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Abstract

Objective

The aim of this study is to assess the neonatal click Auditory Brainstem Response (ABR)
results in relation to the subsequently determined mean hearing loss (HL) over 1,2 and 4
kHz, as well as over 2 and 4 kHz.

Methods

Between 2004-2009, follow-up data were collected from Visual Reinforcement Audiometry
(VRA) at 1 and 2 years and playaudiometry at 4 and 8 years of newborns who had failed
neonatal hearing screening in the well-baby clinics and who had been referred to a single
Speech and Hearing center. Hearing Level data were compared with ABR threshold-levels
established during the first months of life. The Two One-Sided Tests equivalence procedure
for paired means was applied, using a region of similarity equal to 10 dB.

Results

Initially, in 135 out of 172 children referred for diagnostic procedures hearing loss was con-
firmed in the neonatal period. In 106/135 of the HL children the eight-year follow-up was
completed. Permanent conductive HL was established in 5/106 cases; the hearing thresh-
olds were predominantly stable over time. Temporary conductive HL was found in 48/106
cases and the loss disappeared by 4 years of age at the latest. Sensorineural hearing loss
(SNHL) was found in 53/106 cases, of which 13 were unilateral and 40 bilateral. ABR levels
were equivalent (within a 10 dB range) to VRA levels at age 1 and 2 and play audiometry lev-
els at age 4 and 8, both when VRA and play audiometry were averaged over both frequency
ranges.

Conclusion

Long term follow-up data of children with SNHL suggest that the initial click ABR level estab-
lished in the first months of life, are equivalent to the hearing threshold measured at the age
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of 1, 2, 4 and 8 years for both mean frequency ranges. Click ABR can reliably be used as
starting point for long-term hearing rehabilitation.

Introduction

Hearing loss is found in approximately one out of thousand newborns [1-3]. Early interven-
tion in neonatal established hearing loss (HL) promotes the language and social-emotional
development of children with HL [4] and is shown to be most effective when initiated as early
as possible [5]. Rehabilitation at an early age with hearing aids, cochlear implants and/or bone-
conduction devices can result in near-normal speech and language development, as well as
improving school performance, self-esteem and psychosocial adaption. This is in contrast with
results on these markers if intervention takes place later in life, demonstrating the importance
of early detection of HL [6-8].

To improve the development of children with HL at an early age, a two-step Automated
Auditory Brainstem Response (AABR) neonatal hearing screening program was introduced in
1998 for NICU newborns in the Netherlands [9]. This was followed by a nationwide universal
hearing screening for (near) term well-babies in 2004 [10, 11]. In this Dutch well-baby pro-
gram, hearing screening is offered during home visits between the 4th and 7th day after birth.
It consists of an initial oto-acoustic emission (OAE) measurement. At a refer on this test, a sec-
ond measurement is performed a few days later. If the second measurement does not provide
satisfactory responses, a third attempt is made through AABR [12]. In the case of an unsatisfac-
tory response, hearing diagnostics in a regional speech and hearing center is performed
through Auditory Brainstem Response (ABR), OAE and impedance audiometry to establish
the severity and type of HL. If HL is established, hearing rehabilitation is provided at this cen-
ter. Data from the initial ABR measurements form the basis for hearing rehabilitation by trans-
lating the measurements into estimated hearing thresholds using international standards, to be
used, for example, for hearing aid fitting [13].

Acquiring ABR data can be performed with acoustic clicks, tone pip, tone burst, or noise
burst as stimuli [14-17]. At the time the ABR-measurements of this analysis were performed
(between 2004 and 2009), the air-conduction click-stimulus was still the gold standard for
ABR in the Netherlands [18]. To date, the click-stimulus is still used in some clinics for practi-
cal reasons, e.g., to reduce testing time or to diagnose auditory neuropathy [19, 20]. Several
studies showed the correlation of the predictive value of early established ABR findings with
Pure Tone Average (PTA) results at an older age [15, 16, 19, 21-24]. Besides good correlations
between click ABR and PTA, click stimuli also caused controversy. For example, Gorga (2006)
[19] found that, depending on the degree of hearing loss, the click-ABR underestimated the
eventual hearing threshold. The click-ABR is shown to be an adequate indicator of the type of
hearing loss in babies referred from newborn hearing screening, however, the predicted value
is reduced in some neonatal groups [21]. Cheng (2021) [25] supports this observation and sug-
gests caution in using click-ABR to estimate PTA in children. Frequency-specific stimuli is
shown to be more adequate for the fitting of hearing aids and is considered as the gold stan-
dard nowadays [13, 20].

