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Abstract

Age-related hearing loss (ARHL, formerly presbycusis) is due to a variety of lifetime
damages to the auditory system and is characterized by bilateral sensorineural hear-
ing loss, impaired speech understanding in noise and central sound processing def-
icits. Despite its commonness, the pathogenesis has not been completely clarified
yet; especially the existence of an independent central ARHL component still remains
controversial. We present the results of a cross-sectional topodiagnostic test battery
study which aimed at separating aging- and hearing loss-related effects on all parts
of the auditory system by current test procedures. Three groups of 30 participants
each underwent extensive topodiagnostic test procedures (otoscopy, tympanometry,
questionnaires, pure-tone audiometry, DPOAE threshold measurements, auditory
brainstem response, central auditory discrimination tests, and speech-in-noise test).
By comparing the results of the normally hearing young (18-26years) and healthy
control group, the normally hearing elderly group (60-80years) and the hearing-
impaired elderly group (60-80years), we deduced aging and hearing loss-related ef-
fects on auditory performance. All measurements indicated a significant deterioration
of auditory performance in the elderly, partly associated with aging and partly with
age-related hearing loss. Our study thereby contributes to a multifocal concept of
ARHL. All parts of the auditory system are impaired by aging, age-related hearing
loss, or a combination of both. Further evidence for an independent central ARHL
component, not attributable to peripheral hearing loss, is provided by the results of

the central auditory discrimination test.
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1 | INTRODUCTION

Age-related hearing loss (ARHL, formerly presbycusis) is one of
the most common chronic diseases in the elderly (Lee, 2013). It
is characterized by bilateral sensorineural high-frequency hear-
ing loss, deterioration of speech understanding, especially in noisy
environment, and impaired central sound processing and thus can
result in social isolation and depression. Estimated prevalence is
high: in western countries, about 25% in their 70s and about 50%
in their 80s suffer from relevant age-related hearing loss (Fischer
et al., 2016; Roth, 2015).

Most commonly ARHL refers to all lifetime damage to the audi-
tory system, as, in reality, it is hardly possible to separate pure age
effects from lifetime risk factors like noise, medical and infectious
harms as well as genetic disposition (Billings et al., 2012; Fischer
et al., 2016; Gates & Mills, 2005). On the other hand, aging per se
does not compulsorily lead up to an expressed hearing loss: Already
in 1960 Rosen et al. observed that Sudanese tribal people had mark-
edly less high-frequency hearing loss than American individuals at
the same age and mainly attributed these findings to differences
in lifestyle, especially due to noise exposure conditions (Rosen
et al., 1962). From our modern point of view, genetic and epigenetic
factors not evaluated by Rosen et al. could additionally explain these
differences in hearing status (Lee, 2013; Tawfik et al., 2020).

Numerous findings in human and animal research have been
concerned with the pathogenesis of ARHL over the last decades.
In the classical concept, peripheral pathology (loss of cochlear hair
cells, strial atrophy and loss of neurons in the spiral ganglion) was
considered the most important pathogenetic factor in ARHL, with
spiral ganglion neuron degeneration appearing to be the most im-
portant and constant component (Keithley, 2020; Nadol, 2010;
Schuknecht, 1955; Schuknecht & Gacek, 1993). This approach is in-
creasingly challenged nowadays: Recently, Wu et al. postulated that
loss of cochlear hair cells is the main predicting factor for the pattern
of the pure-tone audiogram and that strial atrophy and neuronal cell
death in the spiral ganglion only play a minor role in the prediction
of hearing thresholds (Wu et al., 2020). Spiral ganglion degenera-
tion and cochlear synaptopathy could be an explanation for “hidden
hearing loss,” that means impaired speech understanding especially
in noise with essentially preserved pure-tone thresholds (Kujawa &
Liberman, 2015; Liberman & Kujawa, 2017; Wu et al., 2021). High-
frequency hearing loss could rather be a sign of acoustic trauma than
of aging itself (Wu et al., 2021). Furthermore, attention is addition-
ally focused on central auditory processing and cognitive deficits in
ARHL and morphological and metabolic changes in the central audi-
tory nervous system (Humes et al., 2012; Profant et al., 2013, 2014,
2019; Slade et al., 2020). Notably the existence of central ARHL, that
means an independent central auditory degeneration not attribut-
able to peripheral hearing impairment, remains controversial (Gates
& Mills, 2005; Humes et al., 2012; Profant et al., 2019). In the latest
thorough literature review, Humes et al. (2012) concluded that there
is increasing, but altogether insufficient, evidence for an isolated
central ARHL.

Significance

Whereas the classical pathogenetic approach of age-
related hearing loss (ARHL, formerly presbycusis) mainly
concentrated on peripheral pathology (cochlear cell loss,
strial atrophy, and loss of spiral ganglion neurons), atten-
tion has been focused on central auditory processing defi-
cits in ARHL in recent years. Our multitest study not only
confirms impairment of all peripheral and central parts of
the auditory system in ARHL but provides new evidence
for an independent central auditory ARHL component not
attributable to peripheral deficits. This emphasizes the
need for a multifocal diagnostic and therapeutic approach
that encompasses central auditive assessments and reha-
bilitative strategies, like neuroprotective agents and audi-

tory training.

Understanding the underlying pathogenetic mechanisms of
ARHL is not only an academic matter: Therapy of ARHL is nowadays
mainly limited to peripheral amplification by hearing aids, which are
prone to low patient adherence, and by invasive techniques, like co-
chlear implants (Fischer et al., 2016; Gates & Mills, 2005). Because
of high prices and lack of health insurance many individuals cannot
afford hearing aids in the United States and Europe, leading up to
high socioeconomic costs, for example due to loss of workforce,
and psychosocial isolation (Fischer et al., 2016). Preventive strate-
gies have, until now, failed to significantly reduce ARHL incidence
(Rosenhall et al., 2013). A better understanding of the pathophys-
iologic mechanisms seems decisive for new and better diagnostic,
preventive, and rehabilitative strategies. In this context, the pres-
ent cross-sectional study aimed to further clarify the pathogenesis
of ARHL. Special regard was paid to an independent central ARHL
component. By applying an extensive state-of-the-art topodiagnos-
tic test battery (including a new central auditory performance test)
and by dividing the prospectively examined sample in three groups,
we intended to separate pure age- from other hearing loss-related

effects on all parts of the auditory pathway.

2 | METHODS AND MATERIALS

2.1 | Participants

In total, 97 subjects participated in the study in the University
hospital rechts der Isar of the Technical University of Munich,
Germany. Of these, seven subjects not meeting the inclusion cri-
teria or fulfilling one or more exclusion criteria (see Table 1) were
not considered in the analyses. The whole sample was divided into
three groups of 30 participants, dependent on age and auditory
status: A group of young (18-26years) and healthy subjects with
normal auditory performance (healthy controls, HC), a group of
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TABLE 1 Inclusion and exclusion criteria for study subjects

Inclusion criteria

Age HC: 18-26years

NHE/HIE: 60-80years

Hearing loss (PTA, binaural average of 500, HC/NHE: <20dB HL

1000, 2000, 4000 Hz); PTA-configuration

Questionnaire for auditory tests (DIN EN ISO
389-9:2009-12)

Otoscopy Regular ear canal and tympanic
membrane configuration
Tympanometry Bell-shaped compliance curve (Maximum

-100 to 0 daPa)

elderly subjects (60-80years) with normal hearing performance
as defined below (normally hearing elderly, NHE), and a group of
elderly (60-80years) hearing impaired ARHL patients (hearing-
impaired elderly, HIE). Each group consisted of 15 female and 15
male subjects. This three-groups-concept aimed at dividing be-
tween pure age effects on auditory performance (by comparison
between HC and NHE) and additional effects of age-related hear-
ing loss on auditory performance (by comparison between NHE
and HIE).

Auditory status was defined according to pure-tone thresh-
olds and slightly modified grades of hearing impairment of the
World Health Organization (Mathers et al., 2000; World Health
Organization, 1991): The World Health Organization (WHO) de-
fines an average hearing loss of O to 25dB HL at the audiometric
pure-tone frequencies 500, 1000, 2000, and 4000Hz in the bet-
ter hearing ear as “no impairment,” an average hearing loss of 26
to 40dB HL as “slight,” and an average hearing loss of 41 to 60dB
HL as “moderate” impairment. We adapted this classification to the
aims of our study as follows: (1) As some of the measuring meth-
ods used in our study required binaural hearing capability, average
hearing loss of both ears (not only the better one) was considered.
(2) The upper average limit for normal hearing performance was
set to 20dB HL (not 25dB HL). In our study, some elderly subjects
with hearing loss between 20 and 25dB HL already fulfilled some
criteria for hearing aid indication in Germany. The 20dB limit has
already been suggested in the original WHO-classification itself
(World Health Organization, 1991) and is nowadays the new recom-
mendation based on the Global Burden of Disease Expert Group on
Hearing Loss (Olusanya et al., 2019). (3) The upper average limit for
the hearing-impaired elderly was set to 50dB HL. This was neces-
sary in order to avoid incomplete data, as otoacoustic emissions usu-
ally cannot be measured for hearing loss above 50dB HL (Janssen &
Mdiller, 2008). Furthermore, 50dB HL is the new limit for moderate

HIE: >25dB HL-50dB HL; high-frequency
hearing loss only (>2,000Hz)
Symmetric hearing loss
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Exclusion criteria

All other ages

All other hearing loss averages

Low/middle-frequency hearing loss

Asymmetric hearing loss (>25dB HL difference
right vs. left ear at >1 frequency)

Acute ear infection

Tinnitus

Sudden hearing loss with residual hearing
impairment

Relevant macroscopic alterations of the auditory
system (e.g., of pinna or ear canal)

Relevant exposure to ototoxic drugs or
occupational noise

Relevant alterations in ear canal (relevant
exostosis) or tympanic membrane
(perforations, scarring, protrusion/retraction)

All other compliance curves

hearing loss by the Global Burden of Disease Expert Group on
Hearing Loss (Olusanya et al., 2019). Both normally hearing subjects
and ARHL patients exhibit largely symmetric pure-tone audiograms
of both ears (Lenarz & Boenninghaus, 2012). Consequently, signifi-
cantly asymmetric hearing performance of both ears was considered
as an exclusion criterion (see Table 1 for all inclusion and exclusion
criteria).

Participants were recruited by several ways: Posters in the ENT
outpatient department of the University hospital rechts der Isar
and near the medical lecture rooms of the Technical University of
Munich informed patients and students about the study. The ENT
database of the University hospital rechts der Isar was automatically
scanned for patients with audiograms meeting the criteria men-
tioned above, who were contacted by mail. Finally, all participants of
our study were encouraged to inform relatives and friends about the
study. Like this a cohort representative of the average population
could be gained. Measurements were taken in a soundproof booth
after standardized instruction in a single session as part of a larger
test battery study. Written informed consent was obtained from all
participants. The study was part of the project “Automatic hearing
diagnostics and non-cooperative hearing aid adaption,” which was
approved by the local ethics committee of the University hospital
rechts der Isar of the Technical University of Munich, Germany, and

is in accordance with the Declaration of Helsinki.

