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Abstract: This study was designed to investigate the effects of the aging process on peripheral and central audi-
tory functions in adults with normal hearing. In this study, 149 participants with normal hearing were divided into
four groups: aged 20-29, 30-39, 40-49 and 50-59 years for statistical purposes. Electrocochleography (EcochQG),
transient evoked otoacoustic emissions (TEOAE), Mandarin Hearing in Noise Test (MHINT) and the Gap Detection
Test (GDT) were used. Our study found: (1) MHINT is significantly associated with aging (left ear R?=0.29, right ear
R?=0.35). (2) TEOAE amplitude, TEOAE contralateral acoustic stimulation (CS) amplitude, EcochG action potential
(AP), EcochG AP latency, EcochG summating potential (SP) and GDT progressively declined with age. (3) The EcochG
SP/AP has no statistically significant difference among different age groups. (4) The peripheral auditory function of
the right ear declines more slowly than that of the left ear. (5) Hypofunction of the central auditory system acceler-
ates after age 40. The results demonstrate: (1) The age-related decline in the ability of speech recognition in a noisy
environment may be the most sensitive indicator that reflects auditory function. (2) The decline of central auditory
function is independent of peripheral auditory function, according to the auditory characteristics of the right ear. (3)

Auditory function needs to be assessed individually to allow early prevention before age 40.
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Introduction

Age-related hearing impairment has become
the third most common disabling disease
around the globe [1]. The Epidemiology of
Hearing Loss Study (EHLS), in America, report-
ed a prevalence of hearing loss (>20 dB at 0.5
to 4 kHz) of 94% among the whole cohort of
3430 participants (average age 62.3 years) [2].
Even more seriously, a significant number of
patients seeking audiological treatment have
normal hearing thresholds but report percep-
tual difficulties in noisy situations [3].

The problem of age-related hearing impairment
is becoming increasingly severe along with
the aging of the global population. According to
a 2015 United Nations report, the number of
people aged >60 worldwide will reach almost
2.1 billion in the next 35 years [4]. Aging, whi-
ch is associated with neurodegeneration and
dementia, affects every organ in the body,

including the ears [5]. It can lead to neuronal
atrophy and cognitive deterioration [3, 6, 7].

Studies in recent years have shown that cochle-
ar synapse lesions develop earlier than hair cell
damage [8]. This will cause abnormal condi-
tions in frequency processing, intensity and
temporal coding [9]. Researchers have found
that 12% of the population with a normal hear-
ing threshold complain of speech comprehen-
sion difficulties [10], termed the hidden hearing
loss [11]. Pure-tone thresholds are clinically
used to evaluate hearing level. However, this is
limited by only reflecting the function of outer
hair cells; it fails to screen for the situation of
hidden hearing loss [12].

The relationship between central auditory func-
tion and peripheral auditory function is still con-
troversial [3]. Some studies have proposed that
the aging process of the central auditory sys-
tem is independent of the peripheral auditory
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organs [13]. Some have found that central audi-
tory decline is secondary to the decline of the
cochlea [14]. We aimed to explore the charac-
teristics of auditory aging using common
peripheral and central auditory examinations.
We investigated whether the central auditory
function is secondary to peripheral or indepen-
dent. Electrocochleography (EcochG) and tran-
sient evoked otoacoustic emissions (TEOAE)
are common non-traumatic electrophysiologi-
cal examination methods for clinical use and
can reflect the functional state of different sites
of the peripheral auditory pathway. In addition,
we used psychoacoustic methods such as the
Mandarin Hearing in Noise Test (MHINT) and
Gap Detection Test (GDT) to reveal central audi-
tory function.

Our research targets were the population with
normal hearing thresholds, excluding people
whose peripheral and central auditory systems
have suffered organic damage. We probed into
the relationship between the peripheral and
central auditory systems’ hypofunction with
age, and the critical age after which the deterio-
ration of auditory function accelerates.

Materials and methods
Participants

A total of 149 participants were chosen for this
study, with 72 males and 77 females, 22-59
years old. The average age and age range of the
participants in each experimental group were:
(1) 20-29 years group (mean age: 25.7 years);
(2) 30-39 years group (mean age: 33 years); (3)
40-49 years group (mean age: 44 years); (4)
50-59 years group (mean age: 53.7 years).
Mandarin Chinese was the participants’ prima-
ry language.

The participants completed an extensive case
history questionnaire during their first testing
visit. Subsections of this questionnaire includ-
ed: family history, handedness, medical history,
noise exposure history, difficulty hearing in a
variety of settings, and tinnitus.

Their otological histories indicated that they
were clear of such factors as drug toxicity, long-
term noise exposure or ear infections.

Auditory screening

Pure-tone audiometry was performed in a so-
undproof booth with background noise under
35 dB (A), using a clinical audiometer (Madsen
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Astera, Denmark) with standard TDH39 head-
phones, at octave frequencies of 0.25, 0.5, 1,
2, 3, 4, 6, and 8 kHz. The values of the hearing
threshold for frequencies from 0.25 to 8 kHz
were computed according to the ISO 7029:
2017 age-related pure-tone hearing threshold
standard and the average hearing threshold
index specified by World Health Organization
(WHO). All participants had pure-tone thresh-
olds of 25 dB hearing level (HL) or better for
standard audiometric frequencies up to 8 kHz.

