). Data are
presented as mean ± SD.
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FIGURE 2 | Spatial maps of identified resting-state networks (RSNs) are divided into eight different functional domains, namely, AUN, LFPN, RFPN, DMN, AN, SMN,
VN, and CN. AUN, auditory network; LFPN, left frontoparietal network; RFPN, right frontoparietal network; DMN, default mode network; AN, attention network;
SMN, sensorimotor network; VN, visual network; and CN, cerebellum network.

FIGURE 3 | Group comparison results of sFNC between eight RSNs: decreased sFNC in the DMN (IC15)-LFPN (IC25) and AN (IC12)-CN (IC11) pairs and increased
sFNC in the AUN (IC20)-DMN (IC15). sFNC, static functional network connectivity; DMN, default mode network; LFPN, left frontoparietal network; AN, attention
network; CN, cerebellum network; AUN, auditory network.
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FIGURE 4 | Left column indicates dynamic functional network connectivity
(dFNC) centroids of the four states, the number of subjects, and the
percentage of occurrence in each state. Right column shows the visualization
of dFNC in each state. PC, presbycusis; HC, healthy controls; AUN, auditory
network; SMN, sensorimotor network; VN, visual network; LFPN, left
frontoparietal network; RFPN, right frontoparietal network; DMN, default mode
network; AN, attention network; CN, cerebellum network.

abnormal network interactions in the DMN, LFPN, AN, CN,
and VN in patients with presbycusis. The current results support
the hypothesis that abnormal static and dynamic connectivity
patterns in rs-FC are associated with cognitive impairment
in patients with presbycusis, emphasizing the importance of
investigating rs-FC from both static and dynamic perspectives as
that can provide additional relevant information on the disease
and help to map the full picture of connectivity abnormalities.

FIGURE 5 | Connectivity results for State 2 evaluated using two-sample
t-tests, and the significance was corrected using false discovery rate (FDR):
decreased dynamic functional network connectivity (dFNC) in the CN (IC11)
with AN (IC6+12) and VN (IC9). CN, cerebellum network; AN, attention
network; VN, visual network.

The DMN, i.e., the key brain network in the resting state,
remains deactivated during tasks requiring external attention
and is mainly responsible for social cognition, working memory,
decision-making, and awareness (Buckner and DiNicola, 2019).
Previous studies have discovered that patients with presbycusis
have significantly reduced FC in the DMN and that there are
abnormal interactions between DMN and other networks (Xu
et al., 2019b; Zhang and Volkow, 2019). In addition, the neural
consequences of hearing loss include structural alterations of the
cortex, impacting cognitive function, and gray matter atrophy,
including the bilateral precuneus, cingulate cortex, and insula;
a thicker insula is related to better speech perception (Ren
et al., 2018). The LFPN can actually be regarded as a language
network, and its left lateralization is consistent with the laterality
of language areas, which govern language-related cognition (Zhu
et al., 2014). Disrupted FC between FPN and DMN was observed
in schizophrenia and healthy subjects with sleep deprivation
(Stolzberg et al., 2018), suggesting that sFNC may serve as a
biomarker of impaired function. It is well known that hearing
loss leads to reduced central auditory activation and that the
changes in the AUN negatively impact auditory perception and
verbal communication ability. Our results showed increased
sFNC between DMN and AUN and decreased sFNC between
DMN and LFPN, similar to those of previous studies. This finding
supports the concept of auditory cortex plasticity and, further,
may represent functional compensation, which suggests that
patients with presbycusis tend to recruit more cognitive resources
to support auditory perception, leading to the impairment of
higher-order cognitive behaviors such as semantic perception and
goal orientation.

An increasing number of studies have confirmed that the
CN plays an indispensable role in hearing, mainly reflected by
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TABLE 3 | Two sample t-test of mean dwell time between the patients with
presbycusis and the HCs.

State Presbycusis (n = 51) Healthy controls (n = 60) p-value t-value

1 56.1582 ± 55.6921 37.9664 ± 41.1299 0.0529 1.9569

2 16.6275 ± 25.7619 10.3917 ± 16.5388 0.1302 1.5247

3 16.1134 ± 18.5945 30.6181 ± 28.7204 0.0027* –3.0689*

4 15.3072 ± 18.0488 10.9686 ± 16.5557 0.1936 1.3080

Data are the mean ± SD; *indicates significant difference.

TABLE 4 | Two sample t-test of fraction time between the patients with
presbycusis and the HCs.

State Presbycusis (n = 51) Healthy controls (n = 60) p-value t-value

1 0.5192 ± 0.3149 0.4112 ± 0.2641 0.0541 1.9467

2 0.1331 ± 0.2072 0.0907 ± 0.1537 0.2234 1.2246

3 0.2076 ± 0.2532 0.3696 ± 0.2982 0.0031* –3.0279*

4 0.1400 ± 0.1893 0.1284 ± 0.2330 0.7781 0.2825

Data are the mean ± SD; *indicates significant difference.

the fact that the CN is second only to the primary auditory
cortex in auditory processing and is the most active brain
area for hearing-related tasks (Xu et al., 2019a; Shahsavarani
et al., 2021). Neuroimaging studies have also discovered the
activation of the cerebellum during auditory input, and auditory
deprivation has been found to interfere with communication
between CN and other cortical networks (Brady et al., 2019).
In addition, hearing-impaired patients experience increased
recruitment of the CN after hearing aid use (Vogelzang
et al., 2021). Cerebellar output is anatomically and functionally
connected to the frontal cortex through the subcortical area,
forming a cerebrocerebellar circuit. The AN involves the frontal
cortex, including the frontal eye field and the ventral frontal
cortex. We observed a reduction in the sFNC and dFNC
between CN and AN, suggesting that due to the decrease in
peripheral auditory input, the activation of the CN was reduced,
and the cerebrocerebellar circuit connection was interrupted
accordingly. The decline in attention and the attention-related
cortical atrophy in patients with hearing loss (Fortunato et al.,
2016) are similar to our results, reflecting impaired AN function,
as the AN participates in the perceptual analysis and processing
of auditory signals. The perceptual understanding of auditory
information requires integration among brain networks (Slade
et al., 2020), which further leads to difficulty in understanding
speech in patients with presbycusis. Thus, patients strive to
allocate more neural resources to listening, and correspondingly,
higher-level cognitive resources decrease, thereby confirming
that the mechanism of the relationship between presbycusis and
cognitive impairment is the reallocation of cognitive resources.

It is worth noting that although the cerebellum was initially
considered to mainly control motion, later studies have verified
its important role in multimodal integration (Xiao and Scheiffele,
2018). The cerebellum contains afferent fibers of the visual
sensory system, conveying a wealth of visual information and
directing visual attention. Our study observed that patients
with presbycusis showed reduced dFNC between the VN and

the CN, suggesting abnormalities in visual-motor integration,
which is consistent with the previous findings of decreased FC
in the motor area of patients with hearing loss (Chen et al.,
2020). Studies have also suggested that the decreased connectivity
between auditory and motor areas is related to stronger audio-
visual integration (Schulte et al., 2020). Our results may therefore
indicate that the partial deprivation of auditory perception affects
motor function in much the same way that the partial deprivation
of one sensory modality influences the function of the rest of the
sensory modalities (Schmithorst et al., 2014). Several longitudinal
studies (Kamil et al., 2016; Jayakody et al., 2018) have shown
an increased risk of falls in older patients with hearing loss,
which may be caused either by hearing loss, which reduces the
ability to locomote and balance and thus leads to falls, or by
cochlear dysfunction, which leads to impairments in spatial and
directional hearing and acoustic orientation. As is currently well
known, the role of the cerebellum has shifted from one that is
purely sensorimotor related to one that involves a broad range
of cognitive functions. Our results not only provide a reasonable
explanation for falls but also suggest the neural mechanism of
cognitive impairment in patients with presbycusis.

We found that patients with presbycusis have aberrant dFNC
temporal properties. State 1, which has sparse connectivity,
was the most frequent brain state, followed by States 3 and
4. Although State 2 was the least frequent brain state, it
mainly presented as highly positive connectivity, reflecting
interconnection between brain networks. The dFNC patterns
vary among different states, suggesting flexibility in functional
coordination between brain networks. State 3 was characterized
by a close relationship between AN, DMN, and LFPN. Patients
with presbycusis spent the shortest FT and MDT in State 3, but
this short stay may not be conducive to a functional interaction
between the aforementioned networks, therefore presenting a
mechanism of cognitive impairment. We also found that patients
with presbycusis tended to remain in a state with sparse FC (State
1), although this difference was not significant when compared to
the control group. Sparse FC usually means inefficient functional
integration, which is a characteristic that is adverse to the fluency
of brain cognitive resource allocation. Therefore, we speculated
that it might be the reason for its cognitive deficits.

This study had several limitations. First, it is relatively limited
in inferring causal associations from the observed results. Future
studies should use a longitudinal design to evaluate the sensitivity
and specificity of FNC analysis in cognitive impairment in
presbycusis. Second, the functional networks involved in the
research were based on multiple components determined by ICA;
other networks, such as the salience network and basal ganglia
network, which may have important impacts on the neural
mechanisms of presbycusis, were not taken into account; thus,
the follow-up research should include a more comprehensive
network interaction model. Third, other methods, such as
graph theoretical approaches (Jia et al., 2020), using time-
frequency information (Yaesoubi et al., 2015) or coactivation
patterns (Bolton et al., 2020), also show promise in identifying
information that static methods fail to capture. Finally, although
the subjects were told not to think about anything in particular
and to keep relatively still during the scanning process,
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we still could not identify what subjects actually thought about.
Further research should explore ways to work around these
limitations and further clarify the dynamic FC changes in patients
with presbycusis.

CONCLUSION

In summary, this study revealed abnormal sFNC and dFNC
and altered temporal properties of dynamic FC in patients
with presbycusis and found that they were correlated
with neurocognitive changes. These findings enrich our
understanding of the neural mechanisms underlying cognitive
impairment associated with presbycusis and may serve as a
potential imaging biomarker for investigating and predicting
cognitive difficulties. Furthermore, the current findings might
contribute to earlier clinical diagnosis, prevention, and treatment
of presbycusis on account of brain connectomics.
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Objective: The objective of this study was to investigate the role of the high-frequency
cochlear dysfunction in the cognitive-ear link.

Methods: Seventy-four presbycusis patients (PC group) and seventy-one age-, sex-,
and education-level matched normal hearing controls (NH group) were recruited in
this study. Participants underwent a battery of cognitive tests estimated by Montreal
Cognitive Assessment (MoCA), Stroop Color-Word Interference Test (Stroop), Symbol
Digit Modalities Test (SDMT), Auditory Verbal Learning Test (AVLT), and Trail-Making
Test (TMT-A and B), as well as auditory tests including distortion product otoacoustic
emission (DPOAE), pure tone (PT) thresholds, and speech reception thresholds (SRT).
Data were analyzed using the factor analysis, partial correlation analysis, multiple linear
regression models, and mediation models.

Results: Distortion product otoacoustic emission detection amplitudes and PT
thresholds performed worse gradually from low to high frequencies in both the NH
and PC groups. High-frequency DPOAE (H-DPOAE) was significantly correlated with
cognitive domains in the PC group (AVLT: r = 0.30, p = 0.04; SDMT: r = 0.36,
p = 0.01; Stroop: r = –0.32, p = 0.03; TMT-A: r = –0.40, p = 0.005; TMT-B: r = –
0.34, p = 0.02). Multiple linear regression models showed that H-DPOAE predicted
cognitive impairment effectively for aspects of memory (R2 = 0.27, 95% CI, 0.03 to
1.55), attention (R2 = 0.32, 95% CI, –6.18 to –0.40), processing speed (R2 = 0.37, 95%
CI, 0.20 to 1.64), and executive function (TMT-A: R2 = 0.34, 95% CI, –5.52 to 1.03;
TMT-B: R2 = 0.29, 95% CI, –11.30 to –1.12). H-DPOAE directly affected cognition and
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fully mediated the relationship between pure tone average (PTA)/SRT and cognitive test
scores, excluding MoCA.

Conclusion: This study has demonstrated that the high-frequency cochlear amplifier
dysfunction has a direct predictive effect on the cognitive decline and makes a large
contribution to the cognitive-ear link.

Keywords: presbycusis, cognitive decline, high-frequency cochlear amplifier dysfunction, risk factor,
cognitive-ear link

INTRODUCTION

Presbycusis (PC), as the high-incidence chronic disease in the
elderly (Lin et al., 2011c), is associated with cognitive decline and
dementia (Wayne and Johnsrude, 2015; Livingston et al., 2017,
2020; Loughrey et al., 2018; Jafari et al., 2019; Nixon et al., 2019;
Brenowitz et al., 2020; Slade et al., 2020). Owing to the treatability
of hearing loss, it has been considered as the most modifiable risk
factor potentially in strategies for dementia prevention (Albers
et al., 2015; Livingston et al., 2017, 2020; Loughrey et al., 2018;
Chern and Golub, 2019).

Recent evidence for a link between cognitive impairment
and hearing loss is based on diverse auditory assessments,
including the pure tone average (PTA) (Lin et al., 2013;
Harrison Bush et al., 2015; Croll et al., 2020), number of
distortion product otoacoustic emissions (DPOAE) detected
(Belkhiria et al., 2019, 2020), speech reception thresholds (SRT)
(Castiglione et al., 2019; Ren et al., 2019), etc. In general, these
findings imply an underlying significant interaction within the
cognitive-ear link, which suggests the potential of correcting
the hearing loss to achieve a better cognitive function in elder
adults (Panza et al., 2018). In other words, early recognition
of PC can be used to screen high-risk groups for cognitive
impairment. Actually, PC involves the degeneration of peripheral
and central auditory pathway (Keithley, 2020); thus, it is hard
to distinguish the influences of peripheral from the central
dysfunction (Gates and Mills, 2005). Most central PC cases with
reduced speech discrimination also show a loss of outer hair
cells (OHCs), which are helped by the cochlear amplifier to
result in remarkable sound sensitivity and frequency specificity
(Dallos and Evans, 1995; Gates and Mills, 2005). Even though
PC most likely results from the degenerative changes of both
OHCs and inner hair cells (IHCs) inevitably (Merchant and
Nadol, 2010; Wu et al., 2020), whether dysfunction of OHCs
or IHCs makes a great sense to the cognitive-ear link in PC
remains unclear.

Considering that PC generally presents as degradation of the
higher frequencies and progresses to degradation of the lower
frequencies with time (Chern and Golub, 2019), we aimed to
identify the role of the high-frequency cochlear dysfunction
in the cognitive-ear link. In this study, the cochlear amplifier
dysfunction was quantified as the DPOAE-detected amplitude,
which is objective, frequency-specific, and sensitive to subtle
changes in OHCs (Arnold et al., 1999; Prieve et al., 2020).
We have conducted multiple-frequency band and modality of
hearing assessment and hypothesized that the high-frequency

cochlear amplifier dysfunction plays a dominant role in the
cognitive-ear link.

MATERIALS AND METHODS

Study Design and Participants
This study was approved by the Institutional Review Board of
Shandong University (approval no. 2016-KY-059) and followed
the Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) reporting guideline. Each participant
signed the informed written consent and received the payment.

The participants were native Mandarin Chinese speakers,
right-handed (Jancke, 1996), and had no history of psychiatric or
neurological diseases. Seventy-four PC patients (PC group) from
the Department of Otolaryngology at the local hospital between
March 2017 and April 2020 were recruited. Hearing loss has
been defined as a PTA (range: 0.5–4 kHz) of the better ear ≥ 20
decibels hearing level (dB HL) (Stevens et al., 2013; World health
organization, 2021). The exclusion criteria were (1) conductive
hearing loss, asymmetric hearing loss, middle ear dysfunction,
or tinnitus; (2) have used hearing aid, otologic surgery, ototoxic
drug therapy, head trauma, or noise exposure; and (3) causes of
sensorineural hearing loss other than PC. Seventy-one normal
hearing controls (NH group) from the local community with the
PTA less than 20 dB HL in both ears matched in age-, sex-, and
education-level were recruited. Detailed inclusion and exclusion
criteria for participants are shown in Supplementary Table 1.

Auditory Assessments
All auditory evaluations were carried out in a sound-attenuating
booth. Participants were assessed using a GSI Tympstar to
confirm the optimal middle ear condition. Based on the results
of the auditory assessment, the optimal ear was selected for the
further analysis.

The pure tone (PT) audiometry threshold was assessed via a
clinical audiometer (GSI AudioStar Pro, Grason-Stadler, Eden
Prairie, MN, United States) coupled with TDH-50P telephonic
headphones for each ear separately at frequencies of 0.125, 0.25,
0.5, 1, 2, 4, and 8 kHz. An extended PTA, including the 8 kHz
threshold (PT threshold averages at frequencies of 0.5, 1, 2,
4, and 8 kHz), was also analyzed since the PC patients had
predominantly a high-frequency hearing loss.

The outer hair cell function was evaluated using the
DPOAE (2f 1-f 2, f 2/f 1 = 1.22) (Gorga et al., 1997; Ozimek
et al., 2006), a type of otoacoustic emission induced by
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two primary PTs with a certain frequency ratio (Abdala and
Dhar, 2012). DPOAE was recorded with a clinical otoacoustic
emission detector (SmartOAE, Intelligent Hearing Systems,
Miami, FL, United States) with a miniature microphone (ER-
2, Etymotic Research, Elk Grove Village, IL, United States)
inserted into the ear canal. Stimulus levels of f 1 and f 2
were kept at 65- and 55-dB sound pressure level, respectively.
The frequencies of DPOAE detection were 0.5, 0.75, 1,
1.5, 2, 3, 4, 6, and 8 kHz. DPOAE amplitudes were
determined by a signal-to-noise ratio > 6 dB for each
frequency. Speech detection was assessed using the SRT
(Schlauch et al., 1996), which was tested by a clinical
audiometer (GSI AudioStar Pro, Grason-Stadler, Eden Prairie,
MN, United States) equipped with TDH-50P telephonic
headphones. An automatic HOPE software was adopted to
deliver and evaluate the spondee words. The test was performed
according to the SRT guidelines recommended by the American
Speech Hearing Association.

Cognitive Assessments
All cognitive assessments were completed within 60 min
by a specialist in a fixed order. The Montreal Cognitive
Assessment (MoCA) (Nasreddine et al., 2005), Stroop Color-
Word Interference Test (Stroop) (Savitz and Jansen, 2003),
Auditory Verbal Learning Test (AVLT, Chinese version) (Zhao
et al., 2012), Symbol Digit Modalities Test (SDMT) (Benedict
and Zivadinov, 2011), and Trail-Making Test (TMT) (Sanchez-
Cubillo et al., 2009) were assessed for aspects of general
cognitive function, attention, learning and memory, information
processing speed, and executive function, respectively. The
TMT consists of A and B; participants are required to draw
sequential lines connecting 25 encircled numbers in TMT-
A and draw a line between circles and squares alternately
while connecting numbers in TMT-B. For each part of TMT,
the final completion time is recorded as the test result
(Wei et al., 2018).

Statistical Analysis
The group differences in age, education, auditory, and cognitive
tests were assessed by two-tailed t-test; the differences between
PC and NH group in sex, hypertension, diabetes, hyperlipidemia,
smoking, and bibulosity were evaluated by the chi-square
test. Partial correlation analyses were employed to explore the
relationships between cognitive and auditory functions in each
group and the overall participant sample.

The PT thresholds of each frequency point were divided into
low- and high-frequency bands by using the factor analysis with
principal components extraction and Varimax rotation (Eckert
et al., 2012). According to the component weights of the matrix
after rotation (Supplementary Table 2), the PT thresholds of
0.125, 0.25, 0.5, and 1 kHz were loaded onto component 1 (low
frequency), while the PT thresholds of 2, 4, and 8 kHz were loaded
onto component 2 (high frequency). As the mean amplitude
of DPOAE of all participants was positively correlated with the
mean threshold value of PT (r = –0.488, p < 0.001), DPOAE
amplitudes were divided into low and high frequencies according
to components 1 and 2 of the PT thresholds. Subsequently,

the partial correlation analysis was used to investigate the
extent to which low-/high-frequency PT and DPOAE correlated
with the cognitive function in the PC group, NH group, and
all participants.

The multiple linear regression analysis was adopted to evaluate
the influence of control variables and hearing function (high-
frequency DPOAE, PTA, extended PTA, and SRT) on the global
cognitive status and cognitive aspects. The controlled variables
and auditory assessment measures were the independent
variables, while the cognitive test scores were the dependent
variables. The models with high-frequency DPOAE (H-DPOAE),
PTA and extended PTA, and SRT as the independent variables
are denoted as models 1, 2, 3, and 4 respectively. The degree of
prediction is indicated by R2.

To identify the role of high-frequency cochlear amplifier
dysfunction in the cognitive-ear link, mediation was tested
by bootstrapping analyses in the SPSS software using two
steps in all participants, namely, (1) the mediating effect
of H-DPOAE on PTA/SRT and cognition and (2) the
mediating effect of PTA/SRT on H-DPOAE and cognition.
In all above analyses, the effects of age, sex, education,
hypertension, diabetes, hyperlipidemia, smoking, and bibulosity
were controlled. Data analyses were conducted using the
SPSS 21.0 software.

RESULTS

Demographics and Clinical
Characteristics
Of the 74 PC patients [35 (7.3%) women; mean (SD) age, 62.74
(4.92) years] and 71 NH participants [43 (60.6%) women; 61.76
(4.62) years], no significant differences in age, sex, education,
hypertension, diabetes, hyperlipidemia, smoking, or bibulosity
were identified between the NH and PC groups (Table 1). The
PC group showed significant disadvantages in DPOAE, PTA, PT,
extended PTA, SRT (p < 0.001; Table 1), MoCA, AVLT, SDMT,
Stroop, TMT-A, and TMT-B (p < 0.05; Table 1) compared to the
NH group. The DPOAE detection amplitudes and PT thresholds
worsened gradually from low to high frequencies in the PC
group (Figure 1).

Association Between Hearing
Assessments and Cognition
The PTA was associated with cognitive assessments in both
PC group and all participants (Figure 2A; detailed data:
Table 2). DPOAE was correlated with cognitive assessments in
all participants and was correlated with SDMT and TMT-A in
the PC group. The extended PTA was associated with cognitive
assessments in all participants and was correlated with MoCA,
AVLT, and TMT-B in the PC group.

For high-frequency hearing loss, the high-frequency PT
threshold factor was positively correlated with TMT-A and TMT-
B and negatively correlated with MoCA, AVLT, and SDMT.
In all participants, H-DPOAE was significantly associated with
MoCA, AVLT, SDMT, Stroop, TMT-A, and TMT-B. In the PC
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TABLE 1 | Demographics and clinical data of participants.

Variable NH group, No. (%) PC group, No. (%) All participants, No. (%) p-value

(n = 71) (n = 74) (n = 145) NH vs. PC

Age, mean (SD), y 61.76 (4.62) 62.74 (4.92) 62.26 (4.79) 0.22

Education, mean (SD), y 11.73 (2.92) 10.78 (3.24) 11.25 (3.11) 0.07

Sex 0.12

Male 28 (39) 39 (53) 67 (46.2)

Female 43 (61) 35 (47) 78 (53.8)

Hypertension 0.30

Yes 22 (31) 29 (39) 51 (35.2)

No 49 (69) 45 (61) 94 (64.8)

Diabetes 0.49

Yes 7 (10) 10 (14) 17 (11.7)

No 64 (90) 64 (86) 128 (88.3)

Hyperlipidemia 0.54

Yes 9 (13) 7 (9) 16 (11)

No 62 (87) 67 (91) 129 (89)

Smoking 0.56

Yes 4 (6) 6 (8) 10 (6.9)

No 67 (94) 68 (92) 135 (93.1)

Bibulosity 0.74

Yes 3 (4) 4 (5) 7 (4.8)

No 68 (96) 70 (95) 138 (95.2)

DPOAE, mean (SD), y 1.95 (3.50) –2.86 (5.89) –0.51 (5.42) <0.001***

PTA, mean (SD), y 12.23 (4.31) 35.47 (10.62) 24.09 (14.22) <0.001***

PT, mean (SD), y 14.05 (4.72) 35.75 (9.75) 25.13 (13.32) <0.001***

EX-PTA, mean (SD), y 15.24 (5.53) 40.86 (10.60) 28.32 (15.40) <0.001***

SRT, mean (SD), y 12.50 (4.36) 35.76 (12.77) 24.37 (15.10) <0.001***

MoCA, mean (SD), y 25.89 (3.16) 23.58 (5.07) 24.71 (4.38) 0.003**

AVLT, mean (SD), y 53.97 (11.33) 45.89 (13.06) 49.85 (12.86) <0.001***

SDMT, mean (SD), y 31.38 (10.98) 25.59 (12.49) 28.43 (12.09) 0.004**

Stroop, mean (SD), y 138.08 (32.48) 152.14 (47.61) 145.26 (41.37) 0.04*

TMT-A, mean (SD), y 62.45 (25.27) 78.27 (37.50) 70.52 (32.96) 0.003**

TMT-B, mean (SD), y 167.72 (69.70) 206.61 (80.85) 187.57 (77.82) 0.002**

DPOAE, distortion product otoacoustic emission; PTA, pure tone average in four frequencies; PT, pure tone average in all frequencies; EX-PTA, extended PTA including
8 kHz, pure tone threshold averages at frequencies of 0.5, 1, 2, 4, and 8 kHz; SRT, speech reception threshold; MoCA, Montreal Cognitive Assessment; AVLT, Auditory
Verbal Learning Test; SDMT, Symbol Digit Modalities Test; TMT, Trail-Making Test. The data are presented as means ± standard deviations. Asterisk values in bold
indicates a statistically significant difference with a p-value < 0.05. *p < 0.05, **p < 0.01, and ***p < 0.001.

group, H-DPOAE was associated with AVLT, SDMT, Stroop,
TMT-A, and TMT-B significantly (Figure 2B; detailed data:
Tables 3, 4).

Regression Models of Auditory Function
and Cognitive Assessment
The corresponding models with the various auditory variables are
shown in Table 5. In all participants, the model of H-DPOAE
with a higher correlation coefficient offered a better prediction
value compared with PTA, extended PTA, and SRT for aspects
of memory (0.25 vs. 0.22 vs. 0.23 vs. 0.20), attention (0.23
vs. 0.20 vs. 0.19), processing speed (0.31 vs. 0.29 vs. 0.27 vs.
0.28), and executive function (TMT-A: 0.31 vs. 0.21 vs. 0.20 vs.
0.20; TMT-B: 0.27 vs. 0.22 vs. 0.19 vs. 0.20). In the PC group,
the correlation coefficients of the three models showed that
H-DPOAE predicted cognitive impairment effectively for aspects

of memory (R2 = 0.27, 95% CI, 0.03 to 1.55; p = 0.04), attention
(R2 = 0.32, 95% CI, –6.18 to –0.40; p = 0.03), processing speed
(R2 = 0.37, 95% CI, 0.20 to 1.64; p = 0.01), and executive function
(R2 = 0.34, 95% CI, –5.52 to 1.03; p = 0.005 for TMT-A; R2 = 0.29,
95% CI, –11.30 to –1.12; p = 0.02 for TMT-B).

Mediation Analysis Between Hearing and
Cognition
Figure 3 shows the cascading mediation effects of H-DPOAE
on the relationship of PTA/SRT and cognitive tests in all
participants. The mediation analysis characteristics are shown in
Supplementary Figures 1, 2.

PTA/H-DPOAE—Cognition
The PTA showed a total indirect effect on all cognitive
tests; however, there was no direct effect after controlling
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FIGURE 1 | Comparison of distortion product otoacoustic emission (DPOAE) detection amplitudes and pure threshold (PT) thresholds between normal hearing (NH)
and presbycusis (PC) groups as a function of frequency. (A) DPOAE detection amplitudes at different frequencies in NH and PC group. (B) PT thresholds at different
frequencies in NH and PC groups. The data are presented as means ± standard error. Asterisk values indicate a statistically significant difference with a
p-value < 0.05. n. s., non-significant; ***p < 0.001.

for H-DPOAE. H-DPOAE was not correlated with MoCA
(β = 0.10, 95% CI, –0.05 to 0.25; p = 0.20), indicating the
absence of a mediation effect of H-DPOAE between PTA and
MoCA. An indirect effect of PTA on AVLT, SDMT, Stroop,
TMT-A, and TMT-B was present. Therefore, H-DPOAE fully
mediated the relationship between PTA and cognitive test scores,
except for MoCA.

H-DPOAE/PTA—Cognition
The high-frequency DPOAE (H-DPOAE) showed a total indirect
effect on all six cognitive test scores and a direct effect after
controlling for PTA, excluding MoCA. PTA was not correlated
with any cognitive test scores, indicating the absence of a
mediation effect of PTA between H-DPOAE and cognition.

SRT/H-DPOAE—Cognition
The speech reception threshold showed a total indirect effect on
all six cognitive test scores. The direct effect of SRT was significant
on MoCA (β = –0.07, 95% CI, –0.13 to –0.003; p = 0.04) but
not significant on the other five cognitive tests. H-DPOAE was
correlated with AVLT, SDMT, TMT-A, and TMT-B but was not
correlated with MoCA (β = 0.08, 95% CI, –0.06 to 0.22; p = 0.23).
Therefore, H-DPOAE fully mediated the relationship between
SRT and AVLT, SDMT, TMT-A, and TMT-B.

H-DPOAE/SRT—Cognition
The H-DPOAE showed a total indirect effect on all six cognitive
test scores. The direct effect of H-DPOAE was significant on
AVLT, SDMT, TMT-A, and TMT-B but not significant on MoCA
(β = 0.08, 95% CI, –0.06 to 0.22; p = 0.23). SRT was correlated
with MoCA (β = –0.07, 95% CI, –0.13 to –0.003; p = 0.04) but

was not significantly correlated with the other five cognitive test
scores. Therefore, SRT fully mediated the relationship between
H-DPOAE and MoCA.

DISCUSSION

In this study, we measured multiple frequency bands and
modalities of hearing indices and carried out multiple cognitive
tests in participants with PC and normal hearing. Given the
topographic organization of the cochlea, this study divided the
DPOAE amplitudes and PT thresholds into low- and high-
frequency bands. Interestingly, H-DPOAE was a better predictor
of cognitive aspects than PTA and SRT in the PC group. For all
participants, H-DPOAE fully mediated the relationship between
PTA/SRT and cognitive domain in memory, attention, processing
speed, and executive function.

Accumulating evidence supports a reliable association
between hearing loss and cognition (Lin, 2011; Lin et al.,
2011a,b, 2013; Wingfield and Peelle, 2012). This finding implies
a hearing-cognitive interaction and the need to consider the
entire ear-brain connection. However, whether the OHC
dysfunction contributes to this association is still unknown.
Our findings suggest an association between the cochlear
amplifier dysfunction and cognitive decline in the NH group,
PC group, and all participants. As far as we know, our study
illustrates the relationship between hearing and cognitive
function from multiple domains of auditory using both objective
and subjective assessments for the first time. Previous research
of the relationship between age-related hearing loss and
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FIGURE 2 | Characterization of the relationship between hearing loss and cognitive data in normal hearing (NH), presbycusis (PC) groups, and all participants. (A) A
correlation between all-frequency hearing assessments and cognitive scores in different groups. (B) A correlation between low/high-frequency hearing assessments
and cognitive scores in different groups. Color scale represents Pearson correlation coefficient. Red square alone or with a hash indicates statistical significance,
respectively, at a threshold of p < 0.05 and p < 0.001. PTA, pure tone average in four frequencies; PT, pure tone average in all frequencies; SRT, speech reception
threshold; L/H, low/high frequency; MoCA, Montreal Cognitive Assessment; AVLT, Auditory Verbal Learning Test; SDMT, Symbol Digit Modalities Test; TMT,
Trail-Making Test.

cognitive decline has mainly focused on hearing assessed by
PT thresholds (Harrison Bush et al., 2015; Chern and Golub,
2019; Croll et al., 2020). In our study, the association between
hearing indicated by PTA and cognition was consistent with

previous findings. Although PT thresholds rely on the optimal
susceptibility of a few OHCs and IHCs, as well as their related
eighth nerve fibers (Gates and Mills, 2005), the test still requires
participant cooperation and does not reflect peripheral hearing
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TABLE 2 | The correlation relationship between audiological test and cognitive test.

Auditory Group Correlation MOCA AVLT SDMT Stroop TMT-A TMT-B

DPOAE NH r −0.086 0.186 0.424** −0.023 –0.290* –0.314*

p-value 0.50 0.15 0.001 0.86 0.02 0.01

PC r 0.148 0.183 0.253* −0.175 –0.307* −0.232

p-value 0.24 0.14 0.04 0.16 0.01 0.06

All r 0.190* 0.289*** 0.347*** –0.184* –0.361*** –0.334***

p-value 0.03 <0.001 <0.001 0.03 <0.001 <0.001

PTA NH r −0.230 –0.302* −0.238 −0.004 0.130 0.197

p-value 0.07 0.02 0.06 0.98 0.31 0.12

PC r –0.299* –0.308* –0.265* 0.248* 0.256* 0.303*

p-value 0.02 0.01 0.03 0.05 0.04 0.01

All r –0.349*** –0.395*** –0.284*** 0.208* 0.305*** 0.359***

p-value <0.001 <0.001 <0.001 0.02 <0.001 <0.001

EX-PTA NH r −0.188 –0.307* −0.122 0.086 0.069 0.074

p-value 0.13 0.01 0.32 0.48 0.58 0.55

PC r –0.246* –0.300* −0.181 0.106 0.207 0.257*

p-value 0.04 0.01 0.13 0.38 0.08 0.03

All r –0.313*** –0.400*** –0.241** 0.166* 0.286** 0.325***

p-value <0.001 <0.001 0.004 0.048 0.001 <0.001

SRT NH r –0.272* –0.335** −0.214 −0.115 0.150 0.160

p-value 0.03 0.007 0.09 0.37 0.24 0.21

PC r –0.284* –0.246* −0.210 0.091 0.219 0.221

p-value 0.02 0.05 0.09 0.47 0.08 0.08

All r –0.351*** –0.374*** –0.260** 0.131 0.294*** 0.327***

p-value <0.001 <0.001 0.002 0.13 <0.001 <0.001

Partial correlation analyses were used and controlled for age, sex, education degree, hypertension, diabetes, hyperlipidemia, smoking, and bibulosity. Asterisk values in
bold indicate a statistically significant difference with a p-value < 0.05. *p < 0.05, **p < 0.01, and ***p < 0.001.

TABLE 3 | Relationship between low- and high-frequency PT thresholds factor and cognitive tests.

Cognition NH group PC group All subjects

Low frequency High frequency Low frequency High frequency Low frequency High frequency

r p-value r p-value r p-value r p-value r p-value r p-value

MOCA –0.120 0.35 –0.075 0.56 –0.111 0.37 –0.185 0.14 –0.174* 0.04 –0.298*** <0.001

AVLT 0.004 0.98 –0.315* 0.01 –0.026 0.84 –0.297* 0.02 –0.140 0.10 –0.390*** <0.001

SDMT –0.094 0.47 –0.073 0.57 –0.106 0.40 –0.126 0.31 –0.153 0.08 –0.206* 0.02

Stroop –0.235 0.06 0.165 0.20 0.148 0.24 0.024 0.85 0.097 0.26 0.144 0.09

TMT–A –0.094 0.46 0.157 0.22 –0.003 0.98 0.221 0.07 0.061 0.48 0.299*** <0.001

TMT–B –0.013 0.92 0.082 0.52 0.091 0.47 0.170 0.17 0.146 0.09 0.293*** <0.001

Asterisk values in bold indicate a statistically significant difference with a p-value < 0.05. *p < 0.05 and ***p < 0.001. Stroop, Stroop Color-Word Interference Test.

objectively. That is why we used DPOAE to investigate the
relationship between the cochlear and cognitive function. Only
two previous studies have reported associations between the
cognitive assessment and cochlear amplifier dysfunction assessed
by the number of DPOAEs detected (Belkhiria et al., 2019,
2020). However, considering the clinical application of DPOAE-
detected amplitudes, we adopted DPOAE as a quantitative
assessment of cochlear function that is sensitive to subtle changes
in OHCs (Arnold et al., 1999).

Interestingly, we observed that H-DPOAE was significantly
correlated with cognitive domains in both the PC group and all

participants. Furthermore, H-DPOAE predicted cognition better
than PTA and SRT in terms of memory, attention, processing
speed, and executive function. This may be because age-related
hearing loss is characterized by the decline in hearing sensitivity
from high to low frequencies (Kobrina et al., 2020). A recent
study reported that extended high frequencies (8–20 kHz) may
be a sensitive predictor of PC earlier in life when preventive
methods can be effectively used (Motlagh Zadeh et al., 2019). In
this study, the extended PTA was only associated with MoCA,
AVLT, and TMT-B for the PC group. Thus, the extended PTA may
not be an equivalent representation compared with H-DPOAE in
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TABLE 4 | Relationship between low- and high-frequency DPOAE amplitudes and cognitive tests.

Cognition NH group PC group All subjects

Low frequency High frequency Low frequency High frequency Low frequency High frequency

r p-value r p-value r p-value r p-value r p-value r p-value

MOCA –0.174 0.12 –0.051 0.70 0.291* 0.04 0.256 0.08 0.099 0.30 0.294** 0.001

AVLT 0.130 0.34 0.232 0.07 0.275 0.06 0.299* 0.04 0.227* 0.02 0.390*** <0.001

SDMT 0.300* 0.03 0.181 0.16 0.183 0.21 0.358* 0.01 0.267** 0.004 0.336*** <0.001

Stroop 0.008 0.96 –0.200 0.12 –0.081 0.58 –0.324* 0.03 –0.092 0.33 –0.312*** <0.001

TMT-A –0.176 0.20 –0.350* 0.006 –0.322* 0.02 –0.402** 0.005 –0.246** 0.009 –0.402*** <0.001

TMT-B –0.220 0.01 –0.304* 0.02 –0.226 0.17 –0.344* 0.02 –0.244** 0.009 –0.405*** <0.001

Asterisk values in bold indicate a statistically significant difference with a p-value < 0.05. *p < 0.05, **p < 0.01, and ***p < 0.001.

TABLE 5 | Multivariate linear regression models with different auditory variables.

Cognition Model I (H-DPOAE et al. * as
independent variables)

Model II (PTA et al. * as
independent variables)

Model III (EX-PTA et al. * as
independent variables)

Model IV (SRT et al. * as
independent variables)

β (95% CI) P-value R2 β (95% CI) p-value R2 β (95% CI) p-value R2 β (95% CI) p-value R2

All subjects

MoCA 0.26 (0.07 to 0.29) 0.001 0.35 –0.31 (–0.14 to –0.05) <0.001 0.37 –0.30 (–0.13 to –0.05) <0.001 0.36 –0.31 (–0.13 to –0.05) <0.001 0.37

AVLT 0.38 (0.44 to 1.13) <0.001 0.25 –0.40 (–0.50 to –0.22) <0.001 0.22 –0.41 (–0.47 to –0.21) <0.001 0.23 –0.38 (–0.46 to –0.19) <0.001 0.20

SDMT 0.31 (0.30 to 0.94) <0.001 0.31 –0.26 (–0.35 to –0.09) 0.001 0.29 –0.23 (–0.30 to –0.06) 0.003 0.27 –0.24 (–0.31 to –0.07) 0.002 0.28

Stroop –0.30 (–3.20 to –0.90) 0.001 0.23 0.20 (0.12 to 1.04) 0.02 0.20 0.16 (0.005 to –0.88) 0.05 0.19 N/A 0.13 0.18

TMT-A –0.38 (–2.95 to –1.20) <0.001 0.31 0.30 (0.32 to 1.05) <0.001 0.21 0.28 (0.25 to 0.91) 0.001 0.20 0.29 (0.28 to 0.98) <0.001 0.20

TMT-B –0.39 (–7.38 to –3.03) <0.001 0.27 0.36 (1.09 to 2.80) <0.001 0.22 0.32 (0.81 to 2.42) <0.001 0.19 0.33 (0.85 to 2.50) <0.001 0.20

PC group

MoCA N/A 0.08 0.37 –0.26 (–0.22 to –0.03) 0.02 0.38 –0.24 (–0.21 to –0.02) 0.03 0.37 –0.25 (–0.18 to –0.02) 0.02 0.38

AVLT 0.30 (0.03 to 1.55) 0.04 0.27 –0.31 (–0.68 to –0.09) 0.01 0.17 –0.32 (–0.69 to –0.10) 0.009 0.18 –0.25 (–0.50 to –0.004) 0.05 0.14

SDMT 0.34 (0.20 to 1.64) 0.01 0.37 –0.25 (–0.56 to –0.03) 0.03 0.27 –0.19 (–0.50 to 0.04) 0.10 0.25 N/A 0.09 0.25

Stroop –0.31 (–6.18 to –0.40) 0.03 0.32 0.23 (0.03 to 2.06) 0.05 0.26 0.13 (–0.46 to 1.61) 0.27 0.23 N/A 0.47 0.22

TMT-A –0.40 (–5.52 to –1.03) 0.005 0.34 0.25 (0.05 to 1.74) 0.04 0.18 0.20 (–0.14 to 1.57) 0.10 0.16 N/A 0.08 0.16

TMT-B –0.34 (–11.30 to –1.12) 0.02 0.29 0.29 (0.48 to 3.98) 0.01 0.24 0.24 (0.03 to 3.59) 0.05 0.21 N/A 0.08 0.20

NH group

MoCA N/A 0.70 0.25 N/A 0.07 0.33 –0.13 (–0.21 to 0.06) 0.27 0.31 –0.25 (–0.34 to –0.02) 0.03 0.35

AVLT N/A 0.07 0.17 –0.30 (–1.44 to –0.15) 0.02 0.22 –0.37 (–1.26 to –0.24) 0.004 0.25 –0.34 (–1.52 to –0.25) 0.01 0.23

SDMT N/A 0.16 0.24 N/A 0.06 0.31 –0.13 (–0.74 to 0.21) 0.27 0.29 N/A 0.09 0.31

Stroop N/A 0.12 0.27 N/A 0.98 0.28 0.03 (–1.24 to 1.60) 0.80 0.28 N/A 0.37 0.29

TMT-A –0.36 (–4.19 to –0.75) 0.006 0.28 N/A 0.31 0.17 0.10 (–0.72 to 1.65) 0.44 0.17 N/A 0.24 0.18

TMT-B –0.31 (–10.78 to –1.08) 0.02 0.25 N/A 0.12 0.18 0.08 (–2.36 to 4.26) 0.57 0.15 N/A 0.21 0.17

*Other independent variables include age, sex, education degree, hypertension, diabetes, hyperlipidemia, smoking and bibulosity. The β weights indicate the standard
deviation change in the outcome associated with auditory indicators. The 95% CI indicates the confidence interval or range of values across which β would be expected to
occur 95% of the time. The change in R2 represents the variance of the contribution of auditory and control variables to cognitive variables. N/A, not available (regression
model could not be establish). The bold values indicate a statistically significant correlation.

terms of association between the high-frequency hearing loss and
cognitive decline. In addition, extended high-frequency hearing
can also influence DPOAE at lower frequencies. For example, 4–
8 kHz DPOAE levels were correlated with PTA from 11.2–20 kHz
significantly (Arnold et al., 1999). Therefore, H-DPOAE reflects
the cochlear dysfunction in a more extensive frequency band
range. Most importantly, high-frequency cochlear degeneration
measured by H-DPOAE suggested earlier and more variable
deterioration than indicated by behavior. As a concern regarding
the significant relationship between the degree of cognitive

deficit and hearing impairment (Taljaard et al., 2016), the use of
H-DPOAE to predict cognitive impairment could be performed
earlier in time.

A further novel result of the present study was that the
cochlear amplifier dysfunction affected cognition directly and
H-DPOAE fully mediated the relationship between PTA/SRT
and cognitive test scores, excluding MoCA. However, PTA
and SRT had significant direct effects on cognitive test scores,
except MoCA, after controlling for H-DPOAE. These results
suggest a dominant role of the high-frequency cochlear amplifier
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FIGURE 3 | The cascading mediation effects between H-DPOAE, PTA/SRT, and cognitive tests in all participants. (A) Total effect of PTA predicting cognition.
(B) Total effect of H-DPOAE predicting cognition. (C) Mediation by H-DPOAE between PTA and MoCA, AVLT, Stroop, TMT-A, and TMT-B. (D) Mediation by PTA
between H-DPOAE and MoCA, AVLT, Stroop, TMT-A, and TMT-B. (E) Total effect of SRT predicting cognition. (F) Total effect of H-DPOAE predicting cognition.
(G) Mediation by H-DPOAE between SRT and MoCA, AVLT, TMT-A, and TMT-B. (H) Mediation by SRT between H-DPOAE and MoCA, AVLT, TMT-A, and TMT-B.
Red solid arrows indicate the significant paths resulting in mediation, and red hollow arrows indicate the insignificance of paths. Blue hollow boxes indicate
independent variables, red hollow circles indicate mediators, and blue solid boxes indicate dependent variables. H-DPOAE, high-frequency DPOAE.

dysfunction in the cognitive-ear link. A recent quantitative
microscopic analysis of inner ear damage in human patients
revealed that PC is characterized by damage to inner ear sensory
cells, and that the degree of hearing loss is closely predicted by
the amount of hair cell loss (Wu et al., 2020). Additionally, OHC-
based cochlear amplification at higher frequencies contributes
more greatly to the association with cognition. These findings
may explain why H-DPOAE is a key predictor of cognitive
domain scores. As MoCA is a globally used cognitive screening
tool that captures limited variability in a normally elderly
population, it may potentially underestimate the true relationship
between PC indicted by H-DPOAE and cognitive decline
(Panza et al., 2018).

Several possibilities likely explained the association between
the peripheral hearing capability and cognition observed in this
study. Previous studies consider social isolation as a potential
explanation for the link of PC and cognitive decline (Wayne
and Johnsrude, 2015; Deal et al., 2017), while the positive
association of hearing aid use on cognition in the prior study
has been observed independent of social isolation or depression
(Dawes et al., 2015). Another possibility is that the cochlear
dysfunction may require extra cognitive effort and result in
increased cognitive load. The cochlear implantation improving
cognitive functions based a longitudinal investigation also
contributes to this mechanism (Jayakody et al., 2017). This study
demonstrated that the hearing ability has been both associated
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with verbal and non-verbal cognitive assessments; accordingly,
overdiagnosis of cognitive decline in our study seems unlikely
to occur. In conclusion, auditory and cognitive functions are
complementary and interdependent (Wayne and Johnsrude,
2015); the neurobiological bases and the specific mechanism
remain to be further investigated.

Strengths and Limitations
The present study has several strengths. First, this was a
prospective study, and it identified the optimal auditory
predictor of cognitive impairment based on multiple domains
and frequencies of the hearing assessment. Second, although
a growing number of studies have documented significant
association between hearing loss and cognitive decline, there
is no objective audiological test for predicting the risk of the
cognitive dysfunction. In this study, H-DPOAE was found
to be tightly linked with cognitive domain scores, suggesting
that it is a possible objective audiological screening method
of individuals at risk of cognitive impairment in the elderly.
Third, we divided the hearing indices of each frequency point
into low-frequency and high-frequency bands by performing the
factor analysis. In addition to the association between peripheral
hearing and cognition, we identified the frequency specificity
of this association. Fourth, although hearing loss based on
diverse auditory assessments has revealed a significant link with
cognitive impairment, this is the first study to assess the high-
frequency cochlear dysfunction, emphasizing the necessity for
early interventions such as hearing aids, etc.

Some limitations should be acknowledged. First, although an
association between the high-frequency cochlear dysfunction and
specific cognitive decline was identified in this study, causality
remains unknown because this was a cross-sectional study.
Second, despite our findings in support of the cognitive-ear
link, the neurobiological bases for this link remain elusive. The
association between the atrophy of specific brain regions and
damage degree of the cochlear receptor cell in PC participants
is still unknown. Further investigations based on structural brain
changes and neuropathological experiments in animals are still
needed. Third, the cognitive function was evaluated by a battery
of neuropsychological tests. As these tests require responses of
patients to instructions, scores may be influenced by hearing
impairment. However, the average PTA of the PC group was
35.47 dB HL; it minimally affects face-to-face communication
during the cognitive testing particularly tested by a specialist
(Gordon-Salant, 2005). Fourth, the sample size of this study
was quite small.

CONCLUSION

This study has elucidated that the high-frequency cochlear
amplifier dysfunction has a direct predictive effect on cognitive

decline and greatly influences the cognitive-ear link. Our
results highlight the need for high-frequency cochlear function
screening for dementia prevention in elderly adults and hearing
aids as an early intervention. Further research focusing on
the longitudinal association of high-frequency hearing loss and
cognitive decline, as well as the impact of auditory interventions
on cognition, is needed to confirm our findings.
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Brain reserve is a topic of great interest to researchers in aging medicine field. Some
individuals retain well-preserved cognitive function until they fulfill their lives despite
significant brain pathology. One concept that explains this paradox is the reserve
hypothesis, including brain reserve that assumes a virtual ability to mitigate the effects
of neuropathological changes and reduce the effects on clinical symptoms flexibly and
efficiently by making complete use of the cognitive and compensatory processes. One of
the surrogate measures of reserve capacity is brain volume. Evidence that dementia and
hearing loss are interrelated has been steadily accumulating, and age-related hearing
loss is one of the most promising modifiable risk factors of dementia. Research focused
on the imaging analysis of the aged brain relative to auditory function has been gradually
increasing. Several morphological studies have been conducted to understand the
relationship between hearing loss and brain volume. In this mini review, we provide a
brief overview of the concept of brain reserve, followed by a small review of studies
addressing brain morphology and hearing loss/hearing compensation, including the
findings obtained from our previous study that hearing loss after middle age could affect
hippocampal and primary auditory cortex atrophy.

Keywords: hearing, brain reserve, brain volume, magnetic resonance imaging, hippocampus

INTRODUCTION

With the increase in aging population globally, dementia is a rapidly growing public health
problem. While there is no fundamentally curative treatment, the proactive management of
modifiable risk factors or resilience, which can delay the progression or slow down the onset of
the disease, has become a focus of research in aging medicine field.

The susceptibility to developing dementia varies greatly across individuals, and individual
differences are still not well understood. Several concepts that account for “resilience” to aging
and associated pathological changes have been the subject of numerous studies. Some individuals
retain well-preserved cognitive function until they fulfill their lives despite significant brain
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pathology. One concept that explains this paradox is the reserve
hypothesis that assumes a virtual ability to mitigate the effects
of neuropathological changes and reduce the effects on clinical
symptoms flexibly and efficiently by making complete use of the
cognitive and compensatory processes. “Resilience” is a general
term referring to multiple reserve-related processes, including
the concepts of brain reserve, cognitive reserve, and brain
maintenance. Their definitions were recently organized in a
whitepaper published by the Reserve, Resilience and Protective
Factors PIA Empirical Definitions and Conceptual Framework
Workgroup under the auspices of the Alzheimer’s Association
to develop a consensus (Stern et al., 2020; Figure 1). In
the whitepaper, brain reserve was colloquially likened to the
“hardware,” whereas cognitive reserve was the “software.” The
multiple constructs of resilience that scientists have invoked
are all theoretical entities and currently cannot be measured
directly. The surrogate measures of brain reserve capacity are all
anatomical or structural aspects of the brain.

Since the 2017 report of the Lancet International Commission
on Dementia Prevention, Intervention, and Care (Livingston
et al., 2017), in which hearing loss was estimated to be the largest
contributor to potentially modifiable risk factors for dementia,
it has received high attention in the field of aging. Hearing loss
still ranks at the top of this list in the latest report released
in 2020 (Livingston et al., 2020). The impact of hearing loss
as a dementia risk was reported socially with surprise since it
was not a risk factor that had long been identified. The Lancet
International Commission has used the estimate model with
the population attributable fraction, which is the proportional
(percentage) reduction in new cases of dementia that would
occur if specific risk factors were eliminated; therefore, the high
prevalence of hearing loss should be reflected.

In this mini review, we provide a brief overview of the concept
of brain reserve, followed by a small review of studies addressing
brain morphology and hearing loss/hearing compensation.

BRAIN RESERVE

The concept of brain reserve has been introduced to explain
the fact that patients with Alzheimer’s disease (AD) who met
the neuropathological criteria for AD with high brain volume
generally have good clinical outcomes (Katzman et al., 1988).
Katzman et al. (1988), performed a study of 137 residents
(average age 85.5 years) of a nursing facility whose mental status,
memory, and functional status had been evaluated during life,
and described a group of individuals in whom there was a
discrepancy between the functional assessment while alive and
AD pathology assessment obtained by postmortem examination.
The individuals showed a marked presence of neuritic plaques
and neurofibrillary tangles but were classified as clinically non-
demented and their brains were characterized by a high weight
and number of neurons. Katzman et al. (1988), hypothesized that
a large brain size may be protective against the clinical expression
of pathology and that it might have high reserve.

Stern discerned brain reserve from cognitive reserve
and refined the definition of brain reserve (Stern, 2012;

Stern et al., 2019). Brain reserve is commonly estimated using the
intracranial volume (ICV), which is an easily accessible measure
obtained from structural magnetic resonance imaging (MRI)
(van Loenhoud et al., 2018; Stern et al., 2020). Brain reserve
should be measured in a quantitative manner, including the
number of neurons or synapses and/or dendritic spines (Boros
et al., 2017). van Loenhoud et al. (2018), evaluated the validity
of using the ICV as a proxy for brain reserve in a meta-analysis
of 10 studies and showed that a higher ICV was associated with
higher cognitive performance after adjusting for the presence
and amount of pathology. While acknowledging that ICV is not
necessarily a straightforward measure of total brain capacity, van
Loenhoud et al. (2018), concluded that the use of ICV as a proxy
for brain reserve was justified at the time because it captured
several aspects of brain reserve.

Brain size is largely determined by biological and genetic
backgrounds (Bartley et al., 1997; Jansen et al., 2020). Although
the extent to which genetic and environmental factors contribute
to individual differences is unclear, the relative contributions of
these factors to the brain structure vary over lifetime (Batouli
et al., 2014). Even after adulthood, unlike most regions of
the adult mammalian brain, neurogenesis occurs in a few
selected regions, such as the hippocampus, subventricular zone,
and olfactory bulb (Moreno-Jiménez et al., 2019, 2021). The
rodent hippocampus generates new neurons throughout life
(Kempermann et al., 2018), and recent evidence in humans
indicates that hippocampal neurogenesis is likely to persist
throughout adulthood but declines with age (Babcock et al.,
2021). Adult hippocampal neurogenesis is a striking form
of neural plasticity that occurs in the brains of numerous
mammalian species. It is regulated by several lifestyle factors,
including exercise, diet, and social interactions (Valero et al.,
2016; Augusto-Oliveira and Verkhratsky, 2021). Augusto-
Oliveira and Verkhratsky (2021) reviewed how the adoption
of a healthy lifestyle, including regular exercise, intellectual
engagement, and friendly diet, impacts brain physiology from a
molecular biological perspective. Lifestyle factors are associated
with arresting or retarding neurodegenerative alterations, for
example, exposure to an enriched environment results in well-
characterized beneficial effects on the central nervous system,
including boosting adult neurogenesis, synaptic plasticity,
cellular physiology, and remodeling of the neuroglia.

BRAIN MORPHOLOGY AND
AGE-RELATED HEARING LOSS

There is growing evidence of a link between structural brain
findings and hearing loss with aging (Lin et al., 2014; Qian
et al., 2017; Rigters et al., 2017, 2018; Uchida et al., 2018;
Armstrong et al., 2019, 2020a,b; Xu et al., 2019; Ha et al., 2020;
Isler et al., 2021). Various studies have reported results using
different assessments of brain structure and auditory function;
the heterogeneity of study designs makes it difficult to discuss
them in a unified manner (Jafari et al., 2021). Here, we focus on
MRI-based studies that deal with populations with a reasonably
large number of patients, since neuroimaging with MRI provides
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FIGURE 1 | Concepts and definitions of reserve-related terms (Stern et al., 2020). (The proxy measures used in previous studies are shown in the gray boxes.)

an accurate and reproducible assessment. In addition to the
mainstream measurement of gray matter (GM) morphology and
volume, there is also interest in the microstructure of the white
matter (WM). Diffusion tensor imaging (DTI) is highly sensitive
in detecting changes in WM microstructure, which provides an
excellent marker for microstructural alterations before they can
be identified using conventional MR methods (Jafari et al., 2021).

Even when limited to MRI-based studies, the main research
targets are wide-ranging, such as the auditory cortex, including
the primary auditory cortex, whole brain volume, GM, WM, and
non-auditory cortex (Manno et al., 2021). Manno et al. (2021),
conducted a comprehensive systematic review, meta-analysis,
and meta-regression of the structural alterations of the brain due
to hearing loss, and assessed the impact on the brain of pediatric,
adult, and aged adult populations, to identify whether the etiology
is congenital or acquired. Manno et al. (2021), stated that the
impact of hearing loss on the brain was multifocal and not limited
to the temporal lobe and that hearing loss was found to affect the
GM and the underlying WM in nearly every region of the brain
and affected all populations.