2.2 | Questionnaires

2.2.1 | Questionnaire for auditory tests according
to DIN EN ISO 389-9:2009-12

This questionnaire is part of the audiometric standard DIN EN ISO
389-9:2009-12 (DIN Deutsches Institut & fiir Normung e.V., 2009).
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It is usually used to exclude potentially hearing-impaired participants
in the calibration process of auditory devices. Twelve questions
cover ENT history (otologic diseases, ear operations), risk factors
for hearing impairment (ototoxic drugs, noise exposition), and family
history (relatives with hearing impairment). We included this ques-
tionnaire in our study in order to assess a basic standardized ENT
history and potential exclusion criteria (see Table 1). The results of

this questionnaire will not be discussed in detail.

2.2.2 | Hearing handicap inventory for the elderly-
Screening version

The Hearing Handicap Inventory for the Elderly (HHIE; Ventry
and Weinstein (1982); Weinstein and Ventry (1983)) in its self-
assessed screening version with 10 questions (HHIE-S; Ventry and
Weinstein (1983); Weinstein (1986)) evaluates subjective hearing
impairment, which can significantly differ from audiologic hearing
impairment. Depending on the answers, a score is calculated and
assigns individuals to different subjective handicap categories: no
(score 0-8), mild-to-moderate (score 10-24), and severe (score
26-40) hearing handicap (American Speech-Language-Hearing-
Association, 1997, 2016). We used the HHIE-S in its German version
(Bertoli et al., 1996) on a handheld touch screen device (Sentiero
Advanced, PATH MEDICAL GmbH, Germering, Germany).

2.3 | Otoscopy and tympanometry

Each participant was screened otoscopically to rule out relevant
pathologies of the outer ear canal and the tympanic membrane.
Conventional 226 Hz-tympanometry was then performed before all
other measurements to assess middle ear function. Significant al-

terations led to exclusion of the participant (see Table 1).

2.4 | Pure-tone audiometry

Pure-tone audiometric air conduction thresholds for both ears
were obtained at 250, 500, 1,000, 2,000, 4,000, 6,000, and
8,000Hz. Two calibrated devices were used dependent on avail-
ability: The Otobox, an audiometric platform developed by the
Experimental Audiology of the ENT Department of the University
hospital rechts der Isar, in combination with Beyerdynamic DT 48
headphones, or the Sentiero Advanced (PATH MEDICAL GmbH,
Germering, Germany) with Sennheiser HDA 280 headphones.
Both devices comply to the normative criteria for diagnostic au-
diometers according to DIN EN 60645-1:2002-09 and apply an
automatic threshold determination according to the standard DIN
EN ISO 8253-1:2011-04 (DIN Deutsches Institut & fir Normung
e.V., 2002, 2011). Hearing thresholds determined group assign-
ment to HC, NHE, or HIE and had to be in accordance with certain
inclusion criteria (see Table 1).

2.5 | Distortion product otoacoustic
emission thresholds

Distortion product otoacoustic emissions (DPOAEs) arise from the
active, nonlinear cochlear amplifying process of the outer hair cells
(OHCs), when the ear is stimulated simultaneously by two tones
with neighboring frequencies (f, and f,). The cubic distortion prod-
uct (2f,-f,; f,:f, =1.2) represents OHC integrity in the area of the
characteristic place of f, (Janssen & Miiller, 2008, pp. 412-422).
Stimulation was steered via the Otobox and applied via an Etymotic
Research ER-10C ear probe consecutively in both ears. Level ratio
of the primary tones L, =.4 L, +39dB was set in accordance with
the “scissor” paradigm by Kummer et al., which yields highest cubic
DPOAE levels (Janssen, 2009; Kummer et al., 2000). The DPOAE-
level (Ldp) was measured after an in-the-ear calibration of the ear
probe for systematically varied L, levels, starting with L, =60dB SPL
and decreasing L, by 10 dB SPL after measurement of a valid DPOAE
or increasing L, by 5 dB SPL after failure of a valid DPOAE meas-
urement. Maximum L, level was set to 70dB SPL to avoid technical
distortion of the ear probe. Like this a series of L2—Ldp pairs was gen-
erated for a fixed f,-frequency, which was plotted in a semilogarith-
mic diagram (x-axis: L,, y-axis: sound pressure level Ldp). The DPOAE
threshold was defined as the L, of the intersection point of the linear
regression line of the above mentioned measuring points with the x-
axis, where Ldp is zero. When less than three valid Lz'l-dp pairs were
measurable, the DPOAE threshold was defined as the lowest L, with
a valid DPOAE (for more details of this extrapolation method, see
Boege and Janssen (2002); Rosner (2011, p. 124)). DPOAE thresh-
olds were assessed successively for f, =1.5, 2, 3, 4, 6, and 8 kHz.
The 6 and 8 kHz results, however, have to be interpreted with special
caution as standing waves in the ear canal may affect their accuracy
(Janssen, 2009; Mrowinski & Scholz, 2011).

2.6 | Auditory brainstem response

Auditory brainstem response (ABR) measurements were integrated
in our study to evaluate integrity of the auditory nerve and the audi-
tory brainstem. The ABR module of the portable Sentiero Advanced
device (PATH MEDICAL GmbH, Germering, Germany) was used
with a 100ps rectangular click (.7-6 kHz) stimulus. Electrodes were
placed on vertex (+) and ipsilateral mastoid (-), the mass electrode on
the forehead. Stimulus rate was set to 20 Hz; a jitter function slightly
varied the stimulus rate in order to minimize electric interference and
adaption of the auditory system. One click series of 70dB click level
and two series of 80dB click level were applied to each ear via in-
sert earphones (otolnsert, GN Otometrics, Taastrup, Denmark) with
4,000 repetitive stimuli, respectively. Participants completed ABR
measurements in a soundproof and electromagnetically shielded
booth in a relaxed lying position and were advised to snooze. For
the final evaluation, waves | to V for each click series were marked
in the ABR software module of the Sentiero Advanced device.
Peak-to-peak-amplitudes of wave | were calculated as a surrogate
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of the integrity of cochlear synapses with the auditory nerve fib-
ers (Mrowinski, 2009). As absolute latencies and amplitudes of ABR
measurements strongly depend on the individual's sensation level
(Lehnhardt & Laszig, 2009) and as a physical or statistical compensa-
tion for hearing loss was difficult due to the broadband spectrum
of the stimulus, we calculated interpeak latencies of waves |-V (IPL
1-V), I=1II (IPL 1-111), and [1I-V (IPL 11I-V) for the main ARHL analyses
(wave delay due to hearing loss will affect all waves equally which
should result in essentially constant interpeak latencies). The aver-
age of both 80dB series was defined as the participant's final result.
The 70dB series was only used to ease wave identification in the
80dB series by comparing latencies and waveforms.

2.7 | Central auditory discrimination
performance tests

The fundamental features frequency, intensity, and duration of a
sound are basically encoded by activity and location of the coch-
lear hair cells and the firing rates of auditory nerve fibers (Neumann
& Ribsamen, 2005; Pickles, 2015). They are finally processed, dis-
criminated, and set to consciousness in the central auditory nerv-
ous system (Trepel, 2008). Therefore, procedures aiming at just
noticeable stimulus differences (JNDs) can test certain aspects of
central auditory processing. In 2004, Bungert-Kahl et al. presented
a straightforward three-alternative forced-choice paradigm for the
assessment of central JNDs, in which one test signal differs from
two reference signals in a signal triplet with respect to the features
mentioned above. By varying the magnitude of the signal difference
in accordance with a certain algorithm in successive trials, the in-
dividual's JND can be obtained. Different test modes (see below)
can be used to provide topodiagnostic specificity (Bungert-Kahl
et al., 2004; Freigang et al., 2011; Ludwig, 2009).

We adapted this test to the needs of our study and developed
a special operational interface for the Sentiero Advanced device. In
each trial, participants listened to a signal triplet consisting of one
deviant test signal and two reference signals via Sennheiser HDA
280 headphones. The position of the deviant test signal within the
signal triplet was randomized. The signal triplet was represented by
a row of three playing cards on the touch screen of the Sentiero
Advanced device. The participant had to identify the two identical
reference signals, which were then chosen on the touch screen by
turning the respective playing cards (just as if playing a memory
game). In each trial participants could play back the signal triplet as
often as needed; if they could not identify the identical signals, they
were encouraged to guess. JNDs were obtained for the stimulus pa-
rameters frequency, level, and duration in different test modes (see
below). The JND for each parameter and test mode was assessed
separately in a series of trials. The main idea of this test paradigm
was to provide an identical operational concept independent of
stimulus parameter and test mode.

The magnitude of the stimulus difference (frequency: Af, level:
AL, and duration: At) between test and reference signal was varied
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between the consecutive trials according to a specially designed
adaptive algorithm: Starting at a clearly audible difference, the stim-
ulus difference was reduced in the first three trials after each correct
choice (One-down-principle). Like this the participant's JND was ap-
proached more quickly. After the third trial, the stimulus difference
Af/AL/At was only reduced after two correct answers in two succes-
sive trials with identical stimulus differences (Two-down-principle),
whereby the probability to attain low JNDs just by guessing (33% in
each trial) was significantly decreased to (33%)2 =11%. One incor-
rect answer resulted in an increase of the stimulus difference during
the whole test procedure (One-up-principle). Altogether, in this al-
gorithm the stimulus difference oscillated around the participant's
actual difference limen, as trials with stimulus differences below
the participant's JND will usually result in an incorrect answer (and,
like this, create a preliminary minimum of the stimulus difference)
and trials with stimulus differences above the participant's JND will
usually lead up to two correct answers (and, like this, create a pre-
liminary maximum of the stimulus difference). Having reached three
minima and three maxima or 42 trials, the procedure stopped. In
order to obtain the participant's JND, medians of the minima and
of the last two maxima were calculated, respectively. The JND was
defined as the mean of the two medians.

In a series of correctly answered trials, the magnitude of the
stimulus difference was successively decreased according to a
randomized algorithm, whereas in a series of incorrectly answered
trials, it was successively increased in randomized steps. Like this
theoretically every JND could be attained.

