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Abstract
This study investigates the effect of hearing aid use on the peripheral auditory pathways in children with sensorineural hearing

loss prior to cochlear implantation, as revealed by the electrically evoked auditory brainstem response (EABR). Forty children

with hearing aids were recruited. Half of them had normal inner ear structures and the other half had inner ear malformations

(IEMs). The EABR was evoked by electrically stimulating the round window niche (RWN) and round window membrane

(RWM) during the cochlear implantation operation. The onset age of hearing aid use was significantly correlated with the

peak latencies, but not amplitudes, of the wave III (eIII) and wave V (eV). Higher EABR thresholds were found for RWN stim-

ulation than for RWM stimulation and in the children with IEMs than in those without IEMs. Our study provides neurophys-

iological evidence that earlier use of hearing aids may ameliorate physiological functions of the peripheral auditory pathway in

children with and without IEMs. The EABR evoked by the electrical stimulation at RWM is more sensitive compared with that

at RWN for evaluating functions of the auditory conduction pathway.
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Introduction
The development of the auditory system depends to a large
extent on sufficient auditory input during the sensitive
period, i.e., a period in which the auditory system requires
external stimulation to develop skills for auditory processing.
Auditory deprivation during the sensitive period will
adversely affect many aspects of cortical maturation, hinder
the development of auditory pathways, and result in
decreased behavioral performance and deficits of spoken lan-
guage acquisition (Halliday et al., 2017; Ruben & Rapin,
1980; Sharma et al., 2015). In the case of long-term depriva-
tion of auditory input, not only is the bottom-up ability of
information processing is reduced, but the integration of
bottom-up and top-down information in auditory cortex is
also impaired (Kral, 2007). Therefore, it is beneficial to the
development of the auditory cortex in children with hearing
loss to receive intervention with auditory input at an early
stage, especially within the sensitive period. A hearing aid
or a cochlear implant (CI) can help people with hearing
loss improve auditory sensation. The hearing aid amplifies
the sound intensity, but the CI bypasses damaged hair cells

in the cochlea and directly stimulates the auditory nerve
with electrical pulses (Carlson, 2020; Kral et al., 2019;
Lenarz, 2017). Although previous studies have reported

1Department of Otolaryngology-Head and Neck Surgery, The First

Affiliated Hospital of USTC, Division of Life Sciences and Medicine,

University of Science and Technology of China, Hefei, Anhui, 230001, China
2Wannan Medical College, Anhui Provincial Hospital, Hefei, Anhui, 230001,

China
3School of Life Sciences, Anhui University, Hefei, Anhui, 230601, China
4CAS Key Laboratory of Brain Function and Diseases, School of Life

Sciences, University of Science and Technology of China, Hefei, Anhui,

230027, China

Corresponding authors:
Xiao-Tao Guo, Department of Otolaryngology-Head and Neck Surgery, The

First Affiliated Hospital of USTC, Division of Life Sciences and Medicine,

University of Science and Technology of China, Hefei, Anhui 230001, China.

Email: gxt2012@mail.ustc.edu.cn

Jia-Qiang Sun, Department of Otolaryngology-Head and Neck Surgery, The

First Affiliated Hospital of USTC, Division of Life Sciences and Medicine,

University of Science and Technology of China, Hefei, Anhui 230001, China.

Email: sunjq0605@126.com

Creative Commons CC BY: This article is distributed under the terms of the Creative Commons Attribution 4.0 License (https://

creativecommons.org/licenses/by/4.0/) which permits any use, reproduction and distribution of the work without further permission provided

the original work is attributed as specified on the SAGE and Open Access page (https://us.sagepub.com/en-us/nam/open-access-at-sage).