From a survey of aged adults, several reports with cross-
sectional or longitudinal analyses have been published from
large-scale epidemiological studies in various countries.
Although this was a narrative review and an objective systematic
method of article extraction was not used, the literatures were
hand-selected to be as recent as and as large a study population
as possible, using the keywords brain volume, brain morphology,
MRI, WM, GM, auditory, aged, aging, age-related hearing
impairment, presbycusis, hearing, hearing loss, and so on.
Representative studies with more than 100 participants that
addressed the association between hearing loss and brain volume
using MRI are listed in Table 1.

The Baltimore Longitudinal Study of Aging (BLSA) analyzed
brain volume measurements performed with semi-automated
region-of interest (ROI) algorithms of individuals with normal
hearing versus those with hearing impairment (speech-frequency
pure tone average > 25 dB) followed for a mean of 6.4 years
after the baseline scan (n = 126, age 56–86 years) (Lin et al.,
2014). The study concluded that hearing-impaired individuals
had faster declines in the brain volume over time compared
with that of their counterparts. Whole brain volumes declined
by 8.4 versus 7.2 cm3/year, respectively, in those with hearing
impairment versus normal hearing (p = 0.017). Individuals with
hearing impairments exhibited accelerated volume declines in the
whole brain and regions in the superior, middle, and inferior
temporal gyri and parahippocampal gyrus of the right but not the
left temporal lobe.

Armstrong et al. (2019), reported the results of a longitudinal
analysis of the BLSA with a long period of follow-up (mean
follow-up time, 19.5 years). A total of 194 community-dwelling
older adults who had midlife measures of peripheral hearing
at a mean age of 54.5 years and late-life volume change of up
to 6 years between the first and most recent MRI assessments
were studied. Poor midlife hearing in the better ear and
steep late-life volumetric declines in the right temporal GM
[β = −0.113; 95% confidence intervals (CIs), −0.182 to −0.044],
right hippocampus (β = −0.008; 95% CI, −0.012 to −0.004), and
left entorhinal cortex (β = −0.009; 95% CI, −0.015 to −0.003).
Many associations were found between hearing impairment and
great ventricular enlargement and annual volume loss in the total
brain, lobar GM and WM regions, right middle and inferior
temporal gyri, and left hippocampus.

From a longitudinal analysis of the BLSA, an association
between hearing and changes in WM microstructure has also
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TABLE 1 | Description of studies with more than 100 subjects that addressed the association between hearing loss and brain volume using structural magnetic
resonance imaging (MRI).

Studies Research
country/area

Design Participants Major findings

Uchida et al.,
2018

NILS-LSA Japan Cross-sectional analysis n = 2,082
Mean age 61.0 years

Age range 40–89 years

More degraded peripheral hearing that was
assessed by pure-tone audiometry was significantly
correlated with smaller hippocampal volume after
adjusting for potential confounding factors, and the
association was consistent through the auditory
frequency ranges.
Hippocampal volume had a significant relationship
with hearing level, with the standardized partial
regression coefficients of −0.0758 for the speech
range (p = 0.0029).

Lin et al., 2014 BLSA United States Longitudinal analysis (mean
follow-up period: 6.4 years)

n = 126
Mean age not shown

Age range 56–86 years

Compared to individuals with normal hearing, those
with hearing impairments exhibited accelerated
volume declines in the right temporal lobe (superior,
middle, and inferior temporal gyri, and
parahippocampus, p < 0.05).

Armstrong
et al., 2019

BLSA United States Longitudinal analysis (mean
duration between midlife
hearing assessment and
late-life MRI: 19.5 years)

n = 194
Mean age at hearing

assessment, 54.5 years
Age range not shown

Significant associations were found between poorer
midlife hearing in the better ear and steeper late-life
volumetric declines in the right temporal gray
matter, right hippocampus, and left entorhinal
cortex.

Armstrong
et al., 2020b

BLSA United States Longitudinal analysis (a
mean follow-up time:

1.7 years)

n = 356
Mean age 73.5 years

Age range 55–99 years

Poorer peripheral hearing was associated with
increases in mean diffusivity in the inferior
fronto-occipital fasciculus and the body of the
corpus callosum, but there were no associations of
peripheral hearing with fractional anisotropy
changes in these tracts.
Poorer central auditory function was associated
with longitudinal mean diffusivity increases and
fractional anisotropy declines in the uncinate
fasciculus.

Rigters et al.,
2017

Rotterdam Study The Netherlands Cross-sectional analysis n = 2,908
Mean age 64.9 years

Age range 52–99 years

Hearing impairment was associated with a smaller
total brain volume. Specifically, white matter volume
was associated with hearing impairment, and this
association was present in all the brain lobes. The
associations were more pronounced in the lower
frequencies of the pure-tone threshold.

Rigters et al.,
2018

Rotterdam Study The Netherlands Cross-sectional analysis n = 2,562
Mean age 69.3 years
Age range not shown

Poorer white-matter microstructure in the right
superior longitudinal fasciculus and the right
uncinate fasciculus was significantly associated
with worse hearing. These associations did not
differ significantly between middle-aged
(51–69 years) and older (70–100 years) participants.

Armstrong
et al., 2020a

Rotterdam Study The Netherlands Cross-sectional analysis n = 2,386
Mean age 64.8 years

Age range 51.8–97.8 years

The association between the degrees of auditory
speech processing performance (normal,
insufficient, and poor) and brain volumes was
examined cross-sectionally after pure-tone average
adjustment, the degrees of auditory performance
were not associated with brain volumes.

Rudner et al.,
2019

UK Biobank The
United Kingdom

Cross-sectional analysis n = 8,701
Mean age 62.3 years
Age range not shown

Lower gray matter volume in both the auditory
processing regions in the temporal cortex and the
cognitive processing regions in the frontal cortex, as
well as lower hippocampal volume, are associated
with poorer ability to recognize speech in noise.

Xu et al., 2019 ADNI North America Longitudinal analysis Subjects were evaluated for
cortical thickness or volume
measures of hippocampus

Hearing loss group n = 131
mean age 77.5 years, age

range not shown
Hearing normal group n = 746

Mean age 73.0 years, age
range not shown

Results of the longitudinal analyses showed that
ARHL at baseline was associated with more rapid
cortical thinning in the hippocampus. Hippocampus
displayed significantly accelerated atrophy in
individuals with ARHL (p < 0.01).
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been published (Armstrong et al., 2020b). Three hundred and
fifty-six cognitively normal adults (age range: 55–99, mean age:
73.5 ± 8.8 years) who had at least one hearing assessment
and serial MRI session with DTI were evaluated with a mean
follow-up time of 1.7 years. Poor peripheral hearing measured
by pure-tone average in the better-hearing ear was associated
with changes in mean diffusivity in the inferior fronto-occipital
fasciculus and body of the corpus callosum. Poor central auditory
function, measured by signal-to-noise ratio score from a speech-
in-noise task, was associated with changes in the uncinate
fasciculus. Armstrong et al. (2020b) interpreted that poor hearing
was related to changes in the integrity of specific WM regions
involved in auditory processing.

In the Rotterdam Study, a prospective cohort study ongoing
since 1990 in the city of Rotterdam in the Netherlands
comprising adults aged 45 years and older, the association
between age-related hearing loss (ARHL) and morphological
brain assessments has been investigated.

Rigters et al. (2017), examined the relationship between
hearing impairments and brain volume using MRI in the
Rotterdam Study, which included 2,908 participants (mean age:
64.9 years; 56% females). Global and regional brain tissue
volumes (total brain volume, GM volume, WM volume, and lobe-
specific volumes) were quantified. Rigters et al. (2017), quantified
hearing impairments for the best hearing ear by taking the
average threshold over all frequencies, namely 0.25, 0.50, 1, 2, 4,
and 8 kHz. The results showed that hearing impairments were
associated with a small total brain volume, which was driven
by small WM volumes, which was consistent across the hearing
frequencies but pronounced at low frequencies.

In the Rotterdam Study, the relationship between brain
morphology and central auditory speech processing, as assessed
with the Digits-in-Noise task, as well as peripheral auditory
function, was also investigated (Rigters et al., 2018; Armstrong
et al., 2020a). Rigters et al. (2018), quantified hearing acuity
in 2,562 participants (mean age: 69.3 years) and reported that
altered WM microstructure was associated with poor hearing
on the pure-tone audiogram and digit-in-noise test, which
reflected central auditory processing and cognitive skills. A poor
WM microstructure was associated with poor hearing acuity,
specifically in the right superior longitudinal fasciculus and
uncinate fasciculus.

The speech recognition threshold and neuroimaging
assessments (brain volumes and WM microstructure, measured
with MRI and DTI, respectively) were analyzed by Armstrong
et al. (2020a) cross-sectionally in 2,386 Rotterdam Study
participants (age range: 51.8–97.8 years, mean age: 64.8 years).
Brain volumes were assessed on a global and lobar level
for specific dementia-related structures (the hippocampus,
entorhinal cortex, and parahippocampal gyrus). A poor ability to
understand speech in noise was associated with a large parietal
lobe volume but not with DTI measures. When examining the
association between the degree of auditory speech processing
performance (normal, insufficient, and poor) and brain volumes
cross-sectionally after pure-tone average adjustment, the degree
of auditory performance was not associated with brain volume.
Armstrong et al. (2020a) discussed why they did not replicate

findings from a previous study of the UK Biobank (participants’
age range: 40–69 years, mean age: 62.3 years) (Rudner et al.,
2019). Rudner et al. (2019), found that poor central auditory
speech processing, as defined by the Digits-in-Noise summary
score, was associated with low GM volumes in the data available
from the UK Biobank Resource. While both studies used
Digits-in-Noise to define central auditory speech processing
among participants of similar age range, Rudner et al. (2019),
did not adjust the models by continuous pure-tone average.
Since the pure-tone average is a major factor that can confound
the relationship between central auditory processing and brain
structure, Armstrong et al. (2020a) discussed the necessity of
including this factor in models that examine this relationship.

We published our results of analyzing the relationship
between hearing ability assessed using pure-tone audiometry
and the volume of brain regions, specifically focusing on
the volumes of the hippocampus, Heschl’s gyrus, and total
GM, using Freesurfer software and T1-weighted brain MRI
in community dwellers in the National Institute for Longevity
Sciences, Longitudinal Study of Aging (NILS-LSA) (Uchida
et al., 2018). The data of 2,082 participants aged 40 years
and older (age range: 40–89 years, mean age: 61.0 years)
were extracted and analyzed cross-sectionally with adjustment
for possible confounding factors. Individuals with hearing
impairment showed significantly smaller hippocampal volumes
for all auditory frequency ranges, compared with that of
their counterparts without hearing impairment. A correlational
analysis indicated a significant dose-response relationship
between hearing acuity and hippocampal volume, consistent
through the auditory frequency ranges. The volume of the left
Heschl’s gyrus showed a significant relationship with hearing
levels for some auditory frequencies. In the entorhinal cortex,
right Heschl’s gyrus, and total GM, the volume did not correlate
with hearing level at any frequency.

From the Alzheimer’s Disease Neuroimaging Initiative
(ADNI) database, participants with ARHL were selected
and analyzed cross-sectionally and longitudinally to explore
how ARHL can influence cortical structure and several
neurodegenerative biomarkers, such as the cerebrospinal fluid
(CSF) β-amyloid (Aβ) and tau measurements, and brain Aβ load
(Xu et al., 2019). Although hearing function was not quantified,
data were extracted based on search terms, including “hear,”
“auditory,” “ear,” “deaf,” “presbycusis,” and “hard of hearing,”
on the medical history and physical examination records. The
volume/thickness of the hippocampus and entorhinal cortex
(p < 0.01 hippocampus; p < 0.05, entorhinal cortex) displayed
significantly accelerated atrophy in individuals with ARHL,
although the baseline volume/thickness of these two regions was
high in individuals with ARHL. ARHL was associated with high
CSF levels of total tau (p < 0.001) or ptau181 (p < 0.05) at the
baseline and fast elevation rates of these two types of biomarkers
(p < 0.05).

The regions that have been studied in relation to hearing loss
using brain volume are quite diverse, and the results regarding
their relationship are inconsistent. The causal relationship
between hearing loss and increased risk of developing dementia
is yet to be clarified, despite numerous epidemiological studies
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on the relationship between cognitive function and hearing
loss. This may be another factor for a wide range of targets
for researchers.

There are a number of possible mechanisms for the
relationship between hearing loss and dementia (Lin and Albert,
2014; Fulton et al., 2015; Wayne and Johnsrude, 2015; Stahl, 2017;
Chern and Golub, 2019; Uchida et al., 2019), and Griffiths et al.
(2020), grouped them into four representative mechanisms that
are not mutually exclusive. They appraised mechanisms based on
a common pathology in the cochlea and brain, brain resources
deterioration because of an impoverished acoustic environment,
and the diminished availability of cognitive resources that are
occupied in support of listening during difficult conditions,
and proposed a novel mechanism that is based on a critical
interaction between auditory cognitive processing in the medial
temporal lobe (MTL) and dementia pathology. The role of MTL
in auditory processing was introduced in detail by supportive
results from many studies, including animal models, although
MTL structures are not classically regarded as part of the
auditory system. Animal studies have demonstrated neural
outcomes of reduced auditory inputs, such as morphological
changes throughout the auditory pathways, decreased cell
density, impaired hippocampal neurogenesis, and a decrease in
hippocampal synapses (Liu et al., 2016; Chang et al., 2019).
Griffiths et al. (2020), favored the mechanism of interaction
between neuronal activity and AD pathology in the MTL. This
mechanism is supported by circumstantial evidence of the co-
occurrence of altered neuronal activity due to hearing loss
and AD pathology in the MTL. During difficult listening, a
specific interaction with the molecular basis of AD can occur
in the MTL. Early audiometric hearing loss was reported to
be associated with the presence of brain β-amyloid, measured
using positron emission tomography scans (Golub et al., 2021).
In the analysis of acoustic patterns during speech-in-noise
perception, an altered activity of auditory cognitive mechanisms
has been reported, and studies support the involvement of the
hippocampus in the analysis of degraded speech (Bishop and
Miller, 2009; Blank et al., 2018). Human studies suggesting the use
of computational mechanisms in the MTL for the active analysis
of acoustic patterns were outlined by Griffiths et al. (2020), It
was assumed that the interaction between increased activity and
synaptic and/or molecular changes associated with AD occurs
through the possible changes driven by hearing loss in MTL
neural mechanisms.

THE ROLE OF HEARING MANAGEMENT
FROM THE PERSPECTIVE OF THE
RELATIONSHIP WITH THE BRAIN

Griffiths et al. (2020), also discussed how the predicted effects
of hearing intervention differ by mechanisms. If a common
cause that affects the cochlea and/or the ascending pathway
(causing hearing loss) and MTL (causing dementia), restoring
hearing would not affect the development of dementia or
lead to any improvement in cognition. In the other three

mechanisms, the effect of hearing restoration on dementia
risk reduction may be expected. In the aforementioned
mechanism of interaction between brain activity related to
auditory cognition and dementia pathology, early hearing
restoration could reduce the risk by restoring normal activity
to the hippocampus; otherwise, if the delay between initial
hearing loss and remediation is too long, a chain of events
may already have been set in motion to cause ongoing
cortical degeneration after hearing restoration. The beneficial
effect of hearing intervention may vary depending on
the length of time between difficult listening and start of
hearing aid use.

Johnson et al. (2021), summarized the structural and
functional features of auditory brain organization that confer
vulnerability to neurodegeneration, including the extensive,
reciprocal interplay between the “peripheral” and “central”
hearing dysfunction, and suggested that hearing impairment
might plausibly constitute a proximity marker for incipient
cognitive decline and dementia. As a countermeasure,
Johnson et al. (2021), mentioned strategies involving novel
auditory “cognitive stress tests” for detecting the early stages
of neurodegeneration in population-based screening and
recruitment of affected populations into dementia prevention
trials. They pointed out that management approaches which
focus solely on peripheral sound amplification are likely to have
limited efficacy for improving hearing function in dementia,
since neurodegenerative pathologies target the auditory brain
and are therefore predicted to damage hearing function early
and profoundly.

Hearing aids are an effective strategy for auditory
rehabilitation and are the primary choice in individuals with
ARHL. According the World Health Organization Guideline
“Risk Reduction of Cognitive Decline and Dementia,” there is
currently insufficient evidence to recommend the use of hearing
aids to reduce the risk of cognitive decline/dementia, but the use
of hearing aids is important for correcting hearing loss in older
adults for other benefits [World Health Organization [WHO],
2019]. The neurophysiological mechanisms underlying hearing
aid use remain unclear. Few studies have used radiological,
physiological, or molecular pathological approaches to
assess the effects of hearing aid use on cognition, but some
attempts have been reported (Giroud et al., 2017; Pereira-
Jorge et al., 2018; Rudner et al., 2019). Di Stadio et al. (2021),
discussed the effects of hearing aids on the prevention and
treatment of cognitive decline in the elderly by referring
to previous studies. Pereira-Jorge et al. (2018), reported a
valuable evidence that 1 year of hearing aid use is related
to functional and anatomical brain changes extending to
multimodal cortices.

There are no drug treatments that can cure AD or any
other common type of dementia. Based on the recent evidence
that neurogenesis in the human hippocampus likely persists
throughout adulthood, and the fact that there are no significant
adverse events associated with the use of hearing aids, hearing aid
use in adults with ARHL is a promising option for maintaining
cognitive function that deserves attention.
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Several studies identified hearing loss as a risk factor for aging-related processes,
including neurodegenerative diseases, as dementia and age-related hearing loss
(ARHL). Although the association between hearing impairment in midlife and ARHL has
been widely documented by epidemiological and experimental studies, the molecular
mechanisms underlying this association are not fully understood. In this study, we
used an established animal model of ARHL (C57BL/6 mice) to evaluate if early noise-
induced hearing loss (NIHL) could affect the onset or progression of age-related cochlear
dysfunction. We found that hearing loss can exacerbate ARHL, damaging sensory-
neural cochlear epithelium and causing synaptopathy. Moreover, we studied common
pathological markers shared between hearing loss and ARHL, demonstrating that
noise exposure can worsen/accelerate redox status imbalance [increase of reactive
oxygen species (ROS) production, lipid peroxidation, and dysregulation of endogenous
antioxidant response] and vascular dysfunction [increased expression of hypoxia-
inducible factor-1alpha (HIF-1α) and vascular endothelial growth factor C (VEGFC)] in
the cochlea. Unveiling the molecular mechanisms underlying the link between hearing
loss and aging processes could be valuable to identify effective therapeutic strategies to
limit the effect of environmental risk factors on age-related diseases.

Keywords: acoustic trauma, age-related hearing loss, oxidative stress, vascular dysfunction, aging, hearing loss

INTRODUCTION

Noise exposure and aging, either independently or synergistically, have long been associated with
the development of hearing loss in the adult/elderly population [World Health Organization
[WHO], 2006; Liberman, 2017; Kujawa and Liberman, 2019]. Several studies suggested that
the exposure to high-intensity sounds, leading to noise-induced hearing loss (NIHL), during
aging causes an acceleration and/or worsening of age-related hearing loss (ARHL or presbycusis)
(Gates and Mills, 2005; Kujawa and Liberman, 2006; Bielefeld et al., 2010; Fetoni et al., 2011;
Fernandez et al., 2015). Furthermore and based on a life-course perspective of degenerative
pathologies, the events and injuries occurring earlier in life may contribute to later losses, therefore,
sensorineural hearing loss induced by exogenous factors such as early life noise exposure can
interfere on the onset of ARHL. Consistently, there is a “hearing health trajectory,” beginning at
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conception/birth and continuing throughout life in which
environmental factors, such as noise, medicaments, and life
styles (e.g., alcohol, smoking, diabetes, and weight gain),
contribute to affect hearing (Davis et al., 2016). Moreover,
adopting the life-course health development model (Halfon and
Hochstein, 2002; Halfon et al., 2014) for the aging processes, as
confirmed by recent epidemiological and experimental evidences,
hearing loss, a major sensory loss of adulthood, is considered
as a modifiable risk factor for the later consequences of
hearing deprivation on the quality of life, including depression,
accelerated cognitive decline, increased risk of dementia, poorer
balance, falls, hospitalizations, and early mortality (Fortunato
et al., 2016; Thomson et al., 2017; Loughrey et al., 2018;
Sardone et al., 2019; Livingston et al., 2020; Nadhimi and
Llano, 2021; Paciello et al., 2021). In addition, increasing
experimental evidences from animal models of presbycusis
highlight that exposures to loud noise may exacerbate aging
mechanisms, leaving cochlear structures more susceptible to
aging processes (Tanaka et al., 2009; Bielefeld et al., 2010;
Fetoni et al., 2011; Wang and Puel, 2020). Despite several
studies suggesting a relationship between NIHL and ARHL
(Hulterantz and Li, 1993; Spongr et al., 1997; Ohlemiller et al.,
2000a; Ou et al., 2000a,b; Harding et al., 2005; Park et al.,
2013), other studies also suggest that this interaction could be
not so straightforward (Corso et al., 1976; Erlandsson et al.,
1982; Corso, 1992; Mills et al., 1997). Thus, to identify the
coincident, overlapping, or independent mechanisms shared by
noise and age-induced cochlear damage becomes critical for
hearing loss treatment and prevention (Huang and Tang, 2010;
Alvarado et al., 2019; Kujawa and Liberman, 2019). Indeed,
several factors such as accumulated oxidative damage caused
by reactive oxygen species (ROS) production, mitochondrial
dysfunction in the cochlea due to increased metabolic activity
after noise overstimulation, metabolism dysregulation associated
with age, and an impaired homeostasis of cochlear blood supply
could play a role in the etiopathogenesis of both NIHL and
ARHL [Mills and Schmiedt, 2004; Bielefeld et al., 2010; Huang
and Tang, 2010; Fetoni et al., 2011; Alvarado et al., 2015; World
Health Organization [WHO], 2018]. Nevertheless, despite the
large amount of information about noise exposure during the
adulthood and aging, the long-term or the delayed effects of
early (juvenile period) noise exposure on ARHL is still poorly
understood. Substantiating such correlation between hearing loss
and cochlear aging processes would have significant implications
for prevention and treatment.

In this study, C57BL/6 mice have been used as an animal
model of ARHL. These animals show early onset ARHL that
spreads from high to low frequencies with advancing age (Willott
et al., 1995; Parham, 1997; Fetoni et al., 2011; Alvarado et al., 2014;
Möhrle et al., 2016).

Our aim was to investigate the effect of repeated loud noise
exposures in early life (at 2 months of age, 2 M) on ARHL
onset and progression. To achieve this aim, we characterized
functional, morphological, and molecular alterations underlying
the interplay between NIHL and ARHL, to find a common
pathogenic pathway responsible for increased vulnerability to
aging processes induced by early noise exposure.

MATERIALS AND METHODS

Animals
Male C57BL/6 mice (Charles River Laboratories, Lecco, Italy)
were used in this study. These mice are the most frequently
used mouse model of human sensory presbycusis, given that they
exhibit an increase of auditory thresholds for high frequencies
(20–32 kHz) starting from 6 months of age. Experiments were
performed on 70 animals, and randomized as follows: (1) not-
exposed animals (no-noise group, “NN”; n = 37) of 2, 6, and
9 months of age (M); (2) animals exposed to noise (pure tone
of 100 dB, 10 kHz) for 60 min, 10 consecutive days at 2 M
(noise-exposed group, “NE”; n = 33) and evaluated 1, 4, and
7 months after noise exposure (corresponding to 3, 6, and
9 M). For the whole experimental period, the animals were
housed 3–5 for cage, given free access to food (Mucedola 4RF21,
Italy) and water, maintained under controlled temperature (22–
23◦C) and constant humidity (60 ± 5%), and placed on a 12-h
light/dark cycle. All procedures were made to minimize animal
suffering and to reduce their number, in accordance with the
European Community Council Directive of 24 November 1986
(86/609/EEC). All procedures were performed in compliance
with the Laboratory of Animal Care and Use Committee of
the Catholic University, School of Medicine of Rome and were
approved by the Italian Department of Health (Ministero della
Salute, Prot. 1F295.50, No. 220/218-PR).

Noise Exposure
The acoustic trauma was induced by a continuous pure tone
generated by a waveform generator (LAG-120B, Leader, NY,
United States) and amplified by an audio amplifier (A-307R,
Pioneer, CA, United States) as previously described (Fetoni et al.,
2015). The animals were placed in the anechoic room and
exposed to a pure tone of 10 kHz, 100 dB sound pressure level
(SPL) for 60 min each day for 10 consecutive days. As described
previously (Paciello et al., 2018), the sound was generated by
a waveform generator (LAG-120B, Audio Generator; Leader
Electronics Corporation) and amplified by an audio amplifier
(A-307R; Pioneer Electronics). The sound was presented in an
open field by a dome tweeter (TW340 × 0; Audax) positioned
at the center of the cage. The sound level was measured using
a calibrated 1/4-inch microphone (model 7017; ACO Pacific)
and calibrated using a sound level meter (LD-831 Larson
Davis Technologies).

Cochlear Functional Evaluations
Auditory Brainstem Recordings
The hearing function was evaluated in all animals by measuring
auditory brainstem recordings (ABRs); this procedure was used
to identify acoustic thresholds of each animal for each group.
The threshold value was defined as the lowest stimulus level
that yielded a repeatable waveform-based onset (Fetoni et al.,
2015). The ABRs were measured at low (6 kHz), mid (12, 16,
and 20 kHz), and high (24 and 32 kHz) frequencies. The ABRs
were assessed prior to noise exposure to assure normal hearing
and reassessed at 3, 6, and 9 M (corresponding to 1, 4, and
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7 months after noise exposure) to follow the course of recovery.
All the animals were mildly anesthetized (ketamine 35 mg/kg and
medetomidine-domitor 0.25 mg/kg) and placed in the anechoic
room. As described previously (Fetoni et al., 2016), tone bursts
were presented monaurally in an open field using a horn tweeter
(Tucker-Davis Technologies) and the opposite ear plugged. Three
stainless steel recording electrodes were subcutaneously inserted
posterior to the tested pinna (active), vertex (reference), and
contralateral pinna (ground). A PC-controlled TDT System 3
(Tucker Davis Technologies, Alachua, FL, United States) data
acquisition system with real-time digital signal processing was
used for ABRs recording and auditory stimulus generation.
Tone bursts of pure tones from 6 to 32 kHz (1 ms rise/fall
time, 10 ms total duration, 20/s repetition rate) were presented
monaurally. The responses were filtered (0.3–3 kHz), digitized,
and averaged (across 512 discrete samples at each frequency-
level combination).

To have an information about the functional integrity of
auditory nerve fibers, the amplitude–intensity (A–I) curves of
ABR wave I and II were derived as described previously (Fetoni
et al., 2013, 2016).

Distortion Product Otoacoustic Emissions
The distortion product otoacoustic emissions (DPOAEs) are low-
level sounds generated in the organ of Corti and objectively
measured in the external ear canal (Probst et al., 1991). The
DPOAEs arise from the non-linearity of the cochlear response
when stimulated at two nearby frequencies, f1 and f2, producing
tones called intermodulation distortion products, the most
intense arising at a frequency of 2f1-f2.

In this study, the DPOAE spectra were recorded with
high-frequency resolution using a custom acquisition system
(Botti et al., 2016; Sisto et al., 2020) programs in Labview
(National instruments, Ltd., United States), suitably adapted
to mice in this study by extending the maximum frequency
up to the limit imposed by the speakers and microphone
response. Tone sweeps (slow chirp stimuli) of frequency f1(t)
and f2(t) are digitally generated and fed to ER-2 loudspeakers
(Etymotic Research, United States) through a 24-bit PXI-NI4461
AI/AO board (National Instruments, Ltd., United States). The
DPOAE response is recorded by an ER-10B + microphone
(Etymotic Research, United States), and synchronously recorded
by the same PXI-NI4461 AI/AO board. The minimum and
maximum frequency and the speed of the f1 and f2 chirps are
set in order to get a response chirp with distortion product
frequency (fDP) spanning linearly the 1,000–12,000 Hz interval
at 800 Hz/s. A set of cosine-tapered 50% overlapping windows
is applied to each chirp acquisition, selecting a set of frames
of 50 ms duration. Fourier analysis is applied to each frame to
measure the complex value of the response at the DP center
frequency. The resulting high-resolution complex spectra are
time-frequency filtered in order to unmix the distortion and
reflection components, based on their different phase-gradient
delay. Focusing on the unmixed distortion component removes
the typical DPOAE measurement uncertainties associated with
fine-structure amplitude fluctuations due to interference between
the two components, and improves signal-to-noise ratio (SNR)
by up to 15 dB with respect to unmixed DPOAE spectra, because

most of the noise is removed by the filtering procedure (Moleti
et al., 2012). Recordings were performed while the animals were
anesthetized and placed in the anechoic room, as described above
for the ABR procedure. The probe was carefully inserted into
the auditory meatus and pressure calibration in the ear canal
was performed before every acquisition, in order to achieve a
reliable measurement. In this study, we used stimulus levels (L1,
L2) = (65, 55) dB SPL, with a frequency ratio between f2 and
f1 equal to 1.22. Twelve consecutive sweeps were synchronously
averaged to improve the SNR.

The unmixed distortion component in eleven third-octave
bands centered between 1.8 kHz and 18 kHz was used as the
DPOAE outcome variable. A data selection rule was applied after
DPOAE component unmixing and before statistical analysis,
resulting in the inclusion in the study only for data for which the
noise was below a frequency-dependent threshold.

Morphological Analyses
Hair Cell Count
In order to evaluate the hair cell survival, 5 cochleae/groups
were used from NN and NE animals at 6 M. The cochleae were
quickly dissected from the mice, and the tissue samples were fixed
with 4% paraformaldehyde. F–Actin was stained by incubation
with ActinGreen 488 Ready Probes Reagent (ThermoFisher, Cat.
No. R37110). All samples were mounted onto glass slides with
a mounting medium (FluorSaveTM Reagent, Merk, Cat. No.
345789) and analyzed using a confocal microscope (Nikon Ti-E,
Confocal Head A1 MP, Japan).

Synaptic Ribbons
In order to analyze the effect of noise exposure on
primary afferent fiber (AF)/inner hair cell (IHC) synapses,
immunofluorescence for synaptic ribbons was performed on
surface preparations of the organ of Corti (5 cochleae/group).
To identify and quantify afferent synapses, the specimens were
incubated in a blocking solution [1% bovine serum albumin
(BSA), 0.5% Triton X-100, and 10% Normal Goat Serum in
phosphate buffered saline (PBS) 0.1 M] and, then, overnight
at +4◦C with a solution containing the following primary
antibodies: mouse anti-CtBP2 (IgG1, 1:200; BD Transduction
Laboratories) and mouse anti-GluA2 (IgG2a, GluR2/GluA2;
1:500; Millipore), according to published protocols (Paciello
et al., 2018). Images of immuno-labeled specimens (40x) were
taken by a confocal microscope system (Nikon). A paired
synapse was identified as the one with co-localization of
CtBP2 and GluA2 positive puncta and synaptic ribbons were
then quantified using a compressed z-stack of each image
using an image processing software (NIH ImageJ 1.43u,
Image Processing and Analysis in Java). The total number
of ribbons was divided by the number of IHCs to obtain a
ribbon/IHC estimate. Analyses were performed on a total of
15 cells/groups.

Spiral Ganglion Neurons and Neural Afferent Fibers
Count
To determine the spiral ganglion neuron (SGN) density, 5
cochleae/groups from animals of 6 M were used. The cochleae
were quickly removed, and the samples were fixed with 4%
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paraformaldehyde in PBS at + 4◦C. Next, the cochleae were
decalcified for 3 days in 10% ethylenediaminetetraacetic acid
(EDTA), incubated for 48 h in sucrose (30%), embedded in
OCT (Killik, Bio-optica, Milan, Italy) and cryosectioned at a
thickness of 6 µm (Cryostat CM 1950; SLEE). The sections were
stained with Rhodamine-Phalloidin (Rh-Ph) (1:100 dilution;
Molecular Probes, Invitrogen, Carlsbad, CA, United States)
for 1 h at room temperature (RT) protected from light. At
the end of the incubation, the specimens were washed twice
in PBS. Afterward, the stained specimens were incubated in
4′,6-diamidino-2-phenylindole (DAPI) solution (D1306, Thermo
Fisher, 1:500 in 0.1 M PBS). The SGNs were identified by their
larger, more weakly stained spherical morphology. The SGN
density (cells per square millimeters) was calculated using NIH
ImageJ 1.43u software. The images were obtained with a confocal
microscope system (Nikon).

To visualize the AF, the cochleae from 5/cochleae/groups
(animals of 6 M) were quickly removed, and the samples were
fixed with 4% paraformaldehyde in PBS. Next, the cochleae were
decalcified for 3 days in 10% EDTA, incubated for 48 h in sucrose
(30%), embedded in OCT, and cryosectioned at a thickness of
6 µm. The specimens were incubated with a blocking solution
(1% BSA, 0.5% Triton X-100, and 10% Normal Goat Serum in
PBS 0.1 M) and then, the slices were incubated overnight at+ 4◦C
with a solution containing anti NF200 primary antibody (Cat.
No. #S-N4142, Sigma-Aldrich) 1:100 in PBS. All specimens were
incubated at RT for 2 h in labeled conjugated goat anti-rabbit
antibody (Alexa Fluor 488 IgG, Cat. No. A32731, Invitrogen)
1:400 in 0.1 M PBS. Afterward, the slices were stained with
Rh-Ph (1:100 in PBS) for 1 h at RT and then incubated in
DAPI solution (Thermo Fisher, 1:500 in 0.1 M PBS). The tissue
fluorescence was imaged by two-photon excitation (792nm,
140fs, 80MHz) performed by an ultrafast tunable mode-locked
titanium: sapphire laser (Chameleon; Coherent) coupled to a
multiphoton microscope (Nikon).

Oxidative Stress Evaluation
Dihydroethidium (DHE) and 4-hydroxy-2-nonenal (4-HNE)
immunostaining were used to assess ROS and membrane lipid
peroxidation, respectively. Animals of different experimental
groups (5 animals/groups) were sacrificed following ABR
recording, and the cochleae were quickly removed and fixed
in 4% paraformaldehyde in PBS. The cochleae were then
decalcified in EDTA as described above, embedded in OCT, and
cryosectioned at a thickness of 6 µm. For all immunofluorescence
analyses, control experiments were performed by omitting the
primary antibody during processing of tissues randomly selected
across experimental groups; staining was absent in cochlear
samples in which the primary antibody was omitted indicating
a lack of non-specific background labeling (data not shown).
The tissues from all groups were always processed together
during the procedures to limit the variability related to antibody
penetration, incubation time, postsectioning age, and condition
of tissue. Analysis were performed in NN animals of 2 and
6 M and in animals exposed to noise 4 months after exposure
(corresponding to 6 M).

Dihydroethidium Staining
Dihydroethidium immunofluorescence was used to assess the
superoxide production. DHE is a lipophilic cell-permeable dye
that is rapidly oxidized to ethidium in the presence of free
radicals. The produced ethidium is fixed by intercalation into
nDNA; it gives an indication of oxidant stress in cells undergoing
investigation. The cochlear specimens were incubated with 1 µM
DHE (Cat. No. D23107, Invitrogen, Carlsbad, CA, United States)
in PBS for 30 min at 37◦C and then coverslipped with an antifade
medium (FluorSaveTM Reagent). The tissue fluorescence was
imaged by two-photon excitation (792 nm, <140 fs, 90 MHz)
performed by ultrafast tunable mode locked titanium:sapphire
laser (Chameleon, Coherent). The images were captured at 20×
magnification using a confocal microscopy system (Nikon).

4-HNE Immunofluorescence
The 4-hydroxy-2-nonenal immunofluorescence was performed
in order to detect lipid peroxidation. The specimens were
incubated with a blocking solution (1% BSA, 0.5% Triton X-100,
and 10% Normal Goat Serum in PBS 0.1 M) and then, the slices
were incubated overnight at + 4◦C with a solution containing
rabbit polyclonal anti-4-HNE primary antibody (Cat#HNE11-S,
Alpha Diagnostic Int., San Antonio, TX, United States) 1:100
in PBS. All the specimens were incubated at RT for 2 h in
labeled conjugated goat anti-rabbit secondary antibody (Alexa
Fluor 488 IgG, Cat. No. A32731, Invitrogen) 1:400 in 0.1 M PBS.
Afterward, the slices were incubated in DAPI solution (Thermo
Fisher, 1:500 in 0.1 M PBS) and coverslipped with an antifade
medium (FluorSaveTM Reagent).

Immunofluorescence Analysis for HIF-1α
To evaluate the vascular dysfunction, we performed
immunofluorescence analysis against hypoxia-inducible factor-
1alpha (HIF-1α) in both cochlear cryosections and in freshly
explanted stria vascularis specimens (6 animals/groups). To
perform immunofluorescence in stria vascularis whole-mounts,
cochlear microdissection and HIF-1α staining was observed in
marginal cell monolayer. Fixed specimens (both stria vascularis
cochlear whole mounts and cochlear cryosections containing
stria vascularis) were incubated with a blocking solution (1%
BSA, 0.5% Triton X-100 and 10% normal goat serum in PBS
0.1 M) and, after, with a solution containing anti-HIF-1α primary
antibody (Cat. No. sc-53546; Santa Cruz Tech.) diluted 1:100
in PBS overnight at +4◦C. After washes in PBS, the specimens
were incubated at RT for 2 h in labeled-conjugated donkey
anti-mouse secondary antibody (Alexa Fluor 546, IgG, Thermo
Fisher) diluted 1:400 in 0.1 M PBS and counterstained with
ActinGreen 488 Ready Probes Reagent (Thermo Fisher) and
DAPI solution (Thermo Fisher). Control experiments were
performed by omitting the primary antibody during processing
of tissues randomly selected across experimental groups. The
staining was absent in cochlear samples, indicating neither
spontaneous fluorescence nor non-specificity of antibody (data
not shown). The tissues from all groups were always processed
together during the procedures to limit the variability related to
antibody penetration, incubation time, postsectioning age, and
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condition of tissue. The images were obtained with the confocal
laser scanning system (Nikon).

Western Blot Analysis
The total proteins were extracted from 12 cochleae of 6
animals/groups. To extract sufficient proteins, the tissues were
dissected, collected on ice, stored at −80◦C, and processed
as described previously (Zorzi et al., 2017). Protein lysates
(70 µg) were loaded onto 4–15% Tris-glycine polyacrylamide
gels for electrophoretic separation. ColorburstTM Electrophoresis
markers (Biorad) were used as molecular mass standards. The
proteins were then transferred onto nitrocellulose membranes
at 100V for 2h at 4◦C in transfer buffer containing 25mM
Tris (Cat. No. T4661, Sigma-Aldrich), 192mM glycine (Cat.
No. G8898, Sigma-Aldrich), 0.1% Sodium Dodecyl Sulfate (SDS;
Cat. No. L3771, Sigma-Aldrich), and 20% methanol (Cat. No.
322415, Sigma-Aldrich). The membranes were incubated for
1h with blocking buffer [5% skim milk (Cat. No.#1706404,
Bio-Rad Laboratories, Hercules, CA, United States) in TBST
(Tris Buffered Saline, Cat. No. T5912, Sigma-Aldrich and
0.1% Tween 20, Cat. No. P1379, Sigma-Aldrich)], and then
incubated overnight at + 4◦C with antibodies against HIF-
1α (Santa Cruz Tech.); VEGFC (sc-9047, Santa Cruz Tech.),
and superoxide dismutase 1 (SOD1; Cat. No. ab20926, Abcam,
Cambridge, United Kingdom). After three 10-min rinses in
TBST, the membranes were incubated for 1h at RT with
horseradish peroxidase (HRP)-conjugated mouse or rabbit
secondary antibodies (1:2,500; Cell Signaling, Danvers, MA,
United States). Equal protein loading among individual lanes
was confirmed by re-probing the membranes with an anti-
GAPDH (glyceraldehyde-3-phosphate dehydrogenase; 1:10,000;
Cat. No. 9485, Abcam). The protein expression was evaluated
and documented by using UVItec Cambridge Alliance. The
experiments were performed in triplicate.

Statistical Analysis
The power analysis was performed to determine the sample
size to provide a statistical power of 80% at an α level
of 0.05. The results are presented as mean ± SEM. For
normally distributed data, statistical comparisons of means data
were made by Student’s two-tailed t-test using a worksheet
(Microsoft Office Excel 2017, Version 1.30), whereas ANOVA
and post hoc comparison by Tukey’s test were used to analyze
the differences among group means using Statistica (version
6.0, Statsoft Inc.). For ABR recording, a three way ANOVA
(group× frequency× time point) was performed.

For DPOAEs, the statistical analysis was performed by means
of the IBM SPSS 25 statistics. As the DPOAE at different
frequency are not independent observations, an analysis for
repeated measure study design was applied. In the ANOVA
for repeated measures, the DPOAE in the different frequency
bands were considered as repeated measures while the predicted
variables to be tested between subjects were the exposure
condition, noise exposure or no noise exposure, and the age, two
or 6 months. A complete factorial model was considered.

The mean values are presented as mean ± SEM where p
values < 0.05 indicate statistical significance.

RESULTS

Functional Evaluations
Auditory Brainstem Recordings
To evaluate the hearing loss induced by noise exposure, the ABRs
were recorded before and 1, 4, and 7 months after noise exposure.
The experimental design and protocol timeline of experiments
are summarized in Figure 1. The ABR results are reported as
mean threshold values in Figure 2. The ABR recordings showed
that C57BL/6 mice of 6 and 9 M developed progressively a severe
high-frequency hearing loss (Figure 2A). Indeed, in NN 2 M
animals, the ABR threshold ranged from 30 to 40 dB across
frequencies, whereas at 6 M, the threshold value was about 50 dB
at low and mid frequencies and up to 60 dB at high frequencies
(Figure 2A), indicating an early presbycusis phenotype. At 9 M,
the threshold worsened, hearing loss involved not only high
frequencies (threshold > 90 dB) but also low and mid frequencies
(threshold > 70 dB; Figure 2A). In order to evaluate if noise
exposure could accelerate or exacerbate ARHL, we exposed 2 M
animals to an acoustic trauma and then we analyzed auditory
threshold at different times to monitor the progression of hearing
loss. One month after noise exposure (at 3 M), a threshold
elevation of about 50 dB across mid and high frequencies was
recorded in NE group, compared with age-matched NN group
(Figure 2B), and no differences were present at low frequencies.
At 6 M (that corresponds to 4 months after noise exposure),
the threshold elevation was still evident: NE group showed
an auditory threshold of about 40 dB higher with respect to
age-matched NN group at mid frequencies (12 and 16 kHz;
Figure 2C), auditory threshold elevations (about 15 dB) spread
also to 6 kHz, whereas no additional detectable effect of noise
on aging was observed at high frequencies (auditory threshold
of about 80 dB in both groups at 24–32 kHz; Figure 2C). At
9 M, the threshold values in the NE and NN animals were
similar: threshold worsened in all frequencies (>80–90 dB) with
no significant differences between the groups (Figure 2D). Taken
together, these data indicated that at 6 months of age, when
presbycusis phenotype is already observed but only at high
frequencies, the noise can accelerate and worsen ARHL, involving
also middle and lower frequencies in C57BL/6 mice (Figure 2C).

To further characterize the functional effect of exposure to
noise, we studied the A-I curves of ABR waves I and II at 16 kHz.
The ABR amplitude provides insight on functional integrity of
auditory nerve fibers. In fact, it has been shown that decreased
amplitude correlates with ribbon loss and it can be highly
predictive of the degree of cochlear synaptopathy (Sergeyenko
et al., 2013; Möhrle et al., 2016; Liberman and Kujawa, 2017).
Evaluations of ABR waves I and II showed decreased amplitude
of both components (Figures 2E,F), consistent with a significant
impairment of the auditory function and decreased number of
synaptic ribbons and primary AF described below.

Distortion Product Otoacoustic Emissions
To evaluate the effect of noise and aging on outer hair cell
(OHC) function, the DPOAE levels were compared between
NE and NN animals at 3 and 6 M. A significant drop in
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FIGURE 1 | Experimental design and time schedule. Mice of 2 months of age (M) at the beginning of the study were used. Baseline hearing thresholds were
evaluated the day before (D0) the exposure to repeated noise sessions lasting 10 consecutive days (D1 - D10). After 1, 4, and 7 months from trauma sessions, when
the mice were aged 3, 6, and 9 M, the functional (ABR and DPOAEs) and/or molecular (WB/IF) evaluations were performed. ABRs, auditory brainstem responses;
DPOAEs, distortion products otoacoustic emissions; IF, immunofluorescence; WB, western immunoblotting.

DPOAE amplitude was observed in 3 M animals exposed to noise
compared with age-matched not-exposed group (Figure 2G),
suggesting a micromechanical cochlear dysfunction; however, a
decreased response trend was still observed in 6 M NE animals
(Figure 2H). Moreover, a post hoc analysis was carried out to
identify significant changes at specific frequencies. The Holm-
Bonferroni correction was applied in order to keep control of
multiplicity. At 3 M (1 month after exposure), the difference
is not significant in the lowest frequency band and strongly
significant in the high-frequency bands, consistent with NIHL.
At 6 M (4 months after exposure), the difference is uniformly
significant over the whole frequency range, including the lowest
frequency band, as expected in the case of accelerated ARHL.
Thus, our data suggest that the functional impairment induced by
noise and the increased susceptibility to cochlear aging processes
were not solely related to OHC loss, as reported below, but
they were also likely due to a non-lethal functional impairment
of remaining OHCs.

Morphological Evaluations: Cellular and
Neuronal Damage
Given that the functional evaluations revealed that noise
exposure can accelerate and worsen cochlear aging processes,
we focused our following analyses on 6 M animals, considering
that 6 M is a critical time point, when presbycusis phenotype
becomes evident in NN animals and worsened in NE animals.
Thus, we analyzed cellular damage induced by noise exposure by
examining OHC viability in surface preparations of the basilar
membrane with the organ of Corti (Figure 3A). Figures 3B,C,
illustrates F-actin staining and OHC count in NN and NE groups
(animals of 6 M). In NN specimens, the OHC surfaces were
characterized by an orderly arrangement of the three rows of
OHCs and one row of IHCs (Figure 3B). In the NE group, a
marked OHC loss was observed (see asterisks in Figure 3C).
The damage was more pronounced in the cochlear middle and
apical turns, where cell loss was about 25% and 20%, respectively,
whereas in the basal turn, cell death was less pronounced and not
significant (Figure 3D).

To further characterize the effect of noise on cochlear
dysfunction, we evaluated morphological damage in SGNs. As
shown in Figure 3E, Rosenthal’s canal in the NN group was
densely packed of SGNs. In the NE animals, a significant neuronal
loss was observed in the middle-apical turn (Figures 3F,G) with
respect to age-matched not-exposed animals.

In parallel, as shown in Figure 4, we observed a decrease
in AF in noise-exposed animals (Figures 4C,D) compared
with age-matched not-exposed animals (Figures 4A,B),
indicating a deafferentation process induced by noise. To
further evaluate the effect of noise on IHC/AF synapses, we
performed immunofluorescence analysis against CtBP2 (red
fluorescence) to label the synaptic ribbons and GluA2 (green
fluorescence) to visualize and count postsynaptic puncta
(Figures 4E–G). In NN specimens, juxtaposed presynaptic
ribbons and postsynaptic receptors were clearly detected
(yellow puncta, Figures 4E,e). Whereas, in NE specimens,
the number of paired ribbon synapses decreased markedly
(Figures 4F,f), as also indicated by synaptic puncta/IHC
count (Figure 4G).

Collectively, our data indicate that the mice exposed to noise
showed an earlier and worsened ARHL at 6 M, spanning at all
frequencies, with respect to age-matched not-exposed animals.
This functional damage is due to a morphological injury induced
by noise, involving specifically neural (SGNs) and synaptic (AF,
synaptic ribbons) damage.

Cochlear Redox Status and Lipid
Peroxidation
The cochlear oxidative damage is a typical feature of age-related
inner ear degeneration leading to presbycusis. Given that in our
model the noise worsened presbycusis in animals of 6 M, we
characterized the level of oxidative stress and the expression
of endogenous antioxidant enzymes in cochlear samples, by
analyzing superoxide (DHE assay), lipid peroxidation (4-HNE
levels) and the expression of an endogenous antioxidant enzyme,
the SOD1, by using immunofluorescence and Western blot
analyses, respectively.
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FIGURE 2 | Noise-induced hearing loss accelerates auditory dysfunctions in 6 months of age mice. (A–D) ABR recordings in no noise-exposed (NN) and/or
noise-exposed (NE) C57BL/6 mice at different months of age. (A) Graph shows ABR threshold values (means ± SEM) in mice of 3, 6, and 9 months of age (M).
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FIGURE 2 | A progressive worsening of auditory threshold was observed in NN mice during physiological aging. (B–D) Graphs show ABR threshold values
(means ± SEM) in animals exposed to noise in young age and evaluated at 3, 6, and 9 M (corresponding to 1, 4, and 7 months after noise exposure). At 3 M, noise
causes a marked increase of auditory threshold, spanning at all frequencies (B). Threshold increase was evident also at 6 M (C), whereas, at 9 M, the threshold also
worsened in not-exposed group and no difference was observed between the groups (D). Asterisks indicate significant differences between groups (*p < 0.05;
**p < 0.01) from three way ANOVA with repeated measures. (E,F) Amplitude-intensity curves (mean ± SEM) showing a decreased amplitude of wave I and wave II in
NE animals of 6 M at 16 kHz compared with NN mice. Asterisks indicate significant differences between groups (*p < 0.05; **p < 0.01) from Student’s t-test. (G,H)
Graphs (mean ± SEM) show DPOAE responses recorded in NE and NN animals at different ages (3 and 6 M). Asterisks indicate significant differences between
groups (*p < 0.05; **p < 0.01) from two-way ANOVA with repeated measures.

A weak signal (red fluorescence) of ROS expression was found
in the unexposed cochleae of 2 M mice, indicating a basal level of
oxidative stress in young mice (Supplementary Figure 1A).

The DHE fluorescence was evident in NN cochleae of 6 M,
indicating a physiological enhancement of oxidative stress levels
due to aging processes (Figure 5A). Red fluorescence was faint in
the stria vascularis (Figure 5A1) and it was evident specifically
in the organ of Corti (Figure 5A2) and SGNs (Figure 5A3),
as also indicated by fluorescence intensity spectrum analyses
(Figures 5a1–a3). Interestingly, a marked increase of ROS
production was found in NE animals (Figure 5B), specifically
in the stria vascularis (Figures 5B1,b1), organ of Corti
(Figures 5B2,b2), and SGNs (Figures 5B3,b3).

On the other hand, western blot analysis showed a SOD1
upregulation in the cochleae of NE animals of 6 M, as
compared with the age-matched NN group (Figures 5C,D).
This result probably indicates an endogenous response to
face the increase of cochlear ROS expression, consistent with
immunofluorescence analysis.

To further investigate the cochlear redox imbalance, we also
performed an immunofluorescence against 4-HNE, a highly toxic
aldehyde product of lipid peroxidation, that is a well-known
sensitive marker of oxidative damage and lipid peroxidation.
Basal level of 4-HNE expression in 2 M mice is shown in
Supplementary Figure 1B. Comparing lipid peroxidation in NN
and NE animals of 6 M, we found an increasing fluorescence
in noise samples, in all cochlear structures (Figures 5E,F). The
highest 4-HNE immunoreactivity was also evident in the pseudo-
color rainbow scale of the fluorescence signal (Figures 5e1–
e3,f1–f3) in all cochlear structures (Figures 5E1–E3,F1–F3).

Collectively, these results show that the noise
exposure exacerbates oxidative damage in the cochlea
responsible for ARHL.

Vascular Dysfunction: Aging Signaling
Pathways
Since vascular dysfunction is considered as a common etio-
pathological marker for both presbycusis and NIHL, we
performed immunofluorescence and western blot analyses to
evaluate vascular injury in cochlear samples from NN and NE
animals at 6 M. It is known that noise insult can compromise
cochlear microcirculation (Hirose and Liberman, 2003; Shi
and Nuttall, 2003; Hou et al., 2020), and VEGF expression
often occurs in response to tissue ischemia/hypoxia through
transcriptional upregulation by HIF-1α. Thus, we evaluated the
expression of both VEGFC and HIF-1α.

Western blot analysis in Figure 6 shows a significant increase
of HIF-1α in cochlear lysates of animals exposed to noise,

compared with not-exposed group (Figures 6A,B). Furthermore,
immunofluorescence experiments on cochlear cryosections and
stria vascularis whole mounts confirmed western blot results.
As shown in Figure 6, HIF-1α was markedly expressed in the
cochleae of 6 M noise-exposed animals, compared with age-
matched not-exposed animals, both in marginal cell monolayers
from stria vascularis whole mounts (Figures 6D–D3,E–E3)
as well as in stria vascularis high magnifications of images
of cochlear cryosections (Figures 6F,G). Red fluorescence,
indicating HIF-1α expression, was faint in not-exposed samples
and marginal cells appeared to form a continuous layer as
defined by F-actin staining (Figures 6D–D2). Consistent with
vascular dysfunction, a significant increase of HIF-1α was
observed in noise samples (Figures 6E–E2), as also confirmed
by the optical density fluorescence signals reported in a pseudo-
rainbow scale (Figures 6D3,E3). Consistent with the strong
activation of HIF-1α, western blot analysis indicates a significant
increase of VEGFC expression in NE animals, compared with
age-matched NN animals (Figures 6A,C), confirming cochlear
vascular dysfunction.

DISCUSSION

The aim of the present study was to evaluate the possible impact
of early hearing loss induced by repeated noise exposures on the
onset and/or progression of age-related cochlear dysfunctions in
an animal model of ARHL. This study was undertaken to evaluate
the interaction between environmental and genetic risks factors,
considering that hearing loss in midlife represents one of the
major modifiable risk factors for neurodegenerative processes,
including presbycusis and dementia (Livingston et al., 2020).
Nowadays, conventional treatments for hearing rehabilitation
are represented by the use of hearing aids or cochlear
implants. However, hearing rehabilitation has limitations and
the detection of other therapeutic strategies based on the
knowledge of molecular mechanisms of damage could offer
insights for therapeutic intervention. Our results show that:
(1) noise exposure in young age accelerates and worsens
presbycusis phenotype in C57BL/6J mice. In fact, animals
exposed to noise at 2 M show at 6 M an increase of auditory
thresholds and decreased ABR waves I and II amplitude,
suggesting that noise can be considered as an environmental
risk factor to develop earlier ARHL; (2) this functional damage
is due to a morphological injury induced by noise, involving
specifically neural (SGNs) and synaptic (AF, synaptic ribbons)
damage; (3) the mechanisms underlying accelerated presbycusis
in noise-exposed animals involve both oxidative damage and
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FIGURE 3 | Sensory and neuronal damage in noise-exposed animals. (A) Schematic representation of principal cochlear structures (spiral ganglion neurons-SGNs;
neural afferent fibers and organ of Corti) in cochlear section with high magnification of different cell types in the organ of Corti and a schematic representation of cell
view in surface preparations of the organ of Corti. IHC: inner ear cell; OHCs, outer hair cells; Hen, Hensen cells. (B,C) Representative images of surface preparations
of the organ of Corti (middle turn region) showing hair cells and F-Actin distribution in the middle cochlear turn of no noise-exposed [NN group; (B)] and
noise-exposed [NE group; (C)] animals of early presbycusis mice of 6 months of age (M). Cochlear organization with well aligned three rows of outer hair cells

(Continued)

Frontiers in Aging Neuroscience | www.frontiersin.org 9 February 2022 | Volume 14 | Article 803973166

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-803973 February 7, 2022 Time: 12:39 # 10

Fetoni et al. Early Hearing Loss Accelerates Presbycusis

FIGURE 3 | (OHCs) and one row of inner hair cells (IHCs) was shown in panel (B). In NE group, a severe OHC loss was observed, as indicated by asterisks (C).
(D) Histogram (means ± SEM) indicates percentage of OHC survival in all cochlear turns normalized to NN early presbycusis mice of 6 M. (E,F) Representative
images of spiral ganglion neuron (SGN, indicated by arrows) cryosections marked with Rh-Ph (red fluorescence) and DAPI staining (blue fluorescence). A marked
SGN loss was observed in NE group (F) compared with NN animals (E). (G) Histogram (means ± SEM) shows the SGNs count in cochlear turns normalized to NN
early presbycusis mice of 6 M. Note that no significant differences between NE and NN mice were observed in basal cochlear region (affected already by aging) but
significant differences were observed in middle and high cochlear region, indicating a worsened/accelerated aging effect by noise. Asterisks in panels (D,G) refer to
significant difference vs. NN group (*p < 0.05) from Student’s t-test. Scale bar 20 µm.