The different test modes were used to achieve topodiagnos-
tic specificity (Biedermann et al., 2008; Bungert-Kahl et al., 2004;
Freigang et al., 2011; Ludwig, 2009):

In the dichotic test mode, both ears received different stimuli.
Only one ear was stimulated by the signal triplet consisting of one
test and two reference signals. Simultaneous to those three tonal
signals, three broadband noise signals were presented to the other
ear. The noise signals mask central auditory processing of the tonal
signals in the hemisphere contralateral to the noise (and ipsilateral
to the tonal signals) and, in this way, lead up to a kind of unilateral
representation of the tonal signals in the hemisphere contralateral
to the tonal signals (and ipsilateral to the noise signals). Furthermore,
experiments showed that dichotic test results are not influenced by
brainstem lesions. Dichotic tests therefore enable separate and se-
lective testing of auditory discrimination performance of both hemi-
spheres, which, under physiologic conditions, is not possible due to
the bilateral input of both hemispheres (Biedermann et al., 2008;
Bungert-Kahl et al., 2004). Dichotic frequency discrimination tasks
assess the integrity of the tonotopic organization of the tested
hemisphere, dichotic level, and duration discrimination tasks uni-
lateral hemispherical intensity and temporal processing (Freigang
et al., 2011; Hackett, 2015; Neumann & Riibsamen, 2005).

In contrast, in the interaural test mode, tonal signals are presented
to both ears. The noise triplet of the dichotic procedures is replaced
by a triplet of reference signals. Input of both ears is always identical
with the exception of the test signal, which is only presented to the
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test ear. Due to the central fusion of the bilateral tonal signals (and
stimulation of central sound localization mechanisms, which also
rely on frequency/phase, level and duration differences), interaural
tests create a special spatial effect: that is, the reference signal pairs
are centered in the head, whereas the test-and-reference-signal pair
results in a lateralization effect (to the shorter signal in case of the
duration tests, to the louder signal in case of the level tests) or an
impression of sound spreading (in case of the frequency tests). A
specificity of interaural tests for brainstem auditory performance
was shown in prior studies that refute an influence of di- and telen-
cephalic lesions on test results (Biedermann et al., 2008; Bungert-
Kahl et al., 2004; Freigang et al., 2011; Ludwig, 2009). Interaural
frequency discrimination tasks assess motion detection, interaural
level, and duration discrimination tasks sound localization in the hor-
izontal plane in the brainstem (Middlebrooks, 2015).

In addition to the original test protocol by Bungert-Kahl
et al. (2004), a binaural test mode was launched, in which both ears
simultaneously receive the same signal triplet consisting of one test
and two reference signals. As no topodiagnostic specificity is known,
this test mode was only used as training for the dichotic and interau-
ral tests. Results will not be discussed.

The JNDs were assessed for each stimulus parameter (fre-
quency, level, and duration) for binaural, interaural, and dichotic test
mode, respectively. For the interaural and dichotic test mode, a sep-
arate JND was obtained for right and left ears, whereby the side
relates to the ear where the test signal is presented. A randomized
order was utilized for the whole study collective for the interaural
and the dichotic test mode and the individual stimulus parameters
to avoid systematic learning or tiring effects. Binaural procedures
were constantly used first as a kind of training. Stimulus frequency
of the reference signals was always 1 kHz at 40dB SL (reference was
the 1 kHz-PTA-threshold), like this accounting for differences in au-
dibility between participants with normal and impaired hearing. The
deviant test signal differed from the reference signals by Af (higher),
AL (louder), or At (shorter). The noise signal consisted of broadband
noise (up to 8 kHz) at 40dB SL. Except from the deviant signal in the
duration discrimination tasks, all signals lasted for 400ms and the
inter-signal-interval was 600 ms (for further details on the algorithm

and the signals, see also Pirner, 2019).

2.8 | Speech in noise—Oldenburger Satztest

The Oldenburger Satztest/Oldenburg Sentence Test (OLSA),
a German speech-in-noise test developed 1999 by Wagener
et al. (199%9a, 1999b, 1999), assesses speech understanding in
standardized noise by presenting randomized German five-word-
sentences consisting of name, verb, numeral, adjective, and object
(e.g., Thomas kauft 7 rote Schuhe = Thomas buys seven red shoes)
out of a thesaurus of 10 words per part of speech, respectively. Each
test list consists of 30 sentences. The signal-to-noise ratio (SNR), the
difference between speech and noise level, varies between the con-
secutive sentences dependent on the proportion of words correctly

identified in the sentence before. Finally, a theoretical speech recep-
tion threshold Lg, (SRT L), the SNR corresponding to 50% intelligi-
bility, is calculated by averaging the SNRs of the last 20 sentences.
Healthy individuals on average achieve a speech reception threshold
L, of -7.1 dB SNR, that is they achieve 50% intelligibility when the
noise is presented 7.1 dB louder than speech level.

The OLSA module was implemented on a Siemens Unity
2-Audiometer in combination with Canton CD 310 free field
loudspeakers. The participant's head was centered between
the loudspeakers. Noise level was fixed to 65dB SPL as in the
original version of Wagener et al. (1999b), speech level was au-
tomatically adapted. One training list was provided before the
final measurement.

2.9 | Statistical analysis

All statistical analyses were performed with MATLAB (Version
2015b, MathWorks, USA) and in accordance with recommendations
of the Institute for Medical Informatics, Statistics and Epidemiology
(IMedlS) of the Technical University of Munich. (1) In a first step, all
test results gathered separately for right and left ear (PTA, dichotic
and interaural CADP tests, DPOAE threshold, ABR) were reduced to
one final result by forming means. This is necessary, as test data of
the right and the left ear are not independent and could elicit false
significance in statistical analyses requiring independent data, if
right and left ear results were used separately (WeiB, 2013). When
valid test results were available only for one ear or when methods
obtained only one result per participant (OLSA), this result was taken
as final. (2) Statistics were evaluated on a significance level p of 5%.
(2a) Means and standard deviations for the three groups (HC, NHE,
and HIE) were calculated from the final results for metric tests (PTA,
CADP tests, OLSA, DPOAE thresholds, and ABR) and analyzed with
respect to significant differences by ANOVA and Tukey HSD as post
hoc test with inherent correction for multiple testing (multcompare-
tool of MATLAB). When comparing NHE and HIE, an additional
ANOCOVA (covariable: age) was performed to take into considera-
tion a slight age difference between both groups. In special cases
(explained in the Results), we additionally performed an ANOCOVA
controlling for high-frequency hearing loss between the HC and the
NHE group (covariable: average hearing loss at 6 an 8 kHz of both
ears). For the ordinally scaled HHIE-S, the Kruskal-Wallis test was
used. (2b) If clinically or statistically relevant, results were correlated
by Spearman's Rho.

As no data for the CADP test were available for comparable
study cohorts and procedures, an exact power analysis could not
be done prior to the study. Instead, we defined the final group size
n = 30 by trying to estimate the maximally recruitable NHE group
size at our center by analyzing our ENT database. The rationale for
this procedure was that it is most challenging to find normally hear-
ing elderly in accordance with our strict definition in a general pop-
ulation. All data, including outliers in the graphs, were considered in
the statistical analyses.
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3 | RESULTS

3.1 | Participants' characteristics

Overall, 90 out of 97 participants could be included in the final analy-
ses. Each group (HC, NHE, and HIE) consisted of 30 participants—15
male and 15 female subjects.

Mean age + SD of the HC group was 24.2 + 1.7 years, mean ages of
the NHE and the HIE group were 66.7 +4.2 and 73.2 + 4.2 years, re-
spectively. Due to this slight but significant (ANOVA, F2y g7 =1666.9,
p <.001; post hoc test Tukey HSD, p <.001) unintended age dif-
ference between the NHE and the HIE group, we additionally per-
formed an ANOCOVA (see Section 2.9) for comparisons between
NHE and HIE results to rule out interfering age effects. Male and
female subjects had very similar age distributions in each group (HC:
24.6 +1.8 vs. 23.8 +1.6years; NHE: 66.5 +4.6 vs. 66.9 +3.9years;
and HIE: 72.9 +4.6 vs. 73.6 + 3.9 years; male results are listed first).

The average hearing loss + SD at the PTA-frequencies 500,
1,000, 2,000, and 4,000 Hz on both ears (PTA500-4000 Hz), which
was, in addition to age, used for group assignment, was 2.9 + 3.1 dB
HL in the HC, 9.1 +5.2 dB HL in the NHE, and 33.4 +5.9 dB HL
in the HIE group. Again, men and women had very similar results
in each group (HC: 3.1 £3.0 vs. 2.6 +3.3 dB HL; NHE: 9.6 +4.3
vs. 8.7 +6.1 dB HL; and HIE: 33.2 +6.3 vs. 33.7 +5.7 dB HL; male
results listed first). Due to this similarity and the equivalent age
distributions, we did not differentiate between male and female
results in all further group analyses. All three groups (including HC
and NHE) had a significantly different average PTA500-4000 Hz
(ANOVA, F, g7=328,7,p <.001; post hoc test Tukey HSD, p < .001),
which is a quite common problem in studies comprising “normally
hearing” elderly (due to WHO-definition), as it is nearly impossible
to recruit elderly without any high-frequency hearing loss. As both
HC and NHE nevertheless fulfilled the slightly modified WHO cri-
teria for normal hearing performance, we did not statistically con-
sider this PTA-difference in our primary analyses. Only in special
cases (described in the following parts of the Results section), an
additional ANOCOVA was used to assess the effects of this PTA
differences. Pure-tone audiometric air conduction thresholds over
the whole frequency range and significant differences between
the groups are shown in Figure 1. The NHE group was character-
ized by a slight high-frequency hearing loss, which was much more
expressed in the HIE group.

The average HHIE-S-score increased significantly from the HC
group to the NHE group (Kruskal-Wallis test, ;(2 =38.2, p <.001;
post hoc test Tukey HSD, p <.001) and from the NHE group to the
HIE group (p =.014). The mean HHIE-S-score+SD was 2.7 +2.7 in
the HC, 9.1 +6.9 in the NHE, and 17.1 +10.1 in the HIE group. In
the HHIE-S-categorization, an average participant of the HC group
therefore negated any subjective hearing impairment. The NHE sub-
jects on average perceived no or only a mild hearing impairment,
whereas the HIE subjects on average reported a mild-to-moderate
hearing handicap. Variability of the answers increased between the
three groups, as shown by the standard deviation of the score.