TEOAE (without contralateral acoustic stimula-
tion)

Bilateral TEOAE amplitudes were recorded from
each ear. The eliciting stimuli were convention-
al, nonlinear clicks of 80-microsecond dura-
tion, delivered at a peak-equivalent sound pres-
sure level (peSPL) of 80 dB. The average signal-
to-noise ratio of the four frequency bands (i.e.
1, 2, 3, 4 kilo (k) Hz) exceeded 3 dB.

Contralateral suppression of TEOAE

TEOAE recordings were evoked with 60 dB
peSPL linear click stimuli at a rate of 19.3/s
under two conditions, with and without a 50 dB
HL contralateral white noise suppressor, by
inserting earphones (Etymotic Research Model
ER-3A, US). Responses were averaged to 2048
sweeps. In the study, contralateral acoustic
stimulation (CS) amplitude was defined as fol-
lows: CS amplitude = TEOAE level without con-
tralateral acoustic stimulation - the TEOAE level
with contralateral acoustic stimulation. The
intensity of the contralateral stimulation was
less than that presented to the ear in which
otoacoustic emissions (OAE) were being record-
ed, and less than that needed to create the
middle-ear reflex.

EcochG

Stimulus generation and data acquisition were
processed by Intelligent Hearing System Inc.
(IHS42250, US). Ear canals were prepared by
scrubbing with a cotton swab. Electrode gel
was applied on the silver ball electrode before
insertion. The impedance between pairs of
electrodes was <3 kQ, acoustic stimuli were
100-us clicks delivered at 90 dB HL at a rate of
7.1/s. Electrical responses were amplified
100,000x% with a 10-3000 Hz passband filter.
Up to 512 sweeps were averaged.

The summating potential (SP) and action poten-
tial (AP) peaks were defined as the difference
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Table 1. TEOAE amplitude distribution according to age group

. Age group
TEOAE amplitude
20-29 years 30-39 years 40-49 years 50-59 years
Left ear N 35 41 40 31
Mean (SD) -1.66 (4.83) -4.26 (6.52) -4.84 (5.84) -6.12 (4.56)
Median -0.95 -4.89 -5.74 -5.88
Min~Max -13.48~7.70 -14.20~9.43 -13.00~13.03 -13.88~4.58
Right ear N 36 42 40 31
Mean (SD) -0.98 (5.59) -2.38 (6.17) -2.50 (5.86) -5.16 (5.05)
Median -2.05 -3.66 -2.96 -5.40
Min~Max -11.88~13.05 -12.35~11.20 -11.40~11.93 -11.73~6.25

TEOAE, transient evoked otoacoustic emissions; N, number; SD, standard deviation.

between peak and baseline by two observers
(one blinded to the experimental groups).

MHINT

The HINT is a speech recognition in noise test
that simulates hearing situations similar to
everyday life, and is available in several lan-
guages, including Mandarin. The MHINT was te-
sted by the BLIMP software system developed
by Beijing Tongren Hospital affiliated to Capital
Medical University (China) and the House Ear
Institute (US). The MHINT comprises 12 lists,
each with 20 sentences. Each MHINT sentence
includes 10 monosyllabic words. The sentenc-
es are short, phonemically balanced, easy to
understand, and with the same degree of diffi-
culty. All test signals were presented at 65 dB
SPL and were delivered monaurally through
Sennheiser HD580 headphones. The partici-
pant repeated the sentence, then the audiolo-
gist selected the correct or wrong button and
began the next sentence. The intensity was
automatically adjusted according to the accu-
racy. The test is an adaptive test that measures
the reception threshold for sentences in noise
and uses an adaptive protocol to determine the
signal to noise ratio (SNR) at which the partici-
pant recognizes 100% of the sentences. After
the participant has listened to the 20 short
sentences, the BLIMP test software finally cal-
culates the SNR. The initial SNR is set to 0 dB
and two sentences are used as an adaptation
test before each test. The left and right ears are
tested separately, and the selected vocabulary
cannot be repeated.

GDT
This test evaluates temporal resolution by

using a three-interval forced-choice program.
The stimulus pairs were presented from a com-
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puter, using MATLAB software (version 7.0).
Each trial consists of a series of three 1000 ms
presentations of white noise with 1, 2 and 4
kHz frequency ranges. One has a silent gap
inserted (the gap varying in size from 20 to 1
ms). Three buttons were presented to the par-
ticipant, who was asked to select the interval
containing the gap. Gap subtests were present-
ed in a random order to minimize presentation
order effects. Each test started at 20 ms, and
was followed by a decreasing sequence (in 2
ms steps) until the first incorrect answer was
recorded. Subsequently, a two-down, one-up
procedure was adopted (with gap step size of 1
ms) until the correct answer was recorded [15].
The GDT threshold is the shortest time interval
for which the participant correctly detects a

gap [16].
Statistical analysis

The differences of each indicator among age
groups were analyzed and performed using
one-way ANOVO (SAS software 9.4). The corre-
lations between age and each indicator were
performed by linear regression (SPSS 25). All
figures were produced by Graphpad Prism 7.0.
For all statistical analysis, results were consid-
ered significant when P<0.05.