FIGURE 4 | Noise exacerbates age-related decrease of primary afferent fibers and synaptic ribbons. (A–D) Representative images showing primary afferent fibers
(NF200, green fluorescence), Rh-Ph (red fluorescence) and DAPI staining (blue fluorescence) in cochlear cryosections (middle turn region) of no noise-exposed [NN
group; (A,B)] and noise-exposed [NE group; (C,D)] animals of 6 months of age (M). A marked decrease of primary afferent fibers (AF) was observed in the Noise
group compared with NN. (E,F) Representative images of surface preparations of the organ of Corti showing one row of inner hair cells stained for CtBP2 (red
fluorescence, to label the synaptic ribbons, red arrows) and anti-GluA2 (green fluorescence, to visualize postsynaptic puncta, green arrows) and double stained with
DAPI. Paired puncta are indicated by yellow (red + green) labeling (yellow puncta). High magnifications of a single hair cell (outlines of selected hair cells are indicated
by dashed lines) are shown in panels (e,f). (G) Histogram (means ± SEM) shows the percentage of paired synapses/IHC, normalized to NN 6 M values, in cochlear
turns. Note that no significant differences between NE and NN mice were observed in basal cochlear region (affected already by aging) but significant differences
were observed in middle and high cochlear region, indicating a worsened/accelerated aging effect by noise. Asterisks indicate significant differences between groups
(***p < 0.001) from Student’s t-test. Scale bar (A,D) 20 µm; (E,F) 8 µm.

vascular dysfunction in the cochlea, suggesting that overlapping
mechanisms and common etio-pathological features of NIHL
and ARHL converge in accelerating/worsening sensorineural
hearing loss induced by age.

The C57BL/6J mouse, used in this study, is the most frequently
used mouse model of human sensory presbycusis (Fetoni et al.,
2011). In fact, these animals show genetic defects, as for Ahl
gene that codes for the hair cell specific cadherin and affects
stereocilia (Johnson et al., 1997; Noben Trauth et al., 2003).
Moreover, glycogen metabolic changes have been observed in
these mice, leading to altered glycogen contents in cochlear
structures compared with CBA mice, a model of the natural aging
cochlea (Ding and Wang, 1998). Thus, the C57BL/6J mice show
a progressive hearing loss, starting from high frequencies and

both cochlear and central (auditory cortex) alterations, reflecting
the major types of ARHL phenotypes proposed by Schuknecht
(1955, 1964) (Schuknecht and Gacek, 1993). Consistent with the
literature, our auditory long-term evaluations showed that in
normal conditions, these mice exhibited an increase of auditory
thresholds for high frequencies (20–32 kHz) starting from 6 M.
At 9 M, a severe hearing loss (>70 dB), involving all frequency
regions, was observed (Fetoni et al., 2011; Zhang et al., 2013).
The results from our animal model with early NIHL suggest that
early noise can accelerate presbycusis. In fact, after repeated loud
noise exposure, ARHL is accelerated and it is already present
at 6 M, when hearing loss occurred at all frequencies analyzed.
One month after noise exposure, an increase of thresholds in
mid-high frequencies (12–32 kHz) was found in NE animals
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FIGURE 5 | Noise exposure accelerates cochlear oxidative stress and lipid peroxidation in 6 M mice with ARHL. (A,B) Representative images of cochlear
cryosections (middle turn region) of no noise- exposed [NN group; (A)] and noise-exposed [NE group; (B)] animals of 6 months of age (M) stained with DHE (red
fluorescence). ROS fluorescence increases in noise-exposed animals in all cochlear structures. High magnifications of stria vascularis (A1,B1), the organ of Corti
(A2,B2), and spiral ganglion neurons (A3,B3) are shown. The distribution of fluorescence signals in a pseudo-color rainbow scale is shown in the stria vascularis
(a1,b1), the organ of Corti (a2,b2), and spiral ganglion neurons (a3,b3). StV, stria vascularis; oC, organ of Corti; SGNs, spiral ganglion neurons. Scale bar: 100 µm.
(C) Western immunoblotting indicating SOD1 overexpression in cochlear samples of NE animals of 6 M. (D) Histograms (mean ± SEM) represent relative optical
density (O.D.) values (SOD1/GAPDH ratios). Experiments were performed in triplicate. Asterisks indicate significant differences between groups (*p < 0.05) from
Student’s t-test. (E,F) Representative images showing cochlear cryosections (middle-basal turns) of not-exposed [NN; (E)] and noise-exposed animals [NE; (F)] of 6
M stained with 4-HNE (green fluorescence) and DAPI (blue fluorescence). High magnifications of the organ of Corti (E1,F1), spiral ganglion neurons (E2,F2), and stria
vascularis (E3,F3) are shown. The distribution of fluorescence signals in a pseudo-color rainbow scale is shown in the organ of Corti (e1,f1), spiral ganglion neurons
(e2,f2), and stria vascularis (e3,f3). StV, stria vascularis; oC, organ of Corti; SGNs, spiral ganglion neurons. Scale bar: 100 µm.

compared with age-matched NN animals. However, at a later
time point (4 months after noise exposure, corresponding to
6 months of age), we found an increase of auditory thresholds
in mid frequencies (12–16 kHz) associated with a worsened
ABR response at the lowest frequency (6 kHz) analyzed. In
our opinion, the results support the hypothesis that noise can
exacerbate NIHL in a mouse strain (C57BL/6) that, at 6 months
of age, shows signs of presbycusis involving specifically high-
frequency regions. However, at 9 months of age, the ABR
threshold difference between the exposed and not-exposed group
decreased suggesting that at this later age, ARHL was the
dominant factor determining the hearing loss, that is, early noise
exposure no longer exacerbated ARHL.

Of note, one technical limitation of our functional study was
that ABR thresholds saturated around 85–90 dB SPL. Indeed, as
the mice get older, ARHL approaches 90 dB and ARHL becomes

the dominant factor determining the threshold. Therefore, it is
difficult to assess if NIHL exacerbates ARHL once the thresholds
saturate. Moreover, on the basis of our ABR data, we cannot
state a synergistic or an additive effect of the two damaging
factors (noise and aging). We can only describe a worsened
trend of auditory threshold at 6 months of age in NE animals
compared with NN animals. Thus, we speculate that noise can
increase susceptibility to aging processes in a genetic background
predisposed to ARHL development. Further studies are needed
to address this point deeply.

However, our data indicate that at functional, morphological,
and molecular level, noise exposure in young age can induce
a worsening of auditory thresholds, exacerbating common
molecular hallmarks of ARHL. Thus, the increase of the
well-known molecular markers of cochlear aging (redox
imbalance and vascular dysfunction) found in 6 months of age
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FIGURE 6 | Noise exposure enhances the age-related cochlear vascular damage. (A) Western immunoblotting showing cochlear overexpression of HIF-1α and
VEGFC in animals of 6 months of age (M) exposed to noise. (B,C) Histograms showing densitometry evaluations (optical density, O.D., proteins/GAPDH ratios). Data
are expressed as mean ± SEM from three independent experiments. Asterisks indicate significant differences between groups (∗p < 0.05) from Student’s t-test.
(D,E) Representative 3D reconstruction of confocal Z-stacks images of HIF-1α expression [red fluorescence, (D2,E2)] in stria vascularis whole-mounts stained with
F-actin (green fluorescence) showing marginal cell monolayer in no noise-exposed (NN) and noise-exposed (NE) groups (D1,E1). Distribution of HIF-1α fluorescence
signal is shown in a pseudo-color rainbow scale in panels (D3,E3). (F,G) Representative images of stria vascularis cryosections stained for HIF-1α (red fluorescence)
and DAPI (blue fluorescence) of NN (F) and NE (G) animals of 6 M confirming high expression of HIF-1α induced by noise. Scale bar: 20 µm.

mice exposed to noise, compared with age-matched not-exposed
animals, can reflect accelerating aging cochlear mechanisms,
probably due to an increased vulnerability caused by noise.

Moreover, our results also demonstrate that the modifications
observed in the noise-exposed mice were not restricted to
auditory thresholds, as there was a significant reduction in
the magnitude of functional responses, reflected in decreased
amplitude of ABR waves I and II. These alterations in
evoked responses could be due to several factors, such as
decreased excitatory cochlear inputs, impaired synaptic afferents
in brainstem auditory nuclei, or impaired neurotransmission
along the auditory pathway (Popelar et al., 2006; Sergeyenko
et al., 2013; Alvarado et al., 2014; Möhrle et al., 2016; Liberman
and Kujawa, 2017). In conjunction with our immunofluorescence
data showing decreased number of synaptic ribbons and AF
in NE animals, these results indicate the presence of cochlear
synaptopathy. Indeed, it has been shown that noise exposure
early in life, associated with no permanent threshold shift,
can induce cochlear synaptopathy, accelerating ARHL and

cochlear age-induced damage (Fernandez et al., 2015). Moreover,
synaptopathy is also a feature of both NIHL and ARHL; indeed,
animals exposed to repeated loud sounds show a reduction of
both SGNs and synaptic ribbons (Kujawa and Liberman, 2009;
Fetoni et al., 2013; Paciello et al., 2018) as well as aging mice
show synaptic loss before OHC loss and ∼50% loss of synapses
(Kujawa and Liberman, 2015; Liberman et al., 2015; Hickox
et al., 2017). In our model, we found a significant decrease of
synaptic ribbons as well as a reduction of AF and SGN number
in NE 6 M mice, compared with age-matched NN animals,
indicating that noise can contribute to accelerate ARHL by
targeting the sensory-neural cochlear compartment. Moreover,
studies suggest that the gradual hearing loss in adult mice is
accompanied by extensive reorganization of plasticity-related
neurotransmitter expression in the cortex and hippocampus, as
well as memory impairments, confirming the link between ARHL
and cognitive decline (Park et al., 2016; Beckmann et al., 2020;
Paciello et al., 2021). Thus, considering the slight amplitude
decrease of DPOAEs at 6 M, as the expression of OHC damage,
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compared to the significant modification of the amplitude of
waves I and II of ABR and the reduction of both synaptic ribbons
and SGNs indicating the synaptic/neural damage, we confirm
the occurrence of neuropathy in both NIHL and early ARHL
(Fernandez et al., 2020) as expression of the reduced speech
perception in noisy environment conditions, clinically observed
in both pathologies (Fortunato et al., 2016; Sardone et al., 2019).

At the molecular level, we focused on oxidative stress
and vascular dysfunction. Indeed, considering that these two
conditions have been associated both to NIHL and ARHL
(Seidman et al., 2002; Fetoni et al., 2019; Shin et al., 2019; Wang
and Puel, 2020), which may contribute to common pathological
markers of both hearing loss and aging processes, we investigated
a common synergism in noise and age-induced cochlear damage.
Our data showed an increase of oxidative stress, confirmed
by immunofluorescence analysis for ROS and 4-HNE amount,
in 6 M mice exposed to noise, compared with age-matched
not-exposed animals. An increase of SOD1 expression in the
same mice could be considered as an endogenous response to
face redox imbalance as reported in other model of noise or
ototoxic cochlear insults (Coling et al., 2003; Fetoni et al., 2021).
Several studies reported an alteration of redox imbalance after
noise exposure (Ohlemiller et al., 1999; Yamashita et al., 2004;
Yuan et al., 2015; Fetoni et al., 2019). Moreover, age-induced
cochlear damage has been associated to oxidative stress processes
(Someya et al., 2009; White et al., 2018; Wang and Puel, 2020);
indeed antioxidant therapy has been widely used to counteract
cochlear damage induced by both noise and aging (Tavanai
and Mohammadkhani, 2017; Fetoni et al., 2019; Fujimoto
and Yamasoba, 2019; Paciello et al., 2020). Mitochondria, and
especially mitochondrial DNA (mtDNA), are major targets of free
radical attack and specific deletions within mtDNA caused by
aging processes have been linked with ARHL both in mice and
humans (Bai et al., 1997; Seidman et al., 1997; Dai et al., 2004;
Kujoth et al., 2005; Tan et al., 2017; Keithley, 2020).

Moreover, an impaired function of antioxidant enzymes
caused by genetic variation, such as deletion of Gpx1 and
Sod1 in knock-out mouse models, can lead to both ARHL
and NIHL (Ohlemiller et al., 2000b; McFadden et al., 2001;
Fortunato et al., 2016). Furthermore, we found a cochlear redox
imbalance responsible for accelerated ARHL in a mouse model
of Gjb2 deletion, which is the gene of the gap junction protein
connexin 26 (Cx26), whose mutation represents a major cause
for congenital non-syndromic profound hearing loss. In the
heterozygosis model (Gjb2+/−), the partial deficiency of protein
likely contributes to an increased mitochondrial ROS production
and early aging cochlear damage (Fetoni et al., 2018). Taken
together, we can speculate that mitochondrial dysfunction and
cochlear redox imbalance exacerbated by NIHL in C57BL/6
mice contributes to age−related cellular degeneration, leading to
accelerated ARHL phenotype in a mouse model of genetic early
development of ARHL.

Finally, it is known that ROS production can activate
endothelial growth factors, as VEGF, which is responsible for
vascular angiogenesis, remodeling, and maintenance of the
blood–brain barrier (Sondell et al., 1999; Miller et al., 2003;
Rosenstein et al., 2010; London and Gurgel, 2014). Acoustic

trauma was also found to cause structural alterations in blood
vessels by disrupting the cochlear blood–barrier (Suzuki et al.,
2002; Shi, 2009) and upregulating of VEGFC expression (Picciotti
et al., 2006; Fetoni et al., 2016). Moreover, cochlear vascular
changes, vasoconstriction, or alterations in cochlear blood flow
have been considered as the risk factors for ARHL (Lyu
et al., 2020; Peixoto Pinheiro et al., 2021). Our data, showing
an increased expression of VEGFC and HIF-1α, a master
transcriptional regulator of tissue hypoxic response that includes
upregulation of VEGF, suggest that the combined vascular
dysfunction associated with ARHL and intense noise could
further exacerbate ARHL. Specifically, the increase of oxidative
stress and cochlear redox imbalance can, in turn, cause stria
vascularis dysfunction and vascular dysregulation, worsening and
accelerating cochlear aging processes in a model of ARHL.

The microvascular damage represents not only one of the
main causes of ARHL but also of cognitive decline (Shen et al.,
2018; van der Flier et al., 2018; Panza et al., 2019). However,
different theories for the association between hearing loss and
cognitive dysfunction in aging are based on the effects of a
degraded signal from the damaged cochlea transmitted to the
brain. The need of greater cognitive resources (e.g., mental effort
and attention) and the reduced social engagement and loneliness,
caused by communication problems due to hearing loss, lead
to depression, which is possibly a major cause of dementia
(Chen, 1994; Gopinath et al., 2012; Sardone et al., 2020). Still,
common pathological processes (e.g., hypertension and diabetes)
result in degeneration and loss of both auditory and cognitive
function due to the activation of oxidative stress pathways and
inflammation (Shen et al., 2018; Tawfik et al., 2020). Thus, the
common factors could underlie a simple correlation between
hearing and cognition including age, vascular risk factors, and
social factors (e.g., education) (Panza et al., 2019; Livingston et al.,
2020). Our evidence support this theory since aged cochlea shows
degeneration of stria vascularis, of sensorineural epithelium, and
of neurons in the spiral ganglion related to noise exposure, thus
inducing the acceleration of the aging processes.

The results of this research suggest that developing new
therapeutic strategies, targeting oxidative stress with antioxidant
supplementation and promoting healthy life styles, in association
with auditory screenings in subject with high risk of hearing loss
could be useful to prevent ARHL, as well as aging dysfunction
and clinical outcome affecting the quality of life usually
associated with presbycusis, as cognitive decline, dementia, and
social isolation.
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Presbycusis or age-related hearing loss is a prevalent condition in the elderly population,
which affects oral communication, especially in background noise, and has been
associated with social isolation, depression, and cognitive decline. However, the
mechanisms that relate hearing loss with cognition are complex and still elusive.
Importantly, recent studies show that the use of hearing aids in presbycusis, which is its
standard management, can induce neuroplasticity and modify performance in cognitive
tests. As the majority of the previous studies on audition and cognition obtained their
results from a mixed sample of subjects, including presbycusis individuals fitted and
not fitted with hearing aids, here, we revisited the associations between hearing loss
and cognition in a controlled sample of unaided presbycusis. We performed a cross-
sectional study in 116 non-demented Chilean volunteers aged ≥65 years from the
Auditory and Dementia study cohort. Specifically, we explored associations between
bilateral sensorineural hearing loss, suprathreshold auditory brain stem responses,
auditory processing (AP), and cognition with a comprehensive neuropsychological
examination. The AP assessment included speech perception in noise (SIN), dichotic
listening (dichotic digits and staggered spondaic words), and temporal processing
[frequency pattern (FP) and gap-in-noise detection]. The neuropsychological evaluations
included attention, memory, language, processing speed, executive function, and
visuospatial abilities. We performed an exploratory factor analysis that yielded four
composite factors, namely, hearing loss, auditory nerve, midbrain, and cognition.
These four factors were used for generalized multiple linear regression models. We
found significant models showing that hearing loss is associated with bilateral SIN
performance, while dichotic listening was associated with cognition. We concluded

Frontiers in Aging Neuroscience | www.frontiersin.org 1 February 2022 | Volume 14 | Article 786330174

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://doi.org/10.3389/fnagi.2022.786330
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnagi.2022.786330
http://crossmark.crossref.org/dialog/?doi=10.3389/fnagi.2022.786330&domain=pdf&date_stamp=2022-02-24
https://www.frontiersin.org/articles/10.3389/fnagi.2022.786330/full
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-786330 February 19, 2022 Time: 15:24 # 2

Torrente et al. Audition and Cognition in Unaided Presbycusis

that the comprehension of the auditory message in unaided presbycusis is a complex
process that relies on audition and cognition. In unaided presbycusis with mild hearing
loss (<40 dB HL), speech perception of monosyllabic words in background noise
is associated with hearing levels, while cognition is associated with dichotic listening
and FP.

Keywords: presbycusis, age-related hearing loss, auditory processing, cognition, elderly, hearing aids

INTRODUCTION

Age-related hearing loss (ARHL), or presbycusis, affects one
of every three persons aged more than 65 years, with an
estimated worldwide prevalence of ∼430 million people (World
Health Organisation [WHO], 2021). Presbycusis is produced by
neurodegenerative processes of peripheral and central auditory
structures (Gates and Mills, 2005), which, at the clinical level,
is characterized by bilateral high-frequency hearing loss and
deteriorated speech intelligibility (Van Eyken et al., 2007).
Oral communication relies on a series of neural mechanisms
involving hearing and cognitive functions (Ruggles et al., 2011;
Pienkowski, 2017). As these functions deteriorate with aging
(Quaranta et al., 2014; Atcherson et al., 2015), individuals develop
communication deficits that can be attributed to presbycusis and
cognitive decline. Moreover, ARHL has been associated with
social isolation and depression, and it has been recognized as
a modifiable risk factor for dementia (Livingston et al., 2017,
2020). However, the mechanisms that relate to hearing loss
and cognitive decline are complex and still under research
(Yue et al., 2021).

There are several publications that explore the relationship
between cognition and auditory processes in aged populations,
with conflicting results. For example, Anderson et al. (2013)
described a negative association between speech discrimination
in noise (SIN) and cognition, while Murphy et al. (2018) found
no correlation between SIN and working memory. The cognitive
load has been proposed as an important factor to explain
discrepancies between studies exploring auditory and cognitive
functions. For instance, Nixon et al. (2019) found no association
between free recall of two digits and cognition, while Fischer
et al. (2017) described a significant association between cognition
and free recall of three digits, showing that a harder cognitive
challenge could explain the significant associations between
audition and cognition.

Another important variable that could have a role in
modifying the interactions between cognitive and auditory
functions is the neuroplasticity derived from the use of hearing
aids in subjects with hearing loss. In this line, recent reports show
that the use of hearing aid devices can induce neuroplasticity and
modify the performance in cognitive tests (Glick and Sharma,
2020; Vogelzang et al., 2021). These recent findings should be
considered as an important caveat for future studies, due to
the fact that the majority of previous studies on audition and
cognition used mixed data from subjects with and without the use
of hearing aids (O’Brien et al., 2021), or do not report whether
individuals were aided or not with auditory devices such as

hearing aids or cochlear implants (Humes et al., 1994, 2013; Sheft
et al., 2015; Murphy et al., 2018).

In this study, we proposed that to better understand the
interactions between cognition and hearing functions, these
should be studied in a controlled group of individuals, without
the influence of neuroplasticity induced by hearing aids.
Therefore, in this study, we aimed to examine the associations
between auditory and cognitive functions in non-demented
subjects (≥65 years) without previous use of hearing aids. We
studied audiogram hearing thresholds; suprathreshold auditory
brain stem responses (ABR); speech perception in noise (SIN);
dichotic listening [dichotic digits and staggered spondaic words
(SSW)]; temporal processing [frequency pattern (FP) and gap-in-
noise (GIN) detection]; and cognitive skills including attention,
memory, language, processing speed, executive function, and
visuospatial abilities.

MATERIALS AND METHODS

Subjects
A total of 134 volunteers (≥65 years), with a Mini-Mental State
Examination (MMSE) score > 24, were prospectively involved
(between 2016 and 2018) in the Auditory and Dementia study
(ANDES) cohort. They were all Chileans, belonging to the
Recoleta and Independencia districts from Santiago, Chile, and
spoke Spanish as their native language. Thirteen subjects did
not complete the audiological evaluation, and two patients had
missing data. In addition, following the recommendations of
the American Academy of Audiology (2010) guidelines for the
evaluation of auditory processing (AP), three subjects that had
the best ear pure-tone average (PTA) greater than 50 dB HL were
not considered for AP evaluations. The exclusion criteria were
previous ear disease, previous use of hearing aids, asymmetrical
hearing loss (defined as a difference greater than 15 dB HL in
at least two contiguous frequencies), conductive hearing loss
(defined as a PTA air-bone gap greater than 10 dB HL), stroke,
dementia, and major psychiatric and neurological disorders. All
volunteers gave written informed consent in accordance with the
Declaration of Helsinki. All procedures were approved by the
Ethics Committee of the Clinical Hospital of the University of
Chile, permission number: OAIC752/15.

Hearing Assessment
Pure-Tone Audiogram Thresholds
We recorded air and bone conduction thresholds for octaves
between 125 and 8,000 Hz for all subjects with an AC40
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audiometer (InteracousticsTM R©, Middelfart, Denmark), DD45
headphones, and B-71 bone oscillator, according to the clinical
standards of ANSI S3.6, 2010. The average hearing threshold for
frequencies 0.5, 1, 2, and 4 kHz (PTA) was calculated and used for
subsequent analysis.

Distortion-Product Otoacoustic Emissions
In a previous study, we associated the loss of distortion-
product otoacoustic emissions (DPOAE) with cingulate cortex
atrophy (Belkhiria et al., 2019), showing that the presence of
DPOAE is an important factor to include for modeling the
relationship between auditory and cognitive functions in elderly
people. DPOAE were measured using an ER10C microphone
with built-in sound sources (Etymotic Research, Elk Grove
Village, United States), 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, 891, 1,122,
1,414, 1,781, 2,244, 2,828, and 3,563 Hz. To consider the
presence of a DPOAE, we used an amplitude criterion: the
amplitude of a given DPOAE (dB SPL) should be at least
6 dB above the noise floor (Belkhiria et al., 2019). Using this
criterion, we counted the number of detectable DPOAEs per
ear, going from 0 to 8, where “0” meant that the subject
had no detectable DPOAE in that ear and “8” meant that
the subject had detectable DPOAEs at all tested frequencies
in that ear. In contrast to a method that only measured
the amplitude of DPOAEs (SNR, signal-to-noise ratio), the
procedure of counting the number of detectable DPOAEs per
ear allowed us to evaluate the cochlear function in the entire
sample, without eliminating subjects with no detectable DPOAEs
(and no measurable amplitude in dB SPL), which is frequent
in elderly people.

Suprathreshold Auditory Brainstem Responses
Previously, we showed that the suprathreshold amplitude of
ABR responses is associated with the thickness of temporal and
parietal cortices (Delano et al., 2020). For this reason, in this
study, we included the measurement of suprathreshold ABR
waves I and V. We used an Eclipse EP25 with research licensed
equipment (InteracousticsTM R©, Middelfart, Denmark) to elicit
ABR. The stimuli were broadband clicks delivered through E-A-
RTONETM 3A inserts earphones, with an intensity of 80 dB
nHL, and a duration of 100 µs. We used high pass 100 Hz
filters and low pass 3,000 Hz filters. Responses were recorded
using active electrodes placed on both mastoids and on the
forehead (reference or non-inverting), and a ground electrode
was secured over the right brow. Waves I to V were identified
from two averages of 2,000 repetitions. The amplitudes of waves
I and V were defined from the peaks of the respective waves
and the negative troughs that followed, and latency from peaks.
Amplitude and latency of wave V were measurable in all subjects,
while wave I was identified in 109/116 (93.9%) of the cases.
When waves I were missing (with detectable wave V), they were
imputed with the lower observed value for the amplitude of
wave I and the greater observed value for the latency of wave I
(Delano et al., 2020).

Auditory Processing Evaluation
The battery chosen for the evaluation of AP was developed
considering the recommendations of the American Speech-
Language-Hearing Association [ASHA], 2005) and the American
Academy of Audiology (2010). Speech tests were available in
Spanish and were previously validated in Chile. Speech and non-
speech tests were selected from the following categories: dichotic
speech, monoaural low-redundancy speech tests, and temporal
processing. All tests, except the GIN test, were performed with
a commercially available recording system (AuditecTM R©, St.
Louis, MO, United States), delivered to the participant through
the AC40 audiometer and DD45 headphones. Before testing
each person, we calibrated the audiometer output following
the instructions of the manufacturer using a 1 kHz pure tone.
According to the availability of evaluations in Spanish, we
included the following tests.

Speech in Noise
Lists of 25 monosyllabic words were presented monaurally to
each ear with a white noise background at a 10 dB SNR. The result
for each ear was the total number of correct answers expressed
as a percentage. The sound level presentation was 40 dB above
audiogram thresholds (Fuente and McPherson, 2006).

Dichotic Digits
Following a binaural presentation of 20 sequences of digit pairs,
subjects had to repeat the four-number sequence (two pairs
for each ear, free recall). The result for each ear was the total
number of correct repetitions for the digits presented to each ear
expressed as a percentage. The sound level presentation was 50 dB
above PTA (Fuente and McPherson, 2006).

Spanish Version of Staggered Spondaic Words Test
Participants were exposed to 40 sequences of four words
binaurally. The result for each ear was the sum of errors for
the competing and non-competing performance, that is, the
total number of errors for the right and left ears. The level of
presentation was 50 dB above PTA (Cañete et al., 2020). To
minimize peripheral interference, the results were corrected by
the word discrimination score, and subjects with best ear PTA
over 50 dB HL were excluded (Arnst and Doyle, 1983).

Gap Detection Threshold
We used the beta adult version of the Adaptive Test of Temporal
Resolution©, with the across channel modality (Lister et al.,
2011). Briefly, the subject was exposed to a stimulus that
included a silent gap of adaptive duration between two bands
of narrowband noise: the first centered in 1.1 kHz and the
second in 2 kHz. The results reflected the smallest gap duration
in milliseconds (ms) that the patient could detect. The level of
presentation was the maximum intensity tolerated by the patient,
which was between 50 and 70 dB above PTA in most cases, in
the right ear only. Nine volunteers were not able to execute the
GIN test (8%) and were subsequently excluded from the analysis
of GIN performance.

Frequency Pattern
Three tones were presented monaurally and randomly in a
set of 30 sequences, with either high (1,122 Hz) or low pitch
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(880 Hz) (Sanchez et al., 2008). Participants had to identify
the correct three-tone sequences of the low- and high-pitch
stimuli; for example, high-high-low or low-low-high. The results
refer to correct answers per ear. The level of presentation was
50 dB above PTA.

Cognitive Evaluation
Cognitive performance was assessed by an experienced
psychologist in cognitive tests that were blind to auditory
evaluations. Instructions were given orally and visually using a
desktop computer. The battery included the Trail Making Test
Part A (TMT-A) for processing speed and Part B (TMT-B) for
executive functions (Arango-Lasprilla et al., 2015), Wechsler
Digit Symbol for processing speed (Peña-Casanova et al., 2009),
the Boston Naming Test for language in an abbreviated version
of 30 items (Kaplan et al., 1978), the Rey-Osterrieth Complex
Figure Test for visuospatial abilities (Rey, 1959), the Forward and
Backward Digit Span for verbal working memory and attention
(Peña-Casanova et al., 2009), and the total recall of the Free
and Cued Selective Reminding Test (FCSRT) to explore verbal
episodic memory (Grober et al., 1988).

Statistical Analysis
For descriptive analysis, we used the median and interquartile
range (IQR) of demographic variables. We also explored gender
differences using the Mann-Whitney U test and ear differences
for auditory processes using the Wilcoxon rank-sum test.

We performed exploratory factor analyses for hearing loss,
auditory brain stem, and cognitive domains, allowing us to
build composite scores that represented the main aspects of
the auditory processes analyzed. To define how many scores
were produced by each of these elements, we used the parallel
analysis method (Hayton et al., 2004). Factors were extracted with
principal axis factorization rotated using oblimin (Costello and
Osborne, 2005), and each factor was submitted to Cronbach’s
alpha internal consistency analysis (Cronbach, 1951) using only
the variables with loadings greater than 0.3. Composite scores
were estimated using the regression method based on exploratory
factor analyses results. The following variables were used for each
factor analysis:

• Hearing loss: PTA and DPOAE of both ears.
• Suprathreshold ABR: latency and amplitude of waves I

and V of both ears.
• Cognitive domains: forward and backward digit span, digit

symbol, TMT-A, TMT-B, Rey figure, total recall of the
FCSRT, and Boston naming test.

Once hearing loss, suprathreshold ABR, and cognitive domain
scores were defined and estimated, we evaluated the differential
contribution of these elements on auditory processes using
generalized multiple linear regression models. Each category of
AP was explored independently and not combined in a composite
score. We chose this theoretical-driven approach rather than
a data-driven approach to avoid artifactual results (Costello
and Osborne, 2005). As dependent variables, we included the
performance of each ear in SIN, dichotic digits, SSW, and

FP tests. All our dependent variables, except for the GIN
task, were performance percentages with bounded scores from
individual answers, which could be right or wrong. These kinds of
variables are better modeled using a binomial modeling approach
(Crawley, 2013). In the case of obtaining overdispersion, we
used a quasibinomial approach. In the case of the GIN task,
variables that respond to waiting time events, and are zero
bounded, are expected to have gamma distributions (Nobel
and Tijms, 2006). For this reason, we modeled the GIN task
assuming gamma distribution. As independent variables, we
included the composite scores derived from the exploratory
factor analyses (EFA), as well as sex, years of education, and
age. Since many of these evaluations required not only a
proper cochlear function but also comprehension of the task,
we included an interaction between cognition and hearing loss
factors. Non-significant regressors (including interaction) were
removed from the models using a backward method followed by
a forward method. Both results and procedures were manually
compared. When the solution was not convergent, we kept
the solution presenting the highest pseudo-R-squared value. To
estimate pseudo-R-squared values, we used a variance function-
based method (Zhang, 2020). The p-values were corrected using
Bonferroni’s method. A model was significant if the pseudo-R-
squared values were bigger than 0.15 (Schober and Schwarte,
2018). All statistical analyses were performed with the R project,
with an alpha value of 0.05.

RESULTS

We included 116 volunteers, with a median age of 73 years
(IQR: 8 years), median education of 11 years (IQR: 6 years),
and a median hearing threshold of 27.5 dB HL (IQR: 17.2 dB
HL) for the right ear and 26.3 dB HL (IQR: 21.3 dB HL) for
the left ear. Women (62% of the sample) were younger, had
better hearing (both PTA and DPOAE), had larger amplitude and
shorter latency of wave I of the left ear, shorter latency of wave V
for both ears, performed better in SSW for both ears and FP of the
right ear, and performed worse in digit symbol and total recall
tests (Table 1). Due to these differences, the following analysis
included gender as a variable.

The majority of the subjects had either normal hearing,
defined as PTA less than 25 dB HL (49.1%), or mild hearing loss,
defined as PTA between 25 and 40 dB HL (36.2%). Only 14.7%
of subjects had PTA greater than 40 dB HL. The audiometric
profile for both ears was a descending sensorineural hearing loss
(Figure 1). The left ear had better hearing levels and larger wave
I amplitude (Table 2). The results of AP tests showed significant
differences between ears for dichotic listening (dichotic digits and
SSW) and for FP (Table 2). Further analyses were dichotomized
by ear due to these differences.

The EFA yielded four composite scores. One factor for
hearing loss (DPAOE and PTA) with a Cronbach’s alpha of 0.94.
Suprathreshold ABR EFA produced two factors: amplitude and
latency of wave I of both ears (Cronbach’s alpha: 0.72) and
amplitude and latency of wave V of both ears (Cronbach’s alpha:
0.71). These were nominated waves I (auditory nerve) and V
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TABLE 1 | Description (mean and SD) of variables, including demographics (age and schooling), hearing loss, suprathreshold auditory brain stem responses, auditory
processes, and cognitive domains.

Variable Median (IQR)

Men, n = 44 (38%) Women, n = 72 (62%) Mann-Whitney U, p value (two-tailed)

Age (years) 75 (8) 72 (8) 0.012

Schooling (years) 11 (6) 11 (6)

PTA right ear (dB HL) 34.4 (18.1) 25 (16.7) 0.042

PTA left ear (dB HL) 32.5 (22.5) 23.8 (18.2) 0.005

OAE right ear 1.0 (4) 4.0 (7) 0.004

OAE left ear 1.5 (5) 5.0 (7) 0.026

Amplitude wave I right ear (µV) 0.1 (0.09) 0.12 (0.1)

Amplitude wave I left ear (µV) 0.10 (0.13) 0.14 (0.11) 0.012

Latency wave I right ear (ms) 1.53 (0.26) 1.53 (0.17)

Latency wave I left ear (ms) 1.53 (0.34) 1.50 (0.19) 0.024

Amplitude wave V right ear (µV) 0.33 (0.21) 0.38 (0.17)

Amplitude wave V left ear (µV) 0.36 (0.16) 0.36 (0.19)

Latency wave V right ear (ms) 5.73 (0.33) 5.60 (0.37) 0.000

Latency wave V left ear (ms) 5.73 (0.47) 5.60 (0.3) 0.001

Speech in noise right ear (correct answers) 22 (2) 23 (2) 0.042

Speech in noise left ear (correct answers) 22 (3) 23 (2)

Dichotic digits right ear (correct answers) 37 (5) 35 (4)

Dichotic digits left ear (correct answers) 29 (13) 29 (10)

SSW right ear (total of errors) 3 (4) 2 (3) 0.032

SSW left ear (total of errors) 8 (8) 4 (7) 0.001

Frequency pattern right ear (correct answers) 13 (9) 11 (10) 0.031

Frequency pattern left ear (correct answers) 11 (10) 9 (12)

Gap in noise (ms) 87.1 (67.7) 99.7 (97.9)

Rey figure 31.5 (4.5) 31.0 (5)

Foward digit span 6 (3) 6 (2)

Backward digit span 4 (1) 4 (2)

Digit symbol 34.5 (17) 40.0 (23) 0.012

TMT-A 57.5 (32) 49.0 (34)

TMT-B 200 (194) 140 (151)

FCSRT 43 (8) 46 (4) 0.001

Boston nominating test 25 (4) 26 (5)

Differences by gender were analyzed for each variable.
PTA, pure-tone average of responses for 0.5, 1, 2, and 4 kHz; OAE, total number of distortion product otoacoustic emissions; SSW, staggered spondaic words; TMT-A,
Trail Making Test Part A; TMT-B, Trail Making Test Part B; FCSRT, total recall of the Free and Cued Selective Reminding Test; IQR, interquartile range.

(midbrain), respectively. Cognitive EFA had only one factor,
Cronbach’s alpha of 0.79.

Next, we fitted models including the variables age, sex,
and schooling, and the four factors found with EFA (hearing
loss, auditory nerve, midbrain, and cognition) as independent
variables for each of the auditory processes evaluated, included
as dependent variables (Table 3). Hearing loss was a significant
regressor in the SIN model, consistently presenting the highest
standardized regression coefficients. Figures 2A,B shows the
relation between the hearing loss factor and SIN of the right and
left ears, illustrating that a greater hearing loss is associated with
bilateral poor SIN performance. In addition, the model of SIN
included age and wave I for the right ear as significant regressors.
Regarding dichotic listening, SSW and DD showed significant
associations with cognition. In the case of SSW, hearing loss
and cognition explained 27% of the variance of SSW for the left
ear, and 17% of the variance for the right ear, while DD was

only significantly associated with the cognition factor, explaining
18 and 12% of the variance (right and left ear correspondingly,
Table 3). Figures 2C,D shows the relationship between the
cognitive factor and DD of the right and left ears, illustrating that
a better bilateral performance in the DD tests is associated with
a better cognitive performance. For FP, the variable of cognition
explained 31 and 24% of the variance (right ear and left ear,
respectively), while wave V was also a significant variable but only
for the left ear. The other models were not further commented
given their low pseudo-R-squared values (<0.15).

DISCUSSION

In this study, we explored the associations between several
abilities of AP with cognition and physiological measures of
hearing function in presbycusis without dementia. All the

Frontiers in Aging Neuroscience | www.frontiersin.org 5 February 2022 | Volume 14 | Article 786330178

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-786330 February 19, 2022 Time: 15:24 # 6

Torrente et al. Audition and Cognition in Unaided Presbycusis

associations and interactions were obtained in subjects older
than 65 years of age, without dementia, and with no previous
use of hearing aids. Therefore, we excluded any neuroplasticity
cofounding factor. Some functions, such as speech recognition in
background noise, correlated preferably with hearing thresholds,
while other skills such as dichotic listening were mainly
associated with cognition.

Speech Perception in Background Noise
Speech-in-Noise Difficulty Level
In our study, the performance variability in the SIN task
correlated with hearing thresholds and age in both ears but had
no interaction with cognition. These results differed from the
report by Dryden et al. (2017), in which they reviewed 25 articles,
identifying a significant correlation between SIN and cognition,
mainly with the domain of working memory. This discrepancy
could be explained by the different levels of difficulty in the
SIN tasks, suggesting that cognition is a relevant factor in a
challenging task, such as repeating a complete sentence, while
hearing sensitivity is more relevant in a simple task, such as
repeating a phoneme or word.

Our study is in agreement with other reports that used
word recognition tests in elderly subjects that have also been
unable to identify a correlation with cognitive domains. For
instance, Humes et al. (1994) evaluated a group of fifty elderly
adults using different speech recognition tests that targeted the
repetition of syllables or words (Humes et al., 1994). The variance
in performance was explained largely by hearing thresholds.
Sheft et al. (2015) assessed a group of 124 elderly adults using
a word recognition test (Sheft et al., 2015). Only age and
auditory thresholds correlated with SIN. In summary, taking
the present results and previous evidence, we propose that
hearing sensitivity is a relevant factor in presbycusis, when
SIN is assessed in a relatively easy task, such as recognition of
monosyllabic words in noise.

It is important to highlight that the test we used to assess
speech discrimination in background noise is the only validated
test for clinical assessments in our country. It has a +10 dB
SNR and was easily performed by our volunteers, which could
explain possible ceiling effects in SIN performance (Figure 2). We
proposed that the use of a more difficult SIN test could recruit
additional cognitive resources besides hearing.

Hearing Loss Severity
Another important factor to consider for SIN performance is
hearing loss severity. In our study, we involved adults older than
65 years of age, without previous use of hearing aids. As, in Chile,
hearing aids are guaranteed for individuals with hearing loss
greater than 40 dB HL, it is relatively difficult to find presbycusis
patients with more than 40 dB HL of hearing loss not using
hearing aids. In addition, as we followed the recommendations
of the American Academy of Audiology (2010) guidelines for the
evaluation of AP, we did not consider subjects with hearing loss
greater than 50 dB HL. These factors led us to bias recruitment
for mild to moderate hearing loss, precluding the extension of
our results to presbycusis with severe hearing loss.

FIGURE 1 | Grand average audiogram for pure-tone thresholds expressed as
mean and SD of the left (blue crosses) and right (red circles) ears.

Dichotic Listening
We used two tests for the evaluation of dichotic speech: dichotic
digits and SSW. For dichotic digits, 18 and 12% of the variability
in performance for the right and left ears correspondently was
explained by cognition. These pseudo-R-squared values were
near the cut-off value of 0.15 that we used, showing that other
variables not included in our study could be important. Previous
reports have described a correlation between dichotic digits and
cognition. Gates evaluated a group of 313 adults aged between
71 and 96 years (Gates et al., 2010). The cognitive assessment
included TMT-A, TMT-B, and working memory. A composite
cognitive score, similar to the one we achieved with the EFA,
explained 16% of the variance in dichotic digits (Gates et al.,
2010). Fischer studied a group of 3,655 adults, aged between
21 and 100 years, with a free recall of three digits. A cognitive
evaluation was done using MSSE. Five factors, including age, sex,
education, hearing loss, and MMSE, accounted for 22.7% of the
variance in dichotic digits (Fischer et al., 2017). In the study by
Gates et al. (2010), 12% of the subjects were users of hearing
aids, and neuroplasticity could be a non-controlled variable
affecting the results. Nevertheless, the variance attributable to
cognition had a similar value to our results. The study by
Fischer et al. (2017) used a cognitively more demanding challenge
(three digits), and this could explain why cognition had a higher
load in the model.

Hearing and cognition were significant variables for SSW and
explained 17% of the variability in the right ear and 27% of
the variability in the left ear. Since SSW results were expressed
as values corrected by word discrimination score, it is not
surprising that in addition to cognition, hearing loss was also a
significant predictor.

Even though we identified significant models for SSW and
dichotic digits, these were able to explain less than 30% of the
variance in the results. Other variables could be considered in
the assessment of dichotic speech in elderly subjects. One of
these could be interhemispheric communication. The dichotic
listening paradigm makes the asymmetry between cerebral

Frontiers in Aging Neuroscience | www.frontiersin.org 6 February 2022 | Volume 14 | Article 786330179

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-786330 February 19, 2022 Time: 15:24 # 7

Torrente et al. Audition and Cognition in Unaided Presbycusis

TABLE 2 | Performance of both ears in tests of hearing and auditory processing.

Right ear (median ± SD) Left ear (median ± SD) Wilcoxon signed rank test p value

PTA 28.85 ± 11.23 27.83 ± 11.57 0.007

DPOAE 3.31 ± 2.87 3.34 ± 3.0 0.97

Amplitude wave I 0.11 ± 0.7 0.13 ± 0.08 0.03

Amplitude wave V 0.37 ± 0.13 0.4 ± 0.15 0.06

Latency wave I 1.59 ± 0.21 1.58 ± 0.22 0.43

Latency wave V 5.65 ± 0.25 5.66 ± 0.25 0.89

Speech in noise 23 ± 2.6 23 ± 2.4 0.127

Dichotic digits 36 ± 4.7 29 ± 7.8 <0.000

Staggered spondaic words (errors) 2 ± 5.9 6 ± 11 <0.000

Frequency pattern 10 ± 7.6 9 ± 7.5 0.013

The left ear had a better hearing level (PTA) and larger amplitude of wave I in suprathreshold ABR. There was a significant difference in favor of the right ear for binaural
integration (dichotic digits and staggered sporadic words) and frequency pattern. Speech in noise: correct answers out of 25. Dichotic digits: correct answers out of 40.
Staggered spondaic words: total number of errors considering both competing and non-competing. Frequency pattern: correct answers out of 30.
PTA: pure-tone threshold average for frequencies 0.5, 1, 2, and 4 kHz; DPOAE, distortion product otoacoustic emissions.
Bold numbers are used to highlight statistically significant values.

TABLE 3 | Generalized multiple linear regression models for performance in auditory processes (SIN, speech in noise; DD, dichotic digits; SSW, staggered spondaic
words; FP, frequency pattern; GiN, gap in noise) for both ears (RE, right ear; LE, left ear).

SINRE SINLE DDRE DDLE SSWRE SSWLE FPRE FPLE GIN

Hearing −0.38*** −0.51*** 0.51*** 0.48***

Auditory nerve −0.17*

Midbrain 0.28**

Cognition 0,06 0.30*** 0.34*** −0.30* −0.36*** 0.64*** 0.57*** 0.001**

Schooling

Age −0.17* −0.13*

Gender (M) 0.61**

Pseudo R2 0.32 0.55 0.18 0.12 0.17 0.27 0.31 0.24 0.08

Null deviance 269 213 446 840 649 1003 1023 1009 40.45

Residuals deviance 187.31 103 372 743 500 710 735 789 36.55

Residuals DF 112 109 112 112 111 111 110 110 103

Family used QB QB QB QB QB QB QB QB G

Model’s p-value 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001

Bonferroni’s 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.010

Independent variables included the composite scores derived from the exploratory factor analyses (hearing loss, auditory nerve, midbrain, and cognition), gender, years
of education (schooling), and age. Pseudo-R-squared (R2) measures are shown for each regression when empty was non-significant.
SINRE, speech in noise right ear, correct answers; SINLE, speech in noise left ear, correct answers; DDRE, dichotic digits right ear, correct answers; DDLE, dichotic digits
left ear, correct answers; SSWRE, staggered spondaic words right ear, total number of errors; SSWLE, staggered spondaic words left ear, total number of errors; FFRE,
frequency pattern right ear, correct answers; FPLE, frequency pattern left ear, correct answers; GIN, gap in noise, minimum time gap detected; QB, quasi binomial; G,
gamma; DF, degree of freedom.
*p < 0.05; **p < 0.01; ***p < 0.001.
Bold numbers are used to highlight statistically significant values.

hemispheres evident (Lazard et al., 2012). With the exposure of
verbal input to both ears simultaneously, the information from
the right ear predominates over the left ear. Kimura described
this observation in the early 60s as the right ear advantage
(REA) (Kimura, 1967; Jerger and Martin, 2004). The information
from the right ear ascends mainly to the contralateral cerebral
hemisphere directly to the language center in the left hemisphere.
Conversely, the information from the left ear ascends mainly to
the right hemisphere and must cross through the corpus callosum
to the language center in the left hemisphere. Information from
functional and structural studies supports this theory (Hugdahl
and Westerhausen, 2016). The REA persists in aged subjects

(Jerger et al., 1994; Westerhausen et al., 2015; Cañete et al., 2020),
and this can have a clinical relevance since, in some cases, the
use of bilateral hearing aids could result in interference rather
than improvement in hearing perception. Our results on dichotic
digits and SSW confirmed the presence of REA (Table 2).

Temporal Resolution
Two tests explored temporal resolution of the auditory signal:
GIN detection and FP. Cognition was a significant variable in
the model of FP for both ears, while hearing had no role. Similar
results have been published before (Sheft et al., 2015; Murphy
et al., 2018). Two additional variables emerged as significant in
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FIGURE 2 | Speech perception and dichotic listening are associated with hearing thresholds and cognition, respectively. Scatter plots presenting relevant
associations found using generalized linear models. The panels present the association between (A) hearing loss and speech in noise for the right ear (SINRE), (B)
hearing loss and speech in noise for the left ear (SINLE), (C) cognitive score and dichotic digits of the right ear (DDRE), and (D) cognitive score and dichotic digits of
the left ear (DDLE). All variables are presented in z-score, red circles represent right ear evaluations, while blue circles illustrate left ear assessments.

the models of FP: gender for the right ear and midbrain for the
left ear. Gender differences in the performance of FP in adults
or elderly subjects have not been reported earlier (Sanchez et al.,
2008; Majak et al., 2015). Other studies do not explore gender
differences (Murphy et al., 2018). Hearing levels do not account
for the difference observed in our participants, since the variable
“hearing” had no significance in the model. Further research is
needed to clarify this issue.

The second test we used for exploring the temporal processing
was GIN detection across the channel. The test was not easy
to explain to our subjects, and a percentage of them were not
able to execute it (8%). The model including cognition had a
pseudo-R of 0.08 and was considered not significant. O’Brien
et al. (2021) assessed a group of 213 subjects aged > 50 years
and found no correlation between auditory gap detection
measured by using the Adaptive Test of Temporal Resolution
and cognitive domains. Even though the test we chose to
explore GIN discrimination was cognitively challenging, our
results did not confirm a correlation between across channel GIN
detection and cognition.

Study Limitations
Our volunteers were mostly women. An effort was made to
control gender bias by including gender as a variable in our
models. Inclusion criteria required normal hearing or mild to
moderate presbycusis participants that could execute tests for
AP, thus our results cannot be extended to severe hearing
loss. We selected AP tests that were available in Spanish and
previously validated in our population (Fuente and McPherson,

2006; Cañete et al., 2020). With this selection, we compromised
other aspects, for example, the SIN test we used was easy for our
subjects and had a ceiling effect.

CONCLUSION

In a population of elderly subjects with normal hearing
levels, or mild to moderate presbycusis (<40 dB HL), the
comprehension of the auditory message relied differently
on the hearing levels and cognition. Speech perception of
monosyllabic words in background noise was associated with
hearing levels, while cognition was associated with dichotic
listening and FP. Importantly, these findings were not related to
neuroplasticity, since none of the subjects had previous use of
hearing aids.
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(2015). Auditory temporal processing tests. Normative data for Polish-speaking
adults. Med. Pr. 66, 145–152. doi: 10.13075/mp.5893.00041

Frontiers in Aging Neuroscience | www.frontiersin.org 9 February 2022 | Volume 14 | Article 786330182

https://audiology-web.s3.amazonaws.com/migrated/CAPD%20Guidelines%208-2010.pdf_539952af956c79.73897613.pdf
https://audiology-web.s3.amazonaws.com/migrated/CAPD%20Guidelines%208-2010.pdf_539952af956c79.73897613.pdf
https://www.asha.org/practice-portal/clinical-topics/central-auditory-processing-disorder/#collapse_5
https://www.asha.org/practice-portal/clinical-topics/central-auditory-processing-disorder/#collapse_5
https://www.asha.org/practice-portal/clinical-topics/central-auditory-processing-disorder/#collapse_5
https://doi.org/10.1016/j.heares.2013.03.006
https://doi.org/10.3233/NRE-151284
https://doi.org/10.1097/00003446-198309000-00004
https://doi.org/10.1055/s-0035-1555118
https://doi.org/10.3389/fnagi.2019.00097
https://doi.org/10.1080/21695717.2019.1630976
https://doi.org/10.1080/21695717.2019.1630976
https://doi.org/10.1016/0020-7489(93)90092-9
https://doi.org/10.1371/journal.pone.0233224
https://doi.org/10.1371/journal.pone.0233224
https://doi.org/10.1177/2331216517744675
https://doi.org/10.1097/AUD.0000000000000386
https://doi.org/10.1097/AUD.0000000000000386
https://doi.org/10.1080/14992020600937238
https://doi.org/10.1080/14992020600937238
https://doi.org/10.1097/WNN.0b013e3181d748d7
https://doi.org/10.3389/fnins.2020.00093
https://doi.org/10.1177/1094428104263675
https://doi.org/10.1177/1094428104263675
https://doi.org/10.1016/j.neuropsychologia.2015.12.011
https://doi.org/10.3758/s13414-012-0406-9
https://doi.org/10.3758/s13414-012-0406-9
https://doi.org/10.1044/jshr.3702.465
https://doi.org/10.1097/00003446-199408000-00002
https://doi.org/10.1097/00003446-199408000-00002
https://doi.org/10.1016/j.heares.2004.07.019
https://doi.org/10.1016/s0010-9452(67)80010-8
https://doi.org/10.1002/lary.22370
https://doi.org/10.3109/14992027.2010.551218
https://doi.org/10.3109/14992027.2010.551218
https://doi.org/10.13075/mp.5893.00041
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-786330 February 19, 2022 Time: 15:24 # 10

Torrente et al. Audition and Cognition in Unaided Presbycusis

Murphy, C. F., Rabelo, C. M., Silagi, M. L., Mansur, L. L., Bamiou, D. E., and
Schochat, E. (2018). Auditory processing performance of the middle-aged and
elderly: auditory or cognitive decline? J. Am. Acad. Audiol. 29, 5–14. doi: 10.
3766/jaaa.15098

Nixon, G., Sarant, J. Z., Tomlin, D., and Dowell, R. (2019). The relationship
between peripheral hearing loss and higher order listening function on
cognition in older Australians. Int. J. Audiol. 58, 933–944. doi: 10.1080/
14992027.2019.1641752

Nobel, R. D., and Tijms, H. C. (2006). Waiting-time probabilities in the M/G/1
retrial queue. Statistica Neerl. 60, 73–78.

O’Brien, J. L., Lister, J. J., Fausto, B. A., Morgan, D. G., Maeda, H., Andel, R.,
et al. (2021). Are auditory processing and cognitive performance assessments
overlapping or distinct? Parsing the auditory behaviour of older adults. Int. J.
Audiol. 60, 123–132. doi: 10.1080/14992027.2020.1791366

Peña-Casanova, J., Quiñones-Ubeda, S., Quintana-Aparicio, M., Aguilar, M.,
Badenes, D., Molinuevo, J. L., et al. (2009). Spanish Multicenter Normative
Studies (NEURONORMA Project): norms for verbal span, visuospatial
span, letter and number sequencing, trail making test, and symbol digit
modalities test. Arch. Clin. Neuropsychol. 24, 321–341. doi: 10.1093/arclin/
acp038

Pienkowski, M. (2017). On the etiology of listening difficulties in noise despite
clinically normal audiograms. Ear Hear. 38, 135–148. doi: 10.1097/AUD.
0000000000000388

Quaranta, N., Coppola, F., Casulli, M., Barulli, O., Lanza, F., Tortelli, R., et al.
(2014). The prevalence of peripheral and central hearing impairment and its
relation to cognition in older adults. Audiol. Neurootol. 19, 10–14. doi: 10.1159/
000371597

Rey, A. (1959). Test De Copie Dúne Figure Complexe. Paris: Centre de Psychologie
Appliqué.

Ruggles, D., Bharadwaj, H., and Shinn-Cunningham, B. G. (2011). Normal
hearing is not enough to guarantee robust encoding of suprathreshold features
important in everyday communication. Proc. Natl. Acad. Sci. U.S.A. 108, 15516–
15521. doi: 10.1073/pnas.1108912108

Sanchez, M. L., Nunes, F. B., Barros, F., Ganança, M. M., and Caovilla, H. H. (2008).
Auditory processing assessment in older people with no report of hearing
disability. Braz. J. Otorhinolaryngol. 74, 896–902. doi: 10.1016/S1808-8694(15)
30151-8

Schober, P., and Schwarte, L. A. (2018). Correlation coefficients: appropriate use
and interpretation. Anesthesia Analgesia 126, 1763–1768. doi: 10.1213/ANE.
0000000000002864

Sheft, S., Shafiro, V., Wang, E., Barnes, L. L., and Shah, R. C. (2015). Relationship
between auditory and cognitive abilities in older adults. PLoS One. 10:e0134330.
doi: 10.1371/journal.pone.0134330

Van Eyken, E., Van Camp, G., and Van Laer, L. (2007). The complexity of age-
related hearing impairment: contributing environmental and genetic factors.
Audiol. Neurootol. 12, 345–358. doi: 10.1159/000106478

Vogelzang, M., Thiel, C. M., Rosemann, S., Rieger, J. W., and Ruigendijk, E. (2021).
Effects of age-related hearing loss and hearing aid experience on sentence
processing. Sci. Rep. 11:5994. doi: 10.1038/s41598-021-85349-5

Westerhausen, R., Bless, J., and Kompus, K. (2015). Behavioral Laterality and
Aging: the free-recall dichotic-listening right-ear advantage increases with age.
Dev. Neuropsychol. 40, 313–327. doi: 10.1080/87565641.2015.1073291

World Health Organisation [WHO] (2021). Report on Hearing. Geneva:
World Health Organization. Available online at: https://www.who.int/teams/
noncommunicable-diseases/sensory-functions-disability-and-rehabilitation/
highlighting-priorities-for-ear-and-hearing-care [accessed on Mar 03, 2021]

Yue, T., Chen, Y., Zheng, Q., Xu, Z., Wang, W., and Ni, G. (2021). Screening
tools and assessment methods of cognitive decline associated with age-related
hearing loss: a review. Front. Aging Neurosci. 13:677090. doi: 10.3389/fnagi.
2021.677090

Zhang, D. (2020). Coefficients of Determination for Generalized Linear Mixed
Models. Technical Report. Indiana: Purdue University.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Torrente, Vergara, Moreno-Gómez, Leiva, San Martin, Belkhiria,
Marcenaro, Delgado and Delano. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 10 February 2022 | Volume 14 | Article 786330183

https://doi.org/10.3766/jaaa.15098
https://doi.org/10.3766/jaaa.15098
https://doi.org/10.1080/14992027.2019.1641752
https://doi.org/10.1080/14992027.2019.1641752
https://doi.org/10.1080/14992027.2020.1791366
https://doi.org/10.1093/arclin/acp038
https://doi.org/10.1093/arclin/acp038
https://doi.org/10.1097/AUD.0000000000000388
https://doi.org/10.1097/AUD.0000000000000388
https://doi.org/10.1159/000371597
https://doi.org/10.1159/000371597
https://doi.org/10.1073/pnas.1108912108
https://doi.org/10.1016/S1808-8694(15)30151-8
https://doi.org/10.1016/S1808-8694(15)30151-8
https://doi.org/10.1213/ANE.0000000000002864
https://doi.org/10.1213/ANE.0000000000002864
https://doi.org/10.1371/journal.pone.0134330
https://doi.org/10.1159/000106478
https://doi.org/10.1038/s41598-021-85349-5
https://doi.org/10.1080/87565641.2015.1073291
https://www.who.int/teams/noncommunicable-diseases/sensory-functions-disability-and-rehabilitation/highlighting-priorities-for-ear-and-hearing-care
https://www.who.int/teams/noncommunicable-diseases/sensory-functions-disability-and-rehabilitation/highlighting-priorities-for-ear-and-hearing-care
https://www.who.int/teams/noncommunicable-diseases/sensory-functions-disability-and-rehabilitation/highlighting-priorities-for-ear-and-hearing-care
https://doi.org/10.3389/fnagi.2021.677090
https://doi.org/10.3389/fnagi.2021.677090
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-785406 February 21, 2022 Time: 13:42 # 1

ORIGINAL RESEARCH
published: 25 February 2022

doi: 10.3389/fnagi.2022.785406

Edited by:
Rodolfo Sardone,

National Institute of Gastroenterology
S. de Bellis Research Hospital,

Scientific Institute for Research,
Hospitalization and Healthcare

(IRCCS), Italy

Reviewed by:
Ilaria Bortone,

Institute of Clinical Physiology, Italian
National Research Council, Italy

Paul Van de Heyning,
University of Antwerp, Belgium

*Correspondence:
Nattawan Utoomprurkporn

nattawan.u@chula.ac.th

Specialty section:
This article was submitted to

Neurocognitive Aging and Behavior,
a section of the journal

Frontiers in Aging Neuroscience

Received: 29 September 2021
Accepted: 02 February 2022
Published: 25 February 2022

Citation:
Utoomprurkporn N, Stott J,

Costafreda S and Bamiou D-E (2022)
The Impact of Hearing Loss
and Hearing Aid Usage on

the Visuospatial Abilities of Older
Adults in a Cohort of Combined

Hearing and Cognitive Impairment.
Front. Aging Neurosci. 14:785406.

doi: 10.3389/fnagi.2022.785406

The Impact of Hearing Loss and
Hearing Aid Usage on the
Visuospatial Abilities of Older Adults
in a Cohort of Combined Hearing and
Cognitive Impairment
Nattawan Utoomprurkporn1,2,3* , Joshua Stott4, Sergi Costafreda5 and
Doris-Eva Bamiou2,6

1 Faculty of Medicine, Chulalongkorn University, Bangkok, Thailand, 2 UCL Ear Institute, University College London, London,
United Kingdom, 3 Chula Neuroscience Center, King Chulalongkorn Memorial Hospital, Bangkok, Thailand, 4 Division
of Psychology and Language Sciences, Faculty of Brain Sciences, University College London, London, United Kingdom,
5 Division of Psychiatry, Faculty of Brain Sciences, University College London, London, United Kingdom, 6 NIHR Biomedical
Research Centre Hearing and Deafness, London, United Kingdom

Introduction: It has been proposed that hearing loss may result in improved
visuospatial abilities. The evidence for this assertion is inconsistent, and limited to
studies in congenitally deaf children, despite older adults with age-related hearing
loss constituting the vast majority of the hearing impaired population. We assessed
visuospatial (visuoconstruction and visuospatial memory) ability in older adult hearing
aid users with and without clinically significant cognitive impairment. The primary aim of
the study was to determine the effect of hearing loss on visuospatial abilities.