Neuroscience Researc

- ok ok

JOURNALOF , h 1797

g0 * = P s
0 % % % 7 _
. N
20 + + T + +
T 30 \ T KP * ]
3 K ,,
. | :
S * 1
.g 60 n ¥
3 70} + 1
T
80+ ——HC T
90| ___NHE i J
=—=HIE
100 T T L L L
250 500 1 OOP 2000 ASOOO 6000 8000
req (Hz

uency

FIGURE 1 Pure-tone audiometric thresholds. The healthy
controls (HC) group was characterized by a flat and unimpaired
audiometric threshold over the whole frequency range. The
normally hearing elderly (NHE) group had a slight high-frequency
hearing loss which was much more expressed in the hearing-
impaired elderly (HIE) group. The HC and NHE groups differed
significantly from the HIE group at all frequencies, whereas
significant differences between the HC and NHE group were
observable only in higher frequencies above 2000 Hz (ANOVA,
F, g7 =19.6 (250Hz)/53.1 (500Hz)/79.0 (1000 Hz)/174.3
(2000Hz)/201.5 (4000Hz)/188.2 (6000Hz)/171.8 (8000 Hz),

p <.001 in all cases; post hoc test Tukey HSD). *p <.05; **p <.01;
***p <.001. Notches in the boxes show the 95% confidence interval

3.2 | DPOAEthresholds
As DPOAEs are only measurable up to about 50dB hearing loss in
PTA (Thomas Janssen & Miiller, 2008; Mrowinski & Scholz, 2011) and
many participants of the HIE group exceeded this limit mainly at higher
frequencies, calculating average DPOAE thresholds in this group will
underestimate the real OHC dysfunction by not considering hearing
impaired participants without measurable DPOAE thresholds. Even so
a significant increase of the average DPOAE threshold at all frequen-
cies from 1.5 to 4 kHz could be observed when comparing the results
of the HC, NHE, and HIE group, ranging from about 12-15dB SPL in
the HC group to up to 56dB SPL at 4 kHz of the HIE group (see Figure 2
and Table 2). For 6 and 8 kHz, a significant increase was existent only
between the HC and the NHE group, but not between both elderly
groups. Abovementioned physiological limitations of the method were
reflected in a decreasing rate of valid DPOAE thresholds from the HC
and NHE group to the HIE group, especially at higher frequencies.
Besides potential problems with standing waves in the ear canal at 6
and 8 kHz (Janssen, 2009; Mrowinski & Scholz, 2011), the resulting
small sample size can affect the results and the comparison between
the NHE and HIE group at 6 and 8 kHz.

Due to the slight but partly significant (ANOVA, p <.001 for 4,
6 and 8 kHz, see Figure 1) difference in PTA-thresholds between
the HC and NHE group, a strict separation between age and au-
ditory status effects on DPOAE thresholds was not possible at
first view. A subgroup of the NHE group with PTA-thresholds
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FIGURE 2 DPOAE thresholds. A significant deterioration of
DPOAE thresholds between the healthy controls (HC), the normally
hearing elderly (NHE), and the hearing-impaired elderly (HIE) group
was seen at 1.5, 2, 3, and 4 kHz and between the HC and the NHE
group at 6 and 8 kHz. Separating aging- and hearing loss-associated
effects, however, is difficult due to high-frequency hearing loss of
the NHE group and small sample sizes for some of the HIE results.
For statistical methods, please refer to Table 2. *p <.05; **p <.01;
***p <.001. Notches in the boxes show the 95% confidence interval

below 15dB HL at frequencies relevant for the DPOAE thresh-
olds was therefore selected, consisting of the eight best-hearing
NHE participants (NHE15dB; considered frequencies: 1 to 4 kHz).
In doing this, the DPOAE thresholds of this subgroup (and also
PTA-thresholds from 250Hz to 4000Hz) no longer differed sig-
nificantly from the HC group but were still significantly different
from those of the HIE group (ANOVA, p <.001, respectively, see
Table 2). For 6 and 8 kHz, an analogous procedure was impossi-
ble, as only one individual of the NHE group was characterized by
PTA-thresholds below 15dB HL at 6 and 8 kHz, precluding mean-
ingful statistics. Instead, we statistically eliminated the difference
in audibility at 6 and 8 kHz by means of an ANOCOVA (covariable:
average hearing loss at 6 and 8 kHz of both ears) still showing
significant differences in DPOAE thresholds at these frequencies
between the HC and the NHE group.

3.3 | Auditory brainstem response

The interpeak latency |-V, which represents retrocochlear sound
conduction up to midbrain structures, was significantly higher
in both elderly groups (NHE and HIE) in comparison to the HC
group, but did not significantly differ between both elderly
groups. A more detailed analysis could not detect any signifi-
cant differences between the interpeak latency I-Ill of all three
groups, which physiologically reflects sound processing in the
auditory nerve and cochlear nucleus. In contrast, the interpeak
latency IlI-V, which is determined by brainstem sound processing,
increased significantly from the HC group to both elderly groups,

but not between both elderly groups (analogous to IPL |-V, see
Figure 3 and Table 3).

In order to evaluate the integrity of the cochlear synapses,
an analysis of the ABR amplitude for wave | was performed. A
significant decrease between all three groups could be demon-
strated after controlling for the age difference between both
elderly groups by an ANOCOVA (covariable: age, see Figure 4).
Controlling for the audibility differences between the HC and
the NHE group was neither methodically nor statistically (by an
ANOCOVA) feasible in a reliable manner due to the broadband
nature of the stimulus.

3.4 | Central auditory discrimination
performance
3.4.1 | Level discrimination and duration

discrimination

In all dichotic and interaural level and duration discrimination tasks,
a significant increase of the average JNDs could only be observed
between the healthy controls (HC) and both elderly groups (NHE
and HIE), but not between both elderly groups. Interestingly the
HIE group could achieve slightly better average JNDs in all trials
compared to the NHE group, possibly due to recruitment phe-
nomena. Figure 5 and Table 4 provide a detailed survey of all re-
sults. Average JNDs for duration discrimination ranged from 35.1
to 86.7 ms, that means from 8.8% to 21.7% of the basic stimulus
length. For level discrimination, average results were 2.7 to 5.1 dB;
analogous percentages cannot be provided due to the individually
set stimulus level (40dB SL).

3.4.2 | Frequency discrimination

In contrast, the results of the frequency discrimination tasks
showed different behavior (see Figure 5c and Table 4). The av-
erage dichotic and interaural JNDs for frequency discrimination
were lowest for the HC group, higher for the NHE group and high-
est for the HIE group. A statistically significant JND-increase could
be observed between the HIE group and both normally hearing
groups (HC and NHE), whereas the NHE group was characterized
by a non-significant but strong tendency to higher JNDs in com-
parison to the HC group in the ANOVA. With the exception of the
HC group, dichotic and interaural tasks provided quite similar aver-
age JNDs, ranging from 2.3 to 21.8 Hz, that means .23% to 2.18%
of the stimulation frequency.

Results of the binaural test mode for level, duration, and fre-
quency discrimination are not mentioned, as this test mode was only
used for training purposes.

In order to rule out that CADP test results were just deter-
mined by pure-tone audiometric thresholds, Spearman's Rho be-
tween all test modes/stimulus parameters and the PTA-threshold



PURNER ET AL. JOURNALOE , 1799
Neuroscience Research
TABLE 2 DPOAE thresholds
Group 1.5 kHz 2 kHz 3 kHz 4 kHz 6 kHz 8 kHz
HC 13.6 +6.0 154 +£6.3 13.0+5.2 11.9 +3.0 16.4 £6.7 30.8 +12.4
(n=30) (n =30) (n =30) (n=30) (n =30) (n=30)
NHE 20.8 +11.2 234 +121 247 +12.8 270+111 41.2 +17.2 539 +124
(n=29) (n=29) (n=29) (hn=29) (n=27) (n=17)
HIE 50.6 +12.1 51.9 +10.9 55.3+10.1 56.1 +10.2 63.3+2.9 62.2+2.6
(n=27) (n=23) (n=20) (n=21) (n=23) (n=9)
p-values ANOVA: ANOVA: ANOVA: ANOVA: ANOVA: ANOVA:
(Comparison HC NHE: .021* HC NHE: .0085* HC NHE: HC NHE: HC NHE: HC NHE:
HC NHE HIE) HC HIE: <.001*** HC HIE: <.001*** <.001*** <.001*** <.001*** <.001***
NHE HIE: NHE HIE: HC HIE: <.001***  HCHIE: <.001*** HCHIE: <.001***  HC HIE: <.001***
<.001*** <.001*** NHE HIE: NHE HIE: NHE HIE: .014* NHE HIE: .019
ANOCOVA: ANOCOVA: <.001*** <.001*** ANOCOVA: ANOCOVA:
NHE HIE: NHE HIE: ANOCOVA: ANOCOVA: HC NHE: HC NHE: <.01**
<.001*** <.001*** NHE HIE: NHE HIE: <.001*** NHE HIE: .52
<.001*** <.001*** NHE HIE: .63
NHE15dB 16.5+74 17.4 +6.0 17.2 £5.5 17.8 +5.8 35.7 +£18.3 44.6 +17.0
(n=8) (n=8) (n=8) (n=8) (n=8) (n=5)
p-values ANOVA: ANOVA: ANOVA: ANOVA: Not calculated Not calculated
(Comparison HC NHE15dB: HC NHE15dB: HC NHE15dB: HC NHE15dB:
HC 71 .82 .31 .086
NHE15dB-HIE) HC HIE: <.001* HC HIE: <.001* HC HIE: <.001* HC HIE: <.001*
NHE15dB HIE: NHE15dB HIE: NHE15dB HIE: NHE15dB-HIE:
<.001* <.001* <.001* <.001*

Note: Mean + SD (dB SPL) and p-values for each group-wise comparison between the healthy controls (HC), the normally hearing elderly (NHE),
and the hearing-impaired elderly (HIE) group. At first view, a significant deterioration of DPOAE thresholds at all frequencies is visible between
the HC, NHE, and HIE group (ANOVA, F, 4, =105.8 (1.5 kHz)/F, ;4 =93.0 (2 kH2)/F, ,, =114.0 (3 kHz)/F, ,;, =162.4 (4 kHz)/F, 5, =38.8

(6 kHz)/Fzy 53 =37.1(8 kHz), p <.001 in all cases; post hoc test Tukey HSD), the only exception being 6 and 8 kHz, where the ANOCOVA
considering age differences did not show significant differences between NHE and HIE (ANOCOVA, Fi, 53 =46.7 (1.5 kHz)/FL49 =429

(2 kHz)/F; ,,=38.7 (3 kHz)/FL47 =37.8 (4 kHz)/F, ,,=.23 (6 kH2)/F ,5=.43 (8 kHz), p =.63 (6 kHz)/.52 (8 kH2)). In order to eliminate audibility
effects between the HC and the NHE group, a special NHE15dB subgroup was introduced, characterized by PTA-thresholds below 15dB HL

at 1 to 4 kHz. DPOAE thresholds of this subgroup (and also PTA-thresholds from 250 Hz to 4000 Hz) no longer differed significantly from the
HC group but were still significantly different from those of the HIE group (ANOVA, Fzy 62 =123.0(1.5 kHz)/FZY 55 =134.2 (2 kHz)/sz 55 =212.3
(3 kHz)/Fzy 56 =274.1 (4 kHz), p <.001 in all cases; post hoc test Tukey HSD). It remains unclear whether this is a physiological or statistical
effect due to small sample size. For 6 and 8 kHz (as only one NHE-individual had PTA-thresholds below 15dB), we statistically eliminated
audibility differences between HC and NHE by means of an ANOCOVA (covariable: average hearing loss at 6 an 8 kHz of both ears, F1, 54 =259
(6 kHz)/FL 44 =9.0 (8 kHz), p <.001 (6 kHz)/p =.0043 (8 kHz)) still showing significant differences between these groups. Be aware of the
decreasing sample sizes in higher frequencies and hearing impaired subjects due to physiological limitations of the DPOAE measurements.