In this study we evaluated the early established ABR findings over time. Click-ABR
appeared to be related most closely to the audiometric thresholds at 2 and 4 kHz, with rela-
tively poor agreement at 1 kHz [26]. However, Lu (2017) [20] found similar correlations
between click-ABR and PTA thresholds at 1-4 and 2-4 kHz. Therefore, we analyzed the
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thresholds predicted by the click-ABR to examine whether the final mean hearing threshold
can be best predicted by the wide frequency range 1-4 kHz or by the narrower 2—-4 kHz range
at 8 years of age.

Furthermore, this study assesses the initial ABR results obtained in the first months of life
In comparison to the outcomes of Visual Reinforcement Audiometry (VRA) at the age of 1
and 2 years and play audiometry at the age of 4 and 8 years. It is scientifically interesting to
evaluate to what extent the established neonatal hearing thresholds are predictive in the long
term, moreover since the click-ABR is currently still used in some clinics [20, 25]. Even to
date, this analysis is clinically relevant for audiologists to inform caregivers of babies with HL
about the impact of this hearing loss in the immediate future as well as later on.

Methods

This single-center retrospective study was performed on data collected from (near) term chil-
dren born in the period 2004-2009 who were referred to our speech and hearing center in the
Netherlands. For children with HL, the type and severity of their HL was verified through age-
appropriate tests throughout the child’s life. Follow-up audiologic data were collected and ana-
lyzed from first referral (< 3 months of age) until 8 years of age. Data were anonymized upon
collection, so that the authors did not have access to information that could identify individual
participants during or after analysis. For this study, a distinction was made between temporary
conductive HL, permanent conductive HL, Auditory Neuropathy Spectrum Disorder (ANSD)
and sensorineural hearing loss (SNHL). The initial ABR measurements of children with SNHL
were utilized to assess the ABR data in relation to hearing thresholds measured at ages 1, 2, 4
and 8 years. The ABR data are compared to the hearing thresholds averaged over 1, 2 and 4
kHz as well as averaged over 2 and 4 kHz.

Auditory diagnostic tests

Several auditory hearing tests were used, depending on the age and development of the chil-
dren with HL. The outcomes of these assessments were used for the long-term follow-up.

Auditory Brainstem Response measurements. With ABR, the neural activity of the
cochlear nerve as a response to acoustic stimuli is recorded [27]. Acoustic stimuli are provided
through insert-earphones. The acoustic stimuli consist of clicks. The neural activity is detected
by electrodes placed on the forehead, as close to the vertex as possible and behind both ears of
the infant, with reference to a ground electrode on the cheek or temple. The electrode imped-
ances were pursued to be roughly equivalent and < 5 kOhms throughout the test. The inten-
sity of the stimulus is limited to 100 dB nHL. In most cases, a stimulus up to 80 dB nHL is
used. The responses were filtered between 100 and 3000 Hz, and the stimulation rate was set at
31.1 clicks/sec. The ABR thresholds are defined as the lowest level at which a clear response is
present, with a response absent at a level 5 or 10 dB below the threshold, obtained under good
recording conditions, as described in the NHSP guidance for ABR-testing in babies [13].
When a hearing loss is found, a second ABR measurement is offered as a control and as a
check for (no) fast progression in the hearing loss. All but five children with SNHL had at least
2 ABR measurements, 10 children had 3 ABR measurements. The Interacoustics’ Eclipse EP15
(Interacoustics A/S, Middel-fart, Denmark) is used to measure the air-conduction ABR
responses. No bone-conduction ABR measurements are performed. The equipment is cali-
brated according to the advised calibration standards, as is specified in its manual.

Visual Reinforcement Audiometry. When infants can turn their head, they can be tested
with Visual Reinforcement Audiometry [28]. VRA is based on the orientation reflex towards a
sound source, requires cooperation of the child and aims to achieve a conditioned reflex from
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the child. VRA can best be performed on children between 6 and 24 months of developmental
age [29]. The child is conditioned to respond to an acoustic stimulus. If the child turns its head
towards the sound, its attention will be visually reinforced by colored lights, rotating 3D toys
or a dancing teddy bear behind tinted acrylic glass. VRA determines the minimal loudness of
sounds in the frequency range of at least 0.5-4 kHz to which the child reacts repeatedly. The
stimuli can be provided in free field, or by headphones/insert earphones, to test each ear indi-
vidually. The children included in our study were all tested through free field stimulation,
because it was the standard at this speech and hearing center at that time. The test protocol
used is based on the recommended procedure for VRA by the British Society of Audiology
[30]. The starting point is a stimulus of 1 kHz at 70 dB HL. Then the frequency is varied, keep-
ing the loudness at 70 dB HL until the child is conditioned. Next, the stimulus is decreased by
10 dB, still switching between frequencies, each time a clear reaction is found. When there is
no clear reaction, the stimulus is increased with 10 dB on this frequency. The threshold is set at
the lowest level at which a clear reaction is found, preferably with reproducibility. Interacous-
tics” Affinity / AC440 is used, calibrated to ANSI $3.22-1996 Standard, to present the acoustic
stimuli.