Original Article

Trends in Hearing

Volume 27: 1–10

© The Author(s) 2023

Article reuse guidelines:

sagepub.com/journals-permissions

DOI: 10.1177/23312165221148846

journals.sagepub.com/home/tia

https://orcid.org/0000-0003-4809-5232
mailto:gxt2012@mail.ustc.edu.cn
mailto:sunjq0605@126.com
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://us.sagepub.com/en-us/nam/open-access-at-sage
https://us.sagepub.com/en-us/journals-permissions
https://journals.sagepub.com/home/tia
http://crossmark.crossref.org/dialog/?doi=10.1177%2F23312165221148846&domain=pdf&date_stamp=2023-01-11


that earlier implantation can result in better hearing and
speech performance (Holden et al., 2013; McKinney, 2017;
Yoshinaga-Itano et al., 2018), many children with hearing
loss may receive a CI at a relatively late stage, due to child
variables and/or family factors, such as progressive hearing
loss and socio-economic status (Dettman et al., 2016;
Fitzpatrick et al., 2015). Although wearing a hearing aid
before the CI surgery likely provides only a weak input,
the auditory sensation from hearing aids in infants with
severe or profound hearing loss could still provide limited
auditory input that could be beneficial.

The effect of hearing aid use on functions of the auditory
pathway has been assessed by using behavioral tests and cor-
tical evoked responses. Relevant evidence demonstrates that
hearing aids can help patients with hearing loss improve their
speech performance and reduce auditory processing effort
(Chen et al., 2010; Giroud et al., 2017). Imaging evidence
indicates that hearing aid use can inhibit cross-modal reorga-
nization induced by early auditory deprivation (Shiell et al.,
2015). These results suggest that the auditory input by
hearing aids benefit the development of the central auditory
system. However, direct evidence for relationships between
hearing aid use and the development of the peripheral audi-
tory pathway is still lacking. The sensitive periods of periph-
eral and central auditory systems are different. Relative to the
auditory cortex, the development of the brainstem occurs
earlier and depends less on auditory experience (Long
et al., 2018). Whether early and long-term use of hearing
aids benefits the development of the peripheral auditory
pathway remains unclear.

The electrically evoked auditory brainstem response
(EABR) is an objective and effective method to evaluate
functions of the auditory conduction pathway up to the
level of the brainstem (Wang et al., 2015; Zhang et al.,
2021). It can be recorded from the scalp within the first 10
ms after electrically stimulating the auditory nerve. The
EABR can be evoked by extracochlear electrical stimulation,
e.g., at the round window niche (RWN) (Causon et al., 2019)
or via intracochlear CI stimulation (Firszt et al., 2002). The
electrically induced wave III (eIII) and wave V (eV) are
easily identified compared with the other EABR components
(Adunka et al., 2006). The origins of the EABR components
are basically similar to those of the auditory brainstem
response (ABR) evoked by acoustic stimuli, and eIII is
thought to be generated in the superior olivary nucleus and
eV in the inferior colliculus (van den Honert &
Stypulkowski, 1986). For normal-hearing children, evidence
has shown that the peak latencies of waves I and II (eI and
eII) are similar for infants (40 weeks conceptional age) and
adults (Ponton et al., 1996). However, eIII remains delayed
into the postnatal period compared with the adult response.
Waves IV and V also have different maturational time
courses (Moore et al., 1996). The III-IV interval reflecting
synaptic transmission time gradually shortens until 3 years
of age, but the IV-V interval reflecting axonal conduction

time is adult-like at term birth. It is noteworthy that these
peripheral maturational processes are affected by auditory
deprivation. Thai-Van et al. (2002) found a longer EABR
latency from the ear with a longer deafness duration, indicat-
ing the negative effect of long-term deafness on neural trans-
mission. This finding also highlights the possibility that
auditory experience from an early-implanted CI can
promote sound exposure-dependent maturational processes.

In this study, we investigated the effect of hearing aid use
on physiological functions of the auditory pathway in
hearing-impaired children with and without inner ear malfor-
mations (IEMs) by using the EABR. The EABR was evoked
by electrical stimulation at RWN and round window mem-
brane (RWM) during the operation to implant the CI. We
hypothesized that hearing aid use prior to CI activation
could promote the development of the auditory brainstem
pathway. Therefore, we predicted that children with earlier
or longer use of hearing aids would show lower EABR
thresholds and/or shorter eIII and eV latencies. Exploratory
analyses further compared the EABR thresholds and laten-
cies for two stimulation sites (RWN and RWM) in two
groups (children with and without IEMs).