Results
TEOAE

TEOAE amplitude in quiet (without contralater-
al acoustic stimulation): The TEOAE amplitude
in quiet of both ears decreased with age. We
took the average of the amplitudes at 1 kHz, 2
kHz, 3 kHz, and 4 kHz for statistical analysis,
and it showed statistically significant differenc-
es among the various age groups (Supple-
mentary Table 1), and linearly related to age at
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Figure 1. Correlation between TEOAE amplitude and age. The TEOAE amplitude in quiet of both ears decreased with
age, and showed a significant correlation (**, P<0.01). A, B: The TEOAE amplitude in quiet at the left ear. All age
groups showed a deteriorating trend according to the histogram. C, D: The TEOAE amplitude in quiet at the right ear.
All age groups showed a deteriorating trend according to the histogram (*, P<0.05; **, P<0.01).

Table 2. TEOAE CS amplitude distribution according to age group

. Age group
TEOAE CS amplitude
20-29 years 30-39 years 40-49 years 50-59 years
Left ear N 35 41 40 31
Mean (SD) 2.34 (1.20) 1.76 (1.62) 1.29 (1.60) 0.95 (1.01)
Median 2.35 1.62 0.90 0.90
Min~Max 0.33~5.00 -0.60~5.98 -1.23~6.00 -1.08~3.65
Right ear N 36 42 40 31
Mean (SD) 2.19 (1.67) 1.69 (1.33) 1.83(1.44) 1.43 (1.41)
Median 1.95 1.51 1.35 1.15
Min~Max 0.03~6.40 -1.10~5.00 -0.73~4.95 -0.83~4.93

TEOAE, transient evoked otoacoustic emissions; CS, contralateral acoustic stimulation; N, number; SD, standard deviation.

both ears (P<0.05, Table 1; Figure 1). According
to the histogram, from age 30 to age 50, hear-
ing declined slowly; after 50, the deterioration
accelerated, especially at right ear (Figure 1).

Age effect on TEOAE contralateral acoustic
stimulation (CS): The TEOAE CS amplitude pro-
gressively decreased with age under the stimu-
lation of 1 kHz, 2 kHz, 3 kHz and 4 kHz frequen-
cies. We averaged the values at four frequen-
cies. The differences among the age groups
were statistically significant and linearly related
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to age for the left ear (P<0.05, Table 2; Figure
2). The differences among 20-29 years group
and 50-59 years group for right ear were statis-
tically significant (Supplementary Table 2).
While the correlation between TEOAE CS ampli-
tude of the right ear and age is not statistically
significant (P>0.05, Figure 2).

EcochG

To assess cochlear neural function, we used
ear-canal electrodes to measure the AP and the
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Figure 2. Correlation between TEOAE CS amplitude and age. A, B: The TEOAE CS amplitude of the left ear showed
a significant correlation with age (**, P<0.01). C, D: The correlation between that of the right ear and age is not

statistically significant (P>0.05).

Table 3. EcochG AP amplitude distribution according to age group

. Age group
EcochG AP amplitude
20-29 years 30-39 years 40-49 years 50-59 years
Left ear N 36 40 39 31
Mean (SD) 1.18 (0.71) 0.88 (0.39) 0.76 (0.45) 0.65 (0.37)
Median 0.97 0.8 0.68 0.58
Min~Max 0.24~3.04 0.11~1.82 0.20~2.90 0.14~1.98
Right ear N 34 41 40 31
Mean (SD) 0.88 (0.64) 0.96 (0.67) 0.69 (0.24) 0.80 (0.50)
Median 0.79 0.78 0.68 0.66
Min~Max 0.17~3.37 0.20~3.27 0.22~1.24 0.31~2.29

EcochG, Electrocochleography; AP, action potential; N, number; SD, standard deviation.

SP. By taking the ratio between SP and AP in
our participants, we could eliminate some of
the variability in human electrophysiology that
arose from inter-subject differences in head
size, electrode contact, etc. [17, 18].

EcochG AP amplitude changes with age: For
the left ear, the EcochG AP amplitude decreas-
ed gradually and there were statistically signifi-
cant differences among the age groups
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(Supplementary Table 3) and linearly related to
age (P<0.05, Table 3; Figure 3), while that of
the right ear fluctuated among all age groups
with an overall downward trend, the correlation
between that of the right ear and age is not sta-
tistically significant (P>0.05, Figure 3).

EcochG AP latency changes with age: The dif-
ferences of EcochG AP latency among the age
groups were statistically significant for the left

Am J Transl Res 2021;13(2):549-564
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Figure 3. Correlation between EcochG AP amplitude and age. A, B: The EcochG AP of the left ear progressively de-
creased with age, and showed a significant correlation (**, P<0.01). C, D: The correlation between that of the right
ear and age is not statistically significant (P>0.05).