Play audiometry. During play audiometry, the examined child is taught to perform a
small task when it hears the presented acoustic stimulus. This task is best suited for children
between 2 and 6 years of age. If the child is older, he/she may prefer to press a button on hear-
ing the acoustic stimuli. In that case we speak of “pure-tone audiometry”. Both play and pure
tone audiometry determine the minimal loudness of sounds in the frequency range of at least
0.5-4 kHz at which the child perceives the stimulus. The acoustic stimuli are provided in the
free field, via headphones or insert-earphones, or by bone-conductor. In our study, most chil-
dren were tested via headphones (TDH39), because this was standard practice at our center at
the time. A few children were tested through free field stimulation as headphones were not
accepted (n = 1), or because sufficient hearing (thresholds below 25 dBnHL) was already con-
firmed through free field play/pure tone audiometry plus OAE’s for both ears (n = 7). Intera-
coustics’ Affinity / AC440, calibrated to ANSI §3.22-1996 Standard, is used to present the
acoustic stimuli.

Auditory diagnoses

In our study population, we define the different types of hearing loss as follows:

 Permanent conductive hearing loss is diagnosed when ABR threshold are > 25 dB, middle
ear measurements are abnormal, not caused by middle ear fluid, or when middle ear mea-
surements are medically not possible, for example in cases of microtia.

 Temporary conductive hearing loss is diagnosed when initial ABR thresholds are > 25 dB
with abnormal middle ear measurements (flat line in tympanometry), and follow-up mea-
surement show normal hearing.

Sensorineural hearing loss is diagnosed when ABR thresholds are > 25 dB, with normal
middle ear measurements and absence of OAE’s.

Auditory Neuropathy Spectrum Disorder (ANSD) is diagnosed when there is an absence of
normal ABR patterns, cochlear microphonics are observed in the ABR signal and presence
of OAE’s.

Hearing loss is found progressive when, according to Dutch field standards (“Veldnorm
hoortoestelverstrekking”, 2013), the hearing loss has increased at least 5 dB for 4 frequencies,
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or 10 dB for 3 frequencies, or 15 dB for 2 frequencies, or 20 dB for 1 frequency, compared to
the previous measurement.

Statistical analysis

For this study, the mean difference between the ABR levels and VRA or play audiometry was
investigated to determine whether these results were equivalent (differ at most by a small pre-
defined amount). The paired TOST (two one-sided tests) is a test of equivalence based on the
classical t-test used to test the hypothesis of equality between two paired means. It was applied
with the magnitude of the region of similarity equal to 10 dB [31]. The null hypothesis was that
the differences in mean dB levels for the different tests were not equal. The overall P-value of
the equivalence test is taken as the larger of the two P-values. P-values <0.05 were considered
significant. Note that TOST reverses the roles of the null and alternative hypotheses in a two-
sided t-test. Furthermore, Bland-Altman plots were calculated to show the agreement between
ABR and the follow-up tests. For each follow-up test, the Bland-Altman plot shows the mean
differences of VRA1, VRA2, PTA4, PT'A8 with ABR (the ’bias’), and 95% limits of agreement
as the mean difference. For each individual, the difference of ABR and the follow-up test are
plotted against the average of ABR and the follow-up test. R Version 3.6.2 with library equiva-
lence was used for statistical analysis.

The statistical analysis showed that the intraclass correlation coefficient of both ears in bilat-
eral HL was 0.6. This means that the degree of HL in one ear is too strongly correlated with the
degree of HL in the other ear per child with HL. Therefore, for all children, only one of the two
ears was selected and further analyzed, namely, the ear with the greatest HL. For unilateral
hearing loss, this means the only ear with hearing loss is selected and for bilateral hearing loss
the ear with the greatest hearing loss is selected. When more than one ABR measurement was
available we used the most representative ABR measurement (with the least hearing loss) for
the analysis. This is because during some ABR test moments, there was an (additional) hearing
loss because of middle ear fluid. If we take the most favorable ABR measurement, we look at
the purest sensorineural hearing loss of the child.