*p <.05; **p <.01; ***p <.001. n: number of valid measurements.

at 1 kHz (the stimulation frequency of the test) was calculated. All

3.5

Oldenburger Satztest/Oldenburg

calculations revealed low correlation coefficients (.11 to .42; not
significant for level discrimination, all other results significant at
least at p <.05). As it is known that high-frequency hearing loss
above 4 kHz can affect sound localization (Hornsby et al., 2011;
Middlebrooks, 2015) and as the CADP tests partly stimulate sound
localization mechanisms, an additional ANOCOVA was performed
taking into account differences in high-frequency hearing loss
between the HC and the NHE group (covariable: average hearing
loss at 6 an 8 kHz of both ears). For level and duration discrimina-
tion tests, the former results for the HC and the NHE group were
confirmed—the only exception being interaural duration discrim-
ination (p =.07, scarcely not significant anymore). For frequency
discrimination, upper mentioned strong tendency toward increas-
ing JNDs between the HC and the NHE group could be confirmed
in a statistically significant manner.

sentence test

As expected, the HC group obtained the best OLSA results (see
Figure 6). The average SRT L, (+SD) was -8.5 +.5 dB SNR and
even better than the reference value at -7.1 dB SNR. Practically,
this means that the average participant of the HC group could
achieve 50% intelligibility when the background noise was 8.5 dB
louder than the sentence being presented. The NHE group lay
slightly worse and slightly below the reference value, with an aver-
age SRT L, of -6.9 +.8 dB SNR. The average SRT L, of the HIE
group was -4.8 + 1.5 dB SNR. The average results of all three groups
differed significantly in the statistical analyses (ANOVA, additional
ANOCOVA for NHE and HIE (covariable: age), p <.001, respectively;
see Figure 6). As speech understanding in noise is affected by high-
frequency hearing loss (Hornsby et al., 2011) and as the “normally
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FIGURE 3 ABRinterpeak latencies. Interpeak latencies I-Ill,
111-V, and I-V for the healthy controls (HC), the normally hearing
elderly (NHE), and the hearing-impaired elderly (HIE) group.

Only the central transmission time (I11-V) showed a significant
deterioration in both elderly groups (compared to the young and
healthy control group), leading up to an analogous increase in the
interpeak latency I-V. For statistical details, please refer to Table 3.
*p <.05; **p <.01; ***p <.001. Notches in the boxes show the 95%
confidence interval

hearing” HC and NHE groups were characterized by different grades
of high-frequency hearing impairment, an additional ANOCOVA was
performed (covariable: average hearing loss at 6 an 8 kHz of both
ears), confirming the results of the ANOVA.

4 | DISCUSSION

The present cross-sectional study provides evidence for alterations
in peripheral and central sound processing of the auditory system
in ARHL. By means of a three-group-sample and a topodiagnostic
test battery, we aimed at separating age- and hearing loss-related

TABLE 3 ABRinterpeak latencies

Group IPL I-11I

HC 2.14+0.12(n=29)

NHE 2.18+0.16 (n = 30)

HIE 2.23+0.16 (n = 28)

p-values ANOVA: .079
(HC NHE: .70; HC HIE: .068; NHE HIE: .31)
ANOCOVA:
NHE HIE: .41

changes in performance of all sections of the auditory system.
A multimodal concept was used to draw representative samples
of normally hearing young controls (HC), normally hearing elderly
(NHE), and hearing-impaired elderly (HIE). For defining auditory
status, we applied slightly adapted WHO grades of hearing impair-
ment (Mathers et al., 2000; Olusanya et al., 2019; World Health
Organization, 1991).

Even though the whole ENT database of the University hospital
rechts der Isar in a large city like Munich was scanned automatically,
it was a main challenge of this study (as in many other similar stud-
ies) to gain a sufficient number of normally hearing elderly. Indeed,
a comparison with international normative data of hearing thresh-
old distributions according to DIN EN ISO 7029:2017-06 could
prove that our NHE group mainly represented the best-hearing
quartile of an average elderly population; the HIE group, in con-
trast, the worst quartile (DIN Deutsches Institut & fiir Normung
eV, 2017). Nevertheless, a significant difference in the average
PTA500-4000Hz between the young HC and the elderly NHE group
had to be taken into account due to a high-frequency hearing loss of
the NHE group, although both groups met the adapted (and in this

way stricter) WHO criteria for “no hearing impairment.”

4.1 | OHC activity—DPOAEthresholds

Numerous trials have already aimed at separating age- and hear-
ing loss-related alterations of OHC function in ARHL by means of
DPOAEs. The majority of recent studies agrees that age-related
hearing loss is associated with a decrease in DPOAE levels (Abdala
& Dhar, 2012; Cilento et al.,, 2003; Hoth et al., 2010; Keppler
et al.,, 2010; Oeken et al.,, 2000; Profant et al., 2019; Uchida
et al., 2008). Independent age effects on DPOAEs, however, re-
main controversial. Some authors assume those effects (Uchida
et al., 2008), some attribute observed decreases in DPOAE levels to
both age and hearing loss (Keppler et al., 2010; Oeken et al., 2000),

IPL 11I-V IPL I-V

1.87+0.14 (n = 29)
1.97+0.14 (n = 30)
1.97+0.18 (n = 29)

4.01+0.17 (n = 29)
4.14+0.22 (n = 30)
4.22+0.21 (n=28)

ANOVA: ANOVA:

HC NHE: .0498* HC NHE: .043*
HC HIE: .032* HC HIE: <.001***
NHE HIE: .98 NHE HIE: .34
ANOCOVA: ANOCOVA:

NHE HIE: .93 NHE HIE: .81

Note: Mean + SD (ms) and p-values for each group-wise comparison between the healthy controls (HC), the normally hearing elderly (NHE), and the
hearing-impaired elderly (HIE) group. A significant prolongation of ABR interpeak latencies |-V and I-Ill could be observed between the HC and both
elderly groups (NHE and HIE) but not between the two elderly groups, suggesting that aging (and not hearing loss) affects signal transduction in the
brainstem (ANOVA, F, ¢, =2.6 (IPL I-1lI)/F, g5 =4.1 (IPLII-V)/F, g, =7.4 (IPL1-V), p =.079 (IPL I-11)/p =.019 (IPL [I-V)/p =.0011 (IPL I-V); post

hoc test Tukey HSD). Also, after controlling for a slight age difference between the NHE and the HIE group, no significant differences in IPLs could
be demonstrated (ANOCOVA, F; 55 =.69 (IPLI-1II)/F, 5, =.007 (IPL II-V)/F; 5, =.057 (IPLI-V), p =.41 (IPL I-1ll)/p =.93 (IPL IlI-V)/p =.81 (IPL1-V)).

*p <.05; **p <.01; ***p <.001. n: number of valid measurements.
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FIGURE 4 ABR wave | amplitudes. A significant decrease

of the ABR amplitude for wave | was detectable between the
healthy controls (HC) and the normally hearing elderly (NHE)
group (ANOVA, F, g4 =60.4, p <.001; post hoc test Tukey HSD).
After controlling for the age difference between the NHE and the
hearing-impaired elderly (HIE) group (ANOCOVA (covariable: age),
Fl, s5=42,p= .046), a significant difference of the wave | ABR
amplitude was demonstrated as well. Controlling for audibility
differences between the HC and the NHE group was neither
methodologically nor statistically feasible in a reliant manner

due to the broadband stimulus. Results of this analysis suggest

a deterioration of cochlear synaptic transmission with hearing
loss and possibly with aging itself. *p <.05; **p <.01; ***p <.001.
Notches in the boxes show the 95% confidence interval. Number of
valid measurements: HC: n = 29, NHE: n = 30, HIE: n = 28
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others assume predominant effects of hearing loss and possibly su-
perimposed age effects (Cilento et al., 2003; Hoth et al., 2010), and
several studies do not separate age and hearing loss effects in detail
(Abdala & Dhar, 2012; Profant et al., 2019). Heterogeneous conclu-
sions among these studies may be partly due to inhomogeneous def-
initions of normal hearing ability and of DPOAE levels as well as to
different sample characteristics, DPOAE algorithms, and statistics.
In contrast, there is a lack of studies using DPOAE thresholds as
a surrogate for OHC integrity in aging and age-related hearing loss.
Gates et al. (2002, 2008) did not differentiate between an age- and
hearing loss-related increase in DPOAE thresholds. Ortmann and
Abdala (2016) postulated alterations in DPOAE thresholds with
aging, independent of age-related hearing loss. In order to avoid
imprecision due to low signal-to-noise ratios, we did not directly
determine DPOAE thresholds in our study. Instead, we used linear
regression analysis from suprathreshold DPOAE measurements to
extrapolate DPOAE thresholds for yielding more accurate results
(Gorga et al., 2003; Janssen, 2009). Beside decreasing numbers of
valid DPOAEs (as expected), we observed a significant increase in
DPOAE thresholds with increasing hearing loss in the elderly group.
At 6 and 8 kHz, the lacking significant increase between the NHE
and the HIE group was possibly due to a statistically limiting small
sample size in the HIE group (n = 3 at 6 kHz and n = 9 at 8 kHz).
Furthermore, at these frequencies, standing waves in the ear canal
can lead up to imprecision of the results (Janssen, 2009; Mrowinski
& Scholz, 2011). It was not easy to decide whether the increase in
DPOAE thresholds of the NHE group was solely due to aging, and
not associated with hearing loss. Indeed, significantly higher DPOAE
thresholds of the NHE group than of the HC group were observed
when using all available raw data. However, taking into account that
some individuals of the NHE group were characterized by signifi-
cantly higher PTA-thresholds at 2 and 4 kHz possibly leading up to
higher DPOAE thresholds in these frequencies per se, an additional
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FIGURE 5 Discrimination thresholds in the CADP test battery. Just noticeable differences (JNDs) of the healthy controls (HC), the
normally hearing elderly (NHE), and the hearing-impaired elderly (HIE) group for dichotic and interaural level (a), duration (b), and frequency
(c) discrimination. (a,b) Level and duration discrimination performance was significantly worse in both elderly groups in comparison to the
HC group but did not differ significantly between both elderly groups, suggesting aging effects independent from hearing loss. (c) Compared

with the HC and the NHE group frequency discrimination ability was significantly diminished in hearing-impaired elderly subjects. The
ANOVA showed a strong but nonsignificant tendency toward higher discrimination thresholds of the NHE in comparison to the HC group.
This could be confirmed by an additional ANOCOVA taking in account audibility differences between these groups (covariable: average
hearing loss at 6 an 8 kHz of both ears). These findings suggest a significant ARHL-associated and possibly an additional age-related
deterioration in JNDs for frequency. For statistical details, please refer to Table 4. *p <.05; **p <.01; ***p <.001; #: possibly significant.
Notches in the boxes show the 95% confidence interval



PURNER ET AL.