Table 4. EcochG AP latency distribution according to age group

Age group
EcochG AP Latency
20-29 years 30-39 years 40-49 years 50-59 years
Left ear N 35 40 39 31
Mean (SD) 1.58 (0.12) 1.59 (0.17) 1.62(0.13) 1.70 (0.18)
Median 1.53 1.58 1.65 1.68
Min~Max 1.38~1.92 1.37~2.10 1.38~1.85 1.27~2.13
Right ear N 34 41 40 31
Mean (SD) 1.58 (0.11) 1.61(0.12) 1.58 (0.12) 1.62 (0.27)
Median 1.57 1.60 1.58 1.67
Min~Max 1.38~1.95 1.38~1.85 1.35~1.90 0.47~2.00

EcochG, Electrocochleography; AP, action potential; N, number; SD, standard deviation.

ear and linearly related to age (P<0.05, Table 4)
while the latency of the right ear fluctuated
among all age groups (Supplementary Table 4).
The correlation between that of the right ear
and age is not statistically significant (P>0.05,

Figure 4).

EcochG SP amplitude changes with age: The
EcochG SP amplitude of the left ear decreased
progressively with age (P<0.05, Table 5) and
linearly related to age. While that of the right
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ear fluctuated among all age groups. The aver-
age of the 50-59 group was higher than that of
the 40-year-olds but lower than those of the
other two groups (Supplementary Table 5). The
correlation between that of the right ear and
age is not statistically significant (P>0.05,

Figure 5).

EcochG SP/AP ratio: The SP/AP ratio had no
statistically significant correlation with age at

both ears (Supplementary Table 6) (P>0.05,
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Figure 4. Correlation between EcochG AP latency and age. A, B: The EcochG AP latency of the left ear extended with
age, and showed a significant correlation (**, P<0.01). C, D: The correlation between that of the right ear and age

is not statistically significant (P>0.05).

Table 5. EcochG SP amplitude distribution according to age group

. Age group
EcochG SP amplitude
20-29 years 30-39 years 40-49 years 50-59 years
Left ear N 36 40 39 31
Mean (SD) 0.28 (0.03) 0.21 (0.02) 0.16 (0.01) 0.20 (0.01)
Median 0.26 0.19 0.13 0.13
Min~Max 0.05~0.75 0.04~0.48 0.05~0.41 0.04~0.75
Right ear N 34 41 40 31
Mean (SD) 0.23(0.04) 0.23(0.03) 0.15 (0.07) 0.19 (0.16)
Median 0.18 0.16 0.12 0.14
Min~Max 0.04~1.2 0.05~0.82 0.05~0.32 0.07~0.62

EcochG, Electrocochleography; SP, summating potential; N, number; SD, standard deviation.

Table 6; Figure 6), with an average SP/AP ratio
of 0.22-0.27. Six participants had an SP/AP
ratio greater than 0.4 in all cases (Table 6).

Age effect on MHINT

The thresholds are presented in dB S/N. Tak-
ing the left ear of the 20-29 age group for
example, when the participants recognized
100% of the sentences, the MHINT threshold
was 0.73+1.00 dB S/N (Table 7). The SNR of
both ears showed linearly related to age. Slight
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differences were observed in the 20-29 and
30-39 year groups, and the SNR in the 40-
49 and 50-59 year groups were increasing
significantly, showing significant differences
from the other two age groups (Supplementary
Table 7) (P<0.05, Figure 7).

GDT changes with age

The GDT threshold is the shortest time interval
at which the participant detects a gap, and is
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Figure 5. Correlation between EcochG SP amplitude and age. A, B: The EcochG SP of the left ear progressively de-
creased with age, and showed a significant correlation (**, P<0.01). C, D: The correlation between that of the right

ear and age is not statistically significant (P>0.05).

Table 6. EcochG SP/AP ratio distribution according to age group

. Age group
EcochG SP/AP ratio
20-29 years 30-39 years 40-49 years 50-59 years
Left ear N 36 40 39 31
Mean (SD) 0.24 (0.07) 0.24 (0.07) 0.22 (0.08) 0.23 (0.08)
Median 0.24 0.25 0.22 0.22
Min~Max 0.11~0.36 0.12~0.37 0.07~0.41 0.05~0.40
Right ear N 34 41 40 31
Mean (SD) 0.26 (0.06) 0.24 (0.06) 0.22 (0.08) 0.25 (0.11)
Median 0.27 0.24 0.22 0.23
Min~Max 0.11~0.36 0.13~0.37 0.10~0.40 0.08~0.66

EcochG, Electrocochleography; AP, action potential; SP, summating potential; N, number; SD, standard deviation.

expressed in ms. The GDT threshold increased
progressively with age, and the differences of
average GDT threshold in each age group in
the 1 kHz and 4 kHz regions were statistically
significant (P<0.01, Table 8). The differences in
the 20-29 and 30-39 year groups were not
statistically significant. The gap threshold
appreciably increased in the 40-49 and 50-59
year groups. Moreover, we discovered that
higher frequency was associated with a lower
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threshold, and the frequency differences in the
50-59 year group were no longer apparent

(Supplementary Table 8) (Figure 8).