Ethics

This study was approved by a Medical Ethics Committee of the Isala Hospital, Zwolle, The
Netherlands, reference number 220101.

Results

In the study period, 172 children were referred to our speech and hearing center (Fig 1). At the
first visit, within the first 3 months of life, HL was confirmed in 135 (N = 135/172) children, 35
(N =35/172) had normal hearing and 2 (N = 2/172) did not accept the invitations for the audi-
tory assessments. Of the 135 children with HL, 29 (N = 29/135) had incomplete follow-up
data: they had moved to another city, were referred for cochlear implants, they did not want a
follow-up or they died, leaving 106 children with eight years of auditory follow-up.

Our threshold data is succinctly presented in Table 1. While this table provides a compre-
hensive overview of our data, we acknowledge its limited representational value due to the fact
that not all children who underwent ABR received audiometric follow-up at each test interval.
For instance, in the context of play audiometry at age 8, the data is drawn from a subset of the
population covered by the ABR data. As a result, we have displayed the data in a different for-
mat in Figs 1-4.
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NHS refers
N=172

l

Confirmed HL Normal hearing No show
N=135 N =35 N=2
Auditory diagnostics
Incomplete follow-up
N =29
Permanent Temporary Sensorineural
conductive HL conductive HL HL
N=5 N =48 N =53
Unilateral Bilateral
N=13 N =40

Fig 1. Flow-chart of children referred to our speech and hearing center with their follow-up route as regards to
type of HL. PCHL = permanent conductive hearing loss, TCHL = temporary conductive hearing loss.

https://doi.org/10.1371/journal.pone.0297363.g001

Table 1. Mean threshold values for all follow-up measurements and for the different types of hearing loss.

Audiometric tests — ABR VRA 1 VRA 1 VRA 2 VRA 2 Play 4 Play 4 Play 8 Play 8
Diagnosis | (1-4 kHz) (2-4 kHz) (1-4 kHz) (2-4 kHz) (1-4 kHz) (2-4 kHz) (1-4 kHz) (2-4 kHz)
Temporary CHL 44 (12) 32 (12) 31(12) 25(9) 24 (8) 17 (9) 16 (7) 15 (6) 15 (7)
Permanent CHL 65 (12) 51 (22) 47 (25) 31 (15) 30 (13) 55 (24) 52 (23) 52 (16) 50 (14)
Unilateral SNHL 77 (16) 31(12) 31(12) 23 (15) 24 (15) 75 (14) 74 (15) 85 (20) 85 (22)
Bilateral SNHL 69 (21) 63 (17) 67 (18) 63 (17) 65 (18) 61 (15) 61 (15) 64 (18) 63 (19)

This table presents the average threshold values in decibels (dB) for various follow-up tests across different types of hearing loss, along with their corresponding
standard deviations in parentheses. The mean thresholds are provided for ABR, VRA at ages 1 and 2 (with perceptual tonal averages at 1-4 kHz and 2-4 kHz), and play
audiometry at ages 4 and 8, also including perceptual tonal averages at 1-4 kHz and 2-4 kHz.

https://doi.org/10.1371/journal.pone.0297363.t001
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Fig 2. Follow-up data on permanent conductive HL. ABR results and play audiometry of the ear with the most HL.
VRA is performed in free-field, showing the best ear thresholds.

https://doi.org/10.1371/journal.pone.0297363.9002

Of the 106 children (N = 106/135), hearing in five children was assessed as permanent con-
ductive HL (N = 5/106, 2 unilateral and 3 bilateral). Fig 2 shows the permanent conductive HL
with a mean ABR of 65 dB nHL, VRA at age 1 of 48 dB and 57 dB at age 4. Hearing thresholds,
while persistent, appeared to be unstable, probably due to the varying severity of the middle
ear problems for these children (e.g. aural atresia or perforated eardrum).

Fig 3 shows the temporary conductive HL, as it was found in 48 children (N = 48/106) with
amean ABR of 44 dB nHL, decreasing to normal hearing thresholds at 4 years of age at the lat-
est, their middle-ear problems having cleared up by then.