Materials and Methods

Participants
Forty children (21 males, mean age ± standard deviation
(SD): 5.09 ± 3.79 years old) with sensorineural hearing
loss who received their first CI in our hospital from
September 2018 to June 2020 were included in this study.
These children were right-handed according to an assessment
with the Edinburgh Handedness Inventory (Oldfield, 1971).
They started to use hearing aids at a mean age of 2.30 ±
1.21 years old, and had used hearing aids with a mean dura-
tion of 2.79 ± 3.26 years and for at least 4 h per day in their
daily life. These children had auditory responses to environ-
mental sounds during the initial period of hearing aid fitting.
To confirm the effectiveness of hearing aid fitting in the daily
life, their auditory performance was reexamined by the
Meaningful Auditory Integration Scale (MAIS) and
Categories of Auditory Performance (CAP) at least every 8
months. The MAIS includes 10 questions reflecting chil-
dren’s confidence in hearing devices, auditory sensitivity
and ability to connect sounds with meaning. The highest
score is 40 and indicates the best performance for meaningful
sound use in everyday situations. The CAP is an eight-score
hierarchical scale that evaluates receptive auditory abilities
and ranges from no awareness of environmental sounds
(1 score) to telephone use with a familiar talker (8 scores).
When hearing aid outcomes were poor and the ABR thresh-
olds estimated by the click and 500-Hz tone burst were above
90 dB nHL, the hearing-impaired child received a CI. Before
the CI surgery, the ABR, 40-Hz auditory evoked potential,
multi-frequency steady state potential (MFSSP), distortion
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product otoacoustic emission (DPOAE) and acoustic imped-
ance had been performed to confirm profound sensorineural
hearing loss (hearing threshold ≥90 dB nHL). The 40-Hz
auditory evoked potential (Lynn et al., 1984) and MFSSP
(Johnson & Brown, 2005) tests were performed for hearing
threshold estimation using the 500-Hz tone burst and sinu-
soidally amplitude modulated tones (1, 2 and 4 kHz), respec-
tively. Only 24 children finished the pure-tone audiometry
and their unaided pure tone averages (averaged over 0.25,
0.5, 1, 2, 4 and 8 kHz) were above 90 dB HL. Participants
who had a mental disability, intracranial lesions or head
trauma were excluded from this study. Of children in our
study, 20 had IEMs assessed by computerized tomography
(CT) and magnetic resonance imaging (MRI) according to
previously published criteria (Sennaroglu & Bajin, 2017).
Detailed information for all children is provided in Table 1.
All procedures performed in this study involving human par-
ticipants were in accordance with the ethical standards of the
institutional and/or national research committee and with the
1964 Helsinki declaration and its later amendments or com-
parable ethical standards. The protocols and experimental
procedures in the present study were reviewed and approved
by the Anhui Provincial Hospital Ethics Committee. Each
participant’s guardians provided written informed consent.

EABR Recording
The EABR was recorded by Neuro-Audio NET1.0.103.3.
(Neurosoft, Ivanovo, Russia). The recording electrode, the
ground electrode and the reference electrode were body
surface button electrodes and were placed in the middle of
the forehead, between the eyebrows, and about 1 cm in
front of the tragus of the operative ear, respectively. The elec-
trical stimulation was generated from an EMG external elec-
tric stimulator (Neurosoft, Ivanovo, Russia). The facial nerve
stimulation probe (Medtronic, Minneapolis, USA) was
selected as the stimulation positive electrode. Its surface
was coated with Parylene insulating coating except for the
exposed tail end of the electrode and the diameter was 500
μm. A stainless steel needle electrode was used as the refer-
ence electrode and was placed in the coarse protuberance of
the occipital bone at the operation side. The EABR output
signal was filtered online with a band-pass of 0.1–3 kHz
and was averaged from 512 sweeps at each stimulus level
with a time window of 15 ms. The electrical pulse was the
alternating wave with 100-μs duration and was delivered at
a rate of 21 Hz. Electrode impedances were less than 3 kΩ.