Differences between left and right ears

The peripheral auditory functional indicators
for the left ear, such as TEOAE CS amplitude
and EcochG, declined gradually with age, while
such indicators for the right ear fluctuated
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Table 7. MHINT SNR distribution according to age group

from hearing loss or spee-

ch communication difficul-

MHINT Age group ti but thei ioh |
SNR 20-29 years 30-39 years 40-49 years 50-59 years s, bu eir_periphera
and central auditory func-

Leftear N 36 41 40 31 . . .
tion still decreased with
Meah (SD) 0.73(1.00) 0.53(1.40) 2.00(1.72) 3.67 (2.23) age. The TEOAE amplitude,
Median 0.82 0.86 2.22 3.80 TEOAE CS amplitude, and
Min~Max -1.80~2.60 -2.32~3.70 -2.08~4.98 0.22~8.93 EcochG SP/AP gradually
Right ear N 36 42 40 31 decreased, and the MHINT
Mean (SD) 0.50(1.53) 0.73(1.12) 2.43(1.81) 4.22(3.06) and GDT progressively de-
Median 0.63 0.96 2.44 4,04 clined with age and showed
Min~Max -5.52~2.70 -2.86~2.62 -0.86~7.05 -0.58~15.42 a significant decrease after

MHINT, Mandarin Hearing in Noise Test; SNR, signal to noise ratio; N, number; SD,

standard deviation.

among the four age groups. The central audito-
ry functional indicators for both ears (e.g.
MHINT and GDT) decreased with age.

Discussion

Pure tone hearing threshold tests are common-
ly used to evaluate the ability of the auditory
system in the clinic, but are actually unable to
reflect sensitively and comprehensively abnor-
mal conditions in the transmission and pro-
cessing of sound signals by the auditory sys-
tem. The participants in this study had normal
hearing threshold, and they were not suffering
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age 40.

In addition, we also found

differences in the periph-
eral hearing loss between the left and right ear.
Many studies confirm the hearing advantage of
the right ear [19], and the hearing threshold of
the right ear is better than that of the left ear
[20, 21]. We think this may be related to
some of the participants’ occupations, such as
drivers.

The decline of peripheral and central auditory
function with aging

The function of OHCs: TEOAE are bioacoustics
sound emissions measured in the ear canal
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Figure 7. Correlation between MHINT SNR and age. A, B: The SNR of the left ear showed a gradual increase with
age (**, P<0.01). Slight differences were observed in the 20-29 and 30-39 year groups, and the SNR in the 40-49
group increased significantly. C, D: The SNR of the right ear showed a gradual increase with age and the trend was
consistent with the left ear (**, P<0.01).

Table 8. GDT distribution according to age group

GDT Age group
20-29 years 30-39years 40-49years 50-59 years
1kHz N 35 41 40 30
Mean (SD) 6.44 (2.37) 6.10(2.13) 7.19(2.93) 8.16(3.28)
Median 5.67 5.58 6.13 7.04
Min~Max 2.67~14.92 3.42~17.25 3.33~16.83 4.25~19.00
2kHz N 35 41 40 30
Mean (SD) 4.33(3.15) 3.99(0.78) 4.25(1.76) 5.24(2.58)
Median 3.83 3.83 4.04 4.21
Min~Max  1.92~21.83 2.42~5.83 2.33~13.50 3.08~14.08
4 kHz N 35 41 40 30
Mean (SD) 2.83(0.83) 3.10(1.16) 3.60(1.91) 5.60(4.77)
Median 2.58 2.75 2.79 3.38
Min~Max  1.75~5.75 2.17~7.75 2.00~9.92 2.00~17.33

GDT, Gap Detection Test; N, number; SD, standard deviation.

and thought to originate from sound-evoked
oscillations of the cochlear outer hair cells
(OHCs). The TEOAE level shows the status of the
OHC system. It is first necessary to have hear-
ing sensitivity better than 30-35 dB HL and a
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ber of hair cells [8]

Experimental anim

normally functioning middle
ear. Researchers have dis-
covered that the amplitude
of OAE is an indicator that is
more sensitive than hearing
threshold and is able to re-
flect the status of auditory
function [22]. Our research
suggested that the function
of OHC declined progres-
sively with age in adults
with normal hearing.

Afferent nerves: In recent
years, studies in non-hu-
man animals have found
that synaptic degeneration
between hair cells and co-
chlear neurons in noise-
induced or aging deafness

occurs earlier than the decrease in the num-

. A modest reduction in syn-

apses does not affect the hearing threshold,
but can cause hidden hearing loss [17, 23].

al work has shown that the
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Figure 8. Correlation between GDT and age. A, B: The GDT threshold of 1 kHz increased progressively with age,
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increased in the 40-49 and 50-59 year groups. C, D: The GDT threshold of 2 kHz increased progressively with age
(*, P<0.05). E, F: The GDT threshold of 4 kHz increased progressively with age (**, P<0.01).

suprathreshold amplitude of wave | of the audi-
tory brainstem response (ABR), which repre-
sents the summed activity of the cochlear
nerve fibers, can be diagnostic of cochlear syn-
aptopathy. Wave | in humans, as measured via
conventional ABR electrode configurations, is
small and variable. We used ear-canal elec-
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trodes to measure the AP and SP [24]. EcochG
AP is equivalent to the ABR | wave and repre-
sents the total potential of cochlear afferent
nerve fibers, while SP is dominated by inner
hair cell potential. Our result showed that the
EcochG AP amplitude, SP amplitude and SP/AP
ratio of all age groups with normal hearing
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thresholds were similar to the standard EcochG
findings (mean SP amplitude of 0.27 pV, mean
AP amplitude of 1.34 uyV, and mean SP/AP ratio
of 0.21) [24]. EcochG AP amplitude and SP
amplitude decreased with age in our study.