Method: Seventy-five adult hearing aid users (HA) aged over 65 were recruited, out of
whom 30 had normal cognition (NC-HA), 30 had mild cognitive impairment (MCI-HA),
and 15 had dementia (D-HA). The Rey Osterrieth Complex figure test (ROCFT) copy,
3 min recall and 30 min recall tests were performed to evaluate the visuoconstructional
and visuospatial memory abilities of the participants.

Results: There were significant differences between the ROCFT copy, 3 min recall,
and 30 min recall among the three cohorts (p < 0.005). Compared with previously
published normative data, the NC-HA performed significantly better in the ROCFT copy
(p < 0.001), immediate recall (p < 0.001), and delay recall (p = 0.001), while the MCI-
HA performed similarly to the expected norms derived from population (p = 0.426,
p = 0.611, p = 0.697, respectively), and the D-HA performed below this norm.

Conclusion: Though visuospatial abilities tend to decline when the global cognitive
functioning declines, we found suggestive evidence for positive effects of age-related
hearing loss on visuospatial cognitive ability. Participants with mild cognitive impairment
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and hearing loss, who would have been expected to perform worse than normative
data, were in fact performing as well as cognitively healthy subjects without hearing
loss. Visuospatial ability could be targeted when providing rehabilitation for the older
adults with hearing loss.

Keywords: hearing, hearing impaired, visuospatial, cognitive performance, older adults (50 years and above),
hearing loss

INTRODUCTION

Hearing impairment especially age-related hearing impairment
was found to be associated with many health conditions such
as physical and cognitive frailty (Sardone et al., 2021a), mild
cognitive impairment and dementia (Sardone et al., 2020a),
inflammation, i.e., Inflammatory food consumption (Sardone
et al., 2020b) and degeneration such as retinal vessel changes
(Sardone et al., 2021b).

The most concerning health consequences of hearing
impairment would be cognitive decline. It has been suggested
that hearing impairment can cause cognitive deterioration
through various pathways such as auditory deprivation, through
depression and social isolation (Lin et al., 2011). However, not
all aspects of cognitive ability are found to be worse among the
hearing-impaired population. Some aspects of cognitive ability
may even be better in this population. This superior ability may
be useful in developing an appropriate cognitive intervention for
the hearing-impaired population.

The visuospatial ability of the hearing-impaired population
has been studied extensively due to a belief that this population
had better visuospatial ability as a compensatory mechanism for
their hearing loss. For a congenital profoundly deaf population,
who may rely on sign language and lipreading, visual vigilance
is needed (Rudner et al., 2016). Studies have shown a trend
toward better visuospatial abilities for this population, with
this enhanced ability found only in the hearing-impaired
signers (Wilson et al., 1997), with individuals who were not
exposed to sign language performing similarly to their peers
(Parasnis et al., 1996).

The majority of hearing impairment among older adults is
not congenital but results from age-related hearing loss that
affects up to 1 in 3 of older adults age over 65 (WHO, 2012).
There is still some controversy about the visuospatial ability of
this older adult population. Some previous studies found their
visuospatial memory to be worse than in their normal-hearing
peers (Rönnberg et al., 2014; Rudner et al., 2016). This may result
from the effect of the hearing impairment toward the global
memory impairment of older adults. A hearing impairment is
considered to be the highest modifiable risk factor for developing
dementia (Livingston et al., 2017), as it is estimated that the
risk of developing dementia increases by 1.94 times with hearing
impairment (Livingston et al., 2017). Therefore, when assessing
the visuospatial ability of the hearing-impaired population,
overall cognitive ability should always be accounted for.

We assessed visuospatial (visuoconstruction and visuospatial
memory) ability on older adult hearing aid users with and without
clinically significant cognitive impairment. The primary aim of

the study was to determine whether older people with hearing
impairment with and without global cognitive impairment may
perform differently than would be expected from normative data.

MATERIALS AND METHODS

Participants
We recruited a convenience sample of seventy-five adult hearing
aid users (HA) aged over 65, out of whom 30 had normal
cognition (NC-HA), 30 had mild cognitive impairment (MCI-
HA), and 15 had dementia (D-HA).

The NC-HI were recruited via recruitment flyers and posters
distributed in the hearing aid center at the Royal National Throat,
Nose and Ear Hospital (RNTNEH), London, United Kingdom.
To ensure normal cognition, only those with a General
Practitioner’s Assessment of Cognition (GPCOG; Parasnis et al.,
1996) score = 9 or GPCOG score = 5–8 with informant/carer
interview score = 4–6 (no memory concern for the carer) were
recruited (Brodaty et al., 2004).

The MCI-HI and the D-HI were recruited via clinician referral
and research registry in the memory clinics at Camden and
Islington NHS Foundation Trust, London, United Kingdom. The
diagnosis were made according to ICD-10 diagnostic criteria.
Inclusion criteria in addition to their cognitive diagnosis were
audiogram pure-tone average in the speech frequency range
(500–4,000 Hz) of 30 dB HL or more in the better hearing ear.

Materials
The Rey Osterrieth Complex Figure Test
Rey Osterrieth Complex figure test is a standard
neuropsychological assessment commonly used to assess
visuoconstructive and visual recall abilities (Shin et al., 2006).
The instructions of the tests were adapted to be presented visually
to the participants, which is a common practice for cognitive
testing in hearing impairment participants (Pye et al., 2017).

The ROCFT can be divided into two subtasks, which are the
ROCFT copy and ROCFT recall tests.

The Rey Osterrieth Complex Figure Test Copy
This test evaluates the visuoconstructive cognitive ability to copy
an abstract figure as accurately as possible within a time limit
(Shin et al., 2006). The test has also been validated among the
congenitally deaf native signers (the hearing impaired population
with sign as their first language) (Hauser et al., 2006).

The Rey Osterrieth Complex Figure Test Recall
This test evaluates episodic non-verbal visual memory
by recalling the complex figure previously copied as
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described above (Shin et al., 2006). The participants
were not made aware of the recall part when they were
performing the ROCFT copy.

The recall had two stages. After 3 min from the ROCFT
copy, the participant was asked to draw the figure again. The
researcher took away the drawing and continued to have a
conversation with the participant about their hearing problems.
At 30 min, the participant was asked to draw the figure
again from memory.

Montreal Cognitive Assessment
Montreal Cognitive Assessment is a commonly used cognitive
screening test in general clinical settings. Previous research
has shown that using MoCA among the hearing impaired
population may result in lower score by up to −1.66 points
(Utoomprurkporn et al., 2020b). This may potentially be
due to the misheard of the target words of the hearing
impaired population in the memory recall section of MoCA
(Utoomprurkporn et al., 2020b).

Therefore, we opted for the visually based MoCA to
accurately assess the cognitive abilities of the hearing impaired
participants. The detailed description of the test instruction
and materials can be found in our previously published paper
(Utoomprurkporn et al., 2021b).

Statistical Analysis
The Rey Osterrieth Complex figure test (ROCFT) copy,
3 min recall and 30 min recall tests were performed to
evaluate the participants’ visuoconstructional and visuospatial
memory abilities. The total performance scores of each test
were calculated. Due to the floor and ceiling effects of the
performance scores in selected cohorts, the data did not conform
with normal distribution. Therefore, non-parametric statistical
analysis was used. The comparison of total performance scores
for each cohort was done with independent-samples Kruskal–
Wallis test.

The scores were also compared to the norms for these
tests, obtained from samples with normal cognition and
hearing previously published for different age groups
(Chiulli et al., 1995). The comparisons were done with
independent-sample t-test.

RESULTS

The baseline characteristic of the three cohorts was shown
in Table 1. There were significant different in the baseline
characteristics of the three cohorts with the difference in the
MoCA scores for each cohort were to be expected.

There were significant differences between the ROCFT copy,
3 min recall, and 30 min recall among the three cohorts
(p < 0.005). For the ROCFT copy, the NC-HA scored 35.33
(SD = 0.24), the MCI-HA scored 31.01 (SD = 1.35), the D-HA
scored 20.89 (SD = 3.24) as demonstrated in Figure 1. A slight
ceiling effect was seen for the NC-HI score whereby participants
reached the full score of 36.

For the ROCFT 3 min recall; the NC-HA scored 20.85
(SD = 0.78), the MCI-HA scored 12.22 (SD = 1.09), the D-HA
scored 3.50 (SD = 1.14) as demonstrated in Figure 2.

For the ROCFT 30 min recall; the NC-HA scored 19.63
(SD = 0.95), the MCI-HA scored 11.91 (SD = 1.07), the
D-HA scored 3.46 (SD = 1.16) as demonstrated in Figure 3.
A slight floor effect was seen for the D-HI score whereby some
participants could not recall any part of the ROCFT figure
resulting in the 0 score.

The previously published age-appropriate normative data
(Chiulli et al., 1995) were also shown below in Table 2.
Independent student t-test showed the NC-HA performed
significantly better in the ROCFT copy (p < 0.001), immediate
recall (p < 0.001), and delay recall (p = 0.001), while the MCI-
HA performed similarly to the expected norms derived from the
population (Chiulli et al., 1995) (p = 0.426, p = 0.611, p = 0.697,
respectively), and the D-HA performed significantly below this
norm as illustrated in Table 2.

DISCUSSION

We found that cognitively healthy participants with hearing
loss had significantly better visuospatial performance than
expected relative to normative data from people without hearing
impairment. Participants with mild cognitive impairment and
hearing loss, who would have been expected to perform worse
than normative data, appeared to be performing at a similar level
to cognitively healthy subjects without hearing loss. Our findings
suggest that age-related hearing loss/hearing aid wearers may
result in improved visuospatial abilities.

However, the suggestion that visuospatial abilities
outperform the global cognitive functioning is highly
dependent on whether the normative data are applicable
for the tested persons. Therefore, we selected the age
matched published data set for this comparison. However,
ideally like in many other studies on cognitive functioning,
we should have built a data set of control participants
within our own research and environment setting. This
would be the most suitable way to clearly demonstrate the
intended results.

Rey Osterrieth Complex Figure Test Copy
The ability to copy a complex pattern such as the
ROCFT reflects the participants executive functions
especially planning and organizing (Shorr et al., 1992;
Shin et al., 2003) and visuospatial skills. For the NC-HI,
their visuospatial performances were significantly better
than the norms even though research showed a decrease
overall cognitive ability in this population (Utoomprurkporn
et al., 2020a). This may be because the assessment mode
of most commonly used cognitive tools is auditory based,
which may hinder the hearing-impaired population
responses. Therefore, our result suggested that visually
based cognitive screening tools may also be considered
when assessing the hearing-impaired population ability
(Utoomprurkporn et al., 2021b). It may unveil their compensated
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TABLE 1 | Baseline characteristics of the cohorts.

Baseline characteristics NC-HI (n = 30) MCI-HI (n = 30) D-HI (n = 15) P value

Age (Mean, SD) 75.27 (SD = 5.88) 83.80 (SD = 6.42) 80.80 (SD = 8.53) <0.0005

Education years 16.07 (SD = 3.69) 13.27 (SD = 4.17) 10.53 (SD = 3.87) <0.0005

MoCA score 27.27 (SD = 2.16) 22.03 (SD = 3.06) 15.20 (SD = 4.21) <0.0005

FIGURE 1 | Scatter plot for the ROCFT copy scores of the three cohorts.

cognitive ability via other means such as visuospatial
found in our cohort.

Since we targeted hearing aid wearers, this improved
visuospatial may also be a result of hearing aid use. Previous
UK Biobank research showed that hearing aid acted as a
protective factor against visuospatial working memory error
despite decreasing overall working memory of the hearing-
impaired population (Rönnberg et al., 2014).

For the MCI-HI, the ROCFT copy ability, though decreased
from the N-HI, still performed comparably to the norms.
Although memory is the first function affected in most
individuals with a MCI diagnosis, their executive functions
are also commonly impaired (Traykov et al., 2007). Still, the
impairment in executive function is usually mild since, by
definition of MCI, activities of daily life should not be affected
by the impairment (Petersen, 2004). When the activity of daily
life is affected, by definition, these individuals would be in early
stages of dementia. Therefore, as expected, we found a relatively
smaller mean difference score in the ROCFT copy task between

the NC-HI and the MCI-HI versus between the MCI-HI and
the D-HI.

Rey Osterrieth Complex Figure Test
Recall
Several studies have shown that older adults with hearing loss
may have worse episodic memory of target words than their
normal-hearing peers even after accounting for cognitive status
(Lim and Loo, 2018). However, most studies were done with
verbally administered target words. Therefore, the participants
may not recall the word due to encoding problems (i.e., because
they misheard the target words or due to fatigability from
listening to the unclear target words). It is crucial to understand
what causes the observed impairment in episodic memory among
the hearing-impaired population since this is a hallmark for
Alzheimer’s type dementia (Thompson et al., 2005).

Visually based assessments were previously found to measure
the hearing impairment population’s cognitive abilities more
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FIGURE 2 | Scatter plot for the ROCFT 3 min recall scores of the three cohorts.

accurately than verbal assessment (Wong et al., 2019). The
ROCFT recall does not tap into the language/auditory memory
of the participant, which may be affected by hearing impairment.

For the MCI population, memory ability, as assessed in
ROCFT recall is usually impaired early in the disease progression
(Jessen et al., 2014). However, for the MCI-HI, the visuospatial
memory ability, though decreased from the N-HI, still performed
comparably to the norms. This finding should be considered
when evaluating the hearing-impaired population for early signs
of MCI via visual assessment. They may have a comparable result
with the norms despite fulling the diagnostic criteria of MCI.

We found a relatively larger mean difference score in the
ROCFT recall task, which reflects the memory domain, than in
the mean difference in the ROCFT copy tasks among the three
cohorts. This may be because the memory impairment starts
earlier with a larger effect in the course of MCI and dementia
disease progression. The ROCFT recall tasks were significantly
worse among D-HI and MCI-HI compared with the NC-HI
group in both in the 3 min recall and the 30 min recall tasks.

Possible Explanations for Improved
Visuospatial Ability
Previous research showed similar trends that individuals who
needed to utilize lipreading and sign language, i.e., the early
onset or the profound hearing impairment population, may

have better visuospatial abilities than their normal-hearing peers
(Bavelier et al., 2006; Rudner et al., 2016). Neuroimaging studies
showed evidence of cross-modal plasticity among the hearing-
impaired population, and early adoption of sign language could
enhance this process (Simon et al., 2020). Even though we
specifically excluded the populations with childhood early-onset
hearing impairment and only targeted hearing-impaired older
adults hearing aid users who are not as severe to be on the
cochlear implant waiting lists to avoid this potential confounder,
we still found better visuospatial ability among our NC-HI
cohort.

Currently, several United Kingdom local support groups
for hearing aid users provide various kinds of support,
including manipulating the hearing devices, psychological
support, and lipreading and facial cue interpretation
lessons. Several participants in our cohorts were also active
participants in these other supporting activities. Therefore,
this may be another potential explanation for their superior
visuospatial abilities.

Lipreading is generally used for communication purposes
by hearing-impaired individuals. Even without hearing aids,
the speech recognition scores of hearing-impaired individuals
improve with lipreading (Dell’Aringa et al., 2007). It is estimated
that lipreading alone can help listeners catch about 50% of
the conversation. In combination with hearing aids, the older
adults’ ability to understand speech may increase by up to
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FIGURE 3 | Scatter plot for the ROCFT 30 min recall scores of the three cohorts.

93.5%. These findings may indicate that the older hearing-
impaired population also benefit from superior visuospatial
ability through lipreading in everyday situations, despite not
using sign language.

Our research also indicates that the cross-modal plasticity
may not only present in the congenital deaf population. It may
also occur later in life in older adults with age-related hearing
loss who usually start developing hearing impairment in middle
age (World Health Organization, 2021). With cross-modal
plasticity, previous research suggested an inverse relationship
between improved visual abilities and speech recognition
(Glick and Sharma, 2017; Gilissen and Arckens, 2021). We also
found that our dementia cohort tend to report lower speech
recognition and understanding (Utoomprurkporn et al., 2021a).
However, further research is needed to explore this inverse effect
in more details. Interestingly, previous research also suggested
that hearing intervention can create positive changes in the
cortical plasticity (Glick and Sharma, 2017). This effect should be
further studied to improve the quality of life for these older adults
with hearing impairments.

Many studies among older adults who underwent auditory
interventions with cochlear implantations also showed
improvement in overall global cognition indicating positive

cortical plasticity despite their older ages (Mosnier et al., 2015;
Cosetti et al., 2016). However, these individuals may not be able
perform on par with their peers therefore additional cognitive
training may be needed to enhance their rehabilitation program
(Claes et al., 2018; Mertens et al., 2020). It is noted that when
the subject’s visuospatial abilities were evaluated as part of
a subdomain of a cognitive assessment composite test, their
superior visuospatial ability may not always be apparent.

This superior visuospatial ability could be of benefit even
in the presence of global deterioration of overall cognitive
function in hearing impaired individuals. Further rehabilitation
program may utilize lipreading techniques and use of other
visuospatial clues such as facial expression, etc. By emphasizing
the communication techniques that are most accessible to them,
these individuals would have better communication and would
potentially preserve longer their cognition. A previous systematic
review also showed the importance of communication strategies
and techniques in addition to hearing amplification for this group
of older adults with hearing impairments (Hawkins, 2005).

Another potential explanation is the sampling issue. We
did not have a control group where the participants did not
have hearing impairment. We had to compare the data to the
previously published norm. The general health and education
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levels of our participants may differ from those in the norm
samples. We did not have the information about the norms
overall cognitive functioning data such as IQ, etc. Therefore,
there is a possibility that our NC-HI cohorts may had higher
overall functioning than the normative data set, also reflected
in the superior ROCFT scores. Further study to compare these
cohorts with normal hearing controls, matched for IQ may be
needed to investigate this aspect in more detail.

LIMITATION

The main limitation of our study is that we had to compare
the data to the normative data study that was conducted
in 1995 as we did not have a control group with normal
hearing. Moreover, the age and education years were slightly
different among the cognitively normal and cognitively impaired
cohorts. This discrepancy and its implications of it were
discussed and explored more in our previous published work
(Utoomprurkporn et al., 2021b).

With a relatively small sample size, the lack of difference
of ROCFT scores for the MCI-HI and the D-HI compared
with norms could also be due to inadequate statistical power.
Further studies with larger cohorts of cognitively impaired
older adults hearing aid users may be useful to explore their
ability in more detail.

IMPLICATION/CONCLUSION

We found suggestive evidence for the positive effects of
age-related hearing loss on visuospatial cognitive ability.
The visuospatial ability could be targeted when providing
rehabilitation for the older adult with hearing loss, for example,
with lipreading training, to support their communication.
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Although a causal association remains to be determined, epidemiologic evidence
suggests an association between hearing loss and increased risk of dementia. If we
determine the association is causal, opportunity for targeted intervention for hearing
loss may play a fundamental role in dementia prevention. In this discussion, we
summarize current research on the association between hearing loss and dementia and
review potential casual mechanisms behind the association (e.g., sensory-deprivation
hypothesis, information-degradation hypothesis, common cause). We emphasize key
areas of research which might best inform our investigation of this potential casual
association. These selected research priorities include examination of the causal
mechanism, measurement of co-existing hearing loss and cognitive impairment and
determination of any bias in testing, potential for managing hearing loss for prevention of
dementia and cognitive decline, or the potential to reduce dementia-related symptoms
through the management of hearing loss. Addressing these research gaps and how
results are then translated for clinical use may prove paramount for dementia prevention,
management, and overall health of older adults.

Keywords: hearing loss, cognitive decline, dementia, prevention, dementia management, sensory loss, risk factor

INTRODUCTION

Hearing loss is the leading potentially modifiable risk factor for dementia; up to 8% of global
dementia cases are estimated as being attributable to hearing loss (Livingston et al., 2017, 2020).
Following foundational initial research from over 5 decades ago, recent years have seen a steep rise
in scientific investigation of the hearing-dementia association. As far back as 1968, participants
demonstrated poorer performance on word-recall cognitive tasks in an experimental condition
designed to mimic hearing loss and decreased speech intelligibility compared to normal listening
conditions (Rabbitt, 1968). Two decades later, a seminal case-control study (Uhlmann et al., 1989)
reported greater odds of dementia in those with hearing loss compared to normal hearing.

Even with our expanding knowledge of the association between hearing loss and dementia,
significant gaps in our understanding persist. In this article, we aim to (1) provide a foundational
understanding of hearing loss presentation and diagnosis; (2) review current hearing loss
epidemiology (3) provide context to the existing research on the relationship between hearing loss
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and dementia to guide dementia prevention and intervention
recommendations or research; (4) discuss the leading theories
on the pathways behind the hearing-dementia association; and
(5) present four crucial areas for future research. With the
demographic changes in the coming decades, we conclude with
calls for inter-disciplinary collaboration and posit a unique
opportunity to alter the landscape of cognitive aging and
dementia care. Understanding the role and presentation of
hearing loss in the adult population allows for better appreciation
of where the field of auditory science may fit into a broader
picture of dementia prevention and interventions.

HEARING MEASUREMENT AND THE
PRESENTATION OF HEARING LOSS

Measuring Hearing Ability
The act of hearing involves two inter-related processes and
components of the auditory system – the peripheral auditory
system and the central auditory system (Musiek and Baran,
2018) and additional non-auditory influences such as cognitive
processing, education, situational influences, and self-perception,
among others (Figure 1). Yet, both parts of the auditory system
must work in tandem for an individual to appropriately detect
and understand a sound. This process is essential for auditory
interaction with the environment and is instrumental for
quality communication. Yet most commonly, it is the peripheral
auditory system that is considered in discussion of hearing loss.
The few epidemiologic studies that include a formalized measure
of hearing primarily consider peripheral hearing ability alone.
Moreover, many epidemiologic studies rely on the self-reported
measures of hearing. While measures of self-report hearing
have their utility, self-report hearing is complex and represents
perceived functional ability of hearing, incorporating aspects of
the peripheral and central auditory system as well as the social
environment, psychosocial aspects, and listening demands.

Peripheral Auditory Function
The peripheral auditory system includes the outer ear (pinna),
ear drum (tympanic membrane), middle ear bones (malleus,
incus, and stapes), and cochlea (Musiek and Baran, 2018). These
components work together to transform auditory sound waves
or acoustic energy of the surrounding environment captured by
the outer ear and ear drum into mechanical energy in the middle
ear space, and, eventually, encoding information as an electrical
signal in the cochlea to be sent along the central auditory system
to the brain (Musiek and Baran, 2018). While a discussion of
the complete anatomy and physiology of the peripheral auditory
system is beyond the focus of this article, an individual’s ability
to detect the presence of auditory stimuli initiates within and is
dependent upon the peripheral system.

The most common clinical tool for measurement of peripheral
hearing acuity in adults is pure tone audiometry (Katz, 2015),
with results graphically recorded on an audiogram (Figure 2).
This gold standard for testing is performed in a sound-proof
booth using calibrated headphones. An auditory stimulus (i.e.,
pure tone) is presented at particular frequencies [measured in

Hertz (Hz)] commonly within the range of 250–8000 Hz. The
presentation level of each pure tone begins at an audible listening
level for each individual and is decreased to ascertain the lowest
threshold level [i.e., the volume in decibels hearing level (dB HL)],
at which the individual indicates detection of the tone. In the
epidemiologic literature, results are often summarized using the
World Health Organization criteria as a four-frequency pure tone
average (PTA), or the average of responses at 500, 1000, 2000, and
4000 Hz (Katz, 2015). Hearing loss may also be discussed within
common clinical categories (i.e., normal [PTA < 20 dB], mild [20
to <35 dB], moderate [35 to <50 dB], moderately severe [50 to
<65 dB], severe [65 to < 80 dB], or profound [80 dB or greater])
(World Report on Hearing, 2021) or other categorizations (Clark,
1981) which are not currently adhered to in clinical audiology.

Central Auditory Function
Following passage through the peripheral auditory system, the
electrical signal created by the cochlea is sent to the auditory
nerve where it is then decoded by the brain (Musiek and
Baran, 2018; Figure 2). Central hearing ability is therefore
dependent upon the integrity of the auditory signal passed from
the peripheral auditory system as well as additional cognitive
processing (Gates, 2012; Humes et al., 2012). While peripheral
hearing ability may be simplified as the ability to detect sound,
central hearing ability then is the ability for the brain to
understand and make sense of environmental sounds, requiring
significant higher-level processing (i.e., identifying signals of
interest from ambient noise, giving spatial awareness, adding
together several pure tone signals to create complex signals such
as speech, etc.).

Measurement of central auditory function is often completed
through the presentation of speech within the presence of
increasing volume of selected types of background noise (i.e.,
speech-in-noise testing) or specialized tests of central auditory
processing ability that involve specific tasks like listening to
degraded or temporally modified speech (Gates, 2012). However,
this testing is far less frequently completed in either adult
clinical visits or large-scale epidemiologic studies as compared to
smaller research studies. Measurement tools for central auditory
function transcends the auditory pathway with varied emphasis
on how much peripheral auditory function has on performance.
Measures might include the presentation of carefully selected
single words via tests of word recognition, or presentation
of sentences which additionally might provide context clues
for word identification either in quiet or increasing levels of
background noise. While central hearing ability encompasses
more than speech-in-noise ability as noted, current clinical
audiologic testing primarily considers basic speech-in-noise
ability and not necessarily higher-level auditory cognitive
processing tasks [i.e., the differentiation of sound sources
within a complex environment (Bregman, 1993)]. However, tests
of auditory cognitive ability designed to account for general
cognitive ability or specific cognitive domains, in addition to
peripheral hearing ability, have been developed (Goll et al.,
2010, 2011, 2012; Grube et al., 2016) yet are in limited clinical
use. It is conceivable these targeted auditory cognitive tests,
with further study and if adopted more widely, may aid in
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FIGURE 1 | Levels of auditory function. The auditory system spans between peripheral and central auditory function, gaining complexity and higher cognitive
processing as you activate more central auditory function. Pure tone audiometry is the most common metric for measurement of peripheral function. Word
recognition (i.e., repeating back a single word heard without the use of visual cues) requires additional input of central auditory function. Central auditory measures
such as speech-in-noise testing are the most complex and objective measures of central auditory function commonly performed.

understanding of the connection between neurobiological and
specific central auditory ability and dementia subtypes and
1 day be included within clinical neurological work-ups as an
additional indicator or early-stage dementia. However, until
differentiation is feasible, the interdependence between central
auditory function and cognitive processing blurs the distinction
between the two processing abilities. In addition, heterogeneity
in prior study has created significant barriers to pooled evidence
and causal inference regarding the role of central hearing ability
within cognitive impairment and testing. While more detailed
description is beyond the scope of this article, a functional
understanding of both aspects of the hearing system is important
when considering dementia prevention strategies.

The Presentation of Age-Related Hearing
Loss
Age-related hearing loss (ARHL), also known as presbycusis,
accounts for the largest percentage of hearing loss cases around
the world and presents as a gradual decrease in hearing ability.
The outer hair cells and other sensory cells in the cochlea
are progressively damaged and unable to regenerate (Pickles,
2013). The result is the impaired encoding of sound, decreased
precision, and a distorted auditory signal sent to the brain. This
form of hearing loss commonly leads to decreased detection of
the higher frequency sounds of speech before lower frequency
sounds. The result is reduced ability to hear high-frequency
consonants (i.e., /s/, /f/, th/), the parts of speech that provide
crispness and clarity. In turn, many with ARHL do not necessarily
report difficulty with volume of speech but instead indicate
speech sounds muddled or garbled, especially when in the
presence of background noise. For everyday function, this may
lead to difficulty communicating or interacting with others
depending on the listening environment. Those with ARHL may
have difficulty hearing or understanding what others are saying
in a crowded or noisy setting, such as a restaurant. They may

also have difficulty hearing and understanding the television, on
the phone, when someone speaks from another room or with
their back turned.

The impact of a given pattern of hearing function as
represented on the audiogram on communicative performance
may vary widely from individual to individual (George et al.,
2007; Chang et al., 2009). An individual’s functional performance
with their hearing depends on not only their peripheral
hearing (audiogram) but also their central hearing ability
(i.e., central auditory processing, speech-in-noise performance),
personal motivation, self-efficacy, listening environments and
demands. The availability of cognitive resources to help support
interpretation of a degraded auditory signal may also have a
significant role in individual experience.

EPIDEMIOLOGY OF HEARING LOSS

The Prevalence and Cost of Hearing Loss
Hearing loss currently impacts an estimated 20% of the global
population, or more than 1.5 billion people (World Report on
Hearing, 2021). By 2050, estimates now project nearly 2.5 billion
people with hearing loss, such that nearly 1 in 4 individuals
will have some degree of loss (World Report on Hearing, 2021).
The breakdown in hearing loss prevalence by age category
varies by country, with Western countries demonstrating greater
prevalence at older ages. In the United States, over two-thirds
of adults age 70 years and older have a bilateral hearing loss
(i.e., hearing loss in both ears) (Lin et al., 2011; Goman and
Lin, 2016; Figure 3). It was estimated over 44 million older
adults would have hearing loss in 2020 with expected increase
to over 73 million by 2060 (Goman et al., 2017). However,
analysis in a nationally representative sample of older adults
suggests that while the overall prevalence of hearing loss is
increasing due to greater numbers of older adults, the age-
specific prevalence of hearing loss in the United States appears
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FIGURE 2 | Audiogram. Graphical clinical tool used to depict peripheral
hearing ability and record peripheral hearing thresholds as measured via pure
tone audiometry. X axis represents the frequency (kHz) of sound going from
low frequency to high frequency 0.25–8 kHz. Y axis represents the volume of
the presented pure tone, going from very soft to very loud (–10 to 110 dB).
Common clinical categories to describe hearing loss are indicated ranging
from normal hearing to a profound hearing loss. The lowest volume at each
frequency an individual indicates they can hear the tone is recorded for each
ear on the graph.

to be decreasing over the last decade, by about 2% in adults
compared to the prior decade (Hoffman et al., 2017). This age-
specific decrease may be related to improvements in health care
or access to care and prevention of known risk factors for hearing
loss, improved education, environmental noise protections [e.g.,
workplace hearing protection, time limits for noise exposure,
community noise level limits], and management of vascular or
disease risk factors.

Globally, the cost of unaddressed hearing loss is estimated
at over $980 billion annually (World Report on Hearing, 2021).
Economic costs of lost productivity due to hearing loss is
estimated widely at $1.8–$194 billion in the United States alone.
Excess medical costs due to hearing loss was estimated at
$3.3–$12.8 billion (Huddle et al., 2017). Individually, over a
span of 10 years, the difference in mean total healthcare costs
for someone with hearing loss compared to someone without
hearing loss is over $22,000 in the United States (Reed et al.,
2019), due in part to increased rate of hospitalizations, higher risk
of hospital readmission, and longer hospital stays. This economic
cost may take a toll on societies and families managing the social,
economic, and healthcare needs of older adults. While hearing
loss has its greatest prevalence among older adults, significant
hearing loss is not necessarily an inevitable consequence of
aging, as everyone has a different hearing trajectory shaped by
genetic, environmental, and health related factors from across
the life course.

FIGURE 3 | Estimated and projected trends in prevalence of hearing loss
(mild hearing loss and moderate or greater hearing loss) and dementia in older
adults by age categories in the United States from 2020 to 2050. Data
compiled from Goman et al. (2017) and the Alzheimer’s Disease Facts and
Figures 2020 Report. Adapted from Powell et al. (2021).

Risk Factors for Hearing Loss
The prevalence of hearing loss varies by non-modifiable factors
such as certain identified syndromes and genetic factors (World
Report on Hearing, 2021). Additional non-modifiable factors
include race/ethnicity and possibly biological sex (Curhan et al.,
2017). While a lower prevalence of hearing loss is noted among
women compared to men, thought primarily related to behavioral
and lifestyle choices (i.e., increased noise exposure), some
evidence suggests a biological protective effect of estrogen among
women (Hultcrantz et al., 2006; Shuster et al., 2019). Additionally,
hearing loss has a lower prevalence in Black adults compared
to Hispanic or non-Hispanic White adults (Bainbridge and
Wallhagen, 2014; Goman and Lin, 2016), suspected in part due
to a protective effect of melanin in the inner ear (Lin et al., 2017).

Additional potential causative risk factors for hearing loss
across the life course have also been identified (World Report
on Hearing, 2021). While many risk factors for hearing
loss stem from prenatal or perinatal causes/determinants (i.e.,
intrauterine infections, delivery complications), other risk factors
for hearing loss in adolescence and adulthood have also been
identified (World Report on Hearing, 2021). These include:
otitis media (i.e., ear infections), viral infections or pathogens
(e.g., measles, mumps, meningitis, HIV, Lassa virus, Ebola),
chronic disease (e.g., hypertension, cardiovascular disease,
diabetes), smoking, use of ototoxic medications (i.e., cisplatin,
carboplatin, gentamicin) head trauma, excessive noise exposure
from occupational, recreational, or environmental noise, ear-
related conditions such as Meniere’s disease, autoimmune disease,
or vestibular schwannomas, and nutritional deficiencies from
nutrients like Vitamin A, zinc, and iron. As stated, one of the
greatest risk factors for hearing loss is increasing age due to
age-related sensorineural hearing loss. This is a multifactorial
condition thought influenced by genetics, environmental factors,
lifestyle, and illnesses. While it is not yet determined if all of
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these factors are causal, each is correlated with increased risk
of hearing loss.

Modifiability of Hearing Loss
Historically, hearing loss has been considered a benign
component of the aging process resulting primarily in impaired
communication. However, research over the last few decades has
highlighted hearing loss as a precipitating factor for additional
functional and neuropsychiatric disorders in older adults and has
spurred changes in thought within the medical and public health
community (Lopez et al., 2011; Lin et al., 2013; Kamil et al., 2014).
Importantly, hearing loss is generally considered modifiable
through amplification (i.e., hearing aids or amplification devices).
The overall goal of amplification is to aid in the restoration
of auditory input from impaired peripheral hearing and serve
as a tool to help manage the presence of background or
competing noise for communication and comfort. Therefore,
the scientific and clinical community has begun to recognize
the potential protective benefit of hearing loss management,
particularly for neuropsychiatric conditions like depression and
dementia (Rutherford et al., 2018). Therapeutic opportunity
exists, as hearing aids are vastly underutilized: on average only
∼30% of eligible adults obtain hearing aids in the United States
(Bainbridge and Wallhagen, 2014), with similar uptake reflected
in peer countries (World Report on Hearing, 2021). Recent
investigation suggests trends in improved uptake of amplification
devices in the United States, however disparities and divergences
are noted for lower income older adults (Reed et al., 2021).
While significant barriers and disparities in hearing health
care and accessibility of care and services remain, as will be
discussed later, the potential room for intervention growth and
public health benefit is substantial. Management of hearing
loss through amplification options may not only decrease risk
for neuropsychiatric conditions (Rutherford et al., 2018), but
may also improve treatment adherence, patient satisfaction, and
improve overall health-related quality of life for older adults
(Bigelow et al., 2020). Understanding subgroups of older adults
who may receive particular benefit from increased amplification
use may therefore save health care costs, reduce burden, and
improve outcomes – including dementia.

Dementia Prevention Through Hearing
Loss
The expected rise in dementia cases around the world
requires action on dementia prevention and intervention
across innovative and multi-disciplinary channels to meet
the pressing societal and health needs. With no known
dementia cure, epidemiologic research then seeks to discern risk
factors associated with the progression of dementia pathology,
progression of dementia symptoms, or with dementia diagnosis
to delay or minimize the impact of clinical symptoms (Livingston
et al., 2020). If we can identify such risk factors, we may
cultivate increased focus and direction for research to possibly
delay dementia onset. Delaying the onset of dementia by just
5 years through intervention could lead to a 57% reduction in
the number of dementia cases (Sperling et al., 2011) and 40%

lower cost for care and services in 30 years (Zissimopoulos,
2014). Epidemiologic research has provided much of the
foundational evidence for the association between hearing loss
and dementia. This research has allowed for recognition of
how the under-utilization of hearing loss treatment strategies
presents an opportunity for potential advancement. With
potential collaboration across the unique disciplines associated
with cognitive aging and auditory science, opportunity for novel
intervention and prevention strategies to enrich our evidence
base for dementia prevention exists.

LINKING HEARING LOSS AND
DEMENTIA– CURRENT KNOWLEDGE

In this review, we highlight evidence of the association
and potential causal effect primarily within studies utilizing
completed objective measures of auditory function (i.e.,
audiogram, validated speech-in-noise testing). While
consideration of self-reported hearing is important, it integrates
aspects of not only peripheral auditory function but also of
an individual’s perceived hearing and communication ability,
incorporating environmental and communication demands,
mental health, listening motivation and expectations, and central
auditory function.

Heterogeneity in study methodology and design creates
challenges to synthesize data from hearing and cognition
research. Heterogeneity exists across audiometric and cognitive
parameters as well as sample sizes, populations studied, and
consideration of confounders, to name a few. Within auditory
science, heterogeneity includes aspects such as differing means
to define hearing loss, pure tone frequencies used, or how
hearing ability is categorized. For cognitive research, variability
in the neurocognitive tests used, domains investigated, utilization
of cognitive screeners, patient or physician report, and ways
of defining cognitive change (i.e., cognitive decline, subjective
cognitive impairment, mild cognitive impairment, or diagnosed
dementia) all create obstacles for evidence synthesis.

Peripheral Auditory Function
The Lancet Commission (Livingston et al., 2017, 2020) reported
a pooled relative risk of 1.9 times greater risk of incident
dementia among hearing impaired individuals 55 years of age
and older compared to those with normal hearing. However,
only three longitudinal studies (Lin et al., 2011; Gallacher
et al., 2012; Deal et al., 2016) on the association between
peripheral hearing impairment and incident dementia met
the Commissions specified inclusion criteria of audiometrically
(objective) measured hearing, longitudinal evaluation (at least
5 years), and covariate adjustment. While requirement of
longitudinal evaluation and covariate adjustment require little
justification, audiometrically measured hearing allows for
measurement of a more isolated effect of peripheral hearing
loss due to cochlear damage rather than the more convoluted
measurement of central auditory function or self-report hearing.
As audiometry serves as the gold-standard for objective measures
of hearing, its validity has been well investigated in a variety of
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populations. As audiometry is a measure of peripheral function,
it is likely not strongly influenced by cortical changes from
dementia and can be appropriately completed within populations
even with early dementia (Uhlmann et al., 1989; McClannahan
et al., 2021). These aspects support minimal concern of the
association resulting from reverse causation with dementia
leading to impaired audiometry and PTA, although other studies
suggest differing conclusions (Brenowitz et al., 2020). Detailed
summaries of current evidence have been provided in a handful
of other publications (Albers et al., 2015; Fortunato et al., 2016;
Thomson et al., 2017; Loughrey et al., 2018; Yuan et al., 2018;
Sharma et al., 2021).

A previous meta-analysis (Loughrey et al., 2018) found the
odds of cognitive impairment for those with age related hearing
loss was 1.22 (95% CI: 1.09, 1.36) and odds of dementia was
1.28 (95% CI: 1.02, 1.59) times higher than those with normal
hearing. Prior work has noted an association between hearing
loss and declines in global cognitive function, executive function,
processing speed, and memory (Lin et al., 2011; Loughrey et al.,
2018; Alattar et al., 2020; Gao et al., 2020; Brewster et al.,
2021). However, what constitutes hearing ability or cognitive
impairment often differs across studies. Some studies have
included continuous measures of hearing as decibels hearing level
(dB HL) (Armstrong et al., 2019), while others have categorized
hearing ability by clinically recognized categories [i.e., mild or
greater loss (Lin et al., 2011, 2013; Deal et al., 2016; World Report
on Hearing, 2021)] or have only considered specific frequency
ranges (Uhlmann et al., 1989; Gates et al., 1996) as compared
to the common clinically utilized range of 500–4000 Hz or
500–8000 Hz. The diverse definitions of hearing loss make it
challenging to synthesize the current evidence base as the degree
of hearing difficulty varies by categorization used and represents
different levels of resultant impairment and functional ability. For
example, categorization of those with any measured hearing loss
(i.e., Pure Tone Average [PTA] ≥ 25 dB HL) vs. consideration
of those with a moderate or greater hearing loss (PTA > 40 dB
HL) as the hearing-impaired group likely constitutes different
comparison groups and underlying idea of what is a hearing
“loss” across different studies.

Varied measures of cognition used have also placed
challenging demands on synthesis of prior results. A plethora
of validated neurocognitive assessments exist both across
cognitive domains and as global screeners. Variation in domain,
mode of administration, if accommodations for hearing loss
were considered, whether cognitive status was determined by
provider or proxy report exist across studies, among others.
While the importance of evaluating cognitive ability in multiple
ways should not be ignored due to the complexity of cognitive
processing and complex diagnostic presentation, synthesis of
results across studies remains aloof.

Central Auditory Function
While an association between cognitive decline/dementia and
peripheral auditory function is well established (Livingston
et al., 2020), the relationship between cognitive decline/dementia
with central auditory function has been less studied in the
epidemiologic literature. Given the interdependence between

central auditory function and cognitive processing, it becomes
difficult to distinguish between the two processing abilities. For
speech to be properly understood, the auditory stimuli must
first maintain sufficient integrity to be accurately encoded by
the peripheral auditory system and must then be decoded by
the central auditory system (Humes, 2021). For the auditory
signal to be decoded by the central auditory system, higher
level cognitive processing is required. Research over the last few
decades has attempted to distinguish the boundaries between
central auditory dysfunction (CAD) and cognitive impairment
(CHABA, 1988; Humes et al., 2013a). Heterogeneity in defining
central auditory function and cognitive processing has led to
significant barriers to evidence synthesis and causal inference. As
with peripheral hearing loss, a diverse array of definitions, tests,
cognitive domains, and sample populations has been utilized for
studies across disciplines.

Prior systematic reviews have revealed mixed quality and
potential bias in previous work on central auditory function
and cognition (Dryden et al., 2017). Dryden et al. (2017) report
an overall weak correlation between cognitive performance and
speech perception/central auditory function depending on the
cognitive domain and speech-in-noise assessment used. The
strongest correlation was observed between central auditory
function and processing speed. It has yet to be determined
what degree un-aided peripheral hearing ability has in the
moderating or modifying of the association between central
hearing (e.g., decoding of speech stimuli or speech perception
ability in noise) and cognitive performance. Overall, results
demonstrate an interconnection in cortical resources utilized
for both processes (Humes, 2013; Humes et al., 2013b; Humes
and Young, 2016; Sardone et al., 2019), presenting challenges
for inference but also noteworthy opportunity to identify novel
targets for intervention or prevention.

It has been hypothesized CAD may serve as an early marker
and therefore a possible prodromal symptom of cognitive decline
(Gates et al., 1996). We know AD pathology reaches the auditory
cortex. Nearly 30 years ago, Sinha et al. (1993) demonstrated the
presence of plaques and neurofibrillary tangles within the medial
geniculate body and central nucleus of the inferior colliculus
in patients diagnosed with AD compared to those without a
diagnosis. Additionally, neurofibrillary plaques and tangles were
found in the primary auditory and auditory association cortices
of patients diagnosed with AD. While, Braak staging (Braak and
Braak, 1991, 1997) suggests these auditory cortices are some
of the final brain regions affected by AD pathology. However,
evidence indicates functional disconnection effects from the
involvement in higher order cortical areas may affect the primary
auditory cortex in early Alzheimer’s disease (Sardone et al., 2019).
Importantly, the cortical areas associated with age related hearing
loss and compensatory cortical activation to support language
processing like the cingulate cortex are also involved in cognitive
function like episodic memory and are affected early in the
AD disease process, having specific implications for complex
auditory processing (Goll et al., 2010, 2011, 2012; Sardone et al.,
2019). These ideas support CAD as a marker of AD, but with
unclear indication of CAD as an early marker (Sardone et al.,
2020). How this presentation of pathology at later stages of
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progression translates to earlier identification of AD, beyond
abilities from currently identified neurological and biological
biomarkers is unclear. Yet behavioral testing of central auditory
function suggests utility. Gates et al. (2011) demonstrated in a
sample of volunteers from a dementia surveillance cohort over
nine times greater hazard for incident dementia (95% CI: 3.6,
26.7) among those with severe CAD compared to those with
proposed normal function. A pilot study in a well-characterized
aging cohort found poor cognitive performance on memory,
language, executive function, and global function for those
with poor speech-in-noise performance regardless of peripheral
hearing status (Mamo et al., 2019). The associations for some
domains were attenuated after excluding those with a moderate
or greater hearing loss, suggesting peripheral hearing may play
a role in performance within certain cognitive domains that are
dependent on speech tasks.

Many prior studies have employed the Dichotic Sentence
Identification test (DSI) as a measure of central auditory
function. The DSI presents a meaningless but grammatically
correct sentence to each ear simultaneously and the listener is
to then identify the sentences, with designated systematically
differing modes of reporting the sentence items (Fifer et al.,
1983). This diagnostic tool, primarily used currently in research
settings, was designed to be less susceptible to peripheral
hearing ability when presented at a conversational level of
50 dB HL. Therefore, some propose poor performance on the
DSI test may be more reflective of cognitive ability rather
than incorporating influence from peripheral hearing and
the simple inability to hear the test (Jerger, 2019). DSI has
been used to differentiate memory impairment among those
demonstrating mild memory impairment without dementia
(Gates et al., 2008). However, the DSI test and many other
central auditory function assessments have minimal clinical
utility due to complex presentation requirements and time-
intensiveness.

Investigation of various means to define and measure central
auditory function suggest an association with subjective memory
complaints/impairment (Idrizbegovic et al., 2011; Fausto et al.,
2018). In a small sample, subjective memory complaints were
associated with poor performance on certain central auditory
processing evaluations but not with peripheral hearing ability
(Jayakody et al., 2020), potentially further supporting speech-
in-noise difficulty as a marker of cognitive function. Yet proper
implementation of this information for dementia prevention and
intervention remains unclarified.

Across measures of central auditory processing, an association
has been observed between biomarkers such as CSF tau,
cortical thickness and volumetric measures of AD-related brain
regions (Tuwaig et al., 2017), although existing supporting
evidence remains limited. Given the rapidly expanding
identification of dementia related biomarkers, what central
auditory processing measures may add to our existing
repertoire is an important consideration for future research
and identification of pre-clinical dementia, whether considering
generic ‘dementia’ and all subtypes, or considering more
targeted research on AD specifically given its epidemiologic
importance. Consideration of sensory loss more broadly

(i.e., hearing, vision, and olfactory ability) has received more
recent attention as indicators of pre-clinical dementia. For
example, advances in retinal imaging may shed light on early
brain changes associated with Alzheimer’s disease (Snyder
et al., 2016; Zhang et al., 2021). Yet, like central auditory
processing, there is much we still must determine regarding
these measures and neurological pathways to understand
any potential role of sensory biomarkers in identification of
preclinical dementia.

Dementia Prevention Through
Management of Hearing Loss
Due to low-risk auditory rehabilitation tools such as hearing
aids, hearing loss in older adults is readily considered modifiable
and therefore makes it a worthy target of interest among
dementia risk factors. The current limited use of hearing aids
and challenges with accessibility of hearing devices and services
have been a focus of both health research and public policy
in recent years (National Academies of Sciences, Engineering,
and Medicine, 2016), bringing new force behind the idea of
hearing loss management as a means for dementia intervention.
Existing data and reports of the use of hearing aids for cognitive
decline stem largely from observational and cross-sectional study
and present mixed findings (Amieva et al., 2015; Maharani
et al., 2018; Ray et al., 2018; Dawes et al., 2019; Amieva and
Ouvrard, 2020). In observational studies, we are often not able to
completely control for factors which determine or influence if an
individual pursues or uses hearing aids or other forms of hearing
treatment (e.g., socioeconomic status, education background,
social support and engagement, access to healthcare) — many
of these factors are also protective against cognitive decline.
These challenges present difficulty when trying to isolate the
potential protective effect from hearing aids from that of these
external factors, potentially influencing estimated effects due
to aspects of selection into study of hearing aid use. Well-
designed pilot interventions and clinical trials have taken up
this challenge in recent years to determine if the use of hearing
aids may alter subsequent risk of dementia (Brewster et al.,
2020). These clinical trials present unique opportunity inherent
within study design by minimizing this potential bias from
confounding factors through design tools like randomization
and masking (Celentano and Szklo, 2020). One of the largest
and longest clinical trials to date on the use of hearing aids for
dementia prevention is currently underway in The Aging and
Cognitive Health Evaluation in Elders (ACHIEVE) clinical trial
(Deal et al., 2018). While not powered to detect a difference
for memory scores, the ACHIEVE pilot study demonstrated
suggestion of an efficacy signal in memory test performance for
participants randomized to hearing treatment, including hearing
aid use, compared to a health education control (Deal et al.,
2017). The pilot study also indicated positive proximal outcomes
of improved participant perception of hearing handicap and
improved social network. We have yet to determine how
age and rapidity of hearing loss onset and its proximity to
hearing aid uptake may modify dementia risk. The influence
of other rehabilitation strategies on dementia risk, such as
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basic communication strategies, cochlear implants, or auditory
training, is vastly understudied.

POTENTIAL PATHWAYS LINKING
HEARING TO COGNITION

The complexities and interdependence between central auditory
function and cognitive processing present challenges for
causal inference. Therefore, current hypotheses of mechanistic
pathways predominantly view peripheral hearing loss as a
potential cause of dementia and consider central auditory
function as a marker of cognitive decline. Current hypotheses
of the causal mechanistic pathways have been well articulated
in other works (Lin and Albert, 2014; Wayne and Johnsrude,
2015; Griffiths et al., 2020; Johnson et al., 2021; Powell
et al., 2021). Clarifying this mechanistic pathway has far-
reaching implications for research, the design, implementation,
and evaluation of dementia prevention strategies, and the
translation of the evidence to recommendations for patient
care or health policy. A smaller body of evidence currently
supports the notion that dementia leads to hearing loss (CHABA,
1988; Baltes and Lindenberger, 1997). A larger collection of
evidence supports the notion hearing loss may contribute toward
cognitive decline— directly through what is commonly known
as the sensory deprivation hypothesis, or indirectly through
the information-degradation hypothesis (Wayne and Johnsrude,
2015). Alternatively, hearing loss and dementia may result from
an additional external factor through what is considered the
common-cause hypothesis (Wayne and Johnsrude, 2015; Powell
et al., 2021). In this article, we briefly review evidence to
support each hypothesized pathway as depicted in our modified
mechanistic framework (Figure 4).

Sensory Deprivation
A growing body of evidence indicates prolonged sensory
deprivation has an adverse effect on the brain, with enduring
changes to brain structure and function. Due to auditory
deprivation from ARHL, neural deafferentation, cortical re-
allocation for support of other processes, and atrophy in brain
regions important for speech perception processing may occur.
The resultant reorganization may add to existing brain pathology
(e.g., amyloid burden, neuronal loss) at the detriment of general
cognitive performance by altering critical brain regions which
could otherwise be utilized for higher-level cognitive processing.
Reduced gray matter density and reductions in temporal lobe
volume are observed in those with peripheral hearing loss
(Lin et al., 2014; Wingfield and Peelle, 2015; Armstrong et al.,
2019), as prolonged sensory deprivation may lead to changes
and decreases in cortical brain volume in conjunction with
that seen with expected cognitive aging or neurodegenerative
disease (Lin et al., 2014; Eckert et al., 2019). The brain regions
most notably affected are pertinent for semantic memory and
preclude advancement along the continuum of cognitive decline,
including frontal and pre-frontal regions, the superior temporal
gyrus and Heschel’s gyrus (Husain et al., 2011). Cortical regions
enlisted for speech understanding like the frontal cortex and

hippocampus are also associated with reductions in whole-brain
gray matter volume (Rudner et al., 2019). Even among those
older adults considered free of dementia, hearing loss appears
to be associated with reduced white matter microstructural
integrity in cortical regions crucial for cognitive processing
(Rigters et al., 2017; Alfandari et al., 2018; Armstrong et al., 2019;
Croll et al., 2020). Research has yet to determine importance of
the duration of sensory deprivation or evidence for a sensitive
period in age of onset of hearing loss and how this relates
to the structural changes observed. While cortical changes
and reorganization from hearing loss is evident even among
those in the earliest stages of cognitive impairment (Campbell
and Sharma, 2014; Sharma and Glick, 2017), the extent of
cortical reorganization necessary to evoke brain atrophy and
changes to cognitive performance is unclear. Prolonged sensory
deprivation, therefore, may result in physical reductions in
cortical volume in addition to that experienced from dementia
pathology alone. This sensory deprivation may necessitate
cortical reorganization resulting in further restriction of cortical
capacity available for cognitive processing. How and if these brain
volume changes represent specific pathologic changes for types
of dementia remains to be clarified. Longitudinal study of the
role of peripheral hearing loss and association with AD amyloid
pathology on PET imaging did not suggest an association (Parker
et al., 2020) but work in this space using specified biomarkers of
dementia has been understudied.

Information Degradation
While the sensory deprivation hypothesis suggests physical
changes to the brain due to prolonged hearing loss which
subsequently impacts cognitive processing, the information
degradation hypothesis proposes the association stems from
increased demands on cognitive processing in order to
compensate for impoverished sensory input. The additional
processing required to compensate for degraded auditory
perception draws on the same resources needed for other higher-
level cognitive processing and semantic encoding (Peelle, 2018).
These increased cognitive demands required to appropriately
encode auditory stimuli requires extensive listening effort
particularly with memory, attention, and executive function
(Wingfield et al., 2005; Tun et al., 2009, 2012; Pichora-Fuller
et al., 2016; Peelle, 2018). An individual’s ability to compensate for
subsequent diminished cognitive performance is heterogeneous
and may contribute toward the known variability in cognitive
performance, presentation, and clinical symptoms among similar
existing brain pathology. With hearing loss, this increased
cognitive and listening effort may increase cognitive load at any
time of day as the auditory system never “turns off,” thereby
drawing on the cognitive buffer of the individual and their ability
to compensate for cognitive changes and resulting in earlier
presentation of clinical symptoms and dementia (Whitson et al.,
2018). The compensatory mechanisms activated on cognitive
tasks between older and younger adults with sensory deficits
differ, with older adults demonstrating increased fatigue on dual
tasks that rely on both listening and understanding (Schneider
et al., 2002). Essentially, the information degradation hypothesis
implies acute cognitive impairment. If we are able to restore
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FIGURE 4 | Hypothesized framework for the mechanism of the hearing and dementia association. The center square includes potential causal paths between
peripheral hearing loss and cognitive decline or dementia, including changes to brain structure and function (i.e., sensory deprivation hypothesis), increased cognitive
demands (i.e., information degradation hypothesis), and other effects such as social isolation. Additionally, a common cause such as systemic vascular disease or
genetic factors may lead to both peripheral hearing loss and cognitive decline and dementia. Further inclusion of central auditory function resulting from direct and
indirect effects of this causal pathway is depicted and may serve as a marker of cognitive decline or dementia. It is likely more than one of the pathways depicted
may explain the link between hearing and dementia. Adapted from Powell et al. (2021).

auditory input, we may therefore see at least some restoration of
cognitive performance on higher-level tasks.