All surgical procedures were performed via a mastoidec-
tomy. Posterior tympanotomy was performed through the
facial recess. Meticulous hemostasis could be achieved by
using diamond burs. After the RWN was exposed, we
injected patients with muscle relaxant cis-atracurium at 0.5
mg/kg according to the body weight to reduce the interfer-
ence of muscle activity from EABR signals. During the
first EABR recording, the stimulation probe was placed on

the surface of the RWN. Then, a diamond bur was used to
remove the RWN and maximally expose the RWM. We per-
formed the second EABR recording by placing the stimula-
tion probe on the surface of the RWM. The initial electrical
stimulation intensity for the EABR was 2.0 mA. To assess
the EABR threshold, namely the minimum stimulation inten-
sity eliciting eIII or eV, we increased or decreased the stim-
ulation intensity in a first step of 0.5 mA followed by a
smaller step of 0.1 mA until the eIII or eV appeared or disap-
peared. The maximum stimulation intensity was 3.0 mA. The
EABR waveform for each stimulation intensity was averaged
by 512 epochs and detected visually. Each test of the EABR
for the RWN or RWM stimulation lasted 3–5 min.

Data Processing and Analysis
The eIII and eV were marked by two observers blinded to the
information of each child. The EABR thresholds (RWN: r =
0.989; RWM: r = 0.996), eIII latencies (RWN: r = 0.806;
RWM: r = 0.861) and eV latencies (RWN: r = 0.804;
RWM: r = 0.816) marked by the first observer showed
high correlations with the second. Two criteria for identifying
the eIII and eV were that the two components should be
reproducible at least at two different stimulation intensities
and the difference in peak latencies of each component
should be ≤0.3 ms between adjacent stimulation intensities.
One child without IEMs and one with IEMs showed no
robust eIII and eV, and these two children were excluded
from further analysis. SPSS Statistics V.24 (IBM, Somers,
NY) was used for statistical analysis. The eIII and eV laten-
cies for each individual were determined at a stimulation
intensity of 2.0 mA when the EABR threshold was ≤2.0
mA or at the stimulation intensity of the EABR threshold
when the threshold was >2.0 mA. Differences in the EABR
thresholds and latencies between the two stimulation
methods and the two groups were analyzed by using a
two-way analysis of variance (ANOVA) with stimulation
method (RWN and RWM) as the within-subjects factor and
group (children with and without IEMs) as the between-
subjects factor. The Greenhouse–Geisser adjustment was
applied when the variance sphericity assumption was not sat-
isfied. A Pearson correlation test was used to assess the cor-
relations between the onset age and duration of hearing aid
use and the EABR threshold, eIII latency, and eV latency
for all participants. The p values were corrected for multiple
comparisons using the false discovery rate (FDR). All values
in this study are expressed as mean ± SD.

Results

EABR Thresholds and Latencies for RWN and RWM
Stimulation in Children without and with IEMs
Sample waveforms of EABRs at a stimulation intensity of 2.0
mA from two children are shown in Figure 1. The EABR
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thresholds in children without and with IEMs were 1.09 ±
0.59 mA and 1.49 ± 0.63 mA for RWN stimulation, and
0.83 ± 0.50 mA and 1.32 ± 0.71 mA for RWM stimulation,
respectively. A two-way ANOVA showed main effects of

stimulation [F(1,36) = 13.380, p<0.001] and group [F(1,36)
= 5.510, p = 0.025]. There was no significant interaction
between these two factors [F(1,36) = 0.437, p = 0.513]. The
EABR thresholds were significantly higher for RWN

Table 1. Demographic Information of Patients.

Subjects Sex

Side of

test

Age at test

(years)

Side of

HAs

Onset of HAs

(years)

Duration of HAs

(years)

Inner ear

structure Etiology

ABR threshold at

test (dB nHL)