Research

JOURNALOF ,
euroscience

N

1802

*SJUSWIINSESW PIJEA JO J3qUINU iU "TOQ" > d,,, ‘1O > d,, ‘S0"> d, ‘(UolFeuIWLISIP ADUanbaly [einesaiul) 9800" = d ‘76 = %5 T4/(uoreuiwLIdSIp ASuanbady d1oydIp) 220" = d

‘T6=5"T,siea 4109 JO ZH g Ue 9 1e sso| 3ulieay a3elaAe :39|qeleAod ‘YAODONY) Sso| Sulieay Aduanbauj-y3iy JoJ 3ulj|043u0d Ja1je pawlijuod aq p|nod ‘s1294)e 3uide 3ul1sad3ns ‘dnoi33HN oyl pue DH
a1 UsaMIaq SN[ SUISESIoUI PIEMO] ADUSPUS] Y *((UOITBUIWILIDSIP AdUanbauy [ednessiul) TTO = d ‘g'9 =75 T4/(uoneuiwndsip Asusnbaly anoyaip) 10" > d ‘g7 = 5 T4 ‘3|4 pue JHN Usam1aq 9usialip a8e 4o}
8U1]|0.3U02 YAODONY [EUOHIPPY ‘ASH AXNL 1593 504 150d {(UoEUILLIYSIP ASUSNbaly [ednetdjul) TOO"> d ‘g eT =78 Z4/(uoieuipdsip Aduanbaly 2130ya1p) TO0 > d ‘8= % 24 “‘YAONY) SAN[ U0 193442 50|
Suiieay pajejas-a8e ue 3uinoad ‘sdnoJd uayjo yjoq o3 uosuedwod ui dnods J|H 2yl 4o SQN( Y3 JO 9Seaudul Juedjiusis e paMoys SasA|eue [Bd13SI3e)S ‘$ySe) uoljeuiwiidsip Aouanbauy |eanesajul pue d130yd1p
104 *(uoijeujwLIdSIP UoPEINp [eanesatul) 0 = d ‘b'e = & T4/(uoneuwdsp uopeanp 2130YdIP) 600" = d ‘v = S T4/(UoneuiwdsIp [9A3] [enesaiul) 970" = d ‘0T = ¢ T/(UoreulwLIISIP [9A3] 2110YIP)
020'=d‘2'6="%5""‘s1ea y10q JO ZH| § UE 9 1e S50 SulIeay 9SEIIAE :9|qelIEAOD ‘YAODONY) JHN PUE DH U99MIaq $SO| SuLieay Adusnbaij-ysiy 104 Suljj041U0d J91J€ ‘UOITeUIWLIISIP UOIEINp [eJnelajul

10 UOIIdaIX3 3Y] Y1IM ‘PUE ((UOITBUIWIIDSIP UOIIEINP [BdNeIIUl) 68 = d ‘97 = € T4/(UoieulwlIdSIp UoleINp 2130YdIp) /= d ‘g5 = S Ty /(uoneulwiasip [aAs) [ednetaqul) T = d ‘g°T = <5 T4/(uoneuiwiosip
[9A9] 230Y2Ip) 5E° = d 78" = 25 T4 ‘YAODONY) 3IH PUB JHN US3M3I3q 92Us434J1p 958 9y} Joj SUIj|0J3U0D J33Je PAWIJUOD 37 PINOD SHNS34 953 | “(ASH ASNNL 3593 204 350d ‘(UOIBUIWLIDSIP UOI3RIND
[edneJajul) 10> d “7°s = ¥ ©4/(UoijeuwdSIp UoeINp 2130Y21p) TOO > d ‘2°6= 78 C4/(Uolreuiwidsip [aA3)] [eanetaiul) TOO" > d ‘5 eT = £8 C4/(uoneuiwiasip [aA9] 2130421p) TOO > d ‘T8 = “8 24 ‘YAONY)
9ouewJo)iad uo 329449 3ulde ue 3ul3sa33Ns ‘SHSe) UOIJRUIWIIDSIP UOIJRIND PUE [9A3] |[eINEIDIUI pue d130Yd1p 104 sdnoud Aliap|a ay3 usamiaq jou 3ng sdnoud (3|H—Aj49p|e pasiedwi-3uieay pue JHN—AI9p|
3ulieay Ajjewuou) AlJap|s Yyioq pue (JH) S|0J3u0d Ayjeay sy usamiaq paldalap ag pinod SQN( 98e4aAe JO uoljelolsalap Juediudis i “uostedwod asim-dnoud yoes 1oy sanjeA-d pue gs Fues|n 210N

«LT0" :3IH IHN +1600" “3IH IHN 6€° :3IH IHN /¥ 3IH IHN 61" :3IH IHN G€ 3IH IHN
«+9€00" ‘IHN DOH «£20" *IHN DH 140" *IHN DH ++600" :IHN DOH +9T00" :3HN DH «0¢0" ‘:IHN OH
‘VAOOONY ‘VAOOONY ‘VAODONY ‘VAOOONY ‘VAOOONY ‘VAODONY
++600" -31H IHN 840" :3IH IHN 66" 3I1H IHN G6 3IH IHN S :3IH IHN 9/ -3I1H IHN
«+x100™> 3IH OH «x100™> *3IH OH «¢C0" :3IH OH «7100" ‘3IH OH «++100> JIH OH ++££00" :3IH OH
960" :IHN OH 91" *JHN DH «0€0" :3HN OH ++x100™> *FHN DH «x100> :IHN DOH «++x100> ‘JHN DH
‘VAONV ‘VAONY ‘VAONV ‘VAONV ‘VAONV ‘VAONV sonjeA-d
(oe=u) (62 =) (cz=u) (8¢ =u) (og=u) (og =u)
ZH 8'€C+8'TC ZHO'ECF €61 SW 8'8EF G'C9 SWH'TEF S78 aP 61T+ 9P aPvcFvy dIH
(62 =u) (62 =) (9T =u) (6T =) (og =u) (og =u)
ZH0'8F €01 ZHYLFETT SW 'SEF 0'V9 Sw 8'0c+ £98 aPocCc+1s aPeCF LY JHN
(og=u) (oe =u) (og=u) (oe=u) (og =u) (og =u)
ZHETFET IHY'EF G Sw /eeF T'GE SwO0C+1'8S apPoT+6¢C aPvT+LC OH
|eanesajul 3130Y2Ip UOIFeUIWLIISIP |eanesajul 3130U21p UoIeUIWIIISIP UoeIng |eanesajul 3130UIp UOIFUIWILIISIP [9AST] dnoug
uoljeuIwLIdSIp Aduanbal4 Aduanbaiq uoljeuIwLIdSIp UOIIEUIWILIDSIP [9AST]
uoneing

AJ933eq 353} dAVD Y3 Ul SP|oysaiy} uofeulwdsid ¢ 379V



PURNER ET AL.

analysis of a special NHE subgroup with comparable PTA-thresholds
to the HC group could not show significant differences in DPOAE
thresholds anymore. It therefore remained unclear whether this lack
of significance is due to physiological (no changes in DPOAE thresh-
olds solely with increasing age) or statistical (NHE15dB sample size
too small) effects. For 6 and 8 kHz, the special ANOCOVA con-
trolling for audibility effects still detected significant aging effects,
but upper mentioned standing wave problems have to be taken in
account as well. Correlation analysis, on the other hand, showed sig-
nificant and high correlations of DPOAE thresholds both with age
and (only slightly higher) with hearing loss. In summary, we assume
a hearing loss-associated increase in DPOAE thresholds, whereas a
pure aging effect on thresholds remains unclear (but seems possible).

From a physiological point of view, DPOAE thresholds represent
the lowest stimulus level to elicit a measurable contraction of outer
hair cells. In contrast DPOAE levels correlate with the suprathresh-
old efficacy of the nonlinear cochlear amplifier. Taking the results
of both our study and upper mentioned studies into consideration,
increasing age-related hearing loss and possibly aging per se seem
to trigger dysfunction of OHCs in multiple dimensions: Not only a

higher stimulus level is required to yield an active contraction of

—_— ke ke —
*k*

2 —_—kk—

——HC

—— NHE
0 l==HIE
2k .
4+ 1

SRT L50 (dB SPL)

-10

FIGURE 6 Speech understanding in noise in the OLSA. The

SRT L., (speech reception threshold for 50% intelligibility) differed
significantly between the healthy controls (HC), the normally
hearing elderly (NHE), and the hearing-impaired elderly (HIE) group
(ANOVA, F) a7 =103.1, p <.001; post hoc test Tukey HSD). Also,
after controlling for the differences in high-frequency hearing

loss between HC and NHE and a slight age difference between
NHE and HIE by means of an ANOCOVA, the same results were
detectable (ANOCOVA (covariable: age), FL s, =32.1,p <.001;
ANOCOVA (covariable: average hearing loss at 6 an 8 kHz of both
ears), Fy 5,=33.1,p <.001). *p <.05; **p <.01; ***p <.001. Number
of valid measurements: HC: n = 30, NHE: n = 30, HIE: n = 30
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OHCs (shown by rising DPOAE thresholds), but also the efficacy of
the suprathreshold nonlinear cochlear amplifier deteriorates (repre-
sented by decreasing DPOAE levels). From a pathophysiological and
anatomical view, these changes are most likely due to a decrease in
the number of intact OHCs (Nelson & Hinojosa, 2006; Schuknecht &
Gacek, 1993; Ueberfuhr et al., 2016), which seem to be particularly
vulnerable to cumulative vascular, toxic, and noise damaging with
aging (M. P. Gorga et al., 2005; Nakashima et al., 1995; Shi, 2011,
Suzuki et al., 1998; Tadros et al., 2005; Uchida et al., 2008). It has
to be taken into account, however, that DPOAE thresholds and am-
plitudes may depend on further factors, for example transmission
characteristics of the middle ear and the outer ear canal (Abdala &
Dhar, 2012) and activity of the inhibiting medial olivocochlear sys-
tem (Boothalingam et al., 2014). The first were assessed indirectly
by otoscopy and tympanometry in our study, the latter could not be

quantified.