A Common Cause of Both Conditions
Alternatively, both hearing loss and cognitive impairment may
merely stem from the same underlying mechanism (Baltes and
Lindenberger, 1997; Wayne and Johnsrude, 2015). Given the
presumed independent effect of peripheral hearing on cognitive
processing when measured through audiometry, investigation
of a common cause which may be associated with hearing and
cognition has largely been evaluated via pure tone audiometry.
A potential common mechanism might include the overall
neural degeneration common with aging, resulting in both
decreased auditory ability and decreased cognitive performance
(Surprenant and Neath, 2006; Wayne and Johnsrude, 2015).
Additionally, a given dementia pathology (most commonly
discussed as AD pathology) may lead to early CAD and impaired
hearing prior to more general cognitive decline (Johnson
et al., 2021). Decreased processing speed with age may lead to
slower cognitive functioning overall as well as slower processing
speed for sensory integration and perception (CHABA, 1988;
Salthouse, 1996). Dementia pathology from a central cause may
therefore produce early dysfunction within the central auditory
system resulting in impaired hearing ability (i.e., auditory
scene analysis or ability in complex listening environments)
prior to the presentation of more general cognitive decline
or impairments. As described in the review by Griffiths et al.
(2020), it is also possible degraded peripheral signals lead to
dysfunctional pattern processing within the central auditory
system (particularly the medial temporal lobe) and interacts

with existing neurodegenerative or AD pathology, resulting in
the observed association. With this hypothesis, whether the
increased neuronal activity from degraded auditory input causing
or increasing AD pathology, or the degraded auditory input from
hearing loss may reduced activity for auditory cognitive processes
within the medial temporal lobe remains to be clarified, however,
either speculation supports early identification of hearing loss
prior to prolonged duration of decreased auditory input and
broad hearing-dementia intervention strategies.

It is possible both auditory and neural functioning are altered
by systemic vascular pathology impacting the spiral ganglion
or stria vascularis of the auditory system and bran vasculature.
Therefore, vascular disease in older adults may also subsequently
lead to concurrent cognitive and sensory changes (Eckert et al.,
2013; Laughlin et al., 2013; Livingston et al., 2017), although this
hypothesis is challenging to confirm due to the long prodromal
stage of some dementias like AD. Exploration of a common
genetic risk between AD and hearing loss using a weighted
sum of AD polymorphisms and AD inflammatory pathway
suggests a possible genetic link with poorer speech-in-noise
performance and self-reported difficulty hearing in background
noise (Brenowitz et al., 2020). However, study of Apolipoprotein
ε4 (APOE ε4) has shown no association with hearing loss (Morita
et al., 2019), nor does it modify the association between hearing
loss and cognitive decline (Alattar et al., 2020). Other work
suggests the presence of one or more APOEε4 alleles may actually
be marginally associated with better hearing in older adults as
measured via pure tone audiometry, perhaps because APOE
ε4 is more common in Black adults, but hearing loss is more
prevalent in White adults (Mener et al., 2016). While APOE ε4
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serves as a strong risk factor for dementia, based on current
evidence, it does not appear to be a driving factor in the hearing-
dementia association. Although the genetic determinants of
ARHL are largely unknown, identifying what (if any) genetic
determinants exist may provide further insight toward additional
avenues of a common cause between hearing loss and dementia
(Wells et al., 2019). Overall, few studies have investigated the
role of genetic risk on causality in the hearing-dementia link,
therefore some question of association with shared genes remains
(Mitchell et al., 2020).

Potential Mediators of the Hearing
Loss-Dementia Association
Other risk factors for dementia may also mediate the association
of hearing and cognition including: loneliness, social isolation,
depression, decreased physical activity, or frailty. Studies have
demonstrated the presence of hearing loss leads to increased
social isolation and/or loneliness for some older adults as
individuals with hearing loss may withdraw from previously
enjoyed activities or social interactions due to the inability to
engage and communicate with others. Links between social
isolation or loneliness and dementia are well established
(Rutherford et al., 2018; Maharani et al., 2019; Rafnsson et al.,
2020; Shukla et al., 2020). The evidence for link between
hearing loss and depression, which may serve as a risk factor
and/or prodromal sign of dementia, remains mixed (Rutherford
et al., 2018). While an increasing body of evidence suggests
increased risk of depression with hearing loss, the direction of
association remains to be clarified. The heterogeneous course
of depression in older adults as it relates to hearing loss has
received minimal investigation (Brewster et al., 2018). It is
possible hearing loss leads to reduced physical activity and
physical functioning, each a known risk factor for dementia,
due to decreased auditory awareness with surroundings and
anxiety (Chen et al., 2015; Choi et al., 2016; Martinez-Amezcua
et al., 2021). Some evidence suggests a greater prevalence
of frailty among those with hearing loss, another condition
which has been suggested as an independent risk factor or
early marker of dementia (Panza et al., 2015; Liljas et al.,
2017). Each proposed potential mediator and pathway presents
an identified opportunity for targeted intervention, yet how
each may fit within a larger dementia framework remains
to be clarified.

The Challenges of Multiple Potential
Pathways
Multiple potential pathways area likely involved in the
association between hearing and dementia, but with unknown
understanding of the specific contribution of each pathway and
if this contribution varies by the individual. While common
risk factors (i.e., age, education, vascular disease) are thought to
contribute toward the association (Whalley et al., 2004; Humes,
2013; Wayne and Johnsrude, 2015), these factors likely do
not explain the full story. Even in large epidemiologic studies
which have attempted to control for these additional factors, the
association persists, suggesting additional pathways are likely
involved but have yet to be differentiated.

TARGETED FUTURE RESEARCH

Identification of research priorities given the transdisciplinary
scope of study on hearing and dementia will aid in achieving
foundational dementia research goals: to advance our
identification of subgroups of adults who may present greater
risk for cognitive decline/dementia or suggest novel options
for intervention or prevention. Numerous pressing research
questions and additional perspectives on the importance of these
questions prevail (Wayne and Johnsrude, 2015; Whitson et al.,
2018; Powell et al., 2021). Here we feature four research priorities
which, in our opinion, will provide leading advancements in
the possible causal role of hearing loss along the dementia
continuum: (1) determination of the pathway of association,
(2) management of potential bias due to sensory loss in
cognitive testing, (3) determining if we can modify dementia
risk by treating hearing loss, (4) understanding if biomarkers
or indicators of sensory loss are useful for identification of
pre-clinical dementia (Figure 5).

By What Pathway Does the
Hearing-Cognition Association Act?
Given the varied temporal contributions of each proposed
mechanistic pathway, determination of which pathway(s) serve
as the primary driver behind the association is vital. This
determination may allow for improved study design and
planning and well as more informed clinical intervention to
delay or prevent the onset of cognitive symptoms and delay
the progression along or alter the trajectory of the clinical
course of dementia. With the current insufficient evidence to
declare hearing loss has an independent effect on cognitive
impairment for older adults, how we should intervene on hearing
loss, when to do so, and if such interventions are effective in
decreasing or delaying dementia risk will all largely depend
on the underlying mechanism. We know the presentation of
dementia symptomatology is heterogeneous across individuals
even with the same underlying pathology. We have yet to
determine by what manner hearing loss may influence a potential
buffer which delays/prevents the presentation of symptoms
in some individuals yet fails do so in others, leading to
earlier symptomatology.

If the association between hearing loss and dementia is
only due to a common cause, the potential for directly
delaying or preventing changes in the presentation of dementia
symptoms or pathology through hearing would be extremely
limited as the underlying cause would remain untreated.
The research intervention focus would ultimately turn toward
the underlying common confounder, which could then have
downstream effects for hearing and cognition. However, the
use of hearing management such as hearing aids may support
cognition through indirect pathways like improving social
engagement and communication yet decreasing cognitive load
and strain on central auditory function through improvement
of peripheral auditory input, directly preventing dementia
would remain elusive.

A direct effect of hearing loss on cognitive function
is inferred with the sensory-deprivation and information
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FIGURE 5 | Key research gaps in hearing impairment and cognition. Targeted research on the mechanism behind the association between hearing and cognition will
guide intervention and prevention strategies. Additional research gaps include an understanding of potential bias in cognitive testing due to dependence on sensory
abilities and how best to study and minimize this bias. Further understanding of if treating hearing loss via amplification or another means influences dementia risk is
vital for public health. Determination if markers of sensory impairment may serve as indicators of pre-clinical dementia and how this may be incorporated with
existing biomarkers. Adapted from Powell et al. (2021).

degradation hypotheses. A long-term versus short term-effect
is implied depending on the proposed pathway, yet both
advocate that hearing loss, and notably untreated hearing loss,
leads to downstream consequences for cognitive resources with
important implications for approaches to intervention. The
sensory deprivation hypothesis posits structural and functional
changes in the brain due to lack of auditory stimulation.
Therefore, preemptive identification of hearing loss and early
adoption of treatment strategies which delay or prevent
deafferentation or atrophy within the auditory or sensory regions
of the brain are essential to prevent lasting structural damage.
Importantly, auditory rehabilitation to prevent structural and
functional changes in the brain through sensory deprivation may
even have benefit at later stages of hearing loss by delaying
additional neural reorganization or atrophy. For comparison, the
information degradation hypothesis strongly supports hearing
intervention at any time in the disease process. With restoration
of the integrity of auditory stimuli via rehabilitation or hearing
management, the cognitive demands and utilized cognitive
resources for speech and environmental awareness would in
theory be reduced, allowing for cognitive resources to again be
allocated to overall cognitive processing and compensation.

It is imperative we determine how to disentangle CAD and
cognitive decline if we are to consider its use in targeting

prevention efforts or early identification of subgroups at greater
risk for cognitive decline. How to differentiate between changes
in cognitive processing and CAD, the temporality between
each processing condition, and whether CAD may serve as
an early marker for specific subtypes of dementia remains a
challenging barrier for characterizing the link between hearing
loss and dementia. While the majority of research to date has
focused on the association between hearing loss and Alzheimer’s
disease since the most common form of dementia and pathology
observed, distinctions in association with other dementia
pathologies is paramount. The dependence and entanglement
of both forms of hearing on higher-level cognitive functioning
stirs question of how to interpret the role of each process along
the auditory pathway. If CAD may serve as an early marker of
dementia remains to be determined.

As stated, it is likely multiple mechanistic pathways are
involved in the hearing-dementia association. Determining if one
pathway serves as the primary driver, or if the pathway is unique
to the individual may provide an opportunity for a person-
centered approach to dementia prevention and intervention.
Furthermore, while not mutually exclusive, determining the
role of central vs. peripheral hearing in the hearing-dementia
association will further inform research and clinical use of
hearing and prevention or as an early marker of dementia.
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How Do We Manage Potential Bias Due
to Sensory Loss in Cognitive Testing?
A goal of any neurocognitive test battery is to accurately measure
cognitive function for all individuals. Yet the validity of cognitive
assessments inherently depends on an individual’s auditory or
visual ability to access test materials. This interdependence has
led some to question whether there is a bias or confounding
introduced by a sensory impairment during cognitive testing
for older adults (Guerreiro and Van Gerven, 2017; Füllgrabe,
2020). An investigation testing this hypothesis used item response
theory methods to disentangle the true effect of sensory
impairment on test performance (Nichols et al., 2021) in two
longitudinal aging cohorts. Results suggest some differences
in performance related to sensory loss, particularly among
those with the poorest health or greatest cognitive impairment.
However, for the vast majority of participants, cognitive
performance on testing was not found to be biased due to
sensory impairment (Villeneuve et al., 2017; Bott et al., 2019,
2020). Further determination of how best to conduct cognitive
testing among those with sensory loss is vital for clinical and
research settings.

While exclusion of those with severe sensory loss from testing
might ensure completion of evaluations, this exclusion limits our
understanding of the role of sensory loss in cognition. One way to
assess cognitive function among those with hearing loss may be
to utilize cognitive test batteries that are administered via visual
modality rather than auditory. However, this strategy does not
fully address issues that arise among those with dual sensory
impairment (i.e., those with both vision and hearing loss).

An alternative approach to address sensory loss
when administering cognitive assessments is to consider
accommodations for the sensory loss (Littlejohn et al., 2021).
If an individual usually wears a hearing aid or glasses, it would
be important to remind the individual to bring these sensory
aids for optimal completion of evaluations. Accommodations
for sensory loss might include offering test instructions in
written (i.e., large print) as well as oral format, ensuring the
testing is completed in a quiet and well-lit environment, or
provision of a personal amplifier such as a pocket-talker or a
visual aid for test takers. Accounting for hearing and vision needs
during study conception, design and analysis, as well as during
test administration will be important for confidence in study
results. Regardless of the different types of cognitive test used,
it is imperative that we include individuals with different types
and degrees of sensory loss in studies, in order to advance our
understanding of the role of sensory loss in cognition (Pye et al.,
2017; Littlejohn et al., 2021).

Can We Modify Dementia Risk and Its
Associated Behaviors by Treating
Hearing Loss?
Recent decades have seen an accumulation of evidence for
the impact of treating hearing loss on cognitive decline or
dementia. Our observational studies have provided foundational
and pivotal insights into the hearing-dementia association,
however, evidence of causality for decreased or delayed cognitive

decline due to hearing aid use is more challenging. From
a neurocognitive perspective on this investigation, challenges
include selection effects of older adults into studies. Individuals
who pursue and obtain a hearing aid are generally a select group
of adults— often with higher education, higher income, and
greater health seeking behaviors— all of which are considered
protective factors for cognitive decline (National Academies of
Sciences, Engineering, and Medicine, 2016; Livingston et al.,
2020; Reed et al., 2021).

Many barriers to obtaining hearing aids still exist within
the United States and must be considered within the context
of existing research on the use of hearing aids as dementia
prevention or intervention. Hearing aid and aural rehabilitation
services are not covered under Medicare or many private
insurances, placing the cost of the device and services (often
$1000 or more) on the individual and family. Further, an
audiologic evaluation and aural rehabilitation appointments
are not currently available through direct-access to patients
under some American insurances, but require referral from a
primary care physician or specialist (National Academies of
Sciences, Engineering, and Medicine, 2016). This added barrier
with a need for both patients and providers to understand
how to navigate the healthcare system and for patients to
attend additional medical appointments currently creates added
barriers to hearing treatment which may prevent or deter some
individuals from seeking care. While access to hearing devices
and services is improved in some countries, global barriers
remain as far as availability of trained professionals or cost of
devices (World Report on Hearing, 2021). Additional challenges
include collection of hearing data and data on hearing aid use,
and unmeasured confounding. Data on hearing ability is often
not collected or collected only in very limited form in many
epidemiologic or non-auditory based studies. Additionally, data
on hearing aid use and amount of use is virtually non-existent.
Owning a hearing aid is not synonymous with using a hearing
aid. Further, individuals vastly over-report their use of the hearing
aid (Taubman et al., 1999), yet wearing a device regularly and
often is the only means to ensure the brain has had the ability to
adapt to increased auditory stimuli. What constitutes “regularly
and often” remains to be clarified and may be individualized
(Hickson et al., 2014). Without this information, it remains
challenging for us to determine how hearing aid use may modify
the hearing-dementia association, or any other health outcome
for older adults.

Without understanding the mechanism(s) behind the hearing-
dementia association, it is challenging to determine how and
when is best to intervene on cognitive decline and dementia.
Evidence for treatment of hearing loss throughout the dementia
continuum is growing, yet many questions remain. Evidence of
efficacy, effectiveness and cost efficiency will aid in determining
the best aural rehabilitation choices for prevention — all areas
with extensive gaps in evidence for hearing loss and dementia.

In addition to potentially serving as a dementia prevention
strategy, hearing aids may present opportunity for intervention
for neuropsychiatric symptoms (NPS) at all stages of dementia
and negative health outcomes associated with NPS (Kales et al.,
2014). Breakdowns in communication between those individuals
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with dementia/cognitive impairment and their caregivers along
with decreased awareness of surroundings may contribute to
behavioral changes commonly noted with more progressed
disease (Littlejohn et al., 2021). The use of a hearing assistive
device in older adults with cognitive impairment has been
found to result in fewer and less severe NPSs and less
severe depressive symptoms (Kim et al., 2020). Therefore,
hearing aid use among dementia patients demonstrate improved
communication, reduced NPS, decreased perception of hearing
handicap, and improved quality of life for both individuals and
their caregivers (Dawes et al., 2015, 2019; Mamo et al., 2018;
Littlejohn et al., 2021).

Additional work is needed to determine how best to provide
auditory rehabilitation for adults with cognitive impairment.
A recent study (Hubbard et al., 2018) suggests treating hearing
loss in cognitively impaired older adults yields benefits for
both the older adult as well as caregiver dyads. A recent
internationally gathered task force on identification and
management of hearing and vision loss among those living
with dementia (Littlejohn et al., 2021) highlighted six key areas
of practice recommendations and identified targeted areas for
improvement, including: awareness and knowledge, recognition
and detection, evaluation, management, support, services and
policies. However, the group acknowledged that a dearth of
evidence across many of these areas left the basis of broad
recommendations to be placed on expert and patient input at
times, vowing to revisit recommendations in a few years in
the hopes of improved scientific evidence. Even with expert
recommendations for management, hearing is not automatically
“restored” with the use of a hearing aid. Instead, hearing aids
should be considered a tool to improve audibility and access
to environmental and speech sounds. For a new hearing aid
user, most individuals require an adjustment period as the brain
re-habituates to increased access to the auditory environment
and stimulation after a potentially prolonged period of sensory
deprivation. This aspect of hearing loss management may be
unclear or unknown to patients and non-auditory science
researchers without the appropriate training and counseling.
How to provide this counseling for persons with dementia and
their families has, to our knowledge, not been studied.

While hearing aids serve as the most prominent means of
hearing intervention, other means of aural rehabilitation are
available such as personal amplifiers, general assistive listening
devices, or auditory training strategies. Research is limited on the
use of these alternative strategies for treatment of hearing loss
along the dementia continuum, yet determination of a variety
of accessible alternative strategies is fundamental for providing
communication ability and social engagement for older adults.
Hearing aids may not be feasible for some older adults (e.g.,
those with severe cognitive impairment) and likely do not meet
the listening needs of many adults when used as the only
form of rehabilitation. As mentioned, adaptation to increased
auditory stimuli requires extensive cortical adjustment which
may overwhelm some individuals without proper counseling
and consideration. Non-technology driven alternative strategies
(e.g., training in communication strategies such as speaking
face-to-face, turning off or reducing the presence of competing

background noise, talking from the same room, use of additional
visual cues/aids, improving self-efficacy advocacy) (Nieman
et al., 2017) require further evaluation to determine how
these proven strategies might be utilized for older adults with
cognitive impairment.

Importantly, the use of hearing aids has a primary role
in management of peripheral hearing loss, contributing to
the focused effort of public health research on peripheral
rather than central hearing ability and the association with
cognitive decline/dementia. If the pathway linking hearing
to cognition is related (directly or in part) due to central
auditory processing and ability, the use of hearing aids
as a prevention and intervention option for dementia will
have minimal effect given the state of current technology
and auditory processing treatments. While hearing aid use
may not delay the progression of dementia pathology if the
association is due to a common cause, as stated above the
use of hearing aids may still indirectly support intervention of
progression of the clinical presentation of dementia symptoms
through indirect pathways such as decreased cognitive load
and improved social stimulation. Future advances in hearing
aid technology which may better address cognitive and central
auditory demands may provide even greater benefit. Currently,
evidence for the role of central auditory processing and
central hearing disorders for early identification of dementia
will have heightened importance and emphasize the need
for consideration of greater use in neuropsychological and
medical evaluations.

Can Sensory Loss Be an Additional Tool
for Identification of Pre-clinical
Dementia?
The high prevalence of not only hearing loss, but also vision
loss, among older adults presents opportunity for additional
access points for identification of pre-clinical dementia if hearing
or vision may serve as an early marker of dementia- a point
which has yet to be determined and has received minimal study
(Brenowitz et al., 2019; Johnson et al., 2021). We do not yet know
if sensory loss indicators (i.e., optical coherence tomography,
fundus photography, speech-in-noise testing, auditory scene
analysis or auditory cognitive testing, electrophysiology, etc.)
aid in earlier identification of cognitive change. If sensory loss
does prove to be a valuable tool for identification of pre-clinical
dementia, then we must determine how to use this tool in patient-
provider planning and diagnosis as well as within our research
models. Additionally, training on discussion with health care
professionals for the appropriate referrals and how to convey
results within each represented scope of practice is essential for
appropriate dementia planning (Littlejohn et al., 2021).

CONCLUSION

Although research on the role of hearing loss on dementia
risk initiated over 40 years ago, recent surge in the evidence
supporting adverse outcomes across health and care among
older adults with hearing loss has come to the attention of
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patients and their families, clinicians, and policy makers. The
human and economic expense of caring for the expected
growing number of adults reaching or past retirement age
demands interdisciplinary collaboration. While the fields of
cognitive science, neuroscience, and gerontology have been
at the core of dementia research, allied-health disciplines
such as auditory science present untapped opportunity to
contribute toward efforts to reduce the burden of dementia
across societies. A thorough understanding of the current
evidence, identification of leading hypothesis and elucidation
of the mechanism(s) driving the association between hearing
and dementia, consideration of sensory loss during cognitive
testing or in care strategies for those with dementia or dementia
prevention, and targeted future directions of research can have
a significant impact on prevention and intervention strategies
for older adults. The interdependent and synergistic processes
of hearing and cognition require careful approach for research
and clinical care. The current limitations in dementia treatment
necessitate innovative approaches for dementia intervention.
Identification of additional early markers of dementia, a potential
role of central auditory function with continued research may aid
in this process, as well as inform optimal strategies for hearing
management itself. Considering the presence of other conditions,
like hearing loss, and optimizing our strategies to evaluate and
treat hearing loss could diminish the risk of adverse outcomes and
enhance health and quality of life for older adults.
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Objectives: To examine the longitudinal association between subclinical hearing loss
(SCHL) and neurocognitive performance.

Design: Longitudinal analyses were conducted among 2,110 subjects who underwent
audiometric testing in a US multi-centered epidemiologic cohort study. The primary
exposure was better ear hearing (pure tone average). SCHL was defined as
hearing ≤ 25 dB. The primary outcome was neurocognitive performance, measured by
Digit Symbol Substitution Test (DSST), Modified Mini Mental State Examination (3MS),
and CLOX1. Linear mixed models were performed to assess the longitudinal association
between hearing and cognitive performance, adjusting for covariates. Models were fit
among all individuals and among individuals with SCHL only.

Results: Among 2,110 participants, mean (SD) age was 73.5 (2.9) years; 52.3% were
women. Mean (SD) better ear pure tone average was 30.0 (13.1) dB. Mean follow-up
was 9.1 years (range 3–16). Among all participants, worse hearing was associated with
significantly steeper cognitive decline measured by the DSST [0.054-point/year steeper
decrease per 10 dB worse hearing, 95% confidence interval (CI): 0.026–0.082] and 3MS
(0.044-point/year steeper decrease per 10 dB worse hearing, CI: 0.026–0.062), but
not CLOX1. Among those with SCHL, worse hearing was associated with significantly
steeper cognitive performance decline as measured by DSST (0.121-point/year steeper
decrease per 10 dB worse hearing, CI: 0.013–0.228), but not CLOX1 or 3MS.

Conclusion: Among those with SCHL, worse hearing was associated with steeper
cognitive performance declines over time as measured by DSST. The relationship
between hearing loss and cognition may begin at earlier levels of hearing loss than
previously recognized.

Keywords: subclinical hearing loss, hearing loss, hearing aids, cognition, cognitive decline, dementia, cognitive
impairment, quality of life
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INTRODUCTION

Age-related hearing loss (ARHL) is highly prevalent and notably
undertreated in the elderly. Approximately two thirds of adults
older than 70 years have hearing loss (HL) (Goman and Lin, 2016;
Sharma et al., 2020), but fewer than 20% of adults affected by HL
obtain treatment (e.g., hearing aids or cochlear implants) (Chien
and Lin, 2012). As the global population grows and ages, the
number of people with HL is increasing rapidly. For individuals
aged 12 years and older in the United States, nearly 1 in 8 has
bilateral HL (30 million or 12.7% of Americans). This estimate
increases to nearly 1 in 5 (48.1 million or 20.3%) when including
individuals with unilateral HL (Lin et al., 2011b). There is also
a significant health burden that comes with untreated HL—an
estimated annual global cost of US$750 billion (World Health
Organization, 2021a).

Cognitive impairment, dementia, and depression are all highly
prevalent and disabling disorders of later life. Recognition of
ARHL as a potential risk factor for such neuropsychiatric
conditions of older life is a new development that has not been
previously prioritized in the management of patients with or
at risk for such conditions. Recent prospective cohort studies
have shown that ARHL confers an independent risk of age-
related conditions such as cognitive impairment and incident
dementia in subjects with normal cognition at baseline (Lin
et al., 2011a, 2013; Gallacher et al., 2012; Quaranta et al.,
2015; Deal et al., 2017b; Golub et al., 2017, 2020b; Chern and
Golub, 2019; Brewster et al., 2021a,b; Sharma et al., 2021).
Moreover, the population attributable fracture (PAF) of HL for
dementia (i.e., the percentage reduction in incident dementia
if HL were completely eliminated) has been estimated at 8.2%.
This PAF of HL is higher than the PAF of any other individual
modifiable risk factor, including smoking (5.2%), depression
(3.9%), social isolation (3.5%), hypertension (1.9%), and diabetes
(1.1%) (Livingston et al., 2020). The high relative risk and
prevalence of ARHL makes it a plausible target in preventative
strategies for neuropsychiatric conditions of later life. ARHL
is also severely undertreated, easily diagnosed, and treatable
compared to non-modifiable risk factors such as age and family
history (Chern and Golub, 2019). However, studies need to
establish causality between HL and such disorders before making
definitive recommendations regarding treatment of ARHL as a
means to reduce cognitive decline and incident dementia.

The relationship between ARHL and neuropsychiatric
conditions of older life appears to be dose-dependent. In other
words, the risks of cognitive impairment, incident dementia, and
depressive symptoms increase as the severity of HL increases
(Lin et al., 2011a, 2013; Deal et al., 2017b; Golub et al., 2017,
2019). Though studies have shown this phenomenon is first seen
with mild HL (e.g., 26–40 dB), the association between cognition
or mood and HL in the range of subclinical hearing loss [or
“normal” hearing, i.e., a pure tone average (PTA) ≤ 25 dB]
(World Health Organization, 2021b) has not been widely
investigated. These data may inform the definition of HL and
when HL treatment should begin, as there are currently no strong
evidence-based guidelines. Our group has demonstrated a robust
and independent association between subclinical hearing loss

(SCHL, i.e., hearing ≤ 25 dB) and cognitive impairment (Golub
et al., 2020a) in cross-sectional studies. To our knowledge, there
is currently only one existing study examining the longitudinal
association between SCHL and cognitive impairment (Irace et al.,
2021). However, this study was limited by including primarily
highly educated white individuals at a single geographic location.
The objective of the present study is to examine the longitudinal
association between SCHL and cognitive impairment using a
large US multi-centered and multi-ethnic cohort study, where
findings may better generalize to the US population.

MATERIALS AND METHODS

Subjects
The Health, Aging and Body Composition (ABC) Study is a
prospective cohort study of 3,075 community-dwelling black
(42%) and white (58%) volunteers aged 70–79 years at baseline (in
1997–1998) sampled from Medicare enrollees living in Memphis,
Tennessee or Pittsburgh, Pennsylvania (NIA, 2013). Eligibility
criteria for Health ABC included no self-reported difficulty with
mobility (i.e., able to walk a quarter mile and climb 10 steps
without resting) or disability (i.e., difficulty performing activities
of daily life), no life-threatening cancers, and no plans to leave
the area within 3 years. Demographic information including age
(years), race (white or black), sex, and education (less than high
school, high school, or postsecondary) was collected at baseline.
Self-reported smoking status (never, former, current), hearing aid
use, presence of hypertension, presence of diabetes, and history of
stroke were also reported.

The initial sample size was 3,075 subjects. Individuals who
underwent a hearing evaluation (i.e., pure tone audiometry)
and cognitive testing were included. Individuals with baseline
dementia in 1997–1998 (Year 1) and missing data (e.g.,
covariates, cognitive testing) were excluded. The dementia
criteria utilized was the same as previous Health ABC studies
(Deal et al., 2017b). After applying inclusion and exclusion
criteria, 2,110 subjects were left for analysis. See the flow diagram
in Figure 1.

Exposure: Hearing Loss
Hearing loss was measured using pure tone audiometry.
Audiometry was conducted in 2001–2002 at Year 5 of the Health
ABC study. A portable audiometer (Maico MA40) and supra-
aural earphones (TDH 39) were used to obtain air conduction
thresholds in each ear. Audiometric testing was performed in a
sound booth that met ANSI standards, and hearing thresholds
were measured in decibels (dB) hearing level. The pure-tone
average (PTA) in the better hearing ear was calculated using
hearing thresholds at 0.5, 1, 2, and 4 kHz. SCHL, a term
espoused by our group, is defined as imperfect hearing that is
classically defined as normal (Golub et al., 2020a,c). The widely
used adult PTA cutoff of 25 dB was used to divide participants
into SCHL (PTA ≤ 25 dB hearing level) and outright HL
(PTA > 25 dB hearing level). The primary exposure variable
was hearing as measured by the PTA of the better hearing ear,
defined continuously.
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FIGURE 1 | Application of inclusion and exclusion criteria on initial subjects.

Outcome: Cognitive Performance
Cognitive impairment was assessed using widely used
neurocognitive tests: the CLOX1, the 3MS examination,
and the Digit Symbol Substitution Test (DSST) (Deal et al.,
2017b). Per Health ABC study protocol, subjects underwent
neurocognitive testing every 1–2 years from Years 1 to 16. All
outcome variables were treated as continuous measures.

The CLOX1 is a validated clock-drawing test designed to
measure executive impairment. Subjects are instructed to “draw
me a clock that says 1:45; set the hands and numbers on the face
so that a child could read them.” Scoring is based on whether
certain organizational and sequential elements were achieved
while drawing the clock (e.g., “Does figure resemble a clock?”;
“12, 6, 3, and 9 placed first?”) (Royall et al., 1998).

The 3MS is a validated screening test for cognitive
decline and dementia. It samples a broad variety of cognitive
functions, including attention, concentration, orientation to
time and place, long-term and short-term memory, language,
constructional praxis, abstract thinking, and list-generating
fluency (Teng and Chui, 1987).

The DSST is a validated cognitive test that requires
participants to fill in a series of symbols correctly coded within
90 s (Wechler, 1981). It assesses working memory, motor speed,
attention, and visuo-perceptual functions [scanning and ability to
write/draw (i.e., basic manual dexterity); Wechler, 1981; Jaeger,
2018].

Covariates
Demographic information and comorbidities were collected at
Year 1 (1997–1998). Those relevant were included as covariates
that may confound the association between HL and cognitive
decline in our multivariable regression models. Demographics
included age (years), race (white or black), sex (male or
female), and education (less than high school, high school, or
postsecondary education). Smoking was assessed with self-report
(never, current, or former). Diabetes, stroke, and hypertension
were considered present if the subject self-reported a prior

physician diagnosis. Hearing aid use was self-reported at
baseline in Year 5.

Statistical Analysis
The primary analyses were performed as follows. Generalized
longitudinal mixed effect models were used to model the
association of PTA of the better hearing ear (defined
continuously, measured year 5) with cognitive measures
(CLOX1, 3MS, DSST) over time from Years 1 to 16. Both
univariable and multivariable models (adjusting for covariates
that may be associated with both the exposure and the outcomes)
were performed. Interaction between hearing and year was
included in the models to allow the association between hearing
and cognitive performance to vary across time. Prior to the
analyses, subjects with baseline dementia and missing variables
at Year 1 were excluded; the outcomes were investigated for
outliers, then transformed to either achieve normally distributed
outcomes/residuals or modeled via an appropriate link function.
Covariates were investigated similarly and transformed (if
necessary), to minimize influential effect of outliers at baseline.
Models were fit first among all subjects and then among subjects
with SCHL only. Statistical analyses were performed in R (R
Foundation for Statistical Computing) using RStudio SAS 9.4
(Cary, NC), and Stata (College Station, TX) (SAS Institute, 2013;
RStudio Team, 2015; StataCorp, 2019).

Sensitivity analyses were performed in similar fashion to the
above, except from Years 5 to 16 only. This was done because
our primary analysis included timepoints prior to Year 5 during
which time the exposure (HL) was measured.

The Columbia University Irving Medical Center Institutional
Review Board provided a Not Human Subjects Research
determination (Under 45 CFR 46) for this study.

RESULTS

Table 1 demonstrates baseline subject demographic
characteristics. During the study period (1997–2013; Years
1–16), 2,110 subjects were dementia-free and had audiometric
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TABLE 1 | Mean (SD) and frequency (%) of demographic variables and comorbidities among all subjects and individuals with SCHL.

Characteristic All (n = 2,110) With SCHL (n = 881)

Age, in years, mean (SD), IQR 73.5 (2.9), 5 72.8 (2.7), 4

Race, black, n (%) 788 (37.4%) 408 (46.3%)

Sex, female, n (%) 1,105 (52.4%) 543 (61.6%)

Education level, n (%)

Less than high school 460 (21.8%) 183 (20.8%)

High school 696 (33.0%) 290 (32.9%)

Postsecondary education level 954 (45.2%) 408 (46.3%)

Pure tone average of the better hearing ear, mean (SD), IQR 30.1 (13.1), 18.8 18.2 (5.0), 7.5

Smoking status, n (%)

Never 975 (46.2%) 449 (51.0%)

Current smoker 172 (8.2%) 75 (8.5%)

Former smoker 963 (45.6%) 357 (40.5%)

Diabetes, n (%) 285 (13.5%) 113 (12.8%)

History of stroke, n (%) 43 (2.0%) 13 (1.5%)

Hypertension, n (%) 1,044 (49.5%) 450 (51.1%)

Hearing aid use, n (%) 176 (8.3%) 4 (0.5%)

testing in Year 5. Of these participants, 881 had SCHL (i.e., pure
tone average in better ear of ≤ 25 dB hearing level). The mean
age of all subjects was 73.5 years; 52.3% were women. Mean pure
tone average of the better hearing ear was 30.1 dB (SD = 13.1 dB).
Mean follow-up of subjects was 9.1 (range 3–16) years.

Table 2 shows results from the univariable (unadjusted)
linear mixed effects models estimating the associations of HL
in the better hearing ear with cognitive decline among all
subjects. Table 3 shows results from the multivariable linear
mixed effects models of the same. Among all participants, worse
hearing was associated with a significantly steeper decline in
cognitive performance over time as measured by the DSST,
adjusting for covariates (estimate –0.054 for every 10 dB worse
hearing, 95% confidence interval –0.082 to –0.026, p < 0.01).
In other words, a 10-dB worsening in hearing was associated
with a 0.054-point steeper decline per year. Worse hearing
was also associated with a significantly steeper decline over
time in all participants as measured by the 3MS (–0.044, –
0.062 to –0.025 per 10 dB, p < 0.01), adjusting for covariates.
In other words, a 10-dB worsening in hearing was associated
with a 0.044-point steeper decline per year. Worse hearing was
not significantly associated with a steeper decline in cognitive
performance as measured by the CLOX1 test, adjusting for
covariates. Sensitivity analyses performed from Years 5 to 16
(Supplementary Tables 1, 2) also demonstrated a significantly
steeper decline over time in all participants as measured by the
3MS and DSST, but not the CLOX1.

Table 4 shows results from the univariable (unadjusted) linear
mixed effects models estimating the associations of hearing loss
in the better hearing ear with cognitive decline among subjects
with SCHL. Table 5 shows results from the multivariable linear
mixed effects models estimating the associations of hearing
loss in the better hearing ear with cognitive decline among
subjects with SCHL. Among participants with SCHL, worse
hearing was associated with a significantly steeper decline in
cognitive performance over time as measured by the DSST

TABLE 2 | Univariable (unadjusted) linear mixed models.

Cognitive test Estimate (95% confidence interval) p-value

DSST –0.054 (–0.082 to –0.026) <0.001*

3MS –0.044 (–0.062 to –0.025) <0.001*

CLOX1 0.002 (–0.010 to 0.013) 0.786

Longitudinal association between 10-dB worsening in better ear hearing and
cognitive decline in all subjects (n = 2,110). *Indicates p < 0.05. DSST, Digit Symbol
Substitution Test; 3MS, Modified Mini-Mental State Exam.

TABLE 3 | Multivariable linear mixed models.

Cognitive test Estimate (95% confidence interval) p-value

DSST –0.054 (–0.082 to –0.026) <0.001*

3MS –0.044 (–0.062 to –0.026) <0.001*

CLOX1 0.001 (–0.010 to 0.012) 0.842

Longitudinal association between 10-dB worsening in better ear hearing and
cognitive decline in all subjects (n = 2,110), adjusting for age, race, sex, education
level, smoking status, diabetes, history of stroke, hypertension, hearing aid use.
*Indicates p < 0.05. DSST, Digit Symbol Substitution Test; 3MS, Modified Mini-
Mental State Exam.

(–0.120, –0.227 to –0.012 per 10 dB, p = 0.029), adjusting
for covariates. In other words, a 10-dB worsening in hearing
was associated with a 0.120-point steeper decline per year.
Worse hearing was not significantly associated with a steeper
decline in cognitive performance as measured by the CLOX1
or 3MS, adjusting for covariates. However, the p-value for
the 3MS (–0.064, –0.131 to 0.003 per 10 dB, p = 0.060) did
approach significance. Sensitivity analyses performed from Years
5 to 16 (Supplementary Tables 3, 4) did not demonstrate a
significantly steeper decline over time in all participants for
any cognitive measures. Of note, power was reduced for the
sensitivity analysis (3,694 observations for the sensitivity analysis
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TABLE 4 | Univariable (unadjusted) linear mixed models.

Cognitive test Estimate (95% confidence interval) p-value

DSST –0.125 (–0.233 to –0.017) 0.023*

3MS –0.065 (–0.132 to 0.002) 0.059

CLOX1 –0.002 (–0.042 to 0.039) 0.935

Longitudinal association between 10-dB worsening in better ear hearing and
cognitive decline in only subjects with SCHL. *Indicates p < 0.05. DSST, Digit
Symbol Substitution Test; 3MS, Modified Mini-Mental State Exam.

TABLE 5 | Multivariable linear mixed models.

Cognitive test Estimate (95% confidence interval) p-value

DSST –0.120 (–0.227 to –0.012) 0.029*

3MS –0.064 (–0.131 to 0.003) 0.060

CLOX1 0.000 (–0.041 to 0.041) 0.999

Longitudinal association between 10-dB worsening in better ear hearing and
cognitive decline in only subjects with SCHL (n = 881), adjusting for age, race, sex,
education level, smoking status, diabetes, history of stroke, hypertension, hearing
aid use. * Indicates p < 0.05. DSST, Digit Symbol Substitution Test; 3MS, Modified
Mini-Mental State Exam.

vs. 4,569 observations for the primary analysis in a sample size
of 881 subjects).

DISCUSSION

Prior studies have shown an independent association between
hearing loss (HL) and cognitive decline/dementia (Lin et al.,
2011a, 2013; Gallacher et al., 2012; Quaranta et al., 2015; Deal
et al., 2017b; Golub et al., 2017; Chern et al., 2021). Recent
cross-sectional data has shown that this relationship persists
even within the range of “normal hearing” (i.e., PTA ≤ 25 dB
HL) also known as SCHL (Golub et al., 2020a). Our novel
study employed a US multi-centered, multi-ethnic epidemiologic
cohort to examine this association longitudinally. Among all
subjects, worse hearing was associated with a significantly steeper
decline in cognitive performance as measured by the DSST and
3MS over time. Among subjects with SCHL, worse hearing was
associated with steeper declines in cognitive performance as
measured by the DSST over time.

Our findings demonstrate a longitudinal relationship between
SCHL and cognitive decline on a test of speed and attention.
This further supports prior cross-sectional studies and hints at
the possibility of a causal mechanism between HL and cognition
that begins while HL is still within the normal range of hearing,
or SCHL. Moreover, these results establish a temporality and
directionality to the previously established association between
SCHL and cognition, as the exposure (SCHL) was generally
present before the outcome (cognitive decline). We additionally
confirm findings of a prior recent study by our group (Irace
et al., 2021) and extend it to a multi-centered and multi-
ethnic population.

Although a definitive causal mechanism has yet to
be established, there are several plausible mechanistic
pathways explaining this hearing-cognition relationship

(Chern and Golub, 2019). One potential pathway is that ARHL
confers a greater risk of social isolation in older adults (Weinstein
and Ventry, 1982; Strawbridge et al., 2000; Mick et al., 2014),
which in turn increases their risk of worse cognition. Indeed,
social interaction, emotional and intellectual stimulation have
been shown to be protective against cognitive decline (Fratiglioni
et al., 2000). Another mechanism is that ARHL may cause
detectable changes in brain structure, which then increases the
risk of cognitive decline and dementia. Impoverished auditory
signals and decreased cortical stimulation may affect neural
networks and brain structure. For example, studies have shown
that older adults with HL have decreased volumes in regions
responsible for auditory processing (Peelle et al., 2011; Eckert
et al., 2012), as well as the entire brain (Driscoll et al., 2009;
Lin et al., 2014), which may also have downstream effects on
cognitive processes also dependent on these same regions. A final
potential mechanism is increased cognitive load—studies have
shown that under difficult auditory environments, individuals
with HL may be burdened with a greater cognitive load and
may readily exhaust their cognitive resources compared to
normal-hearing peers. Increased effort with auditory processing
can occur at the expense of other cognitive processes, such
as working memory and learning (Pichora-Fuller and Singh,
2006; Tun et al., 2009). Individual differences in ability to
optimize cognitive performance through differential recruitment
of brain networks may allow some individuals to better cope
with neuropathology (e.g., Alzheimer’s disease or traumatic
brain injury) than others (Neuropathology Group. Medical
Research Council Cognitive Function and Aging Study, 2001;
Savva et al., 2009; Stern, 2012). It is also possible that a common
(i.e., non-causal, or confounding) mechanism exists, which
causes the development of both HL and cognitive decline.
Examples of this include microvascular disease or some other
unknown common neuropathologic processes (Chern and
Golub, 2019). In this study, we adjusted for multiple potential
confounders in our models.

While a significant longitudinal association was found
between SCHL and cognitive decline as measured by DSST
scores over time, this was not observed for other measures
of cognition (3MS and CLOX1). Several explanations may
justify these findings. The DSST measures a variety of cognitive
functions, including motor speed, attention, visuo-perceptual
processing, and working memory. Our findings appear to align
with previous research suggesting that the DSST is sensitive
to mild cognitive changes in individuals with relatively good
cognitive function; lower DSST scores have shown to be
associated with increased risk of developing subclinical or clinical
cognitive disorders in individuals with normal baseline cognition
(Rosano et al., 2016). The longitudinal association between
SCHL and the 3MS approached significance; the smaller sample
size of the SCHL group (n = 883) compared to all subjects
(n = 2,110) may have been less powered to detect this effect.
Although the CLOX1 test is designed to assess executive function
through a clock-drawing exercise, individuals with subclinical or
mild cognitive impairment may draw a clock from long-term
memory (rather than as a series of steps as intended by the
assessment) and only demonstrate minor difficulty with drawing
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the numbers (with adequate spacing) and clock hands. Indeed,
mild cognitive impairment tends to affect short-term (episodic)
memory first, rather than long-term memory (Levin, 2021);
the CLOX1 may not have appropriately captured the level of
cognitive impairment in subjects with SCHL, who may only
have just begun to exhibit signs of mild cognitive impairment.
As SCHL progresses to outright HL (i.e., PTA > 25), these
subjects would be at increased risk for developing clinically
detectable cognitive impairment. A final possibility that may
explain our results is that there is no longitudinal association
between SCHL and cognitive decline; however, this is unlikely
given the previous longitudinal studies that have suggested a
dose-dependent relationship between HL and cognition, recent
cross-sectional work that have demonstrated an independent
association between SCHL and cognition, and the plausible
causal mechanisms explaining this association (Chern and Golub,
2019; Golub et al., 2020a).

Because hearing, the exposure, was not measured until year
5, we also performed sensitivity analyses restricted to years 5
through 16 only. Results were similar across all participants,
but significance was lost among those with SCHL. The negative
finding among those with SCHL may be due to lower power
from the reduced observations from omitting years 1 through
4. Including the outcomes for 4 years prior to measurement of
hearing in year 5 is reasonable because age-related HL progresses
slowly at under 1 dB/year even in later life (Sharma et al., 2020).
Moreover, other published studies using the Health ABC have
also included outcomes from Year 1 and Year 5 in their primary
analyses (Chen et al., 2015; Kamil et al., 2016; Deal et al., 2017b).

Although a causal relationship between HL and cognition
has not yet been definitively established, there is low risk of
widely testing for and treating HL. While direct treatment
of SCHL itself (i.e., with amplification) seems excessive when
most adults with moderate-or-worse HL do not get treatment,
there are several strategies that can be employed to mitigate
the potential adverse effects of SCHL. Optimizing the acoustic
environment through use of microphones and speakers in public
spaces is one such treatment. Other strategies include improving
visual cues (e.g., lip reading) with bright lighting, minimizing
background noise, creating seating arrangements to optimize
verbal communication, preferential seating for individuals who
struggle to hear, and reducing reverberation (i.e., with sound-
absorbing materials). Indeed, the effects of mask-wearing and
virtual meetings during the recent COVID-19 pandemic has
highlighted how suboptimal auditory environments can disrupt
communication and cause unforeseen effects in both individuals
with hearing loss and their normal-hearing peers (Ribeiro
et al., 2020; Charney et al., 2021; Wilson et al., 2021). Masks
can degrade the speech signal and attenuate sound levels
anywhere from 3 to 4 dB for typical masks and up to
12 dB for N-95 masks (Goldin et al., 2020); an individual
with “perfect” hearing who listens to speech transmitted from
behind a mask would essentially be listening under conditions
of SCHL. Even individuals with baseline normal hearing are
known to experience increased listening effort from difficulties
interpreting non-verbal cues in a poor auditory environment
(i.e., decreased audio quality and audiovisual desynchrony) in

certain virtual meeting settings; previous studies have shown
that listening is particularly effortful in demanding auditory
conditions, such as a noisy background or when the listeners
themselves have auditory processing deficits (e.g., SCHL or
outright HL) (Sklar, 2020). Some studies supporting this
“information degradation hypothesis” suggest that there are
short-term and possibly long-term effects of experiencing such
conditions on cognitive performance (Pichora-Fuller and Singh,
2006). These examples highlight the importance of optimizing
the auditory environment and facilitating communication to
prevent negative downstream cognitive effects in both individuals
with HL and individuals with what is classically considered
“normal hearing.”

Our study has several limitations. SCHL progresses to outright
HL over time. Despite including only subjects with baseline
SCHL at Year 5 of the study, some participants may have
progressed to outright HL during the follow-up period (i.e.,
from Years 6 to 16). The development of outright HL (rather
than SCHL) may have conferred the risk for cognitive decline
in our analysis. Practice effects (i.e., improvements in cognitive
test performance due to the ability of a subject to learn and
adjust with repeated exposure to the test materials) were not
accounted for in our study. However, the frequency of repeated
cognitive testing was low (i.e., at least 1–2 years between repeated
tests); studies have suggested a performance plateau upon low-
frequency testing (Bartels et al., 2010). While our study attempted
to control for confounding variables in our multivariable analysis,
it is not possible to completely control for confounding in an
observational study, since not all confounders are known or
measurable. As previously stated, our study was also somewhat
limited by our sample size—the longitudinal association between
SCHL and cognitive performance as measured by the 3MS
approached significance. The Health ABC cohort is biracial and
only includes white and black subjects; this may limit the external
validity of findings. Lastly, although the temporal relationship
established by our findings suggests the possibility of a causal
mechanism between HL and cognition that begins while HL
is still subclinical and within the range of normal hearing,
we cannot definitively establish a causal relationship without a
randomized controlled trial.

Future directions include conducting randomized controlled
trials to examine a causal relationship between HL and cognitive
decline and thus the utility of targeting HL as a modifiable
risk factor for cognitive decline and dementia. This is already
underway with the Aging and Cognitive Health Evaluation
in Elders (ACHIEVE) trial, which is the first randomized
controlled trial aimed at determining the effectiveness of a best
practices hearing intervention (i.e., hearing aid) compared to
a successful aging intervention on reducing cognitive decline
and preventing dementia (Deal et al., 2017a; Sanchez et al.,
2020). Employing other measures of HL aside from pure tone
audiometry may provide more sensitivity or ecological validity.
Another potential future direction is to revisit the cutoff of what
constitutes adult HL. The commonly used 25 dB threshold for
defining adult HL is arbitrary (Gatlin and Dhar, 2021). The
WHO now recommends 20 dB (World Health Organization,
2021a). In 2008, the Global Burden of Disease Expert Group on
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Hearing Impairment recommended this change based on clinical
experience of this expert group and existing literature suggesting
the normal 25 dB hearing level threshold was not in agreement
with the functional experience of persons with what has been
called “mild” or “slight” hearing impairment in the literature
(i.e., ≤ 25 dB hearing level)—these individuals may also
experience hearing problems (Olusanya et al., 2019). Further
elucidating the relationship between SCHL and other conditions
of aging will provide evidence of whether this threshold is too lax,
especially if there are established clinical consequences of SCHL
(i.e., increased risk of cognitive decline and dementia).

In summary, a longitudinal association was established
between SCHL and cognitive decline as measured by the DSST.
Our findings suggest that it is possible that changes in cognitive
performance may occur before the traditional threshold of HL is
reached. Further studies are necessary to determine exactly when
in the spectrum of HL this observable relationship begins and the
utility of targeting HL as a modifiable risk factor for cognitive
decline and dementia.
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Age-related hearing loss (ARHL) is a kind of symmetrical and slow sensorineural hearing
loss, which is a common condition in older adults. The characteristic of ARHL is hearing
loss beginning in the high-frequency region and spreading toward low-frequency with
age. Previous studies have linked it to anxiety, suggesting that brain structure may be
involved in compensatory plasticity after partial hearing deprivation. However, the neural
mechanisms of underlying ARHL-related anxiety remain unclear. The purpose of this
cross-sectional study was to explore the interactions among high-frequency hearing
loss and anxiety as well as brain structure in older adults. Sixty-seven ARHL patients
and 68 normal hearing (NH) controls participated in this study, and the inclusion criterion
of ARHL group was four-frequency (0.5, 1, 2, and 4 kHz) pure tone average (PTA) > 25
decibels hearing level of the better hearing ear. All participants performed three-
dimensional T1-weighted magnetic resonance imaging (MRI), pure tone audiometry
tests, anxiety and depression scales. Our results found gray matter volume (GMV)
decreased in 20 brain regions in the ARHL group compared with the NH group, and
a positive correlation existed between high-frequency pure tone audiometry (H-PT) and
anxiety scores in the ARHL group. Among 20 brain regions, we also found the GMVs
of the middle cingulate cortex (MCC), and the hippocampal/parahippocampal (H-P)
regions were associated with H-PT and anxiety scores in all participants separately.
However, the depressive symptoms indicated no relationship with hearing assessment
or GMVs. Our findings revealed that the crucial role of MCC and H-P in a link of anxiety
and hearing loss in older adults.

Keywords: age-related hearing loss, anxiety, high-frequency pure tone audiometry, the
hippocampal/parahippocampal regions, middle cingulate cortex, magnetic resonance imaging

INTRODUCTION

Age-related hearing loss (ARHL), also referred to as presbycusis, is a kind of symmetrical and slow
sensorineural hearing loss that occurs with age, which is a common condition in older adults (Lin
et al., 2011). In the world, ARHL affects more than half of adults under 75 years of age, and 80%
of older adults over 80 years old suffer from ARHL (Wattamwar et al., 2017). With an increasing
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aging population, there will be 1.2 billion people over the age of 60
by 2025. Among them, more than 500 million older adults will be
severely affected by ARHL (World Health Organization [WHO],
2021).

Age-related hearing loss has been reported to link a range
of negative emotional outcomes, including depression based on
the longitudinal studies (Brewster et al., 2018; Cosh et al., 2018),
social isolation (Mick et al., 2014), and anxiety (Mehta et al.,
2003b; Jayakody et al., 2018a,b) which are all cross-sectional
studies. For example, compared with normal hearing controls,
older adults with self-reported hearing loss were found to be more
likely to have anxiety symptoms in a cross-sectional study (Mehta
et al., 2003b). Compared with participants with no hearing
impairment (HI), patients with moderate or severe HI had a
23% lower possibility of emotional vitality which contained low
anxiety, low depressive symptomatology, a high sense of personal
mastery, and happiness [odds ratio (OR) = 0.77] (Contrera et al.,
2016). Moreover, ARHL patients with moderately severe hearing
loss had a more significant anxiety symptom compared with
mild hearing loss (Jayakody et al., 2018a). Furthermore, untreated
hearing loss has been linked to the risk of anxiety, and the risk
of anxiety may increase with pure tone audiometry thresholds
elevated in the patients with ARHL (Jayakody et al., 2018b).

Magnetic resonance imaging (MRI) has become an acceptive
technique that can study various neurological diseases’
pathogenic mechanisms (Feng et al., 2018). A structural
MRI study revealed that hearing loss was related to decreased
gray matter volume (GMV) in the right primary auditory cortex
(Ren et al., 2018). Another study has found that high-frequency
(>2 kHz) hearing loss was associated with auditory cortex
atrophy in ARHL (Eckert et al., 2012). In a longitudinal study,
compared to participants with normal hearing, patients with
HI had an accelerated volume decline in the whole brain
and regional volumes in the right temporal lobe (Lin et al.,
2014). Compared with normal hearing controls, ARHL with
cochlear amplifier dysfunction have shown reduced thickness of
precentral and postcentral gyri (Belkhiria et al., 2019). Besides,
a higher hearing threshold was significantly associated with
a smaller brain volume in older adults (Rigters et al., 2017).
Recently, one research has found that decreased GMV in the
insula and amygdala wase associated with apathy symptoms
in ARHL patients (Belkhiria et al., 2020). In addition, patients
with ARHL have also shown reduced GMV in the superior and
medial frontal gyrus, which were also associated with anxiety
symptoms (Husain et al., 2011; Boyen et al., 2013). However,
to date, the neural mechanisms of underlying ARHL-related
anxiety remain unclear.

Given that ARHL begins in the high-frequency region of
the auditory spectrum and spreads toward the low-frequency
regions with age (Wang and Puel, 2020), the steep slope of the
hearing threshold at high frequency is a very typical characteristic
of patients with ARHL (Wolak et al., 2017). Accordingly, we
used frequency division and the “steepness” of the audiogram
to further refine the high-frequency region in this study.
Meanwhile, MRI was used to explore the structural plasticity in
the whole brain of patients with ARHL. We hypothesized that

(1) high-frequency hearing loss was associated with anxiety in
patients with ARHL, (2) there was an interaction between hearing
loss, anxiety, and structural plasticity in older adults.

MATERIALS AND METHODS

Participants
For this cross-sectional study, 135 participants aged 50 to 72 years
old (mean age = 62.17 years, SD = 4.91 years), including 67
age-related hearing loss patients (ARHL group) and 68 normal-
hearing controls (NH group). The inclusion criteria of ARHL
group was four-frequency (0.5, 1, 2, and 4 kHz) pure tone
average (PTA) > 25 decibels hearing level (dB HL) of the
better hearing ear (Humes, 2019). Subjects with the following
conditions were excluded: (1) suffering from diseases that affect
the hearing threshold other than ARHL; (2) previous history of
noise exposure and use of hearing aid; (3) conductive hearing
impairment; (4) previous symptoms of tinnitus and head trauma;
(5) history of psychiatric or neurological disease; (6) MRI
contraindications. All the participants were native Mandarin
speakers and right-handed (Hatta, 2007).

Audiological Assessments
During the pure tone (PT) audiometry test, subjects were tested
in a sound-attenuating booth and were told to keep awake during
the test. The audiometer (GSI Audio Star Pro, United States) was
used to test hearing thresholds at frequencies of 0.125, 0.25, 0.5,
1, 2, 4, and 8 kHz in each ear. By calculating the average hearing
thresholds at 0.5, 1, 2, and 4 kHz in air conductance, the four-
frequency PTA hearing threshold of both ears was obtained.