Regulation of efferent nerves: The OHCs are
innervated by crossed medial olivocochlear
(MOC) efferent neurons originating in the brain-
stem. The auditory efferent nervous system
can be activated by a sound stimulus, and
changes in ciliary stiffness affect the mechani-
cal performance of the OHC. In this way, the
cochlea is maintained in the optimal mechani-
cal state, which protects the cochlea from
intense sound injury and acts as a negative
feedback regulator of cochlear functions [11].
The rigid phonemic frequency selectivity and
response sensitivity of efferent nerves can help
to improve auditory resolution, and to weaken
the masking effect of background noise, thus
enhancing the ability of the cochlea to extract
signals from the noise. One commonly used
test of MOC function involves measuring the
degree of suppression of an ipsilateral OAE by a
contralateral white noise. The OAE CS showed
an average reduction of 0.5-2 dB due to the
presence of noise in the contralateral ear [25,
26]. Some studies have found that MOC is
mainly related to the detection rate of OAE, and
there is no significant correlation with the OAE
amplitude [27]. The relationship between
TEOAE CS amplitude and age is still controver-
sial [28, 29]. Our research showed that the
function of TEOAE CS declined with age, as
reported by others [30].

Central auditory function - temporal resolution
(GDT): Temporal resolution is an auditory tem-
poral processing skill that refers to the minimal
time required to resolve acoustic events. The
temporal signs provide vital information to the
nervous system in the perception of speech
[31].

It has been found that the gap threshold of
young individuals with a normal hearing th-
reshold was about 2.99 ms, and that of older
persons with an increased hearing threshold
was about 4.23 ms [16]. The age-related
decline in temporal resolution may be related
to inaccurate phase-locking of auditory neu-
rons in the midbrain. Experiments with aging
animals found the neurons that encode the
gap durations in the inferior colliculi (IC) was
reduced by 50% and showed a slow recovery
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from previous stimulation. Abnormal expres-
sion of y-aminobutyric acid (GABA) and calcium-
binding proteins in the IC is a possible mecha-
nism [32].

Many studies have confirmed that the gap
detection threshold increases with age [33].
Our research found that 4 kHz had the lowest
average threshold, followed by 2 kHz, and 1 kHz
had the highest threshold, suggesting that the
human ear can easily distinguish the time inter-
val at high frequency. The GDT is most corre-
lated with age under 1 kHz and 4 kHz stimula-
tion; 2 kHz had no significant correlation with
age, indicating that the functions related to
speech frequency were likely to decline with
age most slowly. The threshold of GDT 1 kHz
increased significantly in the 40-year-old group.
However, as the time interval occurs only once,
individuals are easily distracted, which may
interfere with the result.

Central auditory function - MHINT: The HINT
can effectively reflect the actual auditory ability
[34]. The understanding of speech is a very
complex activity that depends on the peripheral
hearing mechanisms, central auditory process-
ing and cognition. The standard HINT of young
people with a normal hearing threshold is
4.841.8 dB SNR [35].

Numerous studies have found that speech rec-
ognition ability in noisy environments decreas-
es progressively with age [36, 37]. A study on
3,430 individuals with an average age of 62.3
years discovered that only 7% of them had nor-
mal SNR (<6 dB SNR) [2]. The 60-year-old
group, therefore, showed a decline in speech
recognition.

In this study, we screened a population with
normal auditory threshold and found that the
MHINT was the most age-related indicator
among all the indicators tested (left ear
R2=0.29, right ear R>=0.35). The SNR increas-
ed gradually with age, and age 40 was the divid-
ing line. The upward trend was gentle before
age 40, but more volatile after 40, suggesting
that the attenuation rate of central language
processing ability accelerated after the age of
40. Middle-aged adults experience declines in
both sensory and cognitive processing [38].

Hearing in noise is related to low-SR afferent
nerve fibers and MOC, but is also related to
spatial and temporal processing deficits in the
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auditory cortex. The HINT was significantly
related to GDT, but GDT was just one of the fac-
tors [39, 40]. Therefore, the MHINT reflected
auditory function more comprehensively than
GDT.

In addition, the strength of afferent (brainstem
to primary auditory cortices) neural signal-
ing plays a significant role in a signal in noise
(SIN) task [41]. Unlike young monkeys, neuro-
nal responses in aged monkeys with normal
hearing threshold do not show a sharpening of
spatial tuning between the primary auditory
cortex (A1) and caudolateral (CL) field [42]. Fur-
thermore, deficits in cognitive function, work-
ing memory, speed of processing, and filtering
out task-irrelevant stimuli also have an effect
[43]. Imaging methods have confirmed the
influence of central non-auditory structures on
speech comprehension. Functional magnetic
resonance imaging (fMRI) found a correlation
between attention-related cortical areas of the
brain (prefrontal and precuneus regions) and
performance on a SIN task [44]. Moreover,
aging is associated with damage to white mat-
ter tracts caused by axonal loss, which can dis-
rupt the information flow in related neural net-
works (e.g. working memory; sound perception)
[45].

Results from a number of studies suggest that
the age-related decline in hearing in noisy envi-
ronments, often independent of hearing loss
[46], is linked to not only a decline in the ability
of auditory system (peripheral and central) but
also hypofunction of the central non-auditory
structures.