Patients without inner ear malformations

1 F R 4.5 Bi 2.5 2 Normal Gene >90

2 F R 2 Bi 1 1 Normal Unknown >95

3 M R 4.833 Bi 0.833 4 Normal Unknown >95

4 M L 3 Bi 2.5 0.5 Normal Unknown >90

5 M L 14 Bi 3 11 Normal Unknown >90

6 M L 2.5 Bi 1.5 1 Normal Unknown >95

7 F R 5 Bi 1.5 3.5 Normal Gene >95

8 F R 5 Bi 4.417 0.583 Normal Unknown >95

9 F L 8 Bi 4 4 Normal Unknown >90

10 M L 5 Bi 4 1 Normal Gene >90

11 M R 3.833 Bi 2.833 1 Normal Gene >95

12 F L 1 Bi 0.75 0.25 Normal Gene >95

13 M R 2.417 Bi 1.917 0.5 Normal Unknown >95

14 F L 2.167 Bi 2 0.167 Normal Unknown >95

15 F R 14 R 5 9 Normal Gene >95

16 F L 2.833 Bi 1.833 1 Normal Unknown >95

17 M R 5 Bi 4 1 Normal Unknown >95

18 F R 1.583 Bi 1.333 0.25 Normal Unknown >95

19 F R 13.417 Bi 3.417 10 Normal Unknown >95

20 M R 1.83 Bi 1.663 0.167 Normal Gene >95

Patients with inner ear malformations

1 M L 2 Bi 1.75 0.25 LVAS LVAS >95

2 F L 3.5 Bi 0.5 3 IP-II IP-II >95

3 M R 8 Bi 3 5 LVAS LVAS >95

4 M R 3 Bi 2 1 LVAS LVAS >95

5 M R 5 Bi 3 2 LVAS LVAS >95

6 M R 1.667 Bi 0.667 1 LVAS LVAS >95

7 F R 4 Bi 2 2 CAS CAS >95

8 F R 6.833 Bi 2.833 4 LVAS LVAS 90

9 F L 5.333 Bi 4.333 1 LVAS LVAS >95

10 M L 3.75 Bi 1.75 2 LVAS & IP-III LVAS &

IP-III

>90

11 M L 5.583 Bi 2.583 3 LVAS LVAS >95

12 M L 3 Bi 2 1 CAS & IACS CAS &

IACS

>95

13 M R 13 Bi 1 12 CAS & IACS CAS &

IACS

>95

14 M R 1 Bi 0.5 0.5 LVAS & IP-III LVAS &

IP-III

>95

15 F L 3 Bi 1 2 LVAS LVAS 95

16 F L 14 Bi 4 10 LVAS LVAS >95

17 M R 4 Bi 3.5 0.5 LVAS LVAS >95

18 F R 4.75 Bi 1.75 3 LVAS LVAS >95

19 F R 9 Bi 3 6 LVAS LVAS >95

20 M R 1.25 Bi 1 0.25 LVAS LVAS >95

ABR = auditory brainstem response; Bi = bilateral; CAS = cochlear aperture stenosis; F = female; HA = hearing aid; HL = hearing level; IACS = inner auditory

canal stenosis; IP-II/III = incomplete partition type II/III; L = left; LVAS = large vestibular aqueduct syndrome; M = male; R = right.
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stimulation than for RWM stimulation and in children with
IEMs than in those without IEMs (Figure 2A).

The eIII peak latencies in children without and with IEMs
were 2.29 ± 0.38 ms and 2.22 ± 0.49 ms for RWN stimula-
tion, and 2.27 ± 0.34 ms and 2.24 ± 0.45 ms for RWM

stimulation, respectively. The eV peak latencies in children
without and with IEMs were 4.13 ± 0.51 ms and 4.18 ±
0.73 ms for RWN stimulation, and 4.03 ± 0.52 ms and 4.28
± 0.66 ms for RWM stimulation, respectively. For eIII and
eV peak latencies, there was no main effect of stimulation

Figure 1. Sample waveforms of electrically evoked auditory brainstem responses (EABRs) evoked by electrical stimulation at the round

window niche (RWN) and round window membrane (RWM) from (A) Subject #2 without inner ear malformations (IEMs) and (B) Subject

#3 with IEMs. eIII, wave III. eV, wave V.

Figure 2. The thresholds, wave III (eIII) latencies, and wave V (eV) latencies of electrically EABRs evoked by electrical stimulation at the

RWN and RWM in children with and without inner ear malformations (IEMs). (A) The EABR thresholds were significantly higher for RWN

stimulation than for RWM stimulation and in children with IEMs than in those without IEMs. There was no significant difference in (B) eIII or

(C) eV peak latencies between RWN and RWM stimulation or between these two groups. ***p< 0.001, *p< 0.05. Vertical bars represent
the standard deviation.
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[eIII: F(1,36) < 0.001, p = 0.996; eV: F(1,36) < 0.001, p =
0.995], group [eIII: F(1,36) = 0.168, p = 0.684; eV: F(1,36)
= 0.687, p = 0.413] or significant interaction between these
two factors [eIII: F(1,36) = 0.125, p = 0.726; eV: F(1,36) =
1.430, p = 0.240] (Figure 2B and C).