By performing factor analysis with principal components
extraction and Varimax rotation (Eckert et al., 2012), the PT
thresholds of each frequency point were divided into low- and
high-frequency bands. According to the component score of
the matrix after rotation (Supplementary Material), the PT
thresholds of 0.125, 0.25, 0.5, and 1 kHz were loaded onto
component 1 (low-frequency), while the PT thresholds of 2, 4,
and 8 kHz were loaded onto component 2 (high-frequency).

To refine the high-frequency region and quantify the
audiogram process, the audiogram “steepness” of each adjacent
frequencies was calculated in decibels per octave (dB/octave),
namely the hearing level difference divided by the frequency
difference (Konig et al., 2006).

s(i) =
HT(f2)−HT(f1)

log2
f2
f1

(1)

where HT (fi) is the HL threshold in dB at the frequency fi and
fi ∈ [0.125, 0.25, 0.5, 1, 2, 4, 8] kHz. S (i) is the steepness of
the audiogram in each adjacent two-frequency. For example, S
(1) represents PT between 0.125 and 0.25 kHz. The steepness
between two adjacent frequencies was regarded as an audiological
marker of discontinuity in the shape of the audiogram
(Schecklmann et al., 2012; Ponticorvo et al., 2019), reflecting the
corresponding discontinuities in the inner hair cells.
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TABLE 1 | Participants’ demographic and clinical data.

Characteristics NH group ARHL group All participants p

(n = 68) (n = 67) (n = 135) NH vs. ARHL

Age 61.51 ± 4.96 62.84 ± 4.80 62.17 ± 4.91 0.118

Years of education 11.59 ± 3.01 10.67 ± 3.27 11.13 ± 3.17 0.093

Sex (Male/Female) 24/44 35/32 59/76 0.057

Hypertension (Y/N) 19/49 25/42 44/91 0.202

Diabetes (Y/N) 7/61 8/59 15/120 0.784

Hyperlipidemia (Y/N) 8/60 6/61 14/121 0.573

Smoking (Y/N) 4/64 4/63 8/127 0.983

Alcohol abuse (Y/N) 3/65 3/64 6/129 0.698

L-PT −0.39 ± 0.51 0.40 ± 1.20 −0.78 ± 0.16 < 0.001

H-PT −0.71 ± 0.49 0.73 ± 0.85 −1.44 ± 0.12 < 0.001

PTA 12.81 ± 4.66 35.58 ± 10.96 24.11 ± 14.17 < 0.001

Anxiety 3.56 ± 3.35 3.33 ± 3.85 3.44 ± 3.59 0.771

Depression 3.56 ± 3.56 3.88 ± 3.55 3.72 ± 3.55 0.600

Data are presented as means ± standard deviations.
Values in bold are used to indicate statistical significance.
ARHL, Age-related hearing loss; NH, normal hearing. H-PT, high-frequency pure tone audiometry factor scores. L-PT, Low-frequency pure tone audiometry factor scores.
PTA, pure tone average in four frequencies.
Levels of anxiety and depression were assessed according to the Hospital Anxiety and Depression Scale (HADS).

TABLE 2 | The difference brain region of gray matter volume between ARHL and NH groups.

Brain region AAL Atlas MNI coordinate T-value Cluster size

x y z

L inferior temporal gyrus Temporal_Inf_L −49.5 −7.5 −34.5 3.6047 41

L fusiform gyrus Fusiform_L −27 −34.5 −22.5 3.6865 128

R precuneus; calcarine Calcarine_R; Calcarine_L; Precuneus_R 10.5 −61.5 13.5 5.1438 3,228

L hippocampus/parahippocampa regions Hippocampus_L −18 −18 −10.5 3.843 68

R superior frontal gyrus, medial orbital; R
anterior cingulate cortex

Frontal_Med_Orb_R; ACC_sub_R 10.5 33 −10.5 3.7699 214

L insula Insula_L −45 3 −3 3.8027 71

L inferior frontal gyrus, orbital part; L Inferior
frontal gyrus, triangular part

Frontal_Inf_Oper_L; Frontal_Inf_Tri_L −48 13.5 15 4.4835 1542

R insula Insula_R 36 25.5 −4.5 3.4664 37

R hippocampus; R thalamus Hippocampus_R; Thal_PuM_R 16.5 −33 0 4.2915 320

L thalamus; L hippocampus Hippocampus_L; Thal_PuM_L −15 −34.5 1.5 4.3113 335

R insula Insula_R 37.5 7.5 10.5 3.4429 51

L superior frontal gyrus Frontal_Sup_2_L −13.5 51 31.5 3.5985 129

R middle cingulate cortex Cingulate_Mid_R 10.5 −31.5 36 3.8693 77

L middle cingulate cortex Cingulate_Mid_L −12 −4.5 46.5 4.2202 490

L inferior parietal Parietal_Inf_L −54 −27 39 3.3972 63

R middle cingulate cortex Cingulate_Mid_R 10.5 −18 36 3.7722 36

L middle cingulate cortex Cingulate_Mid_L −12 −30 45 3.409 58

R postcentral gyrus Postcentral_R 21 −33 60 3.9964 164

AAL, Anatomical Automatic Labeling; ARHL, Age-related hearing loss; NH, normal hearing; MNI, Montreal Neurological Institute; L, left; R, right.

Magnetic Resonance Imaging Data
Acquisition
All participants were scanned on a 3T MRI scanner (Philips,
Achieva) using an eight-channel phased-array head coil as
the receiver. T1-weighted three-dimensional TFE images were
used as the localizer, acquired with the following parameters:
TR = 8.1 ms; TE = 3.7 ms; slice thickness = 1 mm; field of

view = 24 cm × 24 cm; and flip angle = 8◦. Images were
reconstructed with 1 mm× 1 mm× 1 mm isotropic voxels.

Magnetic Resonance Imaging Data
Preprocessing
The MRI images were processed by using the cat toolbox for the
SPM12 in Matlab R2020b. We used voxel-based morphological
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(VBM) measurements to identify statistically significant brain
regions. VBM includes spatial normalization, organization and
segmentation, and spatial smoothing. In short, each subject’s
image is spatially normalized and segmented into gray matter,

white matter, and cerebrospinal fluid. After data preprocessing,
smoothing was performed on normalized GMV before second-
level intergroup analysis. GMV differences between the two
groups were calculated using a two-sample t-test model, and

FIGURE 1 | The difference of gray matter volume (GMV) between age-related hearing loss (ARHL) and normal hearing (NH) groups. Hot colors indicate significantly
decreased GMV in the ARHL group compared to the NH group. FDR corrected p < 0.05, cluster size > 20 voxels. L, left; R, right.

FIGURE 2 | The hearing thresholds (means ± standard deviation) at different frequencies of the right and left ears in NH (black) and ARHL (blue) groups. NH: normal
hearing; ARHL: Age-related hearing loss.
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the total intracranial volume was regressive as a covariable. For
multiple comparisons, the analyses were calibrated by using false
discovery rate (FDR) criteria, with statistical significance set as
p < 0.05 and cluster size > 20 voxels.

Anxiety and Depression Scale
All subjects assessed the levels of anxiety and depression
without knowing the self-assessment scale scores. The psychiatric
evaluation of each subject lasted about 20 min. The questionnaire
included two subscales of anxiety and depression, with seven
questions for anxiety and depression separately. For anxiety, the
questions were 1, 3, 5, 7, 9, 11, and 13, and for depression, the
questions were 2, 4, 6, 8, 10, 12, and 14. Some of the mandatory
questions that involve anxiety were: “Do you ever feel tensed
up?” “Worry a lot?” “Have panic attacks?” “Feel something awful
is about to happen?” Each test item was scored from 0 to 3.
Scores for depression and anxiety were separately calculated by
summing the scores. The scores of the scale were: 0–7 were
asymptomatic; 8–10 were suspected; and 11–21 were certainly
existed. The score ≥ 8 was considered test positive. Levels of

TABLE 3 | The relationship between hearing loss and anxiety
scores in each group.

Hearing function NH group ARHL group All participants

Anxiety Anxiety Anxiety

r p r p r p

L-PT 0.033 n.s −0.063 n.s −0.049 n.s

H-PT −0.047 n.s 0.289* 0.021 −0.049 n.s

PTA −0.033 n.s 0.174 n.s −0.049 n.s

ARHL, Age-related hearing loss; NH, normal hearing; H-PT, high-frequency pure
tone audiometry factor scores; L-PT, Low-frequency pure tone audiometry factor
scores; PTA, pure tone average; n.s: p > 0.05, *p < 0.05.
Values in bold are used to indicate statistical significance.

FIGURE 3 | Correlation between high-frequency pure tone audiometry factor
scores and anxiety scores in the ARHL group. H-PT: high-frequency pure tone
audiometry factor scores.

anxiety and depression were assessed according to the hospital
anxiety and depression scale (Zigmond and Snaith, 1983).

Additional Assessments
Participants’ gender (male or female), age (in years), hypertension
(yes or no), diabetes (yes or no), hyperlipidemia (yes or no),
smoking (yes or no), and education (in years) were self-reported.
Alcohol abuse identification test was assessed by the World
Health Organization as a self-report screening, which included
three problems about alcohol consumption, three problems about
dependence symptoms, and four problems related to alcohol
use. Each problem was scored from 0 to 4, generally based on
frequency of occurrence, resulting in a total score of 0–40. The
score ≥ 8 was considered alcohol abuse (Boschloo et al., 2010).

Statistical Analysis
All data were tested by the Kolmogorov–Smirnov test to verify
normal distribution. The group differences in NH and ARHL
group of age, education, anxiety, depression, and auditory
test results were assessed by the two-tailed t test. The sex,
hypertension, diabetes, hyperlipidemia, smoking, and alcohol
abuse were examined by the χ2 test. Partial correlation analyses
were performed to explore the relationships both between
structural changes and hearing loss, and between hearing
loss and anxiety in older adults (controlled for age, sex,
education). Spearman or Pearson correlation was used to analyze
the relationships between anxiety and brain structure. Data
processing and analysis were performed using SPSS 25.0 (IBM
Corp., Armonk, NY, United States). The significance level was
examined at p < 0.05. A linear regression model was adopted
to evaluate the hearing loss on anxiety symptoms. Then we
designed a weighted linear regression to reduce autocorrelation
and heteroskedasticity. First, the residuals square of the original
linear model was extracted and made as logarithmic transform.
Then, we constructed a linear regression, making logarithmic
residuals square as the dependent variable and taking the fitted
value as the weights for the final linear model between anxiety and
each feature. The degree of prediction was indicated by R2 and β.
Data processing and analysis were performed using R 3.6.0.

RESULTS

Demographics and Clinical
Characteristics
The demographics and clinical characteristics are listed in
Table 1. A total of 135 subjects (59 males/76 females) were
recruited for the study. The PTA of patients with ARHL
was significantly higher than the NH group (p < 0.001). In
psychological assessment, there was no significant difference in
anxiety and depression scores between the ARHL and NH groups
(p > 0.05). No significant differences in age, sex, education,
hypertension, diabetes, hyperlipidemia, smoking, and alcohol
abuse were identified between the NH and ARHL groups
(p > 0.05).
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FIGURE 4 | Correlations between the anxiety scores and brain structure gray matter volume (GMV) in each group. (A) In the normal hearing (NH) group, anxiety
scores were positively correlated with the GMV of H-P regions. (B) In the NH group, anxiety scores were positively correlated with the GMV of MCC. (C) In all
participants, anxiety scores were positively correlated with the GMV of MCC. H-P regions: hippocampal/parahippocampal regions; MCC, middle cingulate cortex.

The Differences of Brain Regions
Between Age-Related Hearing Loss and
Normal Hearing Groups
Table 2 shows the difference of GMV between ARHL and
NH groups, as seen in Figure 1. Compared with NH group,
ARHL group showed significantly decreased GMV in the
MCC, H-P regions, supplementary motor area, superior frontal
gyrus, medial orbital, lingual gyrus, insula, inferior temporal
gyrus, and so on.

Correlations Between Hearing Loss and
Anxiety Scores
The hearing thresholds at different frequencies in both ears of NH
and ARHL subjects are shown in Figure 2. The trend of hearing
thresholds in the NH group was flat in the frequency range of
0.125–2 kHz and became steeper from 2 to 8 kHz. For ARHL
group, hearing thresholds at different frequencies of both ears was
higher than those in the NH group. In addition, the audiogram
steepness of patients with ARHL was growing larger with the
frequency increasing, except the steepness between 4 and 8 kHz
was flatter than that between 2 and 4 kHz in the left ear. The

pattern of audiogram in ARHL group indicated a steeply sloping
high-frequency hearing loss.

The relationship between hearing loss and anxiety scores in
each group is listed in Table 3. Among them, high-frequency pure
tone audiometry (H-PT) was positively correlated with anxiety
scores in the ARHL group (r = 0.289, p = 0.021) (Figure 3).
Besides, the correlation coefficients of the linear regression
model showed that H-PT predicted anxiety symptoms in the
ARHL group (R2 = 0.812, β = 1.976, 95% CI, 1.761 to 2.131,
p = 0.003). The results indicated that higher anxiety symptoms
were associated with high-frequency hearing loss.

Correlations Between Anxiety Scores
and Brain Structure
In this study, the relationship between anxiety scores and the
brain regions in group differences was analyzed. Figure 4 shows
the significant correlations between anxiety scores and brain
structure in each group. In the NH group, anxiety scores were
positively related to the GMV of hippocampal/parahippocampal
(H-P) regions (r = 0.331, p = 0.006) (Figure 4A), anxiety scores
were positively correlated with the GMV of middle cingulate
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FIGURE 5 | The difference of gray matter volume (GMV) between the age-related hearing loss (ARHL) and normal hearing controls (NH) groups in
hippocampal/parahippocampal and middle cingulate cortex regions. Hot colors indicate significantly decreased GMV in the ARHL group compared to the NH group.
FDR corrected p < 0.05, cluster size > 20 voxels. L, left; R, right.

cortex (MCC) (r = 0.26, p = 0.032) (Figure 4B). In all participants,
anxiety scores were positively correlated with the GMV of MCC
(r = 0.191, p = 0.027) (Figure 4C). Figure 5 shows the locations
of H-P regions and MCC.

Correlations Between Hearing Loss and
Brain Structure
Figure 6 shows the correlations between the hearing loss of both
ears and brain structure GMV in each group. In the NH group, S
(6) of the left ear was negatively correlated with the GMV of H-P
regions (r =−0.263, p = 0.030), S (5) of the left ear was positively
associated with the GMV of MCC (r = 0.286, p = 0.018), S (6)
of the right ear was negatively correlated with the GMV of H-P
regions (r = −0.210, p = 0.085), and S (5) of the right ear was
positively associated with the GMV of MCC (r = 0.207, p = 0.091).
In all participants, S (6) of the right ear was negatively correlated
with the GMV of H-P regions (r = −0.209, p = 0.015), and S (5)
of the left ear was positively associated with the GMV of MCC
(r = 0.175, p = 0.042).

DISCUSSION

In this study, we found gray matter (GM) atrophy in ARHL group
compared with NH group. Our results also showed that in older
adults, the GMV of MCC was positively associated with steepness
between 2 and 4 kHz, but the GMV of H-P regions was negatively

associated with steepness between 4 and 8 kHz. In addition, there
was a significant association between high-frequency hearing loss
and anxiety scores in patients with ARHL. Moreover, anxiety
scores were positively associated with the GMV of H-P regions
and MCC. Above all, we found an interaction between hearing
loss, anxiety, and structural plasticity in older adults.

Our study found that high-frequency hearing loss was
positively associated with anxiety scores in the ARHL group.
Previous study has linked hearing loss to the increased risks
of depression, anxiety, and stress (Ronnberg et al., 2008). In
addition, increasing the hearing threshold of patients with ARHL
may increase the risks of these psychological symptoms (Jayakody
et al., 2018b; Maletic-Sekulic et al., 2019). Jayakody et al. found
that the older adults with high-frequencies (6 and 8 kHz) of
hearing loss in the existence of normal speech frequencies (0.5,
1, 2, and 4 kHz) still had the risk of anxiety (Odds ratios = 1.6),
which further supported our findings (Jayakody et al., 2018a). The
prevalence of hearing loss (>25 dB HL) in the better ear is about
three-fifths when the PTA is at 0.5, 1, 2, and 4 kHz, and about
nine-tenths when the PTA is at 3, 4, 6, and 8 kHz in older adults
(Lin et al., 2011). In addition, ARHL is characterized by bilateral
high-frequency hearing loss and spreads toward low-frequency
regions with age (Arvin et al., 2013; Wang and Puel, 2020).
The high-frequency hearing loss also means that it was difficult
to distinguish consonants (>4 kHz), and consonants were a
key factor in semantic understanding (Jayakody et al., 2018a).
Therefore, older adults with high-frequency hearing loss had
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FIGURE 6 | Heat map of the relationship between the brain structure gray matter volume and steepness of the audiogram in right and left ears. Blue and red colors
indicate positive and negative correlations, respectively. Areas with significant correlations or trends have been marked with p values. H-P regions:
hippocampal/parahippocampal regions; MCC: middle cingulate cortex; L-S (5): Steepness (5) between 2 and 4 kHz of left ear; R-S (6): Steepness (6) between 4 and
8 kHz of right ear; NH, normal hearing; ARHL, Age-related hearing loss.

difficulty in understanding speech in noise and communicating
with family and friends, which might further lead to anxiety.
Meanwhile, another study suggested that the anxiety caused
by hearing loss in the elderly was due to sensory deprivation
(Mehta et al., 2003a). Therefore, it is necessary to conduct
a longitudinal study of ARHL-related anxiety, which further
clarifies whether anxiety was a predictor or consequence of high-
frequency hearing loss in patients with ARHL. Besides, it is also
important to screen the high-frequency hearing thresholds for
older adults so that not to overlook their potential decline in
psychosocial health.

Furthermore, the audiogram steepness was used to refine
the frequency range in high-frequency hearing loss. Our study
showed that steepness between 2 and 4 kHz was positively
correlated with the GMV of MCC in older adults. In other words,
our study showed that there was a same variation tendency
between the GMV of MCC in the older adults and the variation
of hearing thresholds in 2 and 4 kHz. Previous study has found
that patients with sensorineural hearing loss showed significantly
reduced functional connectivity in the cingulate gyrus (Xu et al.,
2019). Meanwhile, it has also been found that the hearing
threshold of patients with ARHL began to decline rapidly at 2–
4 kHz (Wolak et al., 2017). In addition, we found a significant
positive correlation between the GMV of MCC and anxiety
scores. The possible reason was that the MCC was an important
component of the limbic system, which was a deep structure of

the entire brain involved in motivation, emotion, and memory
functions (Powell et al., 2018). Besides, participants’ negative
emotions might lead to an increased processing capacity in
the cingulate cortex, which would activate MCC (DiMenichi
et al., 2019). The present study revealed a strong relationship
between MCC and both hearing thresholds and anxiety scores in
older adults. Therefore, it is necessary to further investigate the
intrinsic underlying neural mechanisms in the future.

Our study showed that the steepness between 4 and 8 kHz
was negatively correlated with the GMV of H-P regions in
older adults. Other studies have found that the hippocampus
received neural input from the central auditory system directly
or indirectly via (a) the parahippocampal cortex or peripheral
cortex, or (b) other brain pathways, including the medial
frontal cortex, insula, or amygdala. Hippocampal microstructural
analysis revealed that compared to normal hearing controls, the
more severe the hearing loss in moderate/severe patients with
ARHL, the lower the microstructural integrity and the higher
of the mean diffusivity in the GM of the hippocampus (Croll
et al., 2020). Furthermore, in an animal model of C57BL/6J
mice, the increase in hearing threshold with age was found
to be accompanied by synaptic losses in the hippocampus.
The H-P regions were responsible for people’s cognition and
comprehension (DiMenichi et al., 2019). Consonants and vowels
were critical for speech understanding at 0.5–4 kHz, while
frequencies > 4 kHz contained consonants that contribute to the
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understanding of speech intelligibility (Jayakody et al., 2018a).
Our study also further focused on the frequency of hearing loss
at 4–8 kHz. Meanwhile, we also found a significant positive
correlation between the GMV of H-P regions and anxiety scores.
H-P regions were an important limbic system in memory and
learning, which were closely related to the amygdala encoding
emotion (DiMenichi et al., 2019). Recently, a study has found that
higher activation of the parahippocampal gyrus was associated
with anxiety in patients with first-episode depressive disorder
(Lin et al., 2021). In addition, a functional MRI study showed
that hippocampal activation was sensitive to different emotional
music. Activation of the right hippocampus and amygdala
increases when listening to sad music; however, there is no change
when listening to happy or neutral music.

LIMITATIONS

There are some limitations of this study that need to be noted.
Firstly, our sample size was relatively modest, and so we should
further increase the sample size to conduct the study in the future.
Secondly, in our study, the anxiety scale was selected broadly
and further examination was not carried out. Thirdly, it was a
cross-sectional study, so it was not possible to explore the causal
relationship between high-frequency hearing loss and anxiety.
Finally, this study used a clinical audiometer to measure hearing
loss, and the ultra-high frequency audiometry could be used to
study the high-frequency region in the future. In addition, we
have assessed the pure tone thresholds at the frequencies of 0.125,
0.25, 0.5, 1, 2, 4, and 8 kHz which were well-set in the audiometer,
but lacked the frequencies of 3 and 6 kHz that would contribute to
the speech intelligibility of some phonemes. We will supplement
these test frequencies in the future.

CONCLUSION

Our study showed that there was a close positive relationship
between high-frequency hearing loss and anxiety scores in ARHL
group. In addition, we found GM atrophy of MCC and H-P
regions in ARHL group compared with the NH group. The GMV
of MCC was positively associated with high-frequency hearing
loss; however, the GMV of H-P regions was negatively correlated
with high-frequency hearing loss. Our results also showed that
the GMV of MCC and H-P regions had a significant positive
relationship with ARHL-related anxiety in older adults. Taken
together, we found an interaction between hearing loss, anxiety,
and structural plasticity in older adults. Our findings revealed
the crucial role of MCC and H-P in a link of anxiety-hearing

loss link in older adults. In the future, it is necessary to conduct
longitudinal studies to further clarify the causal relationship
between hearing threshold changes and psychological status and
structural plasticity in older adults.
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At present, dementia is a hot topic. Hearing loss is considered to be a modifiable risk
factor for cognitive decline. The underlying mechanism remains unclear and might be
mediated by socioeconomic and psychosocial factors. Cochlear implantation has been
shown not only to restore auditory abilities, but also to decrease mental distress and
to improve cognitive functions in people with severe hearing impairment. However,
the promising results need to be confirmed. In a prospective single-center study, we
tested the neurocognitive abilities of a large group of 71 subjects with bilateral severe
hearing impairment with a mean age of 66.03 (SD = 9.15) preoperatively and 6,
12, and 24 months after cochlear implantation using a comprehensive non-auditory
computer-based test battery, and we also assessed the cognitive reserve (CR) [Cognitive
Reserve Index (CRI)], health-related quality of life (QoL) (Nijmegen Cochlear Implant
Questionnaire), and depression (Geriatric Depression Scale-15). Cognitive functions
significantly increased after 6 months in attention (p = 0.00004), working memory
(operation span task; p = 0.002), and inhibition (p = 0.0002); and after 12 months
in recall (p = 0.003) and verbal fluency (p = 0.0048), and remained stable up to
24 months (p ≥ 0.06). The CR positively correlated with cognitive functions pre- and
post-operatively (both p < 0.005), but postoperative improvement in cognition was
better in subjects with poor CR (p = 0.003). Depression had only a slight influence on
one subtest. No correlation was found among cognitive skills, quality of life, and speech
perception (each p ≥ 0.05). Cochlear implantation creates an enriched environment
stimulating the plasticity of the brain with a global positive impact on neurocognitive
functions, especially in subjects with poor preoperative cognitive performance and low
cognitive reserve.

Keywords: hearing loss, cognition, cochlear implantation, cognitive reserve, depression, plasticity

INTRODUCTION

Due to the aging of the society, the number of subjects suffering from dementia has increased
to about 55 million worldwide today and it will be rising up to 78 million by 2030 and even
139 million by 2050 (WHO, 2021b). Cognitive decline begins from middle age onward, and
it particularly affects fluid intelligence (executive functions, processing speed, attention, and
episodic memory), while crystalline intelligence (implicit knowledge and semantic memory)
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is not affected by aging (Salthouse, 2010). Despite comprehensive
efforts in this field, there is no treatment available to cure or
slow down the progress of the disease (Perneczky et al., 2019).
Therefore, research mainly focuses on dementia prevention
by reducing modifiable risk factors, such as excessive alcohol
consumption, head injury, air pollution, poor education,
hypertension, smoking, obesity, depression, physical inactivity,
diabetes, infrequent social contacts, and hearing loss. Adequate
treatment of hearing impairment in midlife is suggested to
decrease the prevalence of dementia by 8% (Li et al., 2019;
Livingston et al., 2020).

Like cognitive decline, the prevalence of hearing impairment
also increases with age; currently, 430 million people are affected
by hearing loss disability (Tran et al., 2021; WHO, 2021a).
Hearing loss can negatively impact both the physical and also
the psychological well-being of the patients and their partners
(Scarinci et al., 2009; Jiam et al., 2016; Deal et al., 2019; Völter
et al., 2021a). A meta-analysis done by Lawrence et al. in
2020 revealed a significant association between hearing loss
and depression in cross-sectional and longitudinal studies with
an odds ratio of 1.54 and 1.39, respectively (Lawrence et al.,
2020). Women aged from 60 to 69 with an untreated hearing
impairment suffer more frequently from social isolation than
men (Mick and Pichora-Fuller, 2016; Shukla et al., 2020).
Furthermore, Lin and colleagues demonstrated in a study on 2017
individuals that persons with a hearing loss of at least 25 dB also
have a 1.4-fold elevated risk of falling for every 10 dB of increase
in hearing loss (Lin and Ferrucci, 2012) as recently confirmed by
a meta-analysis even after adjustment for other risk factors (Jiam
et al., 2016).

The close interaction between hearing loss and cognitive
functions has gained attention of researchers recently (Panza
et al., 2019; Powell et al., 2021). On the one hand, neurocognitive
functions have an impact on speech understanding, especially
in challenging acoustic situations (Rönnberg et al., 2013; Völter
et al., 2020a,b); on the other hand, several studies have pointed
out the negative impact of hearing loss on cognition, both on a
behavioral as well as on a neuroanatomic level (Deal et al., 2015;
Armstrong et al., 2020; Manno et al., 2021; Ren et al., 2021; Völter
et al., 2021a). A longitudinal study conducted by Lin in 2011
demonstrated that the risk of dementia within 11.9 years was
elevated by 1.89 times in people with mild-hearing impairment,
3-fold in people with moderate hearing impairment, and by 4.94
times in people with severe hearing impairment (Lin et al., 2011).
This observation was underlined in a recent meta-analysis on 36
studies describing a statistically significant correlation between
age-associated hearing impairment and dysfunction in global
cognition (Loughrey et al., 2018). Listening effort and cognitive
load caused by hearing loss are proposed to be the underlying
mechanisms between the association between peripheral and
central level processing disorders (Peelle, 2018; Uchida et al.,
2019; Slade et al., 2020).

Various options are available to treat hearing loss, ranging
from fitting conventional hearing aids to operative middle
ear procedures, bone conduction implants, active middle-ear
implants, and cochlear implants (CI) (Löhler et al., 2019). A CI
is an electronic inner ear prosthetic device that bypasses the

hair cells in the cochlear region by directly stimulating the
auditory nerve (Lenarz, 2018; Dazert et al., 2020). Today, cochlear
implantation is a well-established approach to restore hearing
in subjects with severe to profound hearing loss with little
benefit from conventional hearing aids (Boisvert et al., 2020;
Carlson, 2020; Dazert et al., 2020). In most cases, significant
improvements in speech understanding can be obtained within
the first 6 months after implantation, although improvements up
to or beyond 2 years are also reported (Lenarz et al., 2012; Kelsall
et al., 2021).

Furthermore, positive outcomes of auditory rehabilitation
with regard to the quality of life (QoL), psychosocial
comorbidities, and cognitive functions have been reported
(Olze et al., 2011; Völter et al., 2018; Häußler et al., 2019;
Andries et al., 2021). Providing subjects with hearing loss with
an adequate sensory input is supposed to help to reduce the
cognitive load caused by hearing loss and to release other
cognitive resources. Therefore, the question arose whether
auditory rehabilitation by cochlear implantation can counteract
dementia in the long term. This was first studied by Mosnier
in 2015 in a multicenter study, and since then, there has been
a growing number of publications dealing with this topic in the
last decade (Jayakody et al., 2017; Mosnier et al., 2018; Sarant
et al., 2019; Huber et al., 2020; Mertens et al., 2021; Völter et al.,
2021a).

Despite promising results, the data are still conflicting not
only due to the close association between hearing and cognition
which influence each other in different ways, but also because
of the study designs used (Dawes, 2019; Moberly et al., 2019).
Some protocols used auditory-based neurocognitive assessments,
and therefore, limited understanding of the test material by
subjects with severe hearing impairment cannot be ruled out
(Pye et al., 2017; Dawes, 2019; Utoomprurkporn et al., 2020;
Völter et al., 2020b, 2021b; Mertens et al., 2021; Raymond et al.,
2021). Others only applied screening test instruments which
might not be sensitive enough to detect slight differences (Sonnet
et al., 2017; Gurgel et al., 2021). In general, the sample size is
often small and the follow-up period is short (Cosetti et al.,
2016; Gurgel et al., 2021). Further, some only used qualitative
methods for the evaluation of cognitive improvement, while
others used multiple cognitive measures without correcting the
multiple comparisons (Mosnier et al., 2015; Cosetti et al., 2016;
Ambert-Dahan et al., 2017; Völter et al., 2018; Gurgel et al., 2021).
Few studies repeatedly evaluated speech, cognitive domains,
and health-related QoL of the same participants to study the
impact of auditory restoration on cognition (Mosnier et al., 2015;
Völter et al., 2018, 2021a).

In general, multiple factors might contribute to the cognitive
performance in the elderly. Cognitive reserve (CR) is a modifiable
factor in cognitive decline and has recently been added to the
life-course model of possible modifiable risk factors for dementia
(Livingston et al., 2020). The term of CR is a latent construct
which was introduced by Stern as a mechanism to explain
individual differences in rates of cognitive decline as in up to
33% of cognitively healthy elderly people (assessed by clinical
measures before death) full pathologic criteria for Alzheimer’s
disease in post-mortem investigation were found (Ince, 2001).
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The CR is mostly studied not only on subjects with dementia
(Lavrencic et al., 2016), but also on subjects suffering from other
brain pathologies, such as stroke (Rosenich et al., 2020), multiple
sclerosis (Sumowski et al., 2014), Parkinson’s disease (Guzzetti
et al., 2019), or traumatic brain injury (Stenberg et al., 2020). So
far, CR has been defined and used in different ways (Pettigrew
and Soldan, 2019). According to a recent publication by Stern in
2020, CR refers to the adaptability of cognitive processes that help
explain the differential susceptibility of cognitive abilities to brain
aging (Stern et al., 2020).

Cognitive reserve cannot be directly measured, and is mostly
indexed by education as it is well known that older adults with
a higher level of education showed better global and detailed
neuropsychological function than those with lower educational
levels (Wilson et al., 2019). However, numerous studies have
demonstrated that education only partially contributes to CR
and its contribution is limited to its association with the
level of cognitive functions before old age (Clare et al.,
2017). Gow et al. demonstrated in a large longitudinal study
that engagement in leisure activities in midlife is positively
associated with cognitive abilities (Gow et al., 2017). Chan
et al. underlined this by analyzing a cohort of 205 individuals
(aged 66 to 88 years), from the Cambridge Center for Ageing
and Neuroscience (Chan et al., 2018). Lifestyle activities in
midlife significantly contributed to cognitive ability in late-life,
independent of education and occupation. This has also been
described in patients with either subjective memory decline or
those who were diagnosed with a mild cognitive impairment
(MCI) (Lee et al., 2020). Whereas the educational background
was not correlated with a comprehensive cognitive assessment,
leisure activities were mostly predictive for executive function
and visuospatial abilities. Therefore, multiple indicators, such
as occupational attainment and stimulating leisure activities
(reading, playing games, playing music, and social activities) have
to be combined to assess CR (Opdebeeck et al., 2016). One of
the most common assessments is the Cognitive Reserve Index
Questionnaire (CRIq), primarily introduced by Nucci in 2012
(Nucci et al., 2012).

Recently, the importance of leisure activities and occupational
attainment on cognitive functions has also been recognized
in people with hearing impairment (Evans et al., 2018; Chen
and Lu, 2020; Gao et al., 2020; Chen, 2021). In the Chinese
Longitudinal Healthy Longevity Survey, a longitudinal study
on 6,309 elderly, who were aged 65 years, it was found that
the CR increased the odds ratio of cognitive impairment in
people with hearing impairment from 1.4 in case of a high
CR to 2.59 with a middle CR and even to 4.32 for those with
a low CR, in contrast to 1.66 in normal-hearing counterparts
(Chen and Lu, 2020).

Due to the social and economic importance of this topic,
the aim of the present prospective study was to add more
data to the ongoing discussion. Therefore, we analyzed in
a large population with a comprehensive non-auditory based
neurocognitive assessment, whether (1) auditory rehabilitation
by cochlear implantation can lead to improvements in cognitive
functioning in the long-term follow-up of 24 months, and
(2) whether cognitive reserve and psychosocial factors, such

as depression and self-reported quality of life, impact the
cognitive functioning.

MATERIALS AND METHODS

Participants/Study Samples
Inclusion criteria were defined as follows: (1) Postlingual hearing
impaired, (2) aged more than or equal to 50 years, (3) suffering
from a severe to profound bilateral hearing loss with a 4-PTA
(average of the frequencies 0.5, 1, 2, and 4 kHz) greater than
or equal to 61 dB, (4) sufficient knowledge of the German
language, (5) absence of a global cognitive impairment as assessed
by the Mehrfachwahl-Wortschatz-Intelligenztest-B (MWT-B)
(Lehrl, 2005), (6) free from central nervous system disease or
treatment with anticholinergic medication, and (7) good (or
corrected) near vision.

About 101 consecutive CI candidates presented at the ENT
Department of the University of Bochum and scheduled for
cochlear implantation between 2016 and 2018 were enrolled.
The CI candidacy was determined according to the German
guidelines for cochlear implantation which requires the best
aided monosyllabic speech understanding of less than 60%
at 65 dB (Dazert et al., 2020). Implantation was performed
on people with poor hearing ability. None of the patients
were provided with an electro-acoustic system (EAS). Fifty-four
patients had a hearing device and 14 patients had a CI on the
contralateral ear. Fifteen patients had to be excluded due to visual
impairment (n = 4), upper limb motor dysfunction (n = 1),
language barrier (n = 8), and 2 due to the onset of psychiatric
disorder. Eighty-six people underwent cognitive testing prior to
cochlear implantation [mean age, 67.89 (SD = 8.9)]. Seventy-
one of the 86 subjects [mean age, 66.03 (SD = 9.15)] performed
cognitive assessment prior to as well as 12 and 24 months post
cochlear implantation whereas 15 of the 86 subjects initially
dropped out during the 24 months due to serious health problems
(n = 4), death (n = 1), unwillingness to participate (n = 6),
or relocation (n = 4). Sixty-seven of the 71 subjects underwent
additional cognitive assessment after 6 months.

Data on the 71 subjects included in the present study are
summarized in Table 1.

Audiometric Assessment
Pure-tone thresholds were measured preoperatively for each ear
at 0.25–8 kHz in a soundproof booth (DIN EN ISO 8253). Speech
testing in quiet was performed pre- and post-operatively by the
German Freiburg monosyllabic speech test at 65 and 80 dB by an
experienced audiologist preoperatively and 6, 12, and 24 months
after implantation. Postoperative speech scores assessed by the
Freiburger monosyllabic speech test were performed in CI-only
testing condition.

Neurocognitive Assessment
Subjects underwent a cognitive evaluation preoperatively and
6, 12, and 24 months after cochlear implantation. All the
tests were presented only in a visual condition. Before the
assessment, the patients were briefed by a professional and given
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TABLE 1 | Demographic and audiometric data prior to implantation standard
deviation (SD); 4-pure-tone average (PTA); sound pressure level (SPL).

Number of participants 71

Age in years (SD) 66.03 (9.15)

Gender

Female n = 25
mean age 65.68 (9.78)

Male n = 46
mean age 66.22 (8.89)

Hearing status

Duration of hearing aid use prior to cochlear implantation
(SD)

22.12 (14.29)

Duration of severe-to-profound hearing loss in years (SD) 19.98 (14.23)

4-PTA on the better/poorer hearing ear in dB (SD) 80.03 (20.20)/100.03
(11.57)

Unaided monosyllabic speech perception in quiet at
65dB/80dB SPL in% (SD) on the poorer hearing ear

6.79 (12.54)/12.54
(18.45)

Monosyllabic speech perception in quiet in the best aided
condition at 65 dB/80 dB SPL in% (SD) on the poorer
hearing ear

8.98 (15.73)/16.1
(21.62)

a pretest to familiarize with the test battery. The computer-
based neurocognitive assessment tool (ALAcog) consisted of nine
subtests covering the following cognitive domains, as previously
described by Falkenstein et al. (1999), Völter et al. (2017), and
Völter et al. (2018):

- The M3 test assessed attention. Herein, a target letter
within distractors had to be correctly identified as
fast as possible.

- In the (delayed) recall test, 10 words were presented
simultaneously, and they had to be remembered
immediately and after 30 min.

- Working memory was assessed by the 2-back and the
Operation Span (OSPAN) task. In the 2-back task, subjects
had to press each time in case a letter was shown
which was identical to the second last. In the Dual-Task
Operation Span (OSPAN), equations had to be solved while
remembering the letters at the same time.

- To evaluate the inhibitory abilities, the Flanker task was
included where the subjects had to react to a target arrow
flanked by arrow pointers, above and underneath, pointing
in the same (compatible Flanker) or in different directions
(incompatible Flanker). The total Flanker score is the
difference between the incompatible Flanker (iFlanker)
and the compatible Flanker (cFlanker) score.

- The Trail Making Test (TMT) was included to measure
the processing speed (TMT A) and mental flexibility (TMT
B). In both subtasks, randomly shown items had to be
sorted as quickly as possible; in TMT A, numbers from
1 to 26 had and in TMT B, numbers from 1 to 13 and
letters from A to M have to be sorted. The total TMT is the
difference between TMT B and TMT A. Prior to the TMTs,
a motor test was applied, where 26 gray squares are shown
on a screen and one of these squares turns into green, in
a random order and the participant was asked to click as
soon as one square gets green.

A comprehensive set of raw data was created for each subtest
including the reaction time and the number of correct and
incorrect responses. A total score, the inverse efficiency (IE), was
calculated based on the time needed and the number of correct
answers given. A lower IE score indicated a better performance.
Practice effects were minimized by different test versions.

Questionnaires
The Nijmegen Cochlear Implant Questionnaire (NCIQ)
(Hinderink et al., 2000) was used to evaluate the health-related
QoL. It comprised 60 statements with five options to answer,
ranging from 0 (not at all) to 100 (very good). The total score was
calculated from three domains, which were further divided into
6 subdomains: (1) physical domain: (a) basic sound perception,
(b) advanced sound perception, and (c) speech production;
(2) psychological domain: (a) self-esteem; (3) social domain: (a)
activity limitations and (b) social interactions. A higher score
represented a better health-related QoL.

The semi-structured interview Cognitive Reserve Index
Questionnaire (CRIq) (Nucci et al., 2012), which measures
the CR throughout lifetime, covers information in three
subcategories: (1) education, (2) leisure time, and (3) working
activity, and also the demographic data. Education was related
to the number of school years, occupational training, and
other activities, such as learning a new instrument or a
language. Leisure time included free-time activities, such as sports
and reading. Working activities were classified based on the
responsibilities and demands according to the years worked. In
the CRIq, participants got 1 point for every completed school
year and 0.5 points for every uncompleted school year. Years
of vocational training and university years were assessed in
the same way. For a doctoral degree, 5 points were added. If
other supervised training courses, such as language, chess, or
photography courses, were attended, 0.5 points were added for
6 months of attendance for each (Nucci et al., 2012). A total
score was calculated by combining the three subdomains adjusted
for age. A score less than 70 points represented a low, 70–84 a
medium-low, 85–114 a medium, 115–130 a high-medium, and
greater than130 a high CR. The results were adjusted for age by
correlating the number of years an activity had been carried out
by −0.56 for education, by 0.48 for working activity, and by 0.66
for leisure time. Furthermore, age effects have been ruled out by
linear models as described by Nucci (Nucci et al., 2012).

Depressive symptoms were questioned by the Geriatric
Depression Scale 15 (GDS-15) (Yesavage et al., 1983). A sum
score of 15 dichotic statements (yes/no) reflected the severity
of depressive symptoms. No depressive symptoms were present
with a score between 0 and 5 points, slight to moderate symptoms
with a score between 6 and 10 points, and 11 and more points
indicated a severe depression.

Statistical Analysis
Data were tested for distribution first. Whereas QoL, depression,
CRI, age, duration of hearing aid use, and duration of deafness,
as well as speech perception, were parametric, the cognitive data
were mostly non-parametric except the recall test. To ensure
consistency, for non-parametric data, the median and the 68%
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confidence interval, and for parametric data, mean and standard
deviation were reported. For all data, rank correlation between
two variables was calculated by using Kendall’s τ. For comparison
between pre- and post-operative results, the Wilcoxon–Mann–
Whitney U test was applied. The individual performance of the
subject was compared to the 68% confidence interval prior to
implantation. The TMT was calculated with linear models and
the rule of proportion, in case the participants were unable to
finish the task within the given time. The effect size was calculated
using Cohen’s d (d = 0.2–0.4 represented a small, d = 0.5–
0.7 a medium, and d ≥ 0.8, a large effect size) for parametric
data and after transformation for non-parametric data. Statistical
significance was set to p < 0.05. In all analyses, the p-values were
corrected for multiple comparisons using Bonferroni correction
to provide statistical accuracy.

Multi-regression analysis was performed to evaluate
the possible predictors for cognitive function after data
transformation by squaring or calculating the logarithm.
For each cognitive subtest (preoperative and postoperative
cognitive performance and changes in cognitive performance),
an analysis was performed. The CRIq total score, age, gender,
and monosyllabic speech perception at 65 dB SPL were
used as predictors.

The statistical program used was Medas (Grund,
Margetshochheim, Germany).

The study was approved by the ethics institution of the
Ruhr- University of Bochum (No. 16-5727-BR). All participants
gave their written consent. This study was in line with the
Declaration of Helsinki.

RESULTS

Cognitive Performance in the Follow-Up
After Cochlear Implantation
Totally (Figure 1 and Table 2), cognitive functions significantly
improved in three out of nine subtests, such as in the M3
(p = 0.00004, d = 0.59), OSPAN (p = 0.002, d = 0.41),
and the Flanker task (p = 0.0002, d = 0.34) 6 months after
cochlear implantation. Between 6 and 12 months, significant
improvements were seen for the recall (p = 0.003, d = 0.38)
and the verbal fluency task (p = 0.0048, d = 0.37). The 2-back
performance showed an increase from preoperatively to 6 months
postimplantation (p = 0.02) and remained stable after 12 months
(p = 0.9); however, significance was not achieved until 24 months
postimplantation (p = 0.002, d = 0.32). The incompatible Flanker
performance was similar to the total Flanker performance;
it significantly improved from preoperatively to 6 months
postoperatively (p = 0.001, d = 0.2) and remained stable after
12 (p = 0.74 and 24 months (p = 0.87), whereas the compatible
Flanker task remained unchanged over the whole period (each
p ≥ 0.005).

One year after implantation, improvement reached
significance in six out of nine subtests. The M3 (p = 0.00001,
d = 0.57) and the OSPAN (p = 0.00003, d = 0.57) were the
neurocognitive subdomains, which improved the most from
preoperatively to 12 months postoperatively, whereas recall

(p = 0.003, d = 0.44), delayed recall (p = 0.0002, d = 0.44), and
verbal fluency (p = 0.003, d = 0.45) showed only a small effect
size. No further improvement was observed between 12 and
24 months (each p ≥ 0.06).

After 2 years (Table 2), cognitive performance in almost
all subtests was significantly better than pre-implantation (each
p ≤ 0.002) except for the total Flanker (p = 0.01) and the
total TMT (p = 0.04). Whereas TMT A did not improve earlier
than after 24 months (p = 0.0005, d = 0.37), TMT B remained
unchanged between preimplantation and 24 months (p = 0.78)
which resulted in a decrease in the total TMT score after
24 months (p = 0.04). This was independent of the motor
functions, which did not change during the follow-up period
(each p ≤ 0.22).

Based on the individual performance of the subjects, 12 out
of 71 subjects performed worse than the 68% confidence interval
in three or even more subtests preoperatively, and in only three
out of 71 subjects one year after cochlear implantation. One
subject achieved comparable scores in three subtests, another
subject improved his/her performance from initially 4 to 3 poorly
done tests, and another individual could not keep up his/her
performance in 4 instead of 3 subtests.

Analyzing the subtests showed that most of the initial poor
test results improved and reached a level within or even above
the range of 68% two years after cochlear implantation. This was
true for the M3 in 7 of 7 cases, for the recall in 6 of 7, the delayed
recall in 7 of 9, the OSPAN in 8 of 11 patients, for the Flanker in
7 of 10, and for the verbal fluency in all 8 subjects. However, the
2-back test improved only in 5 of 10 and the TMT A in 3 of 10,
and the TMT B in 3 of 9 subtests.

Between the first and the second year after cochlear
implantation, the performance remained stable in 3 or more tests
in 70 and in 5 or more tests in 63 individuals. Among 5 subjects,
the performance decreased in more than 2 tests and in one subject
in more than 3 tests. Four individuals had better results in more
than 3 tests after 12 months.

Cognitive function positively correlated with age, both pre-
and post-operatively. Prior to CI, TMT A and B were poorer with
increasing age (p = 0.00047 and p = 0.0004). Twelve months after
implantation, recall and TMT A (p = 0.0015 and p = 0.0046), and
2 years after operation, M3 and TMT A correlated with each other
(p = 0.00012 and p = 0.0015). Improvement in cognitive functions
was independent of age in all different subtests and at each time
(each p ≥ 0.07). Speech perception in quiet at 65 dB and at 80 dB
was not correlated with cognitive function at any time point (each
p ≥ 0.005). Furthermore, improvement in speech perception did
not correlate with any cognitive subtests (each p ≥ 0.02). None of
the subtests differed according to gender.

Cognitive Reserve Index
The mean overall cognitive reserve index (CRI) in the 68 subjects
who answered this questionnaire was 111.35 (SD = 14.55), 99.73
(SD = 15.67) for the subcategory of working activity, 118.69
(SD = 19.66) for leisure time activities, and 107.15 (SD = 11.04)
for the educational background.

The overall CRI score was similar between men and women
[111.20 (SD = 13.65) and 112.42 (SD = 14.99); p = 0.52].
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FIGURE 1 | Median of the IE of the neurocognitive subtests at different times (preoperatively, 6, 12, and 24 months after cochlear implantation). A lower IE score
indicates a better performance. None of the subtest scores improved between 12 and 24 months after cochlear implantation.

Women [122.94 (SD = 20.85)] were more involved in leisure time
activities than men [110.56 (SD = 15.91); p = 0.003] and men
achieved a higher working score [107.68 (SD = 11.56) and 97.73
(SD = 16.01); p = 0.003]. Age positively correlated with the CRI
score (τ = 0.27, p = 0.001) and with the subdomains of education
(τ = 0.24, p = 0.004) and leisure time (τ = 0.302, p = 0.0003),
but did not correlate with the subdomain of working activity
(τ = 0.003, p = 0.97).

Subjects with a higher total CRI achieved better preoperative
cognitive results in 2 out of 9 tests (OSPAN τ = −0.33, p = 0.00008
and verbal fluency task: τ = −0.023, p = 0.006). The highest
preoperative correlation was found between cognitive functions
and the CRI category of working activity. No correlation
was detected with leisure time activities and education (each
p ≥ 0.005). Twelve months post-implantation, a better total CRI
was associated with a better IE of the TMT B (ττ = −0.25,
p = 0.003). After 24 months, none of the cognitive subtests
correlated with the CRI total score (each p ≥ 0.005) or any
subcategory, except verbal fluency with the subcategory of leisure
time activities (τ = −0.24; p = 0.003). Improvement in cognitive
functions after 24 months was greater for the attentional task M3
in case of a lower score in the working activity domain (τ = 0.24,
p = 0.003) (Figure 2).

Improvement in the QoL did not depend on the CRI
(total score or subdomains) (each p ≥ 0.14). Preoperative and
12 months postoperative speech perception at 65 dB in quiet was
independent of the CRI (each p≥ 0.08). The only correlation that
was found was between the subdomain of the working activity
and the monosyllabic speech perception at 65 dB (τ = 0.24,
p = 0.004) and 80dB (τ = 0.26, p = 0.002) after 2 years, with a better
speech perception in case of a better working activity score. The
other subdomains did not show any correlation (each p ≥ 0.06).

Multiple regression analysis showed that the total CRI was the
most important predictor for preoperative cognitive functions
in 4 out of 9 tests (M3, Recall, OSPAN, verbal fluency; each
p ≤ 0.005), followed by age in 3 out of 9 cognitive subtests
(delayed recall, TMT A, TMT B, Flanker; each p ≤ 0.0005). Two
years after implantation, age was the most important predictor in
5 out of 9 subtests (M3, Flanker, TMT A and B, and Recall).

Depression
In 59 subjects, the depressive assessment was performed pre-
and post-operatively. The mean level of depressive symptoms
was 2.65 (SD = 2.6). Fifty-one subjects reported not to have any
depressive symptoms at all (GDS < 6), 8 subjects reported mild
affective disorders (GDS: 6–10). None of the subjects included
suffered from major depression. Post-implantation, the level of
depressive symptoms significantly decreased to 1.96 (SD = 2.19)
(p = 0.01). The level of preoperative depressive symptoms was not
correlated with preoperative cognitive function (each p ≥ 0.01),
but with performance in the verbal fluency task after 12 months
(τ = 0.23, p = 0.0048). No significant correlation was found
between postoperative depressive symptoms and postoperative
cognitive skills (each p ≥ 0.01). In line with that, the decrease
of depressive symptoms did not correlate with the change in any
cognitive subtest (each p ≥ 0.04).

Audiometric Performance After Cochlear
Implantation
Monosyllabic speech perception at 65 dB on the implanted
ear significantly improved with a large effect size from pre- to
6 months postimplantation [from 6.96% (SD = 12.5) to 49.06%
(SD = 22.92); p < 0.0001, d = −1.9] (Figure 3). Between 6 and
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TABLE 2 | Median of the inverse efficiency (IE) and 68% confidence interval of the neurocognitive subtests.

Neurocognitive
subtest

Median 68% confidence interval p1
(pre-6)

p2
(6–12)

p3
(12–24)

p4
(pre-24)

M3 pre 909.5 699.47 1,398.23 0.00004* 0.41 0.06 0.00001*

post 6 764 599.08 1,113.53

post 12 737.5 610.31 1,038.16

post 24 735 583.67 951.96

Recall pre 620 400 700 0.48 0.003* 0.7 0.001*

post 6 520 260 700

post 12 520 260 620

post 24 520 260 700

Delayed recall pre 700 520 880 0.05 0.022 0.4 0.001*

post 6 700 456.55 830

post 12 620 400 830

post 24 700 260 874.71

OSPAN pre 604 374.16 901.89 0.002* 0.07 0.97 0.00004*

post 6 508 358.88 779.39

post 12 528 349.73 751.75

post 24 492 330.74 757.15

TMT A pre 726.5 513.95 1,427.22 0.31 0.21 0.88 0.0005*

post 6 718 504.47 1,403.75

post 12 680.5 473 1,230.49

post 24 661.5 472.89 1,242.95

TMT B pre 1230 721.89 2,035.69 0.23 0.05 0.37 0.78

post 6 1264 779.42 2,598.32

post 12 1219 697.31 2,008.82

post 24 1131.5 800.84 2,156.63

Verbal fluency pre 830 735 880 0.07 0.0048* 0.12 <0.00001*

post 6 800 710.94 855

post 12 800 660 855

post 24 770 620 830

2-back pre 583.5 452.63 977.69 0.02 0.9 0.24 0.002*

post 6 539 415.31 910.12

post 12 546 414.31 771.84

post 24 580 393.89 859.05

Flanker pre 118 53 352.51 0.0002* 0.38 0.81 0.01

post 6 96 48.18 163.82

post 12 100 38.21 231.25

post 24 112 50.79 228.48

p1 means comparison between pre- and 6 months, p2 means comparison between 6 and 12 months, p3 means comparison between 12 and 24 months after cochlear
implantation, and p4 means comparison between preoperative and 24 month-postoperative performance. A lower IE score indicates a better performance.
*After Bonferroni correction, the p-value was set to a value < 0.005 and is written in bold.

12 months, further improvement could be detected (p = 0.00009,
d = −0.54), whereas after 1 year, speech perception remained
stable (p = 0.45). The same was true for speech perception
at 80 dB. Patients improved from 12.54% (SD = 18.30) to
61.59% (SD = 23.6) (p < 0.0001, d = −2.02) after 6 months,
to 69.85% (SD = 21.95) between 6 and 12 months after
implantation (p = 0.00007, d = −0.56). No further benefit was
observed between 12 and 24 months (p = 0.88). After 2 years,
59.56% (SD = 20.79) of the monosyllabic words were correctly
understood at 65 dB and 70.92% (SD = 19.52) at 80 dB. Speech
perception did not correlate with depressive score at any time
point (each p ≥ 0.04).

Changes in Health-Related QoL After
Cochlear Implantation
Data from the Nijmegen Cochlear Implant Questionnaire were
available for 69 subjects before and 6, 12, and 24 months after

implantation (Table 3). Before implantation, the category social
with the two subcategories of activity limitation and social
interaction was judged to be mostly impaired, followed by the
category, advanced sound perception.

After 6 months post-implantation, subjects significantly
improved with a large effect size in the total score (p < 0.00001;
d = −1.07) and in the subdomains (each p < 0.00001). There
was no further improvement between 6 and 12 months after
Bonferroni correction with p < 0.005 (each p ≥ 0.04) (Figure 4).
The greatest improvement 1 year after implantation with 22.49
additional points was seen for the category of basic sound
perception (d = −1.08). The subcategory of social interaction
improved by 19.48 extra points (d = −1.12) and advanced
sound perception by 19.18 (d = −1.0). Results remained stable
up to 24 months after cochlear implantation (each p ≥ 0.17).
Depression was highly correlated with the QoL pre- and
post-operatively. Before cochlear implantation 8 out of 9 and
postoperatively 7 out of 9 Nijmegen subcategories were rated
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FIGURE 2 | Scatterplot of CRI working activity and improvement in the
attentional task (inverse efficiency) from pre- to 24 months post implantation.
A lower score on the y-axis (M3 test) indicates greater improvement, a higher
score on the x-axis (CRI-working activity) indicates a higher cognitive reserve
index (CRI).

FIGURE 3 | Mean monosyllabic speech understanding at 65 and 80 dB
assessed by the Freiburg monosyllabic speech test preoperatively, and 6, 12,
and 24 months after cochlear implantation.

lower in case of a higher GDS-15 score. Further, improvement
in QoL after 24 months came along with an improvement in the
depressive symptoms (τ = −0.32, p = 0.0009).

No correlation was found between health-related QoL and
cognitive functioning neither pre-, nor postoperatively, after
Bonferroni correction (each p ≥ 0.005).

TABLE 3 | Mean score of the Nijmegen Cochlear Implant Questionnaire.

Nijmegen
subscores

Mean Standard
deviation

p1
(pre-6)

p2
(6–12)

p3
(12–24)

p4
(pre-24)

Basic sound
perception

pre 48.62 22.54 <0.00001* 0.47 0.56 <0.00001*

post 6 70.48 17.53

post 12 71.11 17.59

post 24 74.22 17.61

Advanced
sound
perception

pre 45.93 23.26 <0.00001* 0.17 0.69 <0.00001*

post 6 62.82 17.59

post 12 65.11 19.84

post 24 66.70 17.15

Speech
production

pre 65.99 19.22 <0.00001* 0.44 0.37 <0.00001*

post 6 76.99 16.25

post 12 79.34 15.41

post 24 79.01 15.07

Self esteem pre 47.01 18.27 <0.00001* 0.04 0.22 <0.00001*

post 6 58.42 16.18

post 12 62.35 16.0

post 24 64.33 14.95

Activity
limitations

pre 43.62 21.4 <0.00001* 0.33 0.17 <0.00001*

post 6 59.83 18.48

post 12 62.44 21.09

post 24 65.37 16.94

Social
interactions

pre 45.18 21.27 <0.00001* 0.06 0.42 <0.00001*

post 6 61.56 17.01

post 12 64.66 20.21

post 24 66.9 16.89

Physical pre 53.69 18.62 <0.00001* 0.3 0.67 <0.00001*

post 6 69.9 14.13

post 12 71.89 15.18

post 24 73.31 13.99

Social pre 44.40 20.32 <0.00001* 0.12 0.33 <0.00001*

post 6 60.7 16.67

post 12 63.55 19.84

post 24 66.13 16.29

Total score pre 49.57 17.00 <0.00001* 0.1 0.4 <0.00001*

post 6 64.71 13.73

post 12 67.34 15.23

post 24 69.24 12.85

The value p1 means p-value for the comparison between pre- and 6 months, p2
means p-value for the comparison between 6 and 12 months, p3 means p-value
for the comparison between 12 and 24 months after cochlear implantation, and
p4 means p-value for the comparison between preoperative performance and
24 months postoperatively. *After Bonferroni correction, the p-value was set to
< 0.005 and is written in bold.