The differences of aging effects on peripheral
auditory function between left ear and right
ear

Our study found that the TEOAE CS amplitude
and EcochG AP in the right ear was lower in the
20- and 30-year-old groups than that in the left
ear, and the opposite in the 50-year-old group.
Except for TEOAE amplitude, the peripheral
auditory function of the right ear showed little
difference among all age groups. The advan-
tage of the right ear may be due to this slow
decline. Studies indicate that the asymmetry of
the auditory efferent varies according to hand-
edness. The medial efferent system has been
found to be more effective in the right than in
the left ear in right-handers while functioning

561

symmetrically in left-handers, aged from 18 to
34 years [47]. All our participants were right-
handed. In addition, environmental noise is an
important factor. China’s driving laws deter-
mine that driver’s left ear is more likely to be
exposed to noise, which may cause hearing
loss. In the follow-up study, the driving experi-
ence and working environment of the partici-
pants will be considered.

Peripheral and central auditory function are
relatively independent

Although our result predicted the advantage of
the peripheral auditory function of the right ear,
the central auditory function of the right ear did
not appear better than that of the left ear. There
was no significant difference between the right
ear and left ear for the MHINT SNR, which pre-
dicted that hypofunction of central auditory
function is independent of peripheral hearing
function. This is consistent with other reports
[13, 48-50]. Aging is accompanied by atrophy
of the gray and white matter, resulting in the
enlargement of the cerebrospinal fluid space.
Age-related changes in the central auditory sys-
tem occur mostly independently of the changes
in the normal aging ear [48]. Peripheral hearing
loss has an effect on central auditory under
pathological conditions, reduced lateral olivo-
cochlear (LOC) and auditory nerve innervation
in ears with observed approximately 1 year
after conductive hearing loss [51].

EcochG SP/AP ratio is not a sensitive indicator
to judge the aging of cochlear function

The EcochG SP/AP ratio is widely used in the
diagnosis of endolymphatic edema [52]. In
addition, the SP/AP ratio is used to evaluate
noise-induced deafness. In a research, college
students were divided into a low-risk group and
a high-risk group according to their noise expo-
sure history. They found that the EcochG SP
amplitude in the high-risk group increased sig-
nificantly, accompanied by a decrease in AP
amplitude, which led to an increase in the SP/
AP ratio (mean value 0.46). Therefore, it was
believed that the SP/AP ratio of EcochG can
reflect hidden hearing loss, steadily and sensi-
tively [17]. In addition, when healthy college
students were exposed to music for 2 hours in
the same night club, with temporary threshold
shift (TTS) of about 7 dB, 67% of the subjects
had an SP/AP ratio greater than 0.4 [53]. Our

Am J Transl Res 2021;13(2):549-564



Aging effects on auditory function

study found that the SP/AP ratio was relatively
stable, with little difference among the various
age groups. The ratio showed the trend of an
increase with age, yet without statistical signifi-
cance. This contrasted with the related reports
of noise-induced deafness, probably because
all the individuals we screened had normal
hearing thresholds; 6 out of 149 participants
had an SP/AP ratio greater than 0.4. The mean
values of the EcochG SP/AP ratio were less
than 0.27, which all fell within the normal range
and were lower than those reported in the
above literature. With the increase of age, SP
and AP both decreased, especially in the left
ear, which was an important factor that stabi-
lized the SP/AP ratio. It is thus believed that
the SP/AP ratio should be mainly used to diag-
nose diseases, but that it is not a sensitive indi-
cator with which to judge the aging of cochlear
function.

Auditory intervention

Our results showed that, except for the TEOAE
amplitude, the peripheral auditory function of
the right ear had no significant correlation with
age. This implied that peripheral hearing loss
can be prevented. In addition to avoiding noise
exposure, studies have reported that regulation
of the MOC may play an important role [54].

Furthermore, our study showed that the MHINT
in the right ear was significantly related to age;
it is suggested that central auditory function
is not completely secondary to peripheral hear-
ing loss. It should be noted that different listen-
ing tasks can result in improvements in audito-
ry temporal processing tasks [42]. Auditory
expertise, as engendered by musical training,
provides both behavioural and neural advan-
tages for processing speech in noise [49].
While aging can result in dramatic physiological
and anatomical changes in the central nervous
system independent of peripheral auditory
function, these appear to be plastic throughout
life [42].

Recent evidence suggests that hearing loss
may be an early sign of dementia [55, 56].
Researchers have suggested that hearing loss
may increase the speed of age-related cogni-
tive decline [57]. Therefore, the central auditory
function may need to be investigated and treat-
ed early in middle age (e.g. at 40 years old).
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Conclusion

In our study, the peripheral and central auditory
function was shown to decline progressively
with age. Central auditory function is not com-
pletely secondary to peripheral hearing loss.
The 40-year-old group was the key age group
for the acceleration of MHINT decline.
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Aging effects on auditory function

Supplementary Table 1. The one-way ANOVA analysis of the
mean TEOAE amplitude between any two groups

) Left ear Right ear

Comparison between groups
F P F P

1vs2 4.09  0.045% 116  0.2833
1vs 3 6.05 0.0151* 1.34 0.2488
1vs4 10.51 0.0015** 8.91 0.0033**
2vs 3 0.22 0.6411 0.01 0.9228
2vs4 1.97 0.1625 4,23 0.0416*
3vs4 0.93 0.3374 3.78 0.0537

1: 20-29 years group; 2: 30-39 years group; 3: 40-49 years group; 4: 50-59
years group (*, P<0.05; **, P<0.01).