Correlations between EABR Threshold and Latency
and Onset Age and Duration of Hearing Aid Use
Correlations were examined between the onset age and dura-
tion of hearing aid use and the EABR threshold, eIII latency,
and eV latency for all participants. The onset age of hearing
aid use was significantly positively correlated with the eIII
(RWN: r = 0.467, p = 0.018; RWM: r = 0.451, p = 0.020)
and eV latencies (RWN: r = 0.399, p = 0.039; RWM: r =
0.476, p = 0.018) but not with the EABR thresholds (RWN:
r = −0.307, p = 0.146; RWM: r = -0.197, p = 0.470)
(Figure 3A). No significant correlations were found between
the duration of hearing aid use and the EABR threshold
(RWN: r = -0.029, p = 0.864; RWM: r = 0.126, p =
0.728), eIII latency (RWN: r = −0.032, p = 0.864; RWM: r
= 0.075, p = 0.864), or eV latency (RWN: r = 0.117, p =
0.728; RWM: r = 0.030, p = 0.864) (Figure 3B).

Discussion
In this study, we examined the effect of hearing aid use on the
peripheral auditory pathway in children with sensorineural
hearing loss by recording the intraoperative EABRs. We
found positive correlations between the onset age of hearing
aid use and the peak latencies of the eIII and eV.
Furthermore, higher EABR thresholds were found for RWN
stimulation than for RWM stimulation and in children with
IEMs than in those without IEMs. Our neurophysiological
results suggest that earlier use of hearing aids can ameliorate
physiological functions of the peripheral auditory pathway
in children with sensorineural hearing loss with and without
IEMs. Furthermore, the EABR evoked by the electrical stim-
ulation at RWM is more sensitive compared with that at RWN
for evaluating functions of the auditory conduction pathway.

The EABR eIII and eV are less affected by electrical arti-
facts compared with eI and eII and are therefore usually
used as neurophysiological indicators in implanted individu-
als. The two later components (eIII and eV) indicate that the
signal has reached the brainstem at a higher level along the
auditory pathway (the superior olivary nucleus and the inferior
colliculus). We previously reported that the EABR response
rates were 80% and 55% for patients with no IEMs and
those with Mondini malformation, respectively (Zhu et al.,
2022). The high EABR response rate (95%) found in the
present study suggests that a coarse neural pathway still devel-
ops in children with severe-to-profound hearing loss
(Lassaletta et al., 2017). We further found significantly posi-
tive correlations between the onset age of hearing aid use

and the eIII and eV peak latencies. Shorter EABR latency
reflects decreased neural conduction times (Gordon et al.,
2002, 2003; Thai-Van et al., 2007). Therefore, the results
demonstrate that earlier auditory input via hearing aid fitting
can ameliorate the auditory conduction functions in deaf chil-
dren. Underlying mechanisms may include myelination and/
or an improvement in synaptic efficacy. Our findings are con-
sistent with previous ones which suggest that the EABR is
sensitive to the duration of deafness (Guiraud et al., 2007;
Thai-Van et al., 2002). Interesting, no correlation was
observed between the duration of hearing aid use and the
EABR latency, which could be explained by the progressive
nature of the hearing loss that was part of the inclusion criteria
for the study. It should be noted that only participants who had
residual hearing and auditory responses to environmental
sounds with the help of hearing aids were recruited because
this study investigates the effect of hearing aid use on func-
tions of the peripheral auditory pathway. These participants
finally had profound hearing loss (hearing threshold ≥90 dB
nHL) and had to select cochlear implantation. Therefore, audi-
tory sensation provided by hearing aids may last for a short
period and its positive effect on the development of the audi-
tory pathway is still limited. Furthermore, the progression of
hearing loss (e.g., rate of hearing decline) can vary between
individual children. These factors may contribute to the
finding of no correlation between the duration of hearing aid
use and the EABR latency. Although we only found that
early use of hearing aids can benefit the development of the
auditory brainstem pathway, the effect of long-term use of
hearing aids on the auditory conduction functions still
cannot be ruled out because we only examined it in children
with progressive hearing loss. Relationships between the dura-
tion of hearing aid use and the auditory conduction functions
should be investigated in patients with stable hearing levels.