DISCUSSION

To the best of our knowledge, the present study is one of
the first to evaluate a broad spectrum of different cognitive
subdomains for a follow-up of 2 years in a large population
in a single-center study with multiple fixed time points. So far,
only a few single-center studies have analyzed the long-term
effects of cochlear implantation after one year (Sarant et al.,
2019; Huber et al., 2020). Few studies repeatedly evaluated speech
perception, cognitive domains, and health-related QoL in the
same participants to study the impact of auditory restoration on
cognition (Mosnier et al., 2015, 2018; Völter et al., 2018, 2020b;
Sarant et al., 2019).
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FIGURE 4 | Mean score of the Nijmegen Cochlear Implant Questionnaire. Preoperatively and 6, 12, and 24 months after cochlear implantation.

Auditory rehabilitation by cochlear implantation significantly
improved the neurocognitive functions of people with
hearing impairment; however, enhancement differed for the
neurocognitive subtests. Whereas attentional driven domains,
such as attention, inhibition, and working memory already
improved after 6 months, mainly memory-based tests as short-
and long-term memory and verbal fluency first improved after
12 months.

Subjects with hearing impairment and a poor preoperative
cognitive performance showed a greater benefit from cochlear
implantation than those with better cognitive skills. This has
already been reported by Mosnier et al. (2015) in 30 out of 37
subjects with preoperative abnormal scores in two or more of the
cognitive tests (Mosnier et al., 2015) and by Zhan et al. (2020) in
19 CI users with a medium to large effect size (Zhan et al., 2020).

Although the impact of hearing loss on psychosocial well-
being is already known and the improvement after cochlear
implantation has been described in various studies (Olze et al.,
2011; Mosnier et al., 2015; Brüggemann et al., 2017; Lawrence
et al., 2020), its influence on cognitive performance has been
analyzed only by Huber et al. (2020), who described that people
suffering from depressive symptoms required significantly more
time to complete the TMT B task, and by Castiglione et al. (2016),
who elucidated a negative correlation between the Geriatric
Depression score and the performance on the Montreal Cognitive
Assessment in a sample of 15 CI subjects post-implantation
(Castiglione et al., 2016). However, in the present study,
the correlation between depressive symptoms and cognitive
functions was small and only significant in verbal fluency.

The overall CR score positively correlated with preoperative
cognitive performance in working memory. Subitem analysis
revealed that the subdomain of working memory came along with
better results in the M3, the verbal fluency, and in the Flanker
tasks. In contrast, subjects with a lower CRI working activity
subscore improved the most in the attentional task. This has also
been observed by Chan et al. (2018) who analyzed the cognitive
ability and brain structure in subjects with low and high mid-life
activities (Chan et al., 2018). So far, the impact of socioeconomic
background in this context is sparse in literature and data have
been reported only with regard to the educational background.
Sarant et al. (2019) reported in a study on 59 CI candidates that
executive functions as assessed by the Groton Maze learning test
highly correlated with the subject’s educational background, but
improvement in the latter was only significant after 18 months for
men without tertiary education, whereas in all other participants,
it remained stable. However, it has been shown in a longitudinal
cohort study in 2,899 subjects aged 77.8 who underwent annual
cognitive testing, that education only correlated with the initial
level of cognitive function but not with the rate of cognitive
decline in the composite measures of global cognition, episodic
memory, and perceptual speed (Wilson et al., 2019).

Notably, the greatest improvement in cognitive performance
was within the first 6 months after cochlear implantation.
Between 12 and 24 months, cognition remained stable and the
pattern of enhancement in the cognitive function was similar
to the pattern of improvement in speech perception and in
QoL, even if the effect size in cognition was smaller than in the
speech domain. In total, a significant improvement in almost

Frontiers in Aging Neuroscience | www.frontiersin.org 9 March 2022 | Volume 14 | Article 838214237

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-838214 March 19, 2022 Time: 8:27 # 10

Völter et al. Cognition, Cognitive Reserve, Cochlear Implantation

all the studied cognitive subdomains was detected from pre-
to 24-months postimplantation. This is remarkable if you keep
in mind that a decrease in cognitive performance, mainly in
fluid intelligence, is regarded as a part of the physiological aging
process (Salthouse, 2009; Diamond, 2013; Whitley et al., 2016).

Therefore, the present data may support the cognitive load
theory hypothesis. Given the limited capacity of cognitive
resource, a decrease in the listening effort by CI might have
re-allocated the cognitive resource to other cognitive processes
and thereby enhanced the overall cognitive functions. However,
no correlation was observed among the improvement in speech
perception, cognitive abilities, and QoL in the present study. This
has already been observed by others. Although improvement
in QoL and speech perception have been described up to and
beyond 2 years, the improvement increased the most within
the first 6 months of the device use (Olze et al., 2011; Lenarz
et al., 2012; Völter et al., 2018; Andries et al., 2021); only a weak
association between health-related QoL and speech perception
in CI users has been described in previous studies (Moberly
et al., 2017; Vasil et al., 2020). In a meta-analysis by McRackan
et al. (2017) covering 13 articles with 715 subjects, correlation
between speech perception measures, such as word or sentence
recognition in quiet and sentence recognition in noise, and QoL
in total or in the different subscores was only low or even
neglectable (McRackan et al., 2017).

Further, an association of auditory and cognitive performance
following cochlear implantation has been rarely reported (Cosetti
et al., 2016; Wazen et al., 2020; Zhan et al., 2020; Knopke
et al., 2021). Zhan et al. found only a correlation of sentence
recognition in quiet after 6 months with the incompatible
Stroop and the Symbol Span test, but not for the Digits or
Object Span test (Zhan et al., 2020). Huber et al. reported a
correlation of an improvement in the Clock Drawing test with
monosyllabic and sentence recognition in quiet 3 months post-
implantation, but not after 12 months (Huber et al., 2021).
Mosnier et al. found no association between speech perception
in quiet or in noise and in cognitive measures (Mosnier et al.,
2018). This was also true in the study by Knopke et al.
that analyzed speech perception in quiet and in noise and
in the Wechsler Adult Intelligence Score (WAIS-IV scores)
(Knopke et al., 2021).

On the other hand, cochlear implantation might also have an
indirect effect on cognition. Considering cochlear implantation
as a proactive plan of the subject with hearing impairment to deal
with a disease, it may thereby be a strategy to slow down the age-
related cognitive decline. Having a purpose in life has been shown
to be associated with the reduced risk of Alzheimer’s disease in a
longitudinal epidemiologic clinicopathologic study in 246 older
subjects by Boyle et al. including cognitive evaluations and brain
autopsy, even after controlling potentially confounding variables
(Boyle et al., 2012).

Furthermore, one has to keep in mind that cochlear
implantation is embedded in a complex rehabilitation setting
with multiple appointments at the CI center including audio
processor fitting and auditory training in the first months after
implantation, and therefore entail enhanced opportunities to
engage in social and cognitive stimulation. The role of an

enriched environment to stimulate the plasticity of the brain
in the elderly and thereby to counteract the age-dependent
decline of cognitive performance has already been described in
the sixties in animal studies and in humans (Diamond et al.,
1964; Eisenstein et al., 2021). Activities that combine physical
activity, social interaction, sensory and cognitive stimulation
have been shown to be an environmental enrichment leading
to an improved performance also in non-trained tasks (Li
et al., 2011; Bavelier et al., 2012). Especially for individuals
without a college degree, increased cognitive engagement in
older age, such as reading, doing word games, and attending
educational courses, is important for reducing the decline
in executive functions. This emphasizes the importance of
promoting and encouraging increased engagement especially
among those with lower educational attainment who generally
are at greater risk to cognitive decline (Stieger and Lachman,
2021). Furthermore, social network or frequency of contacts,
mainly with friends might promote cognitive health and reduce
the risk of dementia (Sommerlad et al., 2019; Röhr et al., 2020).
Over time, successful rehabilitation after cochlear implantation
might also change the social interaction and free leisure time
activities (Hawthorne et al., 2004; Nijmeijer et al., 2021) and
thereby increase the CR. However, the study period of two
years might be too short to report on these changes; further
investigations, including the assessment of the CR in the follow-
up after the restoration of hearing loss, should be performed in
the future.

Another limitation of the present study is that a control group
is missing, due to ethical reasons. This is a weakness in most
studies in this field (Miller et al., 2015; Dawes, 2019; Moberly
et al., 2019). Some studies, such as one by Jayakody et al., did a
comparison of CI candidates and CI recipients, although ideal
matching is challenging (Jayakody et al., 2017; Huber et al., 2020).
The study by Mertens et al. was the only one that enrolled
a control group of CI candidates matched to CI recipients in
terms of gender, age, formal education, cognitive functioning,
and residual hearing. But even in this high-quality study, the
sample size was small and inhomogeneous and bias cannot be
ruled out (Mertens et al., 2021). Another approach was applied by
Huber et al. (2021). Twenty-nine adult subjects aged 60–80 years
scheduled for cochlear implantation and an age- and education-
matched control group of normal-hearing subjects were enrolled
in this study. However, a clinical intervention group and a
healthy untreated control group might be difficult to compare.
Therefore, our approach to study cognition in the same subject
in the longitudinal follow-up of 2 years in a single center and
with fixed appointments seems reasonable. However, 5- or even
10-year data might be important and should be looked on in
further studies.

Whether cochlear implantation also has a positive effect
on subjects with cognitive dysfunction cannot be answered
as subjects with severe cognitive impairment were excluded
in the present study. So far, cognitive changes after cochlear
implantation in people with cognitive impairment have been
studied in detail only by few (Mosnier et al., 2018; Gurgel
et al., 2021). Half of the 38 subjects with an MCI remained
stable, 10 improved, and only two developed dementia, whereas
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12 out of 54 with preoperative normal cognitive functions
suffered from MCI 7 years after implantation in a study done by
Mosnier et al. (2018).

CONCLUSION

Auditory rehabilitation by cochlear implantation has a positive
impact on auditory functions, QoL, and neurocognitive
functioning. The present study clearly showed that cognition
significantly improves after cochlear implantation, mostly
6 months after the primary audio processor fitting. However,
there was no correlation between cognitive performance and the
hearing level or QoL. Therefore, cochlear implantation might
be considered a multifactorial active treatment that creates an
enriched environment stimulating the plasticity of the brain,
especially in subjects with poor preoperative performance and a
low cognitive reserve.
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Age-related hearing loss (ARHL) is a major hearing impairment characterized by
pathological changes in both the peripheral and central auditory systems. Low-grade
inflammation was observed in the cochlea of deceased human subjects with ARHL and
animal models of early onset ARHL, which suggests that inflammation contributes to the
development of ARHL. However, it remains elusive how chronic inflammation progresses
during normal aging in the cochlea, and especially the accompanying changes of
neuroinflammation in the central auditory system. To address this, we investigated
chronic inflammation in both the cochlea and the cochlear nucleus (CN) of CBA/CaJ
mice, an inbred mouse strain that undergoes normal aging and develops human, like-
late-onset ARHL. Using immunohistochemistry, confocal microscopy, and quantitative
image processing, we measured the accumulation and activation of macrophages
in the cochlea and microglia in the CN using their shared markers: ionized calcium
binding adaptor molecule 1 (Iba1) and CD68—a marker of phagocytic activity. We
found progressive increases in the area covered by Iba1-labeled macrophages and
enhanced CD68 staining in the osseous spiral lamina of the cochlea that correlated with
elevated ABR threshold across the lifespan. During the process, we further identified
significant increases in microglial activation and C1q deposition in the CN, indicating
increased neuroinflammation and complement activation in the central auditory system.
Our study suggests that during normal aging, chronic inflammation occurs in both the
peripheral and the central auditory system, which may contribute in coordination to the
development of ARHL.

Keywords: aging, macrophage, inflammation, hearing loss, cochlea, cochlear nucleus, microglia, complement

INTRODUCTION

Age-related hearing loss (ARHL) is among the most common ailments in the aging population,
affecting one in three people over the age of 60 and greater than one in two people over the age
of 75 (Lin et al., 2011). Its prevalence is expected to continue to climb given an increasing aging
population (US Census Bureau, 2014). Traditionally, ARHL was classified into different types
based on distinctive pathological changes of the cochlea and the altered audiogram (Schuknecht,
1964; Johnsson and Hawkins, 1972; Schuknecht and Gacek, 1993). The most prominent changes
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are the loss of sensory hair cells and spiral ganglion neurons
(SGNs; Makary et al., 2011). Recent studies showed that
long before the substantial cell loss and profound hearing
threshold elevation, cochlear synapses that connect hair cells
and SGNs can be significantly damaged (Kujawa and Liberman,
2015; Liberman, 2017; Kohrman et al., 2020) and may
be the onset-contributor of ARHL (Stamataki et al., 2006;
Sergeyenko et al., 2013; Liberman, 2017; Liberman and Kujawa,
2017). Deafferentation at the cochlear synapses during aging
is accompanied by the correspondingly degenerated central
auditory nerve (AN) synapses (O’Neil et al., 2011; Wang et al.,
2021), and collectively lead to reduced auditory input to the
cochlear nucleus (CN; Xie, 2016; Xie and Manis, 2017; Wang
et al., 2021) that impacts the signal processing of the entire central
auditory system and results in perceptual deficits of ARHL.
Treatments for ARHL primarily involve increasing sensory
input to the auditory system through medical devices such as
hearing aids or cochlear implants. Interventions to prevent the
progression or restore lost function remain lacking, partially due
to an incomplete understanding of the mechanisms underlying
human-like ARHL in animal models (Bowl and Dawson, 2015).
The question can be better investigated in animal models that
undergo normal aging and develop late-onset ARHL mimicking
human conditions.

Inflammation, or broadly, the activation of innate immune
responses, is a common pathway through which early-life
insults can cause long-term chronic pathology in peripheral
and central neural tissues (Finch, 2011). Macrophages in the
cochlea and microglia in the brainstem are long-lived resident
innate immune cells that can promote as well as resolve acute
inflammation in their respective niches depending on their
state of activation (Mosser and Edwards, 2008; Bachiller et al.,
2018; Liu et al., 2018). Failure to resolve inflammation may
contribute to cochlear pathology including synaptopathy and
hair cell loss. For example, cochlear macrophages were recently
found to accumulate in the AN in patients with ARHL (Noble
et al., 2019), whereas fully differentiated macrophages in the
basilar membrane were dynamically activated in response to
hair cell degeneration in C57 mice with early onset ARHL
(Frye et al., 2017). Ionized calcium binding adaptor molecule 1
(Iba1) is a cytoskeletal protein expressed in residentmacrophages
and is a useful marker to identify both cochlea macrophages
and microglia to measure their accumulation and changes
in cellular morphology associated with increased activation
(Ohsawa et al., 2004; Hovens et al., 2014; Bennett et al., 2016).
CD68 is a marker that reflects phagocytic activity in both
macrophages and microglia, and the level of CD68 corresponds
with pro-inflammatory activation (Holness and Simmons, 1993;
Ramprasad et al., 1996; Papageorgiou et al., 2016; Chistiakov
et al., 2017; Zrzavy et al., 2017). Using these tools, macrophages
have been shown to reside throughout the cochlea and likely
perform different functions depending on location given a wide
variation in morphologies (Liu et al., 2018). Macrophages in the
osseous spiral lamina (OSL) are of particular interest because of
their close proximity to cochlear synapses and adjacency with
AN fibers. Since the bony labyrinth constrains the amount of
swelling possible in this area, a small change in accumulation

or activation of OSL macrophages could have dramatic
impacts on auditory function. The active processes involved
in the resolution of inflammation following noise-, drug-,
or age-induced sensorineural hearing loss are likely relatively
conserved (Kalinec et al., 2017) and studies on these various
insults all support the notion that promoting the pro-resolution
activation of macrophages is an exciting target for preventing
the progression of sensorineural hearing loss. In particular,
age-related inflammation, which is often called ‘‘inflammaging’’,
uniquely results from the immunosenescence of the adaptive
immune system and compensatory innate immune activation
which partially restores host defense functions (Franceschi
et al., 2000; Watson et al., 2017). Inflammaging during normal
aging likely contributes to ARHL in humans (Verschuur et al.,
2014). Therefore, it is critical to study animal models of
late-onset ARHL with carefully controlled age groups and
hearing status.

In the central nervous system, neuroinflammation contributes
to the progression of numerous age-related conditions, including
cognitive decline in Alzheimer’s disease (Hong et al., 2016a)
and sensory loss in the aging visual and auditory cortices
(Tremblay et al., 2012). Microglial activation can be caused
by decreased neuronal activity (Schafer et al., 2012) and
result in increased complement deposition on tissues during
aging (Stephan et al., 2013). While microglial activation and
complement deposition have been investigated in the CN during
development (Noda et al., 2019), the dynamics of age-related
changes in CN microglia and complement remain unclear. To
address these gaps, we investigated chronic inflammation in
the cochlea and CN of CBA/CaJ mice with human-like, late-
onset ARHL (Sergeyenko et al., 2013; Wang et al., 2021). We
investigated cochlear macrophage accumulation and activation
as well as microglial activity and complement deposition in the
CN of young (1.5–4.5 months), middle-aged (17–19 months),
and aged (28–32 months) CBA/CaJ mice of either sex, using
immunohistochemistry, confocal microscopy, and quantitative
image analysis. The hearing status of all mice was assessed by
auditory brainstem response (ABR) to quantify the hearing loss.
We found a progressive increase in age-associated inflammation
in the cochlea and CN during ARHL corresponding with
increased ABR threshold, suggesting that chronic inflammation
occurs in both the peripheral and central auditory systems and
may contribute in coordination to the development of ARHL.
In particular, the enhanced inflammation in middle-aged mice
at the early stage of ARHL suggests that there might be a time
window during aging for earlier detection and development of
novel therapeutic targets to prevent the progression of ARHL.

MATERIALS AND METHODS

Ethical Approval
All experiments were conducted under the guidelines of the
protocols approved by the Institutional Animal Care and Use
Committee of The Ohio State University (IACUC protocol
number: 2018A00000055), which maintains an Animal Welfare
Assurance (#D16-00168/A3261-01) in compliance with the
United States Public Health Service Policy on Humane Care and
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Use of Laboratory Animals. We understand the ethical principles
under which the journal operates, and our work complies with
the animal ethics checklist.

Animals
Original Source
The study used CBA/CaJ mice of either sex, which were
purchased fromThe Jackson Laboratory (Bar Harbor, ME, USA),
bred, and maintained at the animal facility at The Ohio State
University (Columbus, OH,USA). Three age groups ofmice were
used that included 9 young (1.5–4.5 months), 12 middle-aged
(17–19 months), and 15 old (28–32 months) mice.

Husbandry
All mice were maintained under a 12:12-h light/dark cycle and
had ad libitum access to food and water. Auditory levels were
measured inside the facility and the noise level in the room
was less than 70 dB in broadband, and lower than 30 dB SPL
at 10 kHz.

Auditory Brainstem Response (ABR)
Mice were deeply anesthetized with an I.P. injection of ketamine
(100 mg/kg) and xylazine (10 mg/kg), which was verified by
the absence of toe-pinch reflex. The hearing status of the mice
was assessed using ABR recordings to determine the lowest
decibel level that generates a reliable response to clicks as
described previously (Wang et al., 2021). Briefly, anesthetized
mice were placed in a sound-attenuating chamber for recording.
A feedback-controlled heating pad was used to maintain body
temperature at ∼36◦C. ABR to clicks were recorded on a RZ6-
A-P1 system with BioSigRZ software using needle electrodes
placed at the ipsilateral pinna and vertex, with the ground
electrode at the rump (Tucker-Davis Technologies, Alachua,
FL, USA). Clicks (0.1 ms, monophasic with alternating phase;
21 times/s) were delivered through a free field MF1 magnetic
speaker (Tucker-Davis Technologies, Alachua, FL, USA) located
10 cm away from the pinna. ABR at each sound level was repeated
512 times and averaged.

Tissue Isolation and Preservation
Under deep ketamine/xylazine anesthesia, mice were
decapitated, and the skulls were opened to retrieve both
temporal bones and the brainstem for subsequent processing.
Each cochlea was carefully dissected out of the temporal bone
as previously described (Fang et al., 2019), flushed with 4%
paraformaldehyde (PFA) in 0.1 M phosphate buffered saline
(PBS). Cochleae were fixed overnight in 4% PFA in PBS at 4◦C.
Cochleae were then decalcified using 0.12 M EDTA in 0.1 M
PBS for 2–3 days with solution exchanged at least once. Whole
mount cochleae were prepared as previously described (Fang
et al., 2019). Briefly, cochlea preparations (containing the middle
and basal turns) were dissected out of the labyrinth under a
dissection microscope in 0.1 M PBS. Free floating, whole mount
preparations were then stained by IHC as detailed below. For
the brainstems, parasagittal slices containing the CN were cut at
a thickness of 500–600 µm to ensure capture of the entire CN
using a Vibratome 1000 (Technical Products, Inc., Cleveland,
OH, USA) or a VT1200S Microtome (Leica Biosystems, Wetzlar,

Germany). The tissue was then immediately fixed in 4% PFA
for 15 min at room temperature and rinsed in PBS (three
times for 15 min each). CN tissue was cryoprotected using 30%
sucrose in PBS, and then embedded in Cryo-Gel (Cat. #: 475237;
Instrumedics Inc., Ann Arbor, MI, USA). Finally, 30 µm thick
CN slices were cut using a cryostat slicer (Leica CM3050 S,
Leica Biosystems, Deer Park, IL, USA), attached to electrostatic
microscope slides, and stored at−80◦C until they were processed
for immunostaining as described previously (Lin and Xie, 2019).

Immunohistochemistry
Whole Mount Cochlea Preparation
After tissue preparation, whole-mount cochlea tissue was stained
as free-floating sections in a 12-well plate. The tissue sections
were blocked using 2% BSA, 0.1% Triton X-100 in 0.1 M PBS for
1 h at room temperature. Following blocking, primary antibodies
against CD68 (Rat anti-CD68; catalog no. MCA1957; Bio-Rad,
Hercules, CA, USA; dilution 1:200), Iba1 (guinea-pig anti-Iba1;
catalog no. 234004; Synaptic Systems, Göttingen, Germany;
dilution 1:500), and Myosin-VIIA (Rabbit anti-myosin-VIIA
IgG; catalog no. 25-6790; Proteus Biosciences, Ramona, CA,
USA; dilution 1:500) were applied overnight at 4◦C in 1% BSA,
0.1% Triton X-100 in 0.1 M PBS. Sections were then rinsed
three times with 0.1 M PBS for 15 min at room temperature,
then secondary antibodies (donkey anti-mouse IgG, Alexa Fluor
488, catalog no. A21202, Thermo Fisher Scientific, Waltham,
MA, USA; dilution 1:500; goat anti-rat IgG, Alexa Fluor 594,
catalog no. A11007; Thermo Fisher Scientific, Waltham, MA,
USA; dilution 1:500; goat anti-guinea pig IgG, Alexa Fluor
647 conjugated, catalog no. A21450; Thermo Fisher Scientific,
Waltham, MA, USA; dilution 1:500; goat anti-Rabbit IgG,
Alexa Fluor 750, catalog no. A21039, Thermo Fisher Scientific,
Waltham, MA, USA; dilution 1:500) were applied overnight at
4◦C in 1% BSA, 0.1% Triton X-100 in 0.1 M PBS.

Cochlear Nucleus Brain Slices
CN slices on slides were incubated in blocking solution (10%
horse serum, 0.5% Triton X-100 and 0.05% NaN3 in PBS) for 6 h
at room temperature. Primary antibodies against Iba1 (guinea-
pig anti-Iba1; catalog no. 234004; Synaptic Systems, Göttingen,
Germany; dilution 1:500), CD68 (Rat anti-CD68; catalog no.
MCA1957; Bio-Rad, Hercules, CA, USA; dilution 1:200), and
P2Y12 (rabbit anti-P2Y12; catalog no. AS-55043A; ANASPEC,
Fremont, CA, USA; dilution 1:500) or C1q (rabbit anti-C1q,
catalog no. ab182451; Abcam, Cambridge, MA, USA; dilution
1:100) were incubated overnight at 4◦C. Slides were washed
again in PBS (four times for 20 min each). Secondary antibodies
(goat anti-guinea pig IgG, Alexa Fluor 647 conjugated, catalog
no. A21450; Thermo Fisher Scientific, Waltham, MA, USA;
dilution 1:500; goat anti-rat IgG, Alexa Fluor 594, catalog no.
A11007; Thermo Fisher Scientific, Waltham, MA, USA; dilution
1:500; goat anti-rabbit IgG, Alexa Fluor 488, catalog no. A32731;
Thermo Fisher Scientific, Waltham, MA, USA; dilution 1:500)
were applied to the slides at room temperature for 4 h, washed
with PBS, and mounted on a slide with DAPI-Fluoromount-
G mounting media (Southern Biotech, Birmingham,
AL, USA).
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Imaging
All tissues were imaged using an FV3000 confocal microscope
(Olympus, Tokyo, Japan). Wide-view images were collected
using a 10× air objective, a z-step of 2 µm, and a resolution of
1,024 × 1,024. High-magnification images were collected using
a 60× oil immersion objective with no digital zoom, z-steps of
1 µm, and resolution of 1,024 × 1,024.

Image Analysis
Image analysis was conducted using ImageJ (U. S. National
Institutes of Health, Bethesda, MD, USA) software to quantify
stained area within regions of interest (ROI), and mean
fluorescent intensities for z-stack volumetric images. Briefly,
volumes were reduced to 2D maximum projections and
individual channels were quantified as appropriate, e.g.,
stained area. Colocalization analyses were conducted using
ImageJ. Complement immunoreactivity was quantified by mean
fluorescence intensity and reported in fold change compared to
young mice (Stephan et al., 2013; ImageJ).

Statistics
The study was cross-sectional using three different age groups of
mice. Power analyses calculated based on pilot studies showed
a sample size of five yields an alpha of 0.05 with a power
of >90%. All data groups were tested for normality using
Shapiro-Wilk normality tests. Data that satisfied the normality
assumptions, including cochlear macrophage accumulation and
activation, were compared across all ages using one-way
ANOVA to determine significance with post hoc Tukey
multiple comparisons to address individual group differences.
Non-parametric testing, specifically Kruskal-Wallis tests and
Dunn’s multiple comparisons tests were performed on data that
did not pass normality testing. Linear regression was applied,
and Pearson’s correlation coefficient was calculated to quantify
the strength of the correlation between the Iba1-labeled area and
ABR threshold. All data are presented as the mean ± SE.

RESULTS

OSL Macrophage Area Correlates With the
Severity of Hearing Loss Across the
Lifespan
We investigated whether and how macrophages accumulate
in the OSL of the cochlea across aging in CBA/CaJ mice.
Macrophages coordinate innate immune responses throughout
the body, including in the OSL (Brown et al., 2017). The OSL
is a thin bony structure in proximity to the organ of Corti
that houses fiber bundles including the peripheral projections
from SGNs and olivocochlear efferents from the brainstem.
We investigated macrophage accumulation and activation
in the OSL and found increases during aging (Figure 1).
Representative images from young, middle-aged, and aged
mice are shown in Figures 1A–C. Macrophage morphology is
heterogeneous within the OSL throughout the lifespan, even
during homeostasis in young animals (Figure 1A inserts), and
this heterogeneity is relatively conserved in middle-aged and
aged mice (Figures 1B,C inserts). We therefore analyzed the

number and average area of the Iba1-labeled macrophages
and found that both were significantly increased in the OSL
during aging (macrophage number: young = 259 ± 10.5,
middle-aged = 368 ± 21.8, aged = 483 ± 47.7 cells/mm2;
n = 5; one-way ANOVA: F(2,12) = 13.3, p < 0.001; average
macrophage area: young = 164 ± 15.3, middle-aged = 181 ± 7.2,
aged = 259 ± 35.9 µm2; n = 5; one-way ANOVA: F(2,12) = 4.875,
p < 0.05). Given the heterogeneity in morphology and the
increase of both macrophage number and average area,
our subsequent analyses focused on the total area covered
by OSL macrophages. We found that Iba1-labeled area
in the OSL increased across aging (Figure 1D; Iba1 area:
Young = 4.19 ± 0.42, Middle-aged = 6.66 ± 0.18,
Aged = 11.12 ± 0.28 µm2/100 µm2; n = 5, 8, 12,
respectively; one-way ANOVA: F(2,21) = 137.1, p < 0.0001;
Tukey multiple comparisons test: p < 0.001). We also
confirmed the characteristic late-onset of ARHL in
CBA/CaJ mice shown in Figure 1E (ABR threshold means:
Young = 28 dB, Middle-aged = 37 dB, Aged = 85 dB; one-way
ANOVA:F(2,21) = 108.9, p < 0.0001). The results showed that
the Iba1 area correlates with the severity of hearing loss across
the lifespan (Figure 1F; R2 = 0.9081; p < 0.002). Remarkably,
changes in resident macrophages manifest in the OSL in the
early stages of ARHL in the middle-aged mice group, prior to
significant tissue damage and cellular loss. This indicates that the
changes we observed, including the increase in the Iba1-labeled
macrophage area in the OSL, are not a response to the severe
tissue degeneration that occurs in late-stage ARHL. Given the
early elevation in the macrophage area, we further wanted to
understand the functional activation of resident macrophages
during normal aging.

Cochlear Macrophages Upregulate
CD68 Indicating Increased Phagocytic
Activation
Inflammaging describes the phenomenon of increased innate
immune responses during normal aging and is associated with a
decrease in the adaptive arm of the immune system (Finch, 2011;
Chambers et al., 2021). This low-grade, chronic inflammation in
various tissues throughout the body during aging contributes to
the pathology of numerous age-related diseases (Finch, 2011). It
is conceivable that the activation of cochlear macrophages in the
OSL during normal aging may be associated with the progression
of ARHL. Given the various kinds and degrees of macrophage
activation (Mosser and Edwards, 2008), we chose to investigate
a common marker of macrophage activation—CD68—which is
a lysosomal marker that is elevated during increased phagocytic
activity and corresponds with increased expression of canonical
pro-inflammatory pathways of resident macrophages (Holness
and Simmons, 1993; Raggi et al., 2017; Lin et al., 2019). We
found that CD68 area increased significantly across the lifespan
in OSL (Figures 2A–C; quantified in Figure 2D; CD68 mean
area: Young = 0.43 ± 0.09, Middle-aged = 0.82 ± 0.11,
Aged = 1.76 ± 0.39 µm2/100 µm2; n = 4 or 5; one-way
ANOVA: F(2,10) = 6.54, p < 0.05). Specifically, we found
that CD68 was expressed both in Iba1-labeled macrophages
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FIGURE 1 | ARHL-associated inflammation increases across the lifespan and correlates with the severity of hearing impairment in CBA/CaJ mice. (A–C)
Representative images of young, middle-aged, and aged mice showing accumulation of cochlear macrophages in the OSL, scale bar = 200 µm, inserts scale
bar = 10 µm. Myosin VIIA staining revealed minimal OHC loss (arrows) in middle-aged mice, while few OHC remained (triangles) in aged mice. (D) Significant
differences were found between all age groups. ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001. (E) ABR Threshold increases with age confirming late-onset ARHL. ∗∗∗p < 0.001. (F)
Regression analysis between macrophage area (µm2/100 µm2) and ABR Threshold to clicks (dB) reveals a significant linear correlation R2 = 0.9081, p < 0.002.

(Figures 2A–C; arrows) and other cells not labeled by Iba1
(triangles). The average amount of CD68 within macrophages
trended upward with aging in the OSL (Figure 2E; CD68+
Iba1+ area: Young = 1.50 ± 0.41, Middle-aged = 2.42 ± 0.72,
Aged = 3.72 ± 0.68 µm2/100 µm2 Iba1 area; n = 4 or
5; one-way ANOVA: F(2,10) = 3.19, p < 0.1). Similarly,
CD68 expression in other cells was significantly increased during
aging (Figure 2F; Iba1- CD68+ area: Young = 56.31 ± 5.39,

Middle-aged = 58.76± 3.22, Aged = 70.98± 2.60 µm2/100 µm2;
n = 4 or 5; one-way ANOVA: F(2,10) = 4.66, p < 0.05;
Tukey’s multiple comparisons tests: p < 0.05). It suggests that
during aging, resident macrophages in the OSL are activated
with increased phagocytic activity. In addition, it is likely that
the accumulation and recruitment of other immune cells may
also play an important role in the progression of ARHL. The
increased phagocytic activity at middle-age prior to significant
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hair cell loss indicates that inflammaging at the early stages of
ARHL involves alternative stimuli, including possibly decreased
activity or demyelination of nerve fibers, loss of synapses, and/or
retraction of peripheral projections of SGNs.

Microglia Become Activated in the CN
During Aging
Our previous studies in the CN, the first nucleus of the central
auditory system, showed that auditory input to the brain is
significantly reduced during ARHL (Xie, 2016; Xie and Manis,
2017). Given the ability of microglia to react to changes in
sensory-driven neuronal activity (Tremblay et al., 2012), we
further tested whether microglial activation occurs in the CN
during ARHL. Parasagittal tissue sections containing the CN
were fixed and stained by Iba1 and CD68 to investigatemicroglial
activation during aging (Figure 3). Representative images from
young, middle-aged, and aged CN (Figures 3A–F) show low and
high magnification images of the anteroventral CN (AVCN; see
schematic Figure 3G), where neurons receive AN input with
ARHL-associated synaptopathy during normal aging (Wang
et al., 2021). Compared to young mice, we found examples of
microglia with ameboid morphology in middle-aged and aged
mice (Figures 3D,F; triangle), suggesting microglia activation
in the CN during the development of ARHL. However, no
significant difference was found in the total Iba1-labeled area
in the AVCN (Figure 3H), likely due to a balance between
reduced numbers of microglia while each cell increased in area.
CD68-labeling predominantly co-localized with Iba1-labeling
across all age groups (Figures 3D,F; star), and was used to
assess functional activation of microglia. The total CD68 area
was very low in young mice, but significantly increased during
aging (Figure 3H, CD68 area: Young = 0.029 ± 0.009,
Middle-aged = 0.086 ± 0.017 and aged = 0.658 ± 0.145 µm2/100
µm2; n = 6 or 7; one-way ANOVA: F(2,16) = 18.35, p < 0.0001;
Tukey’s multiple comparisons tests: p < 0.001). Microglial
activation, like macrophages, occurs on a spectrum and is
best studied through multiple markers. P2Y12, a purinergic
receptor uniquely expressed by microglia that is downregulated
during activation (Zrzavy et al., 2017; Walker et al., 2020),
can also provide insight into the state of microglia. We
stained our samples with P2Y12 (Figure 3 green panels) and
found that P2Y12 was significantly decreased in the AVCN
of aged mice (Figure 3I, P2Y12 area: Young = 11.05 ± 0.96,
Middle-aged = 8.59 ± 1.11 Aged = 0.60 ± 0.11 µm2/100 µm2;
n = 6 or 7; one-way ANOVA: F(2,16) = 34.13, p < 0.0001;
Tukey’s multiple comparisons tests: p< 0.0001). High-resolution
imaging revealed that the decrease in P2Y12 involves global
downregulation in a heterogeneous manner, where the signal
was significantly lost in some microglia (Figure 3F, arrows)
but not others (Figure 3F, triangle, and star). Finally, we
found that CD68 area, relative to Iba1 area, is mildly
increased in middle-aged and drastically increased in aged
mice (Figure 3I, CD68/IBA ratio: Young = 0.80 ± 0.22,
Middle-aged = 2.58 ± 0.46, Aged = 23.26 ± 6.49 µm2/100 µm2;
n = 6 or 7; one-way ANOVA: F(2,16)= 11.98, p < 0.001; Tukey’s
multiple comparisons tests: p < 0.01). The results suggest that

major microglial activation occurs following the substantial loss
of input from the cochlea during late-stage ARHL.

Complement Deposition in the Cochlear
Nucleus Increases Dramatically During
Aging
Complement deposition in neural tissues is associated
with neuronal degeneration and increases with aging.
C1q initiates the classical complement cascade and is
typically used by the immune system for host defense and
debris clearance following injury. However, C1q and the
complement cascade also sculpt neural circuitry through
synapse elimination during development and disease (Schafer
et al., 2012; Hong et al., 2016a,b). We therefore labeled
C1q in the AVCN and found significant increases in C1q
immunoreactivity [C1q-IR (Stephan et al., 2013)] during aging
(representative images shown in Figures 4A–F; quantified
in Figure 4G; C1q-IR means: Young = 1.00 ± 0.13,
Middle-aged = 1.75 ± 0.12, Aged = 3.79 ± 0.57 mean
fluorescent intensity fold change vs. young; one-way ANOVA:
F(2,16) = 18.35, p < 0.0001; Tukey’s multiple comparisons
tests: p < 0.01, p < 0.0001). We also observed intracellular
C1q inside microglia dramatically increased across the lifespan
(Figure 4H; C1q inside microglia: Young = 0.6 ± 0.23,
Middle-aged = 1.75 ± 0.81, Aged = 3.64 ± 1.08 µm2/100 µm2;
n = 6 or 7; Kruskal-Wallis: H(3,19) = 7.122, p < 0.05; Dunn’s
multiple comparisons tests: p < 0.05). Finally, we analyzed the
content of C1q deposited onto the tissue in the AVCN (outside
of microglia) and found significant increases across aging,
with the most dramatic increase in aged mice (Figure 4I, C1q
deposition: Young = 0.052± 0.014,Middle-aged = 0.375± 0.178,
Aged = 4.24 ± 0.78 µm2/100 µm2; n = 6 or 7; Kruskal-Wallis:
H(3,19) = 13.62, p < 0.0001; Dunn’s multiple comparisons:
p < 0.05, p < 0.001). These results demonstrate that the
activation of microglia in the CN is accompanied by elevated
production and tissue deposition of C1q. It suggests that
neuroinflammation in the CN is significantly elevated during
aging, in whichmicroglial activation and complement deposition
may contribute to the progression of ARHL.

DISCUSSION

Innate Immune Activity Changes in the
Auditory System Across the Lifespan
The cochlea, despite early identification as an immune privileged
zone (Harris, 1983), can elicit immune functions both locally
and in response to systemic immune challenges (Cai et al.,
2014; Yang et al., 2016; Watson et al., 2017). Recent studies
of the unique populations of immune cells in the cochlea have
shown local immune cells and infiltrates (Wood and Zuo, 2017)
from the blood do indeed participate in surveillance and host
defense across the blood-labyrinth border (BLB). During normal
aging, however, many changes occur including increased BLB
permeability and baseline activation of innate immune function.
These age-related changes can result in the accumulation of
infiltrating immune cells and increased inflammation in tissues,
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FIGURE 2 | CD68 levels increase in OSL across aging. (A–C) Representative images of CD68 labeling in the OSL (ROI indicated by white dashed line) of young,
middle-aged, and aged mice. Note: occasionally the tectorial membrane was not completely removed adding noise in the signal. This noise was excluded from ROI
analysis (see ROI in panel C). Scale bar = 200 µm. Arrows: indicate Iba1+ CD68+ macrophages. Triangles: indicate CD68 outside Iba1+ macrophages. (D)
Quantification of CD68 shows significant increases across aging. ∗p < 0.05. (E) Co-localization of CD68 and Iba1 shows a trend toward increases in intracellular
CD68 inside Iba1-labeled macrophages across aging. #p < 0.1. (F) Quantification of CD68 outside Iba1-labeled macrophages shows an increase in Iba1− CD68+

only in aged mice possibly indicating increased infiltration. ∗p < 0.05. ns: not significant.

including the cochlea and brain (Shi, 2016; Nyberg et al., 2019),
leading to, or exacerbating, age-related pathology (Sun and
Wang, 2015; Neng and Shi, 2020).

Cochlea Inflammation Occur Prior to
Severe ARHL
Inflammation was reported in the cochlea in humans with ARHL
(Noble et al., 2019) and in animal models of early-onset ARHL
(Su et al., 2020). In this study, we investigated the progression

of chronic inflammation during normal aging in CBA/CaJ mice
with human-like ARHL (Sergeyenko et al., 2013; Wang et al.,
2021). We found that the accumulation of macrophages (Mosser
and Edwards, 2008) correlates with the severity of hearing
loss during normal aging, and that mild cochlear inflammation
emerges at middle-age prior to the rise of severe ARHL with
a profound elevation of hearing threshold (Figure 1F). Studies
showed that at this early stage of ARHL (∼18 months in
CBA/CaJ mice), there is minimal loss of hair cells and SGNs
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FIGURE 3 | Age-associated microglia activation in the CN. (A) Representative images showing the staining of Iba1, CD68, P2Y12, and the overlapped image of
Iba1 and CD68 in the AVCN of young mice. Dashed line marks the AVCN area for analysis; scale bar: 200 µm. (B) Magnified view of the ROI from (A); scale bar: 25
µm. (C–F) Same images obtained from middle-aged mice (C,D) and aged mice (E,F). Triangles mark: microglia with activation-associated morphology; arrows:
microglia with major downregulation P2Y12; and stars: microglia with increased CD68 content. Importantly, these three approaches to identify activation capture
various populations, suggesting heterogeneity of microglial activation in aged mice. Notice, for example, one of two microglia with downregulated P2Y12 (top arrow)
also had increased CD68 staining, while the other does not. (G) Schematic of the CN. Dashed square mark AVCN as shown in (A,C,E). (H) Summary changes of
Iba1- and CD68-labeled area during aging. Iba1-labeled area did not significantly differ between groups, while CD68 increased with age. One-way ANOVA:
∗∗∗p < 0.001. ns: not significant. (I) P2Y12 is downregulated during late-stage ARHL when the most dramatic increase in phagocytic activation occurs as quantified
by colocalized area µm2/100 µm2 CD68/Iba1. One-way ANOVA: ∗∗p < 0.01; ∗∗∗∗p < 0.0001.

(Sergeyenko et al., 2013), but significant loss of cochlear synapses
and degeneration of AN central synapses (Wang et al., 2021).
Therefore, it is likely that the accumulation and activation of
cochlear macrophages in the OSL is not a result of cell death

but rather changes in the activity of the sensory apparatus,
including loss of synapses, retraction of peripheral processes
of SGNs, and/or demyelination of AN fibers. Our findings
suggest that there could be a window at the middle-age for
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FIGURE 4 | C1q deposition in the CN dramatically increases during ARHL. (A–C) Representative images to show that C1q-IR is progressively increased throughout
the CN during aging. Scale bar = 200 µm. (D–F) High resolution confocal imaging reveals intracellular C1q inside microglia dramatically increases in aging. Arrows:
C1q deposited on tissue outside of microglia; Stars: internal C1q inside microglia. Scale bar = 25 µm. (G) Quantification of C1q-IR by mean fluorescence intensity
analyzed by ImageJ shows significantly increased C1q-IR across the lifespan. ∗∗p < 0.01; ∗∗∗∗p < 0.0001. (H) C1q levels rise inside microglia across aging.
∗p < 0.05. (I) The total amount of C1q deposition increases with age. ∗p < 0.05; ∗∗∗p < 0.001.

therapeutic interventions in treating ARHL and that preventing
the accumulation of macrophages early in disease progression is
a promising target.

Decreased Sensory Input May Drive
Increased Complement Deposition in the
AVCN
Our studies showed that AN synaptopathy in the CN
contributes to functional deficits in ARHL (Xie, 2016; Xie and
Manis, 2017; Wang et al., 2021). The mechanisms of such

AN central synaptopathy remain unclear. It is known that
neuroinflammation is involved in synaptic pruning during both
development and disease, making it a tantalizing target for
investigation. In addition to potential neuronal mechanisms
for ARHL-associated synaptopathy, increased activation of
brainstem microglia may contribute to the degradation of
auditory synapses in the AVCN. Our findings that C1q
significantly increases in the CN during aging suggest that the
complement system is activated during the development of
ARHL. Middle-aged mice showed smaller increases in microglial
production and tissue deposited C1q suggesting this could
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be a window for therapeutic interventions. Further studies
should examine the localization of C1q deposition and other
components of the classical complement cascade on endbulb
of Held synapses, and other central auditory synapses, during
ARHL. Future interventions targeting innate immune pathways
may provide exciting new opportunities for the development of
novel therapeutics to prevent the progression of or restore lost
function in ARHL.
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Norrie disease (ND; OMIM 310600), a rare X-linked recessive genetic disorder, is
characterized by congenital blindness and occasionally, sensorineural hearing loss, and
developmental delay. The congenital blindness of ND patients is almost untreatable;
thus, hearing is particularly important for them. However, the mechanism of hearing loss
of ND patients is unclear, and no good treatment is available except wearing hearing-
aid. Therefore, revealing the mechanism of hearing loss in ND patients and exploring
effective treatment methods are greatly important. In addition, as a serious monogenic
genetic disease, convenient gene identification method is important for ND patients
and their family members, as well as prenatal diagnosis and preimplantation genetic
diagnosis to block intergenerational transmission of pathogenic genes. In this study, a
Norrie family with two male patients was reported. This pedigree was ND caused by
large fragment deletion of NDP (norrin cystine knot growth factor NDP) gene. In addition
to typical severe ophthalmologic and audiologic defects, the patients showed new
pathological features of endolymphatic hydrops (EH), and they also showed acoustic
nerves abnormal as described in a very recent report. PCR methods were developed
to analyze and diagnose the variation of the family members. This study expands the
understanding of the clinical manifestation and pathogenesis of ND and provides a new
idea for the treatment of patients in this family and a convenient method for the genetic
screen for this ND family.

Keywords: norrie disease, NDP, gene deletion, hearing loss, endolymphatic hydrops

INTRODUCTION

Norrie disease (ND) is a rare X-chromosome-linked recessive genetic disease, mainly characterized
by congenital blindness. Almost all patients are male, and the incidence rate is approximately
1/100,000 (Rodriguez-Munoz et al., 2018). ND patients develop retroretinal masses called
pseudogliomas, which leads to blindness, due to the degenerative and proliferative changes in the
retina. In addition, approximately 50% of patients show progressive neurological diseases, such as
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cognitive impairment and behavioral abnormalities.
Approximately, one third of patients develops sensorineural
hearing loss in their 20 s (Warburg, 1975). Some patients
have more complex symptoms, including microphthalmia,
developmental delay, and epilepsy. Patients also have other
eye problems in infancy, such as corneal leukoplakia, iris
atrophy, retroretinal fibrosis, vitreous hemorrhage, and retinal
detachment (Lev et al., 2007; Okumura et al., 2015). Peripheral
vascular disease consisting of leg ulcers and varicose veins has
been described in a small number of patients (Michaelides et al.,
2004; Smith et al., 2012).

The NDP (norrin cystine knot growth factor NDP) gene
mutation is the only genetic factor of ND (Talebi et al.,
2018). NDP maps to chromosome Xp11.2–11.3 and has three
exons with a 1.85 kb transcript. The protein Norrin encoded
by NDP, containing 133 amino acids, is expressed in the retina,
choroid, and brain (Sims et al., 1992). Norrin is a secretory
protein rich in cysteine junction motif (Andarva et al., 2018) and
is mainly secreted by Muller cells and partly by retinal epithelial
cells; Norrin is also found in retinal macrophages (Seitz et al.,
2010; Chen et al., 2011). Norrin, as the ligand of the Wnt pathway
receptor FZD4, can regulate the angiogenesis of related organs
by activating the Wnt signaling pathway. Mutation or deletion of
this protein can lead to eye diseases, such as ND (Xu et al., 2004;
Chang et al., 2015).

The congenital blindness of ND patients is almost untreatable;
thus, hearing is particularly important for them. However,
the mechanism of hearing loss of ND patients is unclear,
and no good treatment is available in addition to hearing-
aid. Therefore, revealing the mechanism of hearing loss in ND
patients and seeking treatment methods are greatly important. In
addition, as a serious monogenic genetic disease, convenient gene
identification method is greatly important for ND patients and
their family, as well as prenatal diagnosis and preimplantation
genetic diagnosis to block intergenerational transmission of the
pathogenic genes. In this study, a large fragment deletion in
NDP was identified in a Han family with ND. In addition to
the reported ophthalmologic and audiology defects, the patients
of this family showed new characteristics of hearing loss and
cochlear damage, and they also showed acoustic nerves abnormal.
At the same time, we developed PCR method to diagnose
the variation of the family members. This study expands the
understanding of the clinical manifestations and pathogenesis of
ND, and provides a new idea for the treatment of the patients
and a convenient method for the diagnosis of this family and
other hereditary diseases with large fragment gene deletion in
X-chromosome.

MATERIALS AND METHODS

Family Introduction and Clinical
Examination
The propositus and his family came from Shandong Province,
China. They signed an informed consent form. The pedigree
was shown in Figure 1. The study was approved by the Ethics

FIGURE 1 | Pedigree of the ND family. Black arrow: the propositus. II-1 and
III-1 were patients, I-1 and II-2 were female carriers, and the others were
normal members.

Committee of the Binzhou Medical University Hospital (LW-
020). On the principle of necessity and fitness, a full ophthalmic
and audiology examination was performed. Eye B-ultrasound,
anterior segment photography and Cranial CT inspections of the
ears and eyes for individuals of II-1, II-2, and III-1; ear pure tone
audiometry, auditory brainstem response (ABR) examination
for III-1, electrocochleography (ECochG), distortion product
otoacoustic emission (DPOAE) examination for II-1 and III-
1, multiple stimuli auditory steady-state response (m-ASSR)
examination for II-1. Cognitive functions were assessed through
Mini-mental state examination (MMSE), Montreal cognitive
assessment (MoCA) scales for III-1, and craniocerebral magnetic
resonance imaging (MRI) for II-1, internal auditory canal MRI
and Gadolinium-enhanced MRI of temporal bone for III-1. At
the same time, peripheral vascular, growth, and development
inspections were performed for I-1, I-2, II-1, II-2, II-3, and III-
1, and the venous whole blood samples were collected for genetic
testing from these individuals of the family.

Whole Exome Sequencing and
Bioinformatics Analysis
Genomic DNA was extracted from the peripheral blood by
a blood genome extraction kit (TIANGEN, DP318). WES
was performed at the Beijing Mykino Medical Laboratory
(Beijing, China), and the exons were captured using Agilent
SureSelect Human All Exon V6 kit, and high-throughput
sequencing was performed using Illumina HiSeq X-10 sequencer.
Sequence comparison and splicing used software, such as
BWA 26 (Burrow-Wheeler Aligner 26), SAMtools27 (sequence
alignment/map 27), and Picard1, and the reference gene group
was GRCh37/hg19. The WES data was deposited to the
repository of Sequence ReadArchive (SRA), and the number is
PRJNA8000002.

Pathogenic Variant Validation and
Detection
Filtered pathogenic variants of WES were validated by Sanger
sequencing. The PCR primers were designed by Primer 5
(Table 1), and the PCR products were detected by 1% agarose gel

1http://broadinstitute.github.io/picard/
2https://www.ncbi.nlm.nih.gov/sra/PRJNA800000
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TABLE 1 | Primers of PCR.

Name Sequence (5′–3′)

NDP-E1-F TGGCATTCCCATTTGCTAGT

NDP-E1-R AGGATGAAATGCTCGGTTTG

NDP-E2-F CAGCCTTTGCTAATGACGCTCTA

NDP-E2-R GCCCTCCAAGAAGTATGTTCCAC

NDP-E3-F3 TGGATGGGACAACTGTAGAGGCA

NDP-E3-R3 GCAGCAATGGCAACCTTAGACCA

F1 TTACTTCTCCCATGACCTGCTCT

R1 TGTTGTTAGTGTTCCGTGTCCCT

F2 CACAGCCAATGATGGGAGGGTAG

R2 GCAAAGTATGGGAGTGGGAGGAA

F3 AAGTTGGAAGAACCAGCAGAAGG

R3 GTGCGTTGAAACAAGCAAAGAGT

F4 CTGTGCTCTATGCCGTCTTCTCA

R4 CCTTCCACGTTCCTTCTCAAACT

electrophoresis. Sanger sequencing was performed at Majorbio
(Beijing, China).

RESULTS

Clinical Manifestations of the Patients
The propositus (III-1) was a 10-year-old boy, and the pedigree
was shown in Figure 1. III-1 had no light sensation in both eyes
at birth, with progressive enophthalmos; the eyeball shrunk. The
left cornea was small and opaque, and neovascularization grew
into the peripheral cornea. The anterior chamber could not be
observed due to the large range and deep involvement of corneal
opacity. The corneal structure and morphology of the right eye
were relatively normal, except that plaque opacity in the central
corneal was distributed in horizontal strips. The transparency
of the peripheral corneal was normal, but intraocular structure,
such as iris, was still unclear (Figures 2A,B). Ultrasound
B-scan examination revealed shrunk and small bilateral eyeballs,
disordered intraocular structure, calcification and massive
vitreous opacity, and unrecognizable retina (Figures 2C,D).
CT examination showed irregular shape and reduced volume
of bilateral eyeballs and patchy calcification (Figure 2E). The
symptoms of the propositus and II-1 were very similar. No
light sensation was experienced in both eyes of II-1, the
eyeballs shrunk, the center of the cornea was porcelain-
white opacity, and neovascularizations were found in the left
eye that grew from the nasal side to the center and then
surrounding the central calcificated area. Part of the iris was
shown through the surrounding transparent cornea, and it was
normal. Other intraocular structures could not be observed.
Neovascularizations grew from the temporal side into the center
of the cornea in the right eye, and other intraocular structures
could not be observed (Figures 2F–J). The bilateral eyes of
the propositus’s mother had normal size and structure, with
transparent cornea, appropriate anterior chamber depth, clear
aqueous humor, round pupil, transparent lens and vitreous body,
and normal retina (Figures 2K–O).

III-1 had normal ear structure, growth, and behavior and
no peripheral vascular disease. Pure tone audiometry showed

moderate sensorineural hearing loss in both ears, with evident
low frequency hearing loss. The average hearing threshold of
speech frequency (500; 1,000; and 2,000 Hz) was 55 dB, and the
high-frequency (4,000∼ 8,000 Hz) hearing loss was mild; the
hearing threshold map showed an upward pattern (Figure 3A).
The wave I/III/V of ABR could be recorded at 80 dB threshold
for both ears, and the thresholds of wave V were 55 dB for the
left ear and 45 dB for the right ear (Figure 3C). The results of
ECochG showed that the summating potential (SP)/compound
action potential (AP) amplitude ratio was 0.69 for the right ear
and 0.57 for the left ear (Normal value: 0.4); the SP/AP area ratios
were 2.77 and 3.73 (Normal value: 1.79), which were abnormal
(Figure 3E). Except at 4,444 and 8,000 Hz frequencies in the
right ear, the DPOAE test failed at almost all frequencies in both
ears (Figure 3G), suggesting the presence of lesions in the outer
hair cells of the bilateral cochlea. However, the corresponding
frequency positions of the right ear remained normal. Thin-slice
CT scan showed that the structure of both ears was normal (the
results were not shown).

Patient II-1 was 39 years old. According to the family
description, the patient had normal hearing when he was young,
and hearing loss occurred when he was approximately 20 years
old; the condition gradually worsened, and he had difficulty
in communicating with words. He had normal ear structure,
normal growth, and development, and not peripheral vascular
disease. Due to the patient’s difficulty in communication, pure
tone audiometry could not be performed, and air-conducting
m-ASSR examination showed severe sensorineural hearing loss
at almost all the frequencies in both ears. At 500 Hz, the
response threshold of the right ear was 75 dB, and that of
the left ear was only 35 dB. In the frequency region of 1,000–
4,000 Hz, the response threshold of binaural exceeded 75 dB
except for the 65 dB of the left ear at 2,000 Hz (Figure 3B).
ABR examination indicated elevated threshold, only wave V was
presented, and its threshold was 80 dB in both ears (Figure 3D).
The results of ECochG showed that the SP/AP amplitude ratio
was 0.53 and the SP/AP area ratio was 2.25 for the left ear; both
ratios were abnormal, and the right ear cannot be presented
(Figure 3F). The ECochG results of the two patients suggested
they had endolymphatic hydrops (EH) with possibility. In view of
both of the two patients showed the same abnormal symptoms,
and after 1 year, reexamination of ECochG for III-1 showed
the similar abnormal symptoms (data didn’t shown). Together,
we determine the two patients had EH with high possibility.
To conform this symptom, temporal bone MRI for III-1 was
performed 4–6 h following an intravenous gadolinium (Gd)
injection, then MR (magnetic resonance) maximum intensity
projection (MIP) images were created. The images showed that
there was a distensible sacculus in the vestibular pool of the right
ear, while there had no this character in the left ear (Figure 4).
These results indicated there had EH in the inner ear.