4.2 | Signal transmission in the auditory nerve and
brainstem—ABR

ABR interpeak latencies correlate with signal transmission times in
the auditory nerve (N. VIII) and brainstem: IPL I-Ill represents the
signal transmission time from the distal part of the auditory nerve to
the cochlear nucleus in the lower pons, IPL IlI-V from the cochlear
nucleus to the lateral lemniscus and IPL I-V (the so called central
transmission time) subsumes both sections (Legatt, 2012).

In our study, a significantly prolonged central transmission
time in both elderly groups in comparison to the HC group was
revealed by a significant increase in IPL 1lI-V, whereas IPL I-lIl did
not change significantly with age or with age-related hearing loss.
Significant differences between the two elderly groups were not
observed in IPL I-1ll and IPL IlI-V. IPL I-1ll is mainly determined
by signal transmission time in the auditory nerve, which strongly
depends on the integrity of its saltatory signal conduction and its
myelin sheaths maintained by Schwann cells and oligodendrocytes
(Klinke et al., 2005; Legatt, 2012; Wang et al., 2009). Neither aging
nor age-related hearing loss seem to result in severe demyelination
or relevant changes in signal transduction in the auditory nerve.
In contrast, prolonged IPLs IlI-V in both elderly groups indicate al-
terations in brainstem auditory signal processing with increasing
age, but not with age-related hearing loss. Possible mechanisms
for these changes comprise (1) alterations in brainstem auditory fi-
bers and synaptic transmission, as shown in animal models (Frisina
& Walton, 2006; Jayakody et al., 2018; Lee, 2013); (2) alterations
in homeostasis and effect of fibroblast growth factor (FGF), re-
sulting in impaired myelination of brainstem auditory tracts (Wang
et al., 2009); and (3) a loss of neuropil of the cochlear nucleus, cor-
relating with compromised interneuronal connections and auditory
processing (Hinojosa & Nelson, 2011).

Results of previous studies concerning ABR-IPLs in ARHL are
quite heterogeneous: Some postulate significant effects of aging (in-
creases or decreases, e.g., Chu, 1985; Costa et al., 1990; Elberling &
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Parbo, 1987; Oku & Hasegewa, 1997; Rosenhall et al., 1985), some ne-
gate IPL-changes with aging (e.g., Burkard & Sims, 2001; Harkins, 1981;
Konrad-Martin et al., 2012; Martini et al, 1991; Prosser &
Rosignoli, 1992) and some assign observed IPL-changes to age-related
hearing loss rather than to aging itself (e.g., Boettcher, 2002; Burkard
& Sims, 2001; Harkins, 1981; Ottaviani et al., 1991). High-frequency
hearing loss in the NHE group could be a confounder of the IPL re-
sults in our study as well and impeded a straightforward distinction
of aging-related vs. hearing loss-related effects, as stimulus intensity
was identical for all groups. Absolute ABR-latencies are well known
to be delayed in hearing-impaired subjects (Lehnhardt & Laszig, 2009).
Interpeak latencies, in contrast, should be essentially independent of
peripheral hearing capability, as all waves are expected to be equally
delayed by hearing loss. The influence of peripheral hearing loss on
NHE IPL results could not be excluded a priori and their interpreta-
tion had to be done with special caution. Nevertheless, the present
study mainly assumes aging and not hearing loss dependent effects on
IPL IlI-V (and consequently on IPL I-V) due to the following reasons:
(1) Hearing loss does not seem to influence IPL IlI-V in our study, as
the IPL 11I-V results of the NHE and the HIE group are identical. We
therefore did not try to eliminate differences in audibility between
HC and NHE by additional statistical analyses. (2) IPLs in previous
studies tended to be shorter in cochlear hearing loss (e.g., Burkard
& Sims, 2001; Elberling & Parbo, 1987; Fowler & Noffsinger, 1983;
Legatt, 2012), which is in contrast to the prolongation of IPLs observed
in our study, and (3) the interaural CADP results for stimulus level
and stimulus duration discrimination, which also reflect integrity of
brainstem auditory processing, showed alterations with aging and not
with age-related hearing loss, as well (see Section 4.3). An analogous
compensation for peripheral hearing loss—as it was done in the CADP
tests by presenting the stimulus at a fixed sensation level dependent
on audibility—was not feasible in the ABR testing due to the broadband
nature of the stimulus.

ABR wave | amplitude registers the synchronized action potentials
in the proximal auditory nerve and reflects synaptic transmission be-
tween cochlear hair cells and the auditory nerve fibers (Lehnhardt &
Laszig, 2009). Previous studies assumed that decreased ABR wave
| amplitude could be a surrogate of cochlear synaptopathy, which
clinically results in difficulty understanding speech in noise (Barbee
et al., 2018; Kujawa & Liberman, 2015; Liberman & Kujawa, 2017,
Sergeyenko et al., 2013). Our study detected a significant decrease in
ABR wave | amplitude with age-related hearing loss. A significantly di-
minished ABR wave | amplitude between the HC and the NHE group
could either reflect aging effects or differences in high-frequency au-
dibility, as stimulus intensity was identical for all groups. Results of the
NHE group therefore have to be interpreted with special caution with
respect to aging effects. Controlling for audibility statistically was not
really feasible because of the broadband nature of the click stimulus.
Out of interest we nevertheless conducted an ANOCOVA controlling
for high-frequency hearing loss and still showing a significant differ-
ence between the ABR wave | amplitude of the HC and the NHE group
(covariable: average hearing loss at 4, 6, and 8 kHz of both ears, i.e.,
the frequencies differing highly significant between the HC and the

NHE group, F; 5, =28.4,p <.001). Altogether results suggest cochlear
synaptopathy in age-related hearing loss; additional aging effects on

cochlear synaptic transmission seem possible but could not be proven.

4.3 | Central auditory discrimination performance
In a review of evidence for central ARHL (that means an age-related
central auditory processing deficit independent of cognitive de-
cline and peripheral hearing loss), Humes et al. (2012) emphasized
three requirements of selective central auditory tests: compensa-
tion for peripheral hearing loss, a low cognitive load, and the use
of nonspeech stimuli. The CADP test battery of our study is able
to fulfill all three conditions by presenting nonspeech stimuli at a
hearing threshold-adapted level and by using a uniform and easy
feedback method for all subtests, thereby minimizing a possible cog-
nitive load. Low correlations between CADP test results and 1 kHz-
PTA-thresholds prove independence of the CADP from peripheral
hearing impairment. An additional ANOCOVA (covariable: average
hearing loss at 6 and 8 kHz of both ears) ruled out interfering high-
frequency hearing loss effects on the results.

As described in 2.7 interaural tests assess integrity of brainstem
auditory processing and are not influenced by di- and telencephalic
lesions. Under physiological conditions, interaural time differences
(ITDs) and interaural level differences (ILDs) are used—besides
spectral cues—for sound localization in the horizontal plane. They
are initially extracted by the medial and lateral superior olive, re-
spectively, and conducted via the lateral lemniscus to the inferior
colliculus (Grothe et al., 2010; Middlebrooks, 2015; Pickles, 2015;
Salminen et al., 2015). According to the results of the interaural
duration and level discrimination in our test battery discrimination
performance of the mentioned brainstem structures deteriorates
with aging, but not with increasing age-related hearing loss. This is
consistent with conclusions of other studies (Dobreva et al., 2011;
Fitzgibbons & Gordon-Salant, 2010; Freigang et al., 2014; Freigang
et al., 2015) as well as with results of the test-developers (Bungert-
Kahl et al., 2004), whereby the latter did not really differentiate be-
tween age-related and hearing status-related effects. In contrast,
the interaural frequency discrimination tests imitate a horizontal
movement of a sound source by means of a continuous phase shift
between both ears. So far, a specific brainstem structure responsible
for horizontal motion detection is not known (Kuwada et al., 1979;
Middlebrooks, 2015). Our results suggest poorer horizontal motion
detection performance with age and demonstrate a significant dete-
rioration with age-related hearing loss. Other studies using compara-
ble interaural frequency tests are difficult to interpret: For example,
Bungert-Kahl et al. (2004) once again observe higher difference li-
mens in elderly subjects but do not separate age- and hearing loss-
related phenomena. Freigang et al. (2011) postulate an age-related
deterioration without hearing loss-associated effects, but, in fact,
only rely on compensation of hearing loss by adapted stimulus levels
(analogous to our algorithm) and do not evaluate results of different
grades of hearing loss.
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Dichotic tests, on the contrary, specifically assess contralateral
di- and telencephalic discrimination performance independent of
brainstem integrity (see Section 2.7). Physiologically, auditory signal
duration is encoded in the central nervous system by the duration
of neural firing and by specific on- and off-answers at the begin-
ning and the end of the stimulus (Freigang et al., 2011; Neumann
& Ribsamen, 2005). Level is encoded by the firing rate of neural
fibers and by the range of activated fibers in the auditory nerve or
the central nervous system (Neumann & Riilbsamen, 2005; Schreiner
& Malone, 2015). Until now, it is not clear where signal duration and
level are represented in cortical areas. In contrast, there is a clear
tonotopic organization at all levels of the auditory system from
the cochlea to the auditory cortices, which, in addition to neural
firing periodicity, provides information about stimulus frequency
(Hackett, 2015; Klinke et al., 2005; Leaver & Rauschecker, 2016;
Pickles, 2015). In order to compare the signals of the triplet and to
find the deviant test signal in the CADP test, a temporary storage
of all three signals in the sensory register of the auditory cortex is
necessary (Ludwig, 2009). Analogously to the interaural mode, our
dichotic duration and level discrimination tests gave proof of signifi-
cantly declining performance of the involved di- and telencephalic
structures with increasing age, but not with age-related hearing loss.
The dichotic frequency discrimination test could show a possibly
significant trend toward worse discrimination performance with in-
creasing age and a significant deterioration with age-related hear-
ing loss. Apparently the di- and telencephalic tonotopic structural
organization is impaired by age-related hearing loss and possibly
by aging alone. Previous studies concerned with comparable cen-
tral discrimination tasks show, once again, heterogeneous results:
Bertoli et al. (2002), He et al. (1998) and Humes et al. (2010) postu-
lated an age-related deterioration of temporal discrimination perfor-
mance, as tested by gap detection procedures in normally hearing
or audiogram-matched elderly or by using spectrally shaped stimuli,
respectively. Additionally, Gallun et al. (2014) found effects of hear-
ing loss on gap detection thresholds, which, in contrast, were denied
by Ozmeral et al. (2016). Bungert-Kahl et al. (2004) described higher
difference limens in elderly in dichotic duration, level, and frequency
discrimination tasks without separating age- and hearing loss de-
pendent phenomena. Similar to our results, Freigang et al. (2011)
observed impaired dichotic frequency discrimination with aging and
increasing age-related hearing loss. In summary, most of the upper
mentioned studies agree on an age-related deterioration of cen-
tral discrimination performance despite different test procedures.
Additional effects of age-related hearing loss (as found in the dich-
otic frequency discrimination in our study) remain controversial,
however. Generally, it has to be taken into account that absolute
results of CADP tests are dependent on stimulus presentation, for
example stimulus length and repetition rate (Kuroda et al., 2013).