Previous electrophysiological studies have shown the posi-
tive effect of an early CI on the development of the central audi-
tory system (Dorman et al., 2007; Sharma et al., 2002).
Long-term auditory deprivation may cause cross-modal plastic-
ity in prelingually deafened patients, resulting in no improve-
ment in hearing even after implantation and concentrated
rehabilitation (Buckley & Tobey, 2011; Lee et al., 2001).
Shiell et al. (2015) found that early auditory deprivation
alters the connectivity between the auditory and visual cortical
areas. However, this cross-modal reorganization can be inhib-
ited by hearing aid use. Here, our findings further suggest that
early use of hearing aids can promote the development of the
peripheral auditory pathway (as revealed by the EABR) in
addition to the auditory cortex. Sounds may stimulate the audi-
tory system via hearing aids and maintain the neural sensitivity
to the auditory stimulation, providing the basis for the auditory
and speech rehabilitation after implantation.

It is suggested that a hearing aid is fitted as early as pos-
sible for the development of the auditory system, which is
also supported by our finding that the onset age of hearing
aid use was positively correlated with latencies of eIII and
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Figure 3. Correlations between the threshold and latency of the electrically EABR and onset age and duration of hearing aid use for all

participants. (A) The onset age of hearing aid use was significantly positively correlated with the peak latencies of the wave III (eIII) and wave

V (eV) but not with the thresholds. (B) No significant correlation between the duration of hearing aid use and the threshold, eIII latency or

eV latency was found. IEM, inner ear malformation. RWM, round window membrane. RWN, round window niche.
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eV. However, in this study, children with hearing loss
received hearing aids relatively late (at a mean age of 2.3
years old). A late intervention with a hearing aid has also
been found in other studies (Rohlfs et al., 2017; Shiell
et al., 2015). This can be explained by progressive hearing
loss. In this study, the participants with residual hearing
had responses to environmental sounds at an early stage,
which might result in late identification of hearing loss.
These participants finally had very high ABR thresholds
(≥90 dB nHL) and selected cochlear implantation.

The EABR can be evoked via intracochlear CI stimulation
(Firszt et al., 2002) or by extracochlear electrical stimulation
(Causon et al., 2019). Before the CI surgery, the EABR test is
usually performed by electrical stimulation at the RWN or
promontory and is very significant for estimation of func-
tional integrity of the auditory nerve, especially for patients
with IEMs (Gibson & Sanli, 2007; Kileny et al., 2010).
However, the current from the stimulating electrode cannot
easily spread into the cochlea because of the bone of the
RWN. In this study, we recorded the EABRs by electrically
stimulating the RWN and RWM. The EABR threshold was
significantly lower for RWM stimulation than for RWN stim-
ulation, suggesting that the EABR for electrical stimulation at
the RWM is more sensitive and effective for assessing the
auditory conduction functions. Moreover, we also found a
lower EABR threshold for hearing-impaired children with
normal cochlear structures than those with IEMs. It may
result from the reduction in the number of and abnormal dis-
tribution of the spiral ganglion cells, or poor synchronization
of auditory nerve fibers in patients with IEMs. It should be
noted that the prognostic value of the intraoperative EABR
exists but is limited. The absence of the EABR does not nec-
essarily indicate poor CI outcomes (Nikolopoulos et al.,
2000) because the EABR mainly reflects functions of the
auditory conduction pathway up to the level of the brainstem
and the CI outcomes are also affected by postoperative
training.

In conclusion, our EABR findings demonstrate that earlier
use of hearing aids can ameliorate physiological functions of
the peripheral auditory pathway in pediatric CI candidates.
Early hearing aid fitting can promote the development of
the auditory system during the sensitive periods, providing
the neural basis for speech rehabilitation after a CI is
received. Our neurophysiological evidence also suggests
that the EABR evoked by the electrical stimulation at
RWM may be more sensitive and effective for evaluating
auditory conduction functions than stimulation at RWN.
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