Supplementary Table 2. The one-way ANOVA analysis of the
mean TEOAE CS between any two groups

. Left ear Right ear
Comparison between groups
F P F P
1vs 2 3.17 0.0773 2.23 0.1377
1vs 3 10.22 0.0017** 0.85 0.3594
1vs4 15.80 0.0001** 4.46 0.0365*
2vs 3 2.21 0.1392 0.32 0.5702
2vs 4 576  0.0177* 0.57 0.4528
3vs4 1.01 0.3165 1.60 0.2073

1: 20-29 years group; 2: 30-39 years group; 3: 40-49 years group; 4: 50-59
years group (*, P<0.05; **, P<0.01).

Supplementary Table 3. The one-way ANOVA analysis of the
mean EcochG AP amplitude between any two groups

. Left ear Right ear
Comparison between groups
P F P
1vs 2 6.60 0.0112* 0.36 0.5498
1vs 3 12.86 0.0005** 242 0.1221
1vs 4 18.71 <.0001** 0.42 0.5160
2vs3 1.12 0.2910 5.10 0.0255*
2vs4 3.85 0.0517 1.60 0.2084
3vs4 0.92 0.3387 0.71  0.4021

1: 20-29 years group; 2: 30-39 years group; 3: 40-49 years group; 4: 50-59
years group (*, P<0.05; **, P<0.01).



Aging effects on auditory function

Supplementary Table 4. The one-way ANOVA analysis of the
mean EcochG AP latency between any two groups

. Left ear Right ear
Comparison between groups
F P F P
1vs2 0.06 0.8136 0.46 0.5001
1vs 3 1.05 0.3070 0.01 0.9105
1vs4 9.84 0.0021** 1.21 0.2731
2vs3 0.67 0.4148 0.34 0.5579
2vs 4 9.03 0.0031** 0.24 0.6256
3vs4 4,94 0.0278* 1.06 0.3039

1: 20-29 years group; 2: 30-39 years group; 3: 40-49 years group; 4: 50-59
years group (*, P<0.05; **, P<0.01).

Supplementary Table 5. The one-way ANOVA analysis of the
mean EcochG SP between any two groups

. Left ear Right ear
Comparison between groups
F P F P
1vs2 729 0.0078** 0.00 0.9667
1vs 3 2255 <.0001** 4.65 0.0328*
1vs4 2591 <.0001** 1.00 0.3192
2vs3 4.50 0.0357* 492 0.0281*
2vs 4 6.86 0.0098** 1.00 0.3179
3vs4 0.39 0.5350 1.13 0.2893

1: 20-29 years group; 2: 30-39 years group; 3: 40-49 years group; 4: 50-59
years group (*, P<0.05; **, P<0.01).

Supplementary Table 6. The one-way ANOVA analysis of the
mean EcochG SP/AP ratio between any two groups

. Left ear Right ear
Comparison between groups
F P F P
1vs 2 0.00 0.9964 0.87 0.3521
1vs 3 3.42 0.0664 3.40 0.0672
1vs4 0.00 0.9599 0.26  0.6081
2vs3 3.59 0.0601 0.92 0.3378
2vs4 0.00 0.9556 0.14  0.7093
3vs4 3.34 0.0696 1.60  0.2080

1: 20-29 years group; 2: 30-39 years group; 3: 40-49 years group; 4: 50-59
years group.



Aging effects on auditory function

Supplementary Table 7. The one-way ANOVA analysis of the
mean MHINT SNR between any two groups

. Left ear Right ear

Comparison between groups
F P F P

1vs 2 0.29 0.5896 0.28 0.5990
1vs 3 11.69 0.0008** 19.04 <.0001**
1vs4 54.54 <.0001** 61.86 <.0001**
2vs 3 16.72 <.0001** 15.97 0.0001**
2vs 4 65.95 <.0001** 58.27 <.0001**
3vs4 18.32 <.0001** 14.93 0.0002**

1: 20-29 years group; 2: 30-39 years group; 3: 40-49 years group; 4: 50-59
years group (**, P<0.01).

Supplementary Table 8. The one-way ANOVA analysis of the mean GDT between any two groups

. 1 kHz 2 kHz 4 kKHz
Comparison between groups
F P F P F P

1vs?2 0.29 0.5880 0.47 0.4947 0.21 0.6450
1vs 3 1.46 0.2286 0.03 0.8691 1.76 0.1866
1vs 4 6.72 0.0105* 2.80 0.0963 20.05 <.0001**
2vs3 3.32 0.0706 0.29 0.5922 0.82 0.3675
2vs 4 10.27 0.0017** 5.71 0.0182* 17.59 <.0001**
3vs4 2.28 0.1329 3.55 0.0617 11.16 0.0011**

1: 20-29 years group; 2: 30-39 years group; 3: 40-49 years group; 4: 50-59 years group (*, P<0.05; **, P<0.01).