Pathophysiologically, the following underlying mechanisms can
be discussed: (1) Macroscopic alterations in the central auditory nervous
system: In some studies MRI morphometry showed an age-related at-
rophy of the auditory cortex that exceeded general age-related brain
atrophy and was independent of peripheral hearing capability (Ouda
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etal., 2015; Profant et al., 2014). Another study, however, postulated
an association of auditory cortex volume with age-related hearing
loss (Eckert et al., 2012). These phenomena could be partly due to
a (2) decrease in central neuron populations: N-acetylaspartate con-
centration, which indirectly assesses neuronal integrity, decreases
with aging independently of age-related hearing loss, as shown by
MR-spectroscopy. This suggests an age-dependent decline in cen-
tral auditory neuron populations (Profant et al., 2013) (3) Alterations
in metabolism and signal transmission: An increase in lactate levels in
the auditory cortex could be due to an age- and age-related hear-
ing loss dependent mitochondrial dysfunction (Profant et al., 2013).
Synaptic transmission showed an age-related lack of (mainly
Glycine- and GABA-mediated) synaptic inhibition in animal and
human experiments, which possibly results in altered central noise
canceling ability (Caspary et al., 2008; Jayakody et al., 2018; Profant
et al., 2013). Structural integrity of subcortical auditory nerve fibers
could be impaired in aging (Cardin, 2016; Lutz et al., 2007; Profant
et al., 2014). (4) Functional reorganization: Activation patterns in the
auditory cortices and frontal cortex areas change with aging and
age-related hearing loss (Billings et al., 2012; Cardin, 2016; Profant
et al., 2015), which could lead up to a deterioration in central audi-
tory signal processing.

In summary, results of our CADP test battery proved differential
aging of various parts and functional aspects of the central audi-
tory system. They, in general, provided further evidence for an in-
dependent central ARHL component not solely related to peripheral
hearing loss, as recently postulated by Bao et al. (2020). The more
pronounced peripheral hearing loss in the NHE group compared
with the HC group made it difficult to attribute the poorer central
discrimination performance of the NHE group to aging alone. The
effects of peripheral hearing loss on central discrimination perfor-
mance cannot be ruled out definitely. Nevertheless, the lack of sig-
nificant differences in most discrimination tasks between the two
elderly groups (with their significantly differing peripheral hearing
loss) suggests that aging itself is a relevant and independent factor
for deterioration of central auditory performance.

4.4 | Speech in noise—OLSA

Speech understanding in noise, as measured by the OLSA in our test
battery, significantly deteriorated in both elderly groups compared
to the HC group and, as expected, was significantly worse in the
HIE group than in the NHE group. Until now no clear topodiagnos-
tic specificity is known for the OLSA. In fact, results are expected
to be determined by (1) peripheral, especially high-frequency hear-
ing loss (George et al., 2007); (2) impaired OHC function, as shown
above, which results in reduced cochlear sensitivity and frequency
selectivity and consecutive difficulty in extracting the speech- from
the noise signal (Janssen & Miiller, 2008; Johannesen et al., 2016);
(3) cochlear synaptopathy (reflected in decreasing ABR wave | am-
plitudes in our study), which affects mainly high-threshold nerve
fibers and plays an important role for altered transduction of
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TABLE 5 Summary of results

CADP:

CADP:

Interaural Dichotic LD/

CADP: Interaural

ABR: IPL
1-111

ABR wave |

DPOAE
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CADP: Dichotic FD-threshold OLSA: SRT L,

FD-threshold DD-threshold

LD/DD-threshold

ABR: IPL llI-V

amplitude

threshold

+?

?

?

Effect of aging

(deterioration)

(increase?)

(increase)

(increase?)

(increase)

(increase)

(decrease?)

(increase?)

Effect of

(deterioration)

(increase)

(increase)

(decrease)

(increase)

age-related

hearing
loss

Speech-

Di-/Telencephalon:

Di-/

Brainstem

Brainstem (LSO/

N. VIl to Brainstem: Signal

Cochlear

OHC

Represented
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understanding in
noise (structural

correlate
unclear)

Tonotopic organization

Telencephalic

(structural
correlate
unclear):

MSO, lateral
Motion

transduction

cochlear
nucleus:

synaptic
Myelin-

structure/
functional

aspect

level/duration

lemniscus,
inferior

from cochlear

nucleus

transmission

discrimination
(structural
correlate
unclear)

colliculus):

to lateral

sheath

detection
in

Localization
ability in

lemniscus

horizontal
plane

horizontal plane

Note: Effects of aging and age-related hearing loss are attributed to topographical structures or functional aspects (as far as known). +: statistically significant effect; +?: statistically significant, but clinically

questionable effect; -: no statistically significant effect; ?: unclear. LD/DD/FD: Level/Duration/Frequency discrimination in the CADP test battery.

the suprathreshold speech signal to the central nervous system
(Kujawa & Liberman, 2015; Liberman & Kujawa, 2017; Sergeyenko
et al., 2013; Tawfik et al., 2020); (4) impaired auditory transduction
in the brainstem, as shown by our ABR interpeak latency results;
and (5) deterioration of central auditory processing, as shown by our
CADP results. Due to this mixture of phenomena, it is not easy to
decide whether aging per se affects the OLSA results of our NHE
group. We rather expect a mixture of aging- and age-related hear-
ing loss effects. Nevertheless, and despite its missing topodiagnostic
specificity, the OLSA can be considered as a kind of a summarizing
test in our battery, as it shows the overall results of all observed
phenomena and as it conveys an important impression of the partici-
pants' everyday functioning, which is strongly influenced by speech
understanding in competing noise. Even the best hearing quartile of
a western elderly society has to be expected to suffer from signifi-
cantly diminished speech understanding in noise in comparison to
young individuals.

5 | CONCLUSION

In conclusion our study provides further evidence for a multifocal
aging process of the auditory system. All parts of the auditory path-
way examined in the study show ARHL-related deteriorations in per-
formance, associated partly with aging and partly with age-related
hearing loss, whereby some overlap cannot be ultimately excluded.
An independent central ARHL component due to aging itself (and
not only attributable to peripheral hearing loss) is supported by the
results of our CADP test. Table 5 provides a summarizing overview
of our results and tries a topodiagnostic correlation, as discussed
above. Aging itself results in a significant deterioration of brainstem
signal transmission and certain aspects of central sound processing
including speech understanding in noise; possible additional changes
comprise impaired OHC function and cochlear synaptopathy. Age-
related hearing loss leads up to an additional significant deteriora-
tion of OHC and cochlear synaptic function, of motion detection in
the horizontal plane, of speech understanding in noise and to im-
pairment of the central tonotopic organization. The altered auditory
performance results in a significant subjective hearing handicap, as
shown by the HHIE-S.

A main strength of our study lies in the assessment of each in-
dividual's whole auditory system by means of an extensive test
battery. This enabled inter- and intraindividual correlations and is
in contrast to many previous studies focusing on single functional
aspects, like gap detection performance. An unintended age differ-
ence between the NHE and the HIE group and a slight, but signifi-
cant high-frequency hearing loss in the NHE group impeded strict
separation between pure age effects and hearing loss-associated ef-
fects and were mainly due to the difficulty in recruiting a sufficient
number of normally hearing elderly, especially at high frequencies.
This has been a common problem in comparable studies. We tried to
compensate for these group differences methodically and statisti-
cally. Nevertheless, some effects of peripheral hearing status on the
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results of the NHE group cannot be definitely ruled out—this main
limitation is essentially relevant for the interpretation of the DPOAE
thresholds and the ABR wave | amplitude, and also for the evaluation
of an independent aging-related central ARHL component (see the
respective sections of the Discussion). Both elderly groups showed
certain degrees of peripheral, mainly high-frequency hearing loss.
The NHE group—despite being classified as normally hearing by
WHO criteria—was not characterized by flat audiograms over the
whole frequency range as shown by the HC group. The NHE HIE
group comparison therefore rather evaluated hearing performance
of elderly with minimally vs. relevantly impaired peripheral hearing.
Even so one has to bear in mind that the NHE group mainly rep-
resents the best-hearing quartile of an average elderly population
and results are clinically representative for normally hearing elderly
in a general non-study context.

For future studies, a multicenter concept should be considered
in order to ease the recruitment of normally hearing elderly. No clear
hints of gender-related differences were seen in our sample; nev-
ertheless, future large-scale studies should also focus on gender-
specific aging aspects in the auditory system. In contrast to our
cross-sectional concept, longitudinal trials could show the intraindi-
vidual dynamics of the observed processes.

Some methodological limitations of our study need to be ad-
dressed: First, we could not perform an exact power analysis in ad-
vance due to missing standardized data for our CADP test. This could
result in sample sizes insufficient to discover true significant effects
(e.g., in the CAPD and DPOAE tests). On the other hand, an inade-
quate sample size can pretend significant results which—in reality—
are not highly robust. For future studies, power analyses based on
the data of this study should be performed in advance. Second,
noise and ototoxic exposure could not be quantified exactly in the
retrospective short history taken by the Questionnaire for auditory
tests. Confounding moderate noise and ototoxic exposure could af-
fect hearing performance additionally and independently from aging
and ARHL effects. Third, we did not assess extensive high-frequency
hearing loss (above 8 kHz) which seems to be a sign of early ARHL
and can be associated with “hidden hearing loss,” that means im-
paired speech understanding in noise despite regular PTA-thresholds
(Barbee et al., 2018; Pefiaranda et al., 2021; Sun et al., 2021). Possibly
some of our healthy controls already exhibit some degree of exten-
sive high-frequency hearing loss not consistent with totally normal
hearing. Generally, we had to find a compromise between a reason-
able and thorough test battery and a feasible and acceptable time
expenditure for the participants. In some test procedures, this can
lead to reduced coverage of interesting cofactors and data that could
have been collected in a single-test study—a common drawback of
multitest studies. Last but not least, our study cannot etiologically
clarify the interindividually varying propensity to ARHL.

Nowadays standard therapy of ARHL is limited to compensation
for peripheral hearing loss by amplification techniques. The multifo-
cal ARHL-related phenomena proven in our study address the need
for a broader and multimodal ARHL-therapy, that not only compen-
sates peripheral hearing loss, but also considers neurodegenerative
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and central aspects of auditory aging, for example by special audi-
tory training and neuroprotective agents. Further large-scale studies
are needed both in order to reevaluate the findings of our study and

to assess the success of a multimodal therapeutic concept.
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