The cognitive function of the patients was evaluated by
MMSE and MOCA scales, and the spatial orientation, long-term
memory, and computational ability decreased in III-1; the visual–
spatial and logical ability tests could not be completed due to
visual problems. II-1 could not be evaluated by scales due to
difficulty in communication. The craniocerebral MRI results of
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FIGURE 2 | Ophthalmologic examination of members III-1, II-1, and II-2 of the ND family. (A,B,F,G,K,L) Anterior segment photography of III-1, II-1, and II-2. Black
arrows indicated neovascularization; arrowheads indicated keratoleukoma. (C,D,H,I,M,N) Vitreous supersonic inspection. (E,J,O) CT inspections of the ears and
eyes. White arrows indicated eyes. R, right eye; L, left eye.

II-1 showed few ischemic lesions in the brain, and the structure
of hippocampus and fronto temporal cortex was normal without
obvious atrophy (Supplementary Figure 1). However, a very
recent study reported that an unexpected enhancement of several
cranial nerves (CN): III; V, VII, VIII, IX, X, and XI were found
in ND patients through MRI (Jokela et al., 2022). So the MRI of
internal auditory canal for III-1 was performed, and the results
showed that the acoustic nerves (VIII) were thick comparing to
the normal control (Figure 5). In this family, I-1 was 68 years old
and II-2 was 38 years old; their related symptoms were normal,
and other members were normal.

NDP Deletion Was Identified in the Norrie
Disease Family
WES was performed on three individuals of the pedigree,
including II-1, II-2, and III-1 (Figure 1). The results indicated
that II-1 and III-1 were hemizygous deletion of the NDP gene
located on the X chromosome (Figure 6A, results of II-1 were
not shown), and II-2 was heterozygous deletion (Figure 6B). We
amplified exon1, exon2, and exon3 of NDP through PCR method
to verify the results of WES. The results showed that the PCR
products of E1 were present in all family members (Figure 6C),
and no PCR products of E2 and E3 were found in II-1 and III-1;
the target bands in other members of the family were all amplified
(Figures 6D,E). These results indicated that E1 was not deleted
in the two patients, E2 and E3 were deleted, but the hemizygous
deletion in women and the exact location of the missing fragment
needed to be identified.

Location of NDP Deletion and
Identification of Heterozygous Deletion
We designed a series of PCR primers in the intron1 and
downstream of E3 (Table 1 and Figure 7F) to accurately locate
the large fragment deletion of NDP. The results showed no PCR

products in the region 8,653–10,970 bp of NDP in II-1 and III-
1 (Figure 7B), and the upstream of this region had target bands
(7,054–8,768 bp) (Figure 7A), but the downstream of this region
in the two patients had no target bands (results were not shown),
indicating that the 5 ’end boundary of NDP deletion was at
8,653–10,970 bp of NDP. Furthermore, the region 353–2,502 bp
downstream the 3 ’end of NDP in II-1 and III-1had no amplified
products, and the target products were present in the adjacent
segment 2,715–4,677 bp, indicating that the downstream deletion
site of NDP was within the region of 353–2,502 bp downstream
of its 3′ end (Figures 7C,D).

Then, we selected the primers F2 and R3 to PCR, which
might be in undeleted regions on both sides of the delete
fragment. The results showed that approximately 1,800 bp
fragments were amplified in I-1, II-1, II-2, and III-1, and
no products were produced in other members (Figure 7E).
Sequencing of this segment showed that the precise site of
deletion was located 9,432 bp from NDP’s 5’end and extended to
its downstream 1,341 bp of the 3’end of the gene, representing
16,525 bp, as shown in Figure 7F. At the same time, Figure 7E
illustrates that the four members of I-1, II-1, II-2, and III-1 had
chromosomes with NDP deletion. Among them, I-1 and II-2
also had a normal NDP gene (Figures 7B,C). Thus, they were
heterozygous deletions also called carriers. II-1 and III-1 had no
normal NDP gene; thus, they were patients (Figures 7B,C).

DISCUSSION

In addition to serious ophthalmologic defects, ND patients
often show symptoms of progressive deafness. Some scholars
characterized the audiologic phenotype of ND and found that
ND patients generally showed mild sensorineural asymmetric
and high-frequency hearing losses when they reach puberty (8
years old at the earliest, most 14 years old), and then developed
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FIGURE 3 | Audiology examination for the patients of the ND family. (A) Pure tone audiometry of III-1. “ ” and “ ” indicated that contralateral ear was masked;
“<”and “>” indicated bone conduction thresholds; “ ” and “ ” indicated air conduction thresholds. (B) ASSR of II-1. Base, baseline; “ ”: the thresholds of ASSR;
“ ” and “ ”: the calibrated response threshold of ASSR (Audiogram). (C,D) ABR of III-1 and II-1. (E,F) ECochG of III-1 and II-1. Base, baseline; SP, summating
potential; AP, compound action potential. (G) DPOAE of III-1. DP, DPOAE amplitude; Noise, background noise amplitude; SNR, signal noise ratio; SNR > 6 dB
indicates that the test is pass. R, right ear; L, left ear.

into severe, symmetric, flat loss at approximately 35 years old.
However, after severe hearing loss from approximately 35 to
nearly 60 years old, the progress became stable (Halpin et al.,
2005; Halpin and Sims, 2008). Similar to humans, the ND

knockout mice have progressive hearing loss leading to profound
deafness (Rehm et al., 2002). In this study, including typical
ocular symptoms of ND disease, both patients showed obvious
hearing loss. Hearing loss of the propositus was mild and
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FIGURE 4 | MIP images of MRI for III-1 following intravenous gadolinium (Gd)
injection. (A) Image of the right ear. (B) Image of the left ear. The red dotted
circle: showed distensible sacculus in the vestibular pool. R, right ear; L,
left ear.

FIGURE 5 | MRI of internal auditory canal. (A) Image of III-1. (B) Image of
normal control. The arrows marked the auditory nerve. R, right; L, left.

asymmetrical between the left and right ears, which consistent
with the general audiological characteristics of ND patients.
However, the hearing loss of the propositus in the low frequency
is more serious than that in the high frequency, which is different
from the severe high-frequency hearing loss in ND patients in the
previous reports.

Endolymph is closely related to vestibular and auditory
sensors, and its production and absorption reflux is a circulatory
process. If the reflux is blocked or absorption is impaired, then
it can lead to excessive endolymphatic retention known as EH.
EH can cause tinnitus, deafness, and vertigo in vestibular and
auditory organs. Distension of the membranes in EH starts within
the apex, and then the accumulated endolymph extends to the
middle and base turn because the basilar membrane is wider and
softer in the apex than that in the base of the cochlea (Yamashita
and Schuknecht, 1982). Therefore, hearing loss caused by EH,
such as Meniere’s disease, often starts from the low-frequency
region and gradually develops to the high-frequency region
(Gluth, 2020). In this study, ECochG examination suggested that
EH was possible in the propositus and his uncle. Furthermore,
gadolinium-enhanced MRI of ear for the propositus showed
that there was a distensible sacculus in the vestibular pool

FIGURE 6 | Results of WES and PCR. (A,B) Results of WES of III-1 and II-2,
respectively. Red oval tag indicates exons of NDP were deleted. (C–E) PCR
products of exon 1–3 (E1, E2, and E3) of NDP of the ND family; M, DNA
ladder (DL2000); N, normal control.

of the right ear, which demonstrated there had EH in right
inner ear of III-1. And for the ECochG examination of left ear
also showed abnormal results, we speculate there might had
slighter EH than that in the left ear, thus it wasn’t presented in
the MRI imaging. As to the uncle, gadolinium-enhanced MRI
wasn’t performed, but from the more serious ECochG results,
we deduced that he also had EH in the inner ear. EH might be
still in its early stage because of the young age of the propositus;
thus, EH might mainly appeared at the apex of the cochlea
and caused low-frequency damage initially. On the contrary, the
uncle’s EH may have been developed for many years, it may have
been extended from the apex to the base; and the audiologic
phenotype of the two patients just be consistent with the EH
process. The symptoms of EH have not been reported in ND
patients so far. However, according to previous reports of ND
patients that the development trend of hearing loss from high
frequency to low frequency (Halpin et al., 2005), we can infer
that these patients should not have EH even without the relevant
examination. However, many other reports on hearing of ND
patients had no EcochG examinations and did not describe
auditory characteristics. These patients may conform to the
hearing loss characteristics of general ND patients, that is without
EH, but we cannot rule out the possibility of EH. There might
had two possibilities about the correlation of EH and ND as
follows: one, EH may only be the individual phenomenon of
the present study, because specific genetic background contained
some modifier gene in this family and NDP mutation alone does
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FIGURE 7 | Location and identification of NDP deletion by PCR. (A,B) 5′ end
location of NDP deletion. Primer pairs: F1, R1 and F2, R2, respectively. (C,D)
3′ end location of NDP deletion. Primer pairs: F3, R3 and F4, R4, respectively.
(E) Identification of NDP deletion. Primer pairs: F2, R3. (F) Schematic of NDP
deletion. E1, E2, and E3: exons 1–3 of NDP; I1, I2: introns 1–2 of NDP;
arrows: primers; numbers: base count of each region.

not cause EH. Another possibility is that EH is an uncommon
phenotype of ND, which was missed due to insufficient attention
in previous studies. We hope that future researchers can focus on
this phenotype and further confirm this symptom. In summary,
the symptom of EH in ND patients were reported for the first
time; it may be one of the mechanisms of hearing loss of ND
patients. These discoveries expanded the understanding of ND,
and provided a new idea for the treatment of ND patients.

The mechanism of EH causing hearing loss has also been
reported in many studies, and EH mediates the release of reactive
oxygen species and nitric oxide to trigger apoptosis pathways via
caspase-dependent and caspase-independent pathways, resulting
in the reduction of helical ganglia (Merchant et al., 2005). In
Phex± mice, a model of EH, the loss of helical ganglion cells
shows a topographical pattern (that is, starting at the apex of
the cochlea and moving toward the base); this pattern mirrors
the progression of EH. Interestingly, precedes the eventual
loss of ganglion cells, the expression of apoptosis markers,
such as caspase 3, 8, and 9, increased in spiral ganglion
cells correspondingly (Semaan et al., 2013; Nakashima et al.,
2016). In the present study, the audiological examination and the
development history of hearing loss in two ND patients showed

that the brainstem hearing area of this family was normal, and
the problem was cochlear injury. In addition, most frequencies of
DPOAE detection of the propositus failed to pass, indicating that
hair cells were seriously damaged, probably due to EH.

Impairment of cochlear blood flow is observed in a wide
variety of hearing disorders, including loud sound-induced
hearing loss (endothelial injury) and aging-related hearing loss
(lost vascular density). The study on ND knockout mice found
that the stria vascularis was the most affected structure. With
the increase of age, disorganization and enlarged vessels were
observed in the stria vascularis, as was the lack of a well-
developed capillary bed and eventual loss of two-thirds of the
vessels in the stria vascularis. A gradual loss of outer hair cells
was observed; it is particularly consistent with auditory threshold
increases. As the hearing loss progressed, the spiral ganglion
began to degenerate. These lesions were particularly pronounced
in the apical portion of the cochlea (Rehm et al., 2002). So
degeneration of vessels in the stria vascularis might be important
pathogenesis of hearing loss of ND patients. Moreover, many
findings demonstrated that circulatory disturbance may cause
EH, which followed by striatal atrophy (Masutani et al., 1995).
The same process may occur in the inner ear of Meniere patients,
and the strial atrophy is also associated with extensive EH.
Therefore, the impaired vascular stria microvascular system of
Meniere patients is possible, leading to progressive degeneration
of the inner ear over time (Yazawa et al., 1998). In the present
study, the ND patients had EH and the corresponding hearing
loss. Therefore, we speculated that the symptom of EH in the
ND patients may also be related to the lesions of the inner ear
microvascular system. However, the hearing loss in ND patients
is more serious and happened earlier in the high frequency area,
and no symptoms of EH in general. So, consistent with that EH
phenotype might only presented in part of ND patients, EH might
be the pathogenesis of hearing loss of part of ND patients.

Retinal vascular system defects often occur in ND and
other related diseases caused by NDP mutation. Wnt signaling
pathway plays a key role in the formation of blood vessels
in various organs, including the eye. Various Wnt ligands are
widely distributed in the retina and inner ear of developing
mice (Yi et al., 2007; Iwai-Takekoshi et al., 2018). However,
the role of Wnt signal in the retinal vascular system was
not clarified until a study in 2004, which found that Norrin
showed a high specific binding affinity to FZD4, the receptor
of the Wnt pathway, and mutations of the two proteins caused
similar vascular phenotypes. Moreover, this study reported that
Norrin can induce the activation of FZD4 and LRP-dependent
Wnt pathway, and revealed the role of Norrin-FZD4 signaling
pathway in the development of ophthalmic and auricular vascular
systems (Xu et al., 2004). Another study found that Norrin
is a powerful trigger of FZD4 ubiquitination and induces
the internalization of the Norrin receptor complex into the
endolysosome chamber (Zhang et al., 2017). In addition, the
Norrin/FZD4 signaling pathway requires another membrane
protein, TSPAN12, which acts as an additional co-receptor to
amplify the Wnt signal (Junge et al., 2009; Lai et al., 2017).
In summary, the Norrin/FZD4/LRP5/TSPAN12 pathway has
a unique and indispensable function in controlling retinal
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FIGURE 8 | Schematic of Norrin deficiency causes deafness of ND patients through inactivating Wnt signal pathway. (A) When normal Norrin is existence, Norrin
binds to the receptor complex FZD4/LRP5/TSPAN12 and Wnt signal pathway is activated, then transcription of the target genes turns on, thus maintaining the
normal HCs and producing normal vascular system of the stria vascularum and hearing. (B) When Norrin is deficiency or mutation, which leads to destruction of
Norrin/FZD4/LRP5/TSP12 complex and the failure of activation of Wnt pathway, which makes the key factors (marked with yellow and orange colors) of HCs be
suppressed and HCs’ loss. At the same time, it induces the abnormal vascular system of the stria vascularum and then the lesions of the inner ear directly. And
abnormal vascular system of the stria vascularum also can cause EH in some cases, then leads to EH related hearing loss. At last, all these three ways developed
profound hearing loss.

angiogenesis (Wang et al., 2019). In ND knockout mice, the
vascular system of the cochlear stria vascularis was also abnormal.
Thus, one of the main functions of Norrin in the ear is to
regulate the interaction between the cochlea and blood vessels
(Rehm et al., 2002). Norrin may regulate the blood vessels of
the retina and cochlea through these pathways, which may be
the molecular mechanism of the pathogenesis of ND. Therefore,
we can speculate that Norrin’s mutation or deletion leads to the
destruction of the Norrin/FZD4/LRP5/TSPAN12 pathway and
the inactivation of Wnt pathway, causing abnormalities in the
vascular system of the inner ear striated veins, which in turn
makes the inner ear lesions. In addition, the abnormality of
the stria vascularis can cause EH, which activates the apoptotic
pathway, leading to the reduction of hair cells and spiral ganglia
and causing EH-related hearing loss (Figure 8). However, in
Hayashi’s recent report, Norrin deficiency made hair cells (HCs)
loss the key transcription factors for HC maturation such as
Pou4f3 and Gfi1 and a specialized myosin, Myo7a, required for
normal function of HC stereocilia, which caused increasing HC
loss and profound hearing loss. The molecular mechanism is
that Norrin could orchestrates a transcriptional network for the
maintenance and survival of HCs through activing Wnt signaling
(Hayashi et al., 2021). So NDP could maintain the survival of
HCs directly, which is another main molecular mechanism of
ND (Figure 8).

Ye et al. (2011) detected the dynamic expression of NDP in
the central nervous system and found that NDP was expressed
in the ganglion eminence, hypothalamus, the subventricular
zone, cerebellar primordium, and lateral olfactory tract of E15.5
mice. NDP was also expressed in the subventricular zone,
cerebellum, amygdala, and lateral olfactory tract of P1 mice

(Ye et al., 2011). McNeill et al. (2013) found that Norrin might
play a role in regulating the proliferation of neural progenitor
cells. These studies suggested that Norrin had important function
in development and maintain of the central nervous system.
In human, at least 50% of ND patients have developmental
delay or progressive cognitive decline, often accompanied by
psychotic features; some patients have epilepsy (Schuback et al.,
1995; Smith et al., 2012; Okumura et al., 2015). Except for these
symptoms, some unusual brain symptoms were also observed.
For example, Warburg reported that an ND boy had chorea-like
movements and without normal intelligence, and another patient
from a different family makes numerous head movements while
moving (Warburg, 1963). Mozo Cuadrado et al. (2020) reported
that ND patients had nystagmus. A case reported cerebellar
atrophy in an ND patient, and another study reported two ND
patients from different sources, with brain and cerebellar atrophy
(Liu et al., 2010; Rodriguez-Munoz et al., 2018). In this study,
the propositus showed certain cognitive decline, and assessing
his uncle was difficult due to communication difficulties caused
by the severe hearing loss. However, even when he could be
heard, he also could not respond, suggesting that the cognitive
ability may have been severely damaged. The craniocerebral
MRI of the uncle showed normal brain structure. However,
a recent case report showed an unexpected enhancement of
several cranial nerves (CN): III; V, VII, VIII, IX, X, and XI
were found through MRI (Jokela et al., 2022). Second to this
report, we also found the thick acoustic nerves (VIII) through the
same examination. Although, we don’t know what effect of the
enhancement of these nerves had on the ND patients or how they
be formed, which would provide important clues to explore brain
abnormalities of ND patients.
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At present, no treatment is available for ND. Therefore,
accurate genetic diagnosis and prenatal screening of this disease
are particularly important. In this study, a large fragment deletion
of NDP was found in an ND family by WES, and its deletion
region was accurately located by PCR and Sanger sequencing.
To diagnose the female carriers, especially the female fetuses
or embryos in prenatal screening, WES or whole genome
sequencing (WGS) is often used. However, when the deletion
fragments have been identified, these methods are expensive
and unnecessary. As for the reported Q-PCR methods (Sudha
et al., 2018), we designed several primer pairs to detect this family
and found that the results were very unstable and difficult to use.
Therefore, in accordance with the characteristics of NDP with
large segment deletion, we designed primers cleverly and used
PCR methods to identify various genotypes, which were very
stable and convenient. This PCR method provides a good idea
for the diagnosis and prenatal screening of this ND family and
other X-linked deletion diseases.
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Objective: Age-related hearing loss is one of the leading causes of disability in
older adults. This cross-sectional study investigated the association between untreated
hearing loss, social (perception of quality and quantity of social network) and emotional
loneliness (perception of limited emotional support), social isolation (size of the social
network), social support (actual or perceived availability of resources from the social
network) and psychological discomfort (depression, anxiety, and stress) in older adults.

Study Design: Cross-sectional study design.

Methods: A total of 202 community derived sample of volunteers, age range 40–89
years, mean age (M) = 65.3 ± 11.0 years were recruited. Of these 115 were females
(M = 63.2 ± 12.0 years) and 87 were males (M = 68.2 ± 8.9 years). All participants
completed a hearing assessment, social interaction and support questionnaire and a
social and emotional loneliness questionnaire.

Results: Hearing loss significantly contributed to both moderate [P < 0.001, B (95%
CI): 0.01 (0.99–1.02)] and intense levels [P < 0.001, 0.02 (1.00–1.04)] of emotional
loneliness. Depression was significantly associated with satisfaction with social support
[P < 0.001; −0.17 (−0.23 to −0.11), social interaction [P = 0.01; −0.07 (−0.12
to −0.01)], and moderate [P < 0.001; 0.31 (1.22–1.53)] and intense [P < 0.001;
0.29 (1.20–1.50)] levels of emotional loneliness and intense levels of social loneliness
[P = 0.01; 0.12 (1.05–1.21)].

Conclusion: Untreated hearing loss significantly increases the odds of being
emotionally lonely. Depression significantly contributes to social and emotional
loneliness, satisfaction with social support and social loneliness. Given the higher
prevalence of loneliness and psychological discomfort and their associations with
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untreated hearing loss, hearing-impaired older adults are at significant risk of developing
loneliness and psychological discomfort. Therefore, hearing health professionals should
be aware of the psychosocial burden that may accompany hearing loss, in order to
provide appropriate advice and support.

Keywords: hearing loss, social loneliness, emotional loneliness, social support, social interaction

INTRODUCTION

In 2019, 1 billion of the total world population was 60 years or
older, which will increase to 2.1 billion by 2050 (World Health
Organization [WHO], 2021a). As the number and proportion of
adults aged 60 years and older are growing, factors related to
these older adults’ health and wellbeing deserves attention. An
individual’s social health depends on their capacity to establish
meaningful relationships, adapt to social situations, and interact
with social networks (Freak-Poli et al., 2021a). Therefore, we
explore three distinct yet interconnected components of social
health (Freak-Poli et al., 2021b): social isolation, loneliness,
and social support.

Social Isolation, Loneliness, and Social
Support
Social isolation and loneliness are descriptive terms that are
often used interchangeably, although they refer to two distinct
concepts. Social isolation is an objective and quantifiable
measure, while loneliness is a subjective emotional experience
(De Jong-Gierveld and Kamphuls, 1985; Holt-Lunstad et al.,
2015). Social isolation is characterized by a limited relational
network and social contacts (Holt-Lunstad et al., 2015), while
loneliness describes the unpleasant feeling resulting from the
discrepancy between desired and existing social relationships
(Pinquart and Sörensen, 2003; Boldy and Grenade, 2011).
Loneliness can be further subdivided into “social loneliness” (the
perceived lack of a good-quality social network) and “emotional
loneliness” (the perceived lack of intimate/emotional support
from a significant other) (Weiss, 1973; Gierveld et al., 2006).
Thus, an individual’s perception of the size of their social network
and the emotional connections they have will influence whether
they feel lonely or not (Weiss, 1973; Gierveld et al., 2006;
Cacioppo et al., 2015).

Even though the terms’ “social isolation” (negative) and
“social support” (positive) are used interchangeably, they do
not refer to diametrical concepts (Berkman et al., 2000; Holt-
Lunstad et al., 2015). While social isolation is an objective
measure of the number of social connections (Holt-Lunstad
et al., 2015), social support is a subjective measure of the
actual or perceived availability of psychological and material
resources provided by the social network (Cohen, 2004).
Social support further can be divided into three categories
based on the resources: tangible (provision of materials),
informational (guidance or support), and emotional (empathy,
care) (House and Kahn, 1985).

Impact of Social Isolation, Loneliness
and Social Support on Health and
Wellbeing of Older Adults
Loneliness is associated with depressive symptoms (Cacioppo
et al., 2006, 2010; Zebhauser et al., 2014), reduced physical
activity (Hawkley et al., 2009), decreased satisfaction with
life (Zebhauser et al., 2014; Bai and Knapp, 2016) and poor
subjective wellbeing (Pinquart and Sörensen, 2003). Loneliness
has also been associated with cognitive impairment (Donovan
et al., 2017; Kim et al., 2020), increased risk of dementia
(Zhou et al., 2018) and cardiovascular disease, diabetes and
migraine (Christiansen et al., 2016). Social isolation has
been associated with falls, re-hospitalization, cardiac heart
disease, cancer, and nutritional risk (Nicholson, 2012). Current
literature highlights that loneliness and social isolation resulting
from poor social relationships increase the mortality rate
among older adults (Luo et al., 2012; Holt-Lunstad et al.,
2015). On a positive note, social support increases the
resilience to stressful events (Ozbay et al., 2007) and suicidal
ideation (Zhang et al., 2018), plays a protective role against
depression (Gariépy et al., 2016) and reduces the Diabetes
burden (Kaya and Caydam, 2019). Identifying factors that
contribute to developing strong positive social relationships
in older adults could help reduce this population’s high
morbidity and mortality.

Hearing Loss and Its’ Consequences
Age-related hearing loss (ARHL) is prevalent in later life and
has an increasing trend across ages; 10.9–17.6% in 60–69 years,
41.9–51.2% in 80–89 years, and 52.9–64.9% in 90 years and
above (World Health Organization [WHO], 2021b). ARHL
is associated with an increased risk of cognitive impairment
(Jayakody et al., 2017), dementia (Dalton et al., 2003; Lin
et al., 2011), and Alzheimer’s disease (Lin et al., 2011), poor
quality of life (Dalton et al., 2003), physical inactivity (Gispen
et al., 2014), social isolation (Strawbridge et al., 2000), as
well as depression, anxiety, and stress (Jayakody et al., 2018).
ARHL is characterized by loss of peripheral hearing sensitivity
and decreased ability to understand speech, mainly when
there is background noise (Davis et al., 2016). Thus, hearing
impairment poses a major challenge as it impairs the ability
to hear, listen and understand the intended message. Hence,
the consequences of hearing impairment affect not only the
hearing-impaired individual but their communication partners/
significant others as well (Kamil and Lin, 2015). Communication
partners experience poorer quality of life and relationship
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TABLE 1 | Demographic details of the participants.

Parameters Total N(%)/Mean (SD)

Gender

Female 115 (56.9)

Male 87 (43.1)

Age 65.32 (11.0)

NART-R 111.71 (6.6)

Depression 4.37 (5.0)

Anxiety 4.12 (4.5)

Stress 8.13 (6.2)

Emotional loneliness 0.76 (.9)

Social loneliness 0.95 (1.1)

Satisfaction with social support received 16.01 (2.3)

Social interaction 9.06 (2.0)

Living alone

• Yes 41 (20.4)

• No 160 (79.6)

• Missing 1 (0.5)

Exercise intensity

• Do not exercise 39 (19.3)

• Light 74 (36.6)

• Moderate 70 (34.7)

• High 14 (6.9)

• Missing 5 (2.5)

Smoking

• No 125 (61.9)

• Current, everyday 11 (5.4)

• Current, social 1 (0.5)

• Used to smoke 58 (28.7)

• Missing 7 (3.5)

Drinking

• Never 36 (17.8)

• Occasionally 120 (54.9)

• Frequently 42 (20.8)

• Missing 4 (2.0)

BE4PTA categories

• No hearing loss 53 (26.2)

• Mild-moderate hearing loss 95 (47.0)

• Moderately severe to profound hearing loss 54 (26.7)

Musical training (mean years) 25.2 (139.3)

satisfaction, a restricted social life and increased communication
burden, and (Kamil and Lin, 2015).

Communication refers to the “bidirectional transfer of
information, meaning, and intent between two or more
individuals” (Kiessling et al., 2003). Communication forms part
of a social act which involves expressing oneself and relating
to others and is moderated by the emotions, attitudes and
beliefs of the communication partners and the rules of the

society (Lemke and Scherpiet, 2015). Verbal communication
requires both participants to hear, listen and comprehend
(Kiessling et al., 2003). According to the World Health
Organization’s International Classification of Functioning,
Disability, and Health (World Health Organization [WHO],
2001), communication disability due to hearing impairment
is an outcome of interactions between sensory impairment
and participation in life. Hence, communication impairment
resulting from hearing loss restricts active involvement in
social and cultural activities leading to withdrawal and feelings
of loneliness (Strawbridge et al., 2000) and social isolation
(Pronk et al., 2011; Zebhauser et al., 2014). Several studies
have found that hearing loss is associated with a higher risk
of social isolation and loneliness (Pronk et al., 2014; Mick and
Pichora-Fuller, 2016; Contrera et al., 2017). It is possible that
people with hearing loss withdraw from social situations due
to difficulties in communicating and following conversations,
which leads to social isolation. This association has been found
more frequently in women compared to men (Mick et al.,
2014), possibly due to several reasons: (i) Women feel more
comfortable in reporting social isolation/loneliness compared
to men (Shukla et al., 2020); (ii) women rely more on verbal
communication for social networking (Maltz and Borker, 1982)
and (iii) become socially and emotionally vulnerable if they are
unable to effectively connect with their social network due to
their hearing impairment (Shukla et al., 2020).

Hence, it is important to investigate the impact of untreated
hearing loss on social and emotional loneliness, social isolation,
perceived social support, and psychological discomfort
(symptoms of depression, anxiety, stress).

MATERIALS AND METHODS

Study Design and Setting
This was a cross-sectional study of a community-derived
sample of volunteers and adults in contact with the clinical
services of the Ear Science Institute of Australia in Perth,
Western Australia. Participants were either native or fluent
English speakers older than 40 years, did not use any hearing
aids or hearing implants, had bilateral symmetrical pure tone
audiometric thresholds of hearing sensitivity and did not
have any morbidities or disabilities that prevented them from
completing the assessments.

Materials and Procedure
The assessment materials consisted of measures of hearing,
mental health, social support and interaction, and social and
emotional loneliness. The Human Research Ethics Committee
of the University of Western Australia approved the study

TABLE 2 | Multi linear regression analysis results -better ear 4PTA average vs. social interaction and satisfaction with social support.

Variables SE R2 Beta (Stand) OR (95%CI) P

Social interaction (SI) 0.9 0.0 −0.1 −0.1 (−3.4 to 0.4) 0.1

Satisfaction with social support (SS) 0.8 0.0 −0.124 −0.1 (−3.1 to 0.2) 0.1
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protocol (RA/4/1/7368), and all participants provided written
informed consent.

Hearing Assessment
This included an otoscopic examination (OTOS/AA HDL
otoscope, Welch Allyn, NY) and a pure-tone audiometric
assessment (MIDIMATE 602 Audiometer, GN Otometrics Ltd.,
Sydney). Following an otoscopic examination, bilateral air
conduction thresholds between 0.5 and 8 kHz and bone
conduction thresholds between 0.5 and 4 kHz were obtained
through standard audiometric assessment protocols conducted
by a qualified audiologist in a standard sound-attenuated
booth. These data were used to stratify participants into the
following groups by their better ear four frequency pure-tone
average thresholds at 0.5, 1, 2, and 4 kHz (BE4PTA): normal
hearing (NH: 0–25 dB), mild to moderate sensorineural hearing
loss (MMH: > 25–55 dB), moderately severe to profound
sensorineural hearing loss (MSPH: 56+ dB).

Assessment of Social Isolation and Social Support
The Duke Social Support Index (DSSI-10) was used to measure
the social interaction and satisfaction with social support received

(Pachana et al., 2008; Wardian et al., 2013). The DSSI-10
contains two subscales of (a) social interaction (denoted SI)
and (b) satisfaction with social support (denoted SS). The
DSSI-10 has shown a good test-retest reliability, concurrent
validity, and construct validity for the two independent subscales
within the Australian Longitudinal Study on Women’s Health
(Women’s Health Australia, 2004).

The social interaction subscale measures the size and structure
of the social network and contains questions regarding the
number of social interactions a person had within the past week
with low social interaction subscale scores indicating greater
social isolation (Freak-Poli et al., 2021b). The social support
subscale measures perceived satisfaction with the behavioral
or emotional support received from the social network and
contained questions related to the subjective quality of those
relationships with higher social support satisfaction subscale
scores indicating better social support (Freak-Poli et al., 2021b).

Assessment of Loneliness
The de Jong-Gierveld loneliness scale (De Jong-Gierveld and
Kamphuls, 1985) measured social and emotional loneliness. We
used the short 6-item version of this scale (Gierveld et al.,

TABLE 3 | Univariate and multivariate analysis, satisfaction with social support received (SS).

Univariate Multivariate

Variable B (95%CI) SE R2 Beta (Stand) P B (95%CI) SE Beta (Stand) R2

0.161
P

Gender −0.04 (−1.1 to 0.16) 0.33 0.01 −0.10 0.14

Age 0.01 (−0.02 to 0.03) 0.01 0.00 0.04 0.52

NART-R 0.02 (−0.02 to 0.07) 0.02 0.00 0.06 0.34

Education 0.014 (−0.101 to 0.128) 0.06 0.00 0.24 0.81

Drinking Never REF

Occasionally 0.60 (−0.23 to 1.44) 0.42 0.12 0.15

Frequently 0.47 (−0.55 to 1.50) 0.51 0.08 0.36

Smoking 0.01

Non-smoker REF

Current everyday 0.83 (−0.61 to 2.28) 0.73 0.08 0.25

Current-social 1.01 (−3.61 to 5.64) 2.34 0.03 0.66

Used to smoke past −0.01 (−0.85 to 0.65) 0.37 −0.02 0.79

Exercise intensity REF 0.45 0.01 0.14 0.13

Do not exercise 0.68 (−0.20 to 1.55) 0.45 0.15 0.11

Light 0.73 (−0.15 to 1.61) 0.71 0.01 0.84

Moderate 0.14 (−1.27 to 1.55)

High

Years musical experience 0.01 (−0.01 to 0.04) 0.01 0.01 0.07 0.32

Living arrangement −1.20 (−2.00 to−0.42) 0.40 0.04 −0.20 0.003* −1.04 (−1.79 to−0.29) 0.38 −0.18 0.006*

Stress −0.084 (−0.13 to−0.03) 0.02 0.05 −0.22 0.001* −0.01 (−0.07 to 0.05) 0.03 −0.03 0.70

Anxiety −0.12 (−0.19 to−0.05) 0.03 0.05 −0.23 0.001* −0.01 (−0.09 to 0.08) 0.04 −0.01 0.90

Depression −0.17 (−0.23 to−0.11) 0.03 0.13 −0.36 0.000* −0.16 (−0.25 to−0.080) 0.04 −0.34 0.000*

Better ear 4pta average −0.01 (−0.02 to 0.01) 0.01 0.01 −0.12 0.07

Depression*hearing 0.000 (−0.00 to 0.00) 0.00 0.13 −0.02 −0.88

Stress*hearing 0.000 (−0.00 to 0.00) 0.00 0.06 −0.06 0.71

Anxiety*hearing −0.00 (−0.00 to 0.00) 0.00 0.06 −0.10 0.53

Living*hearing 0.01 (−0.01 to 0.04) 0.01 0.06 0.11 0.87

*P < 0.05.
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2006), which contains three questions on social loneliness
(SL) and three questions on emotional loneliness (EL). All
statements are scored using a three-point scale (no, more or
less, yes). To respond to the questions in this questionnaire,
participants need to appraise their social relationships against
their expectations (Valtorta et al., 2016). These are summed,
with higher scores indicating higher levels of loneliness.
Existing data support the validity and reliability of the scale
(De Jong Gierveld and Van Tilburg, 2010).

Assessment of Psychological Discomfort
(Depression, Anxiety, and Stress)
The Depression Anxiety Stress Scales: DASS-21 (Lovibond and
Lovibond, 1995) was used to measure the severity (over the past
7 days) of a range of symptoms common to depression, anxiety,
and stress. A 4-point combined severity/frequency scale is used to
rate how the participant has experienced each question/statement
over the past week. Each test item is scored from 0 (did not apply
to me at all over the last week) to 3 (applied to me very much
or most of the time over the past week). Seven statements are
used to assess each of the three mental health domains, with
total sub-scores for depression, anxiety, and stress calculated
by summing the scores for the relevant items and multiplying

them by two, so that each sub-score can range from 0 to 42
(Psychology Foundation of Australia, 2014).

Additional Measures
Participants self-reported their sex (male or female) and age (in
years), years of formal education, physical exercises undertaken,
smoking (current and past), alcohol consumption, and current
living status (alone or with other people). We used the National
Adult Reading Test-Revised (NART-R) to assess participants’
premorbid intellectual function scores (Nelson and Willison,
1991). All participants were asked to read aloud a list of 50
words from the NART-R test while the researcher recorded
the number of errors made by the participant. The verbal
intelligence quotient (VIQ) was calculated based on the NART-
R error score.

Statistical Analysis
The statistical analyses were carried out in SPSS Statistics for
Windows version 25.0 (Armonk, NY: IBM Corp.) and R version
3.5.1 (R Core Team, 2018). Univariate linear regression was
used to assess the association between Social Support, Social
Interaction, and BE4PTA. The statically significant outcomes
observed in the univariate analysis were then used in multiple

TABLE 4 | Univariate and multivariate analyses, social interaction (SI).

Variable Univariate Multivariate

B (95%CI) SE R2 Beta (stand) P B (95%CI) SE Beta (stand) R2 P

Gender −0.21 (−0.79 to 0.36) 0.19 0.02 −0.05 0.46 −

Age 0.03 (0.01 to 0.06) 0.01 0.03 0.18 0.00* 0.03 (0.00 to 0.06) 0.02 0.18 0.06 0.00*

Education 0.29 (−0.07 to 0.13) 0.05 0.00 0.56 0.57

NART-R 0.03 (−0.00 to 0.07) 0.02 0.01 0.11 0.10

Drinking 0.00

Never REF 0.37 0.04 0.65

Occasionally 0.16 (−0.57 to 0.90) 0.11 0.21

Frequently 0.56 (−0.33 to 1.46) 0.45

Smoking 0.00

Non-smoker REF

Current everyday −0.58 (−1.86 to 0.68) 0.64 −0.06 0.36

Current-social 1.86 (−2.21 to 5.95) 2.07 0.06 0.36

Used to smoke −0.17 (−0.82 to 0.48) 0.33 −0.03 0.61

Exercise intensity 0.01

Do not exercise REF

Light 0.45 (−0.32 to 1.22) 0.39 0.10 0.25

Moderate 0.40 (−0.37 to 1.18) 0.39 0.09 0.30

High −0.51 (−1.75 to 0.73) 0.63 −0.06 0.42

Years musical experience 0.00 (−0.21 to 0.02) 0.01 0.00 0.01 0.83

Living arrangement −0.10 (−0.82 to 0.60) 0.36 0.00 −0.02 0.77

Stress −0.041 (−0.06 to 0.00) 0.02 0.01 −0.12 0.08

Anxiety −0.004 (−0.06 to 0.05) 0.03 0.00 −0.00 0.89

Depression −0.07 (−0.12 to−0.01) 0.02 0.02 −0.17 0.01* 0.06 (−0.12 to−0.01) 0.02 −0.16 0.05 0.01*

Better ear 4pta average −0.008 (−0.01 to 0.00) 0.00 0.01 0.11 0.11

Depression*hearing 0.000 (0.00 to 0.00) 0.00 0.03 −0.05 0.66

Age*hearing −0.001 (−0.002 to 0.00) 0.00 006 −0.75 0.04*

*P < 0.05.
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linear regression. A P-value of less than 0.05 was considered to
indicate statistical significance.

All authors accessed the study data and reviewed and
approved the final manuscript. We used the STROBE
statement to check the completeness of our study report
(Von Elm et al., 2014).

RESULTS

Two hundred and two volunteers, aged between 40 and 88 years
(M = 65.32± 11.07 years) took part in the study (Table 1). Of the
202 participants, 115 (57%) were male (M = 63.16 ± 12.05 years
of age) and 87 (43%) were female (M = 68.17± 8.91 years of age).
Detailed information on participant demographics is presented
in Table 1.

Satisfaction With Social
Support/Perceived Social Support
After univariate analysis, hearing was not statistically significant
associated with SS. (P = 0.07). Poor satisfaction with social
support scores was observed in individuals who live alone
(P = 0.003), and experience more stress (P < 0.001), anxiety
(P = 0.001), and depression (P < 0.001) or vice versa (see
Tables 2, 3).

Social Interaction/Social Isolation
Two variables have a significant effect on SI in the univariate
analyses: depression (P = 0.01) and age (P < 0.001). After
multivariate analysis for confounders, aging (P = 0.01) and
depression (P = 0.01) continued to be statistically significant.
These results suggest that higher depression scores and older age
contributes to increased social isolation. A statistically significant
interaction between age and hearing was observed (P = 0.04).
Poorer SI scores are seen for people who are not only older
but with poorer hearing. Results are summarized in Table 4.
No significant effect of years of formal education, premorbid IQ
(NART-R), smoking, alcohol ≥ 14 drinks per week or exercise
were observed on SI and SS.

Emotional Loneliness
The total number and percentage of participants for each EL
and SL category are reported in Table 5. Logistic multinominal
regression analysis did not show any effect of gender, premorbid

IQ (NART-R), alcohol ≥ 14 drinks per week, smoking and
exercises on EL. Living alone (P = 0.01) significantly contributed
to the intense levels of emotional loneliness. Age (P = 0.02) and
(P = 0.02), depression (P < 0.001) and (P < 0.001), anxiety
(P < 0.001) and (P < 0.001), stress (P < 0.001) and (P < 0.001),
BE 4PTA (P < 0.001) and (P < 0.001) significantly contributed
to both moderate and intense levels of EL, respectively (see
Tables 5, 6).

An adjacent category ordinal regression analysis was
conducted to investigate this association between EL and BE
4PTA, living alone and age. The adjacent category logistic
regression model was implemented in the VGAM framework
(Yee and Wild, 1996; Yee, 2010, 2015) using the R statistical
language (R Core Team, 2018). This adjacent ordinal model
considers the impact of the predictors on the odds ratio on the
adjacent ordinal response levels with the following mathematical
model,

Li = loge

(
pi+1

pi

)
= Xiβi, where pi = P (EL = i).

In our case, the pi denote the probabilities of being at an
emotional loneliness level i. This is modeling the log-odds as a
linear function of the predictors in design matrix X and the linear
predictor β. Therefore, the full model would involve the three
logistic equations,

L0 = loge

(
p1
p0

)
= loge

(
P(EL=1)
P(EL=0)

)
= Xβ1

L1 = loge

(
p2
p1

)
= loge

(
P(EL=2)
P(EL=1)

)
= Xβ2

L2 = loge

(
p3
p2

)
= loge

(
P(EL=3)
P(EL=2)

)
= Xβ3.

Only three equations are modeled since there are only three
transitions to cover the four EL ordinal levels. The likelihood ratio
test was used to investigate the proportional odds assumption,
i.e., if there are different predictor effects at different ordinal
levels, but there was no statistical evidence for this with a p-value
of 0.86, the same effect of the predictors is present across all
adjacent transitions; only an intercept adjustment is required.
Furthermore, there was no statistical evidence to suggest an
interaction between the predictor terms. The final model is,

P(EL=i+1)
P(EL=i) = eβ0,i · (1.546)Living Status

· (0.9754)Age

· (1.114)Dep
· (1.006)BE4PTA ,

TABLE 5 | Nominal regression emotional loneliness (EL) and social loneliness (SL).

Variable Category Category explanation Number of participants in each category Percentage of participants in each category

Emotional loneliness (EL) 0 Not emotionally lonely 104 51.5%

1 Mildly emotionally lonely 58 28.7%

2 Moderately emotionally lonely 25 12.4%

3 Intensely emotionally lonely 15 7.4%

Social loneliness (SL) 0 Not socially lonely 104 52.5%

1 Mildly socially lonely 29 14.6%

2 Moderately socially lonely 34 17.2%

3 Intensely socially lonely 31 15.7%
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TABLE 6 | Association between Age, living arrangement, depression, anxiety, stress, and better ear 4PTA hearing thresholds on EL categories.

Variable EL Category B (95% CI) SE Exp (B) P

Age 1 −0.01 (0.95 to 1.01) 0.01 0.98 0.30

2 −0.04 (0.92 to 0.99) 0.02 0.95 0.02*

3 −0.05 (0.90 to 0.99) 0.02 0.95 0.02*

Gender 1 −0.42 (0.34 to 1.26) 0.33 0.65 0.20

2 −0.75 (0.18 to 1.18) 0.47 0.47 0.11

3 −1.01(0.10 to 1.21) 0.61 0.36 0.10

Education 1 −0.04 (0.90 to 1.13) 0.02 1.01 0.92

2 −0.06 (0.79 to 1.07) 0.03 0.92 0.27

3 −0.06 (0.84 to 1.23) 0.04 1.01 0.90

NART-R 1 −0.04 (0.91 to 1.10) 0.02 0.96 0.11

2 −0.06 (0.87 to 0.99) 0.03 0.93 0.05

3 −0.06 (0.87 to 1.01) 0.04 0.94 0.12

Living arrangement 1 0.22 (0.55 to 2.81) 0.41 1.24 0.60

2 −0.04 (0.30 to 3.13) 0.60 0.95 1.00

3 1.43 (1.34 to 13.00) 0.60 4.20 0.01*

Depression 1 0.08 (1.00 to 1.20) 0.04 1.10 0.90

2 0.31 (1.22 to 1.53) 0.05 1.40 0.00*

3 0.29 (1.20 to 1.50) 0.61 1.33 0.00*

Anxiety 1 0.00 (0.90 to 1.09) 0.04 1.00 1.00

2 0.20 (1.10 to 1.33) 0.04 1.21 0.00*

3 0.20 (1.09 to 1.40) 0.05 1.22 0.00*

Stress 1 0.04 (1.00 to 1.11) 0.03 1.05 0.10

2 0.16 (1.19 to 1.30) 0.03 1.18 0.00*

3 0.16 (1.08 to 1.29) 0.04 1.18 0.00*

BE4PTA 1 0.04 (0.99 to 1.01) 0.00 1.00 0.47

2 0.01 (0.99 to 1.02) 0.00 1.01 0.00*

3 0.02 (1.00 to 1.04) 0.09 1.02 0.00*

Musical experience (Ref yes) 1 0.00 (0.98 to 1.03) 0.01 1.00 0.70

2 0.02 (0.93 to 1.02) 0.02 0.98 0.39

3 −0.04 (0.95 to 1.04) 0.02 1.00 0.86

Smoking (Ref yes) 1 0.17 (0.60 to 2.34) 0.34 1.19 0.60

2 −0.27 (0.31 to 1.86) 0.45 0.76 0.55

3 1.43 (0.89 to 19.57) 0.78 4.19 0.06

Drinking (Ref yes 1 −0.20 (0.34 to 1.95) 0.44 0.81 0.65

2 0.58 (0.65 to 1.94) 0.51 1.79 0.25

3 −1.16 (0.03 to 2.52) 1.06 0.31 0.27

Exercise (Ref yes) 1 −0.38 (0.30 to 1.55) 0.41 0.68 0.36

2 0.65 (0.74 to 4.98) 0.48 1.92 0.17

3 −0.22 (0.20 to 3.08) 0.68 0.80 0.74

*P < 0.05.

where β0,i is an intercept term for each transition level that gives
the estimated log odds for the adjacent levels at the baseline
predictor level. Here, the baseline predictors are for participants
that live alone (Living alone 0). The living alone variables in
the equation above are indicators that take the value 1 for
participants that live alone. The exponentiated effect estimates
are shown above in the equation. The corresponding p-values
and 95% CI are BE4PTA [0.048, (95% CI: 1.00 to −1.01)], Age
[0.002, (95% CI: 0.95 to −0.99)], Living alone [0.044, (95% CI:
1.01 to −2.36)], and Depression [2.5× 10−9 , (95% CI: 1.06–
1.16)]. Interpreting this model suggests that a participant living
alone increases their odds of transitioning to the next higher

EL level by 54.6%. For each unit of BE4PTA, a participant’s
odds of transitioning to the next higher EL level increased by
0.6%. For example, if a person whose hearing deteriorates from
no hearing loss to mild to moderate hearing loss, where the
BE4PTA increases from 25 to 50 dB, they will have 1.00625

=1.16
or a 16% increase in their odds of transitioning to the next
higher EL level.

Social Loneliness
Multinominal analysis revealed that age, gender, premorbid IQ
(NART-R), anxiety, BE4PTA, smoking, and alcohol ≥ 14 drinks
per week had no effect on SL. Three of the variables exhibited
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TABLE 7 | Association between living arrangement, depression, and Stress on SL categories.

Variable EL category B (95%CI) Std.Error Exp (B) Sig

Age 1 −0.02 (0.93 to 1.00) 0.01 0.97 0.13

2 −0.02 (0.94 to 1.01) 0.01 0.97 0.19

3 −0.03 (0.93 to 1.00) 0.01 0.97 0.09

Gender 1 0.14 (0.44 to 2.29) 0.41 1.01 0.97

2 −0.19 (0.37 to 1.81) 0.40 0.82 0.62

3 0.21 (0.55 to 2.77) 0.40 1.24 0.59

Education 1 0.25 (1.09 to 1.51) 0.08 1.28 0.002*

2 0.16 (1.01 to 1.35) 0.07 1.17 0.031*

3 0.12 (0.98 to 1.31) 0.07 1.13 0.09

NART-R 1 −0.00 (0.94 to 1.06) 0.03 0.99 0.97

2 0.02 (0.96 to 1.09) 0.03 1.02 0.36

3 0.03 (0.96 to 1.10) 0.03 1.03 0.32

Living alone 1 −0.21 (0.24 to 2.60) 0.60 0.80 0.71

2 0.60 (0.70 to 4.77) 0.48 1.82 0.22

3 1.04 (1.29 to 6.84) 0.44 2.88 0.01*

Depression 1 0.03 (0.10 to 1.13) 0.04 1.03 0.43

2 0.05 (0.10 to 1.14) 0.04 1.05 0.17

3 0.12 (1.05 to 1.21) 0.04 1.13 0.00*

Anxiety 1 0.01 (0.92 to 1.14) 0.04 1.01 0.71

2 0.05 (0.97 to 1.14) 0.04 1.05 0.22

3 0.04 (0.96 to 1.14) 0.04 1.04 0.28

Stress 1 0.07 (1.00 to 1.15) 0.03 1.07 0.08

2 0.05 (0.99 to 1.13) 0.03 1.06 0.07

3 0.10 (1.03 to 1.27) 0.03 1.10 0.00*

BE 4PTA 1 0.00 (0.98 to 1.01) 0.00 1.00 0.65

2 −0.00 (0.98 to 1.01) 0.00 0.99 0.63

3 0.00 (0.99 to 1.01) 0.00 1.00 0.55

Musical experience (Ref yes) 1 −0.04 (0.90 to 1.01) 0.03 0.95 0.17

2 0.10 (0.98 to 1.04) 0.01 1.01 0.29

3 −0.02 (0.92 to 1.02) 0.02 0.97 0.25

Smoking (Ref yes) 1 0.35 (0.63 to 3.22) 0.41 1.43 0.38

2 0.44 (0.55 to 4.43) 0.53 1.55 0.40

3 0.54 (0.62 to 4.72) 0.51 1.72 0.29

Drinking (Ref yes 1 −0.44 (0.25 to 1.65) 0.48 0.64 0.36

2 −0.77 (0.12 to 1.73) 0.67 0.46 0.25

3 −0.70 (0.14 to 1.72) 0.63 0.49 0.26

Exercise (Ref yes) 1 0.82 (0.72 to 7.12) 0.58 2.27 0.15

2 0.03 (0.23 to 4.61) 0.76 1.04 0.95

3 1.13 (0.86 to 11.12) 0.65 3.10 0.08

Reference SL: 0. *P < 0.05.

a statistically significant association with the SL response. Living
alone (P = 0.01), depression (P = 0.01), and stress (P = 0.01) had a
significant impact on intense levels of SL. Results are summarized
in Table 7.

DISCUSSION

This study investigated the association between untreated hearing
loss and three aspects of social health: social isolation, loneliness,
and social support in older adults and psychological discomfort.

The key finding is that untreated hearing loss was not
associated with social loneliness but was significantly associated
with emotional loneliness. For every unit of increase in hearing
loss, the odds of transitioning from mild to moderate or moderate
to intense levels of emotional loneliness increased by 0.6%. If
an older adult’s hearing deteriorates from mild-moderate, the
chances of moving from mild-moderate or moderate to intense
levels of emotional loneliness are 16%.

Weiss (1973) differentiated between emotional and social
loneliness (Weiss, 1973). Emotional loneliness results from
an absence of an intimate or a close emotional relationship
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(a partner, a best friend), and it is associated with feelings
of abandonment, aloneness, and anxiety. Social loneliness
results from the lack of many contacts or social networks
(friends, colleagues, neighbors) (Weiss, 1973). Loneliness is
more closely related to the quality than quantity of social
interactions (Hawkley et al., 2008). Communication is a two-
way process involving both the person with a hearing loss
and their communication partner (Scarinci et al., 2008).
Intimate, close partner relationships can suffer considerably
from hearing loss (Scarinci et al., 2008). Studies on challenges
experienced by hearing-impaired people and their significant
others have reported difficulties communicating in background
noise, annoyance due to having to repeat during a conversation,
frustration and/or annoyance due to hearing loss (Stark and
Hickson, 2004). Based on our data, we posit that the breakdown
in communication resulting from moderate to severe levels of
hearing impairment could have a significant impact on close
relationships resulting in emotional loneliness.

Particularly noteworthy are the findings that living alone
increases the odds of transitioning from mild-moderate or
moderate-intense levels of emotional loneliness by 54.6%. This
is a significant concern as older adults who live alone and
experience emotional loneliness seem to be at greater risk of
all-cause mortality (HR = 1.186, p = 0.029, 95% CI = 1.017–
1.383) compared to older adults who live with someone else and
experience emotional loneliness (O’Súilleabháin et al., 2019). We
posit that, even if older adults live with someone, if their intimate
or close relationship is compromised due to a communication
barrier due to untreated hearing loss, they could be at greater risk
of all-cause mortality than normal hearing- or hearing-impaired
older adults using hearing rehabilitation devices.

We also found that those with high emotional and social
loneliness scores also had high depression and stress scores and
were living alone. Our findings complement those of Alpass
and Neville (2003), who found a significant association between
loneliness and depressive symptoms in 217 older men. Similarly,
Savikko et al. (2005) reported that living alone or in a residential
home is a risk factor for loneliness. In contrast, poor health
and functionality, vision and hearing impairment increases the
prevalence of risk of loneliness.

The theory of conservation resources states that wellbeing
can be social or psychological (Hobfoll, 1989, 2001). Losses
in psychological resources such as mental health increase the
likelihood of loneliness (Aartsen and Jylhä, 2011). Further,
reductions in personal resources, compared to social resources,
strongly predict loneliness (Fry and Debats, 2002). Our
previously published results reported a significant association
between clinically significant depression, stress and anxiety and
untreated hearing loss (Jayakody et al., 2018). A significant
association between loneliness and increases in depressive
symptoms (Cacioppo et al., 2006, 2010; Sung et al., 2016) has a
reciprocal influence on loneliness and depressive symptoms over
time (Cacioppo et al., 2006).

We also explored the association between untreated hearing
loss and social isolation (through social interaction) and
perceived social support (satisfaction with social support
received). Those who had higher depression scores showed

increased social isolation scores and poor social support. Previous
studies have shown that social support and depression share
a bidirectional relationship (Stice et al., 2004; Almquist et al.,
2016). According to the stress-buffer mechanism, social support
attenuates the effects of stressful life events through effective
coping strategies (Cohen and Wills, 1985). It influences positive
health-related behaviors by regulating emotional responses to
stressful or other high-risk situations (Cohen, 1988, 2004).

We failed to observe any significant association between
untreated hearing loss and social isolation or perceived
social support. The underlying reasons for these results are
unclear. DSSI-10 measures both structural (number, diversity,
density of a person’s social network) and functional aspects
(involvement, perceived availability, and adequacy) of social
relationships (Valtorta et al., 2016); however, it does not explicitly
measure the impact of communication impairment on social
interaction/isolation or perceived social support. Future studies
should investigate this association using tools that are more
sensitive to the effects of communication impairment resulting
from hearing loss.

On the other hand, we found that interaction between
aging and hearing loss significantly contributed to social
interaction/isolation. Aging reduces the number of social
contacts and brings a decline in social activity (Dykstra et al.,
2005). Epidemiological data also document an increase in hearing
loss due to aging (Cruickshanks et al., 2003; Gopinath et al.,
2009). Hearing loss imposes more demands on communicating
partners, such as speaking slowly, exaggerating articulatory
movements, and moving closer to the listener (Arlinger,
2003). These increases in demands may make people less
in contact with hearing-impaired individuals (Arlinger, 2003).
Hence, it is no surprise that aging and age-related hearing
loss significantly impairs social relationships by reducing social
networks’ size and structure.

In summary, we observed a significant relationship between
untreated hearing loss and emotional loneliness. Depression was
a common factor that contributed to loneliness, social isolation,
and poor social support. West (2017) reported that social support
moderates the association between self-reported hearing loss
and depression. Excluding the additional costs associated with
using the health care systems, such as more general practitioner
visits, medications, emergency services, outpatient and hospital
admissions due to social isolation/loneliness (Longman et al.,
2013), the cost of social isolation and loneliness to the Australian
economy is AUD$1.7 billion (Australian Institute of Health
and Welfare [AIHW], 2021). Some of these costs are due
to the consequences associated with social isolation/loneliness;
however, some are due to lonely people visiting physicians to
satisfy their need for social relationships (Gerst-Emerson and
Jayawardhana, 2015). Similarly, in audiological clinical practice,
we often come across older adults coming in for hearing aid
programming or cochlear implant mapping appointments to
compensate for their loneliness.

The following steps can be taken to increase the social support
and help reduce the burden of loneliness and isolation: (i)
encourage the use of engaged coping strategies such as managing
the hearing loss using hearables/hearing aids or hearing implants
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or using communication strategies (Heffernan et al., 2016);
(ii) provide training to communication partners/significant
others on support socially the person with hearing impairment
(Preminger and Meeks, 2010) and (iii) train audiologists in
providing counseling and emotional support to their patients
(Saunders et al., 2021).

Limitations
This is a cross-sectional study; therefore, results must be
interpreted cautiously. A study with more power and a
longitudinal design could provide more insight into the causal
relationship between untreated hearing loss, loneliness, social
isolation, and social support.

Future Directions
A follow-up manuscript will investigate the effect of hearing
loss treatment using hearing aids /hearing implants that
could help alleviate loneliness, social isolation, and depression.
Future research is required to investigate whether social
support could buffer the association between hearing loss and
emotional loneliness.
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