In the 53 cases with SNHL, 40 (N = 40/53) children were diagnosed with bilateral SNHL,
and 13 (N = 13/53) children with unilateral HL, with mean 71 dB nHL (SD = 20 dB) thresholds
on the click ABR for the ear with the greatest HL. For children with established bilateral
SNHL, ABR levels were compared and analyzed with the follow-up tests (N = 32 for VRA at

Temporary CHL

— T T T T T

m

S 100} ~{100
5

S 80 — =180
o 60} _‘_ 60
N

T == T —I_ 40
C

£

5 o - T ‘—'J_ = .I.‘2°
T ] ] ] T ]

ABR VRA1 VRA2 PLAY4 PLAYS

Fig 3. Data from temporary conductive HL children.
https://doi.org/10.1371/journal.pone.0297363.9003
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Fig 4. The initial ABR levels compared to the thresholds in dB of VRA at ages 1 and 2, and play audiometry at
ages 4 and 8, averaged over 1, 2 and 4 kHz from the same group of children with HL, missing data excluded.

https://doi.org/10.1371/journal.pone.0297363.9004

age 1; N = 28 for VRA at age 2; N = 28 for play audiometry at age 4; N = 30 for play audiometry
at age 8). The reason for having 30 children with follow-up data at the age of 8 instead of 40 is
because certain children underwent follow-up at a different institute (N = 2) or were referred
for cochlear implants (N = 8). The visualization of Fig 4 leaves out missing data: the initial
ABR was compared to the thresholds in dB nHL of VRA at ages 1 and 2, and play audiometry
at ages 4 and 8, averaged over 1, 2 and 4 kHz from the same group of children with HL. The
difference of the means when compared to the ABR data, averaging with absolute values, are 8
dB for VRA at age 1, and 9 dB for tests at ages 2, 4 and 8.

In the case of children with unilateral SNHL, similar comparisons were conducted, reveal-
ing significantly better hearing thresholds at VRA at ages 1 and 2. Hearing thresholds aligned
closely with ABR data at ages 4 and 8. This can be reasonably explained by the fact that VRA is
conducted in free field conditions, allowing the unaffected ear to participate.

Figs 5-8 show Bland-Altman plots for ABR compared to the different follow-up tests for
bilateral HL. These figures show that the mean differences (black line) were close to 0, which
implies that the bias is small. The 95% limits of agreement (dotted line) exceeded the magni-
tude of the region of similarity, which implies that for more than 5% of individuals the differ-
ence of ABR and the follow-up test was greater than + 10 dB nHL.

The statistical analysis showed that the hearing thresholds were equivalent within a 10 dB
range for all audiometric test comparisons to the click-ABR levels. The hearing thresholds
showed equivalence when data were averaged over 1-4 kHz as well as when averaged over
only 2-4 kHz. P-values for all comparisons were < 0.005.

Discussion

For the counseling of caregivers of children with HL, it is clinically relevant to provide an evi-
dence-based prediction of expected HL in the future directly after neonatal ABR. Therefore,
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Fig 5. Bland-Altman plot comparing ABR with VRA at age 1.
https://doi.org/10.1371/journal.pone.0297363.g005

we analyzed our historical clinical data from the last decade. At that time, i.e. between 2004
and 2009, click ABR was still the gold standard in the Netherlands, as it is still in other coun-
tries [20, 25]. So to date, click ABR data still have relevance. Our study comprises a single cen-
ter study, which we see as a benefit when considering equality of calibrations of the used
devices, judgement of ABR thresholds and VRA responses. There is already evidence that the
click-ABR predicts hearing thresholds in children accurately [15, 16, 19, 21-24]. This study
focuses on the value of the initial click ABR in relation to the hearing thresholds measured
throughout the child’s life until age 8. We also aimed to compare hearing threshold averaged
over 1-4 kHz with thresholds averaged over 2-4 kHz, analyzing which of the two is better
related to the initial ABR data.

In our study, we found five cases with permanent conductive HL in which the hearing
threshold remained stable over time. In 48 cases temporary conductive HL was found but dis-
appeared by age 4 at the latest. In 53 cases SNHL was found: 13 unilateral and 40 bilateral. The
ABR levels were equivalent (within a range of 10 dB) with VRA levels at age 1 and 2 and with
PTA levels at age 4 and 8.

Standard practice in neonatal hearing assessment is to obtain estimates of hearing thresh-
olds for both low and high frequencies. Nowadays, this is preferably measured using frequency
specific ABR measurements and ASSR [13-17]. Once children are old enough to obtain reli-
able behavioral data (VRA), this data will be used for hearing aid fitting in addition to the ABR
results. For the initial fitting of hearing-aids, it is important to understand how the measured
ABR thresholds relate to the estimated hearing levels of this very young population. Correction
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Fig 6. Bland-Altman plot comparing ABR with VRA at age 2.
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factors that can be used to convert frequency specific ABR thresholds into estimated thresholds
for hearing aid fitting, have been published [13].

The results of this study are in line with the auditory eight-year follow-up findings of babies
from the neonatal intensive care units [31]. Only two out of 172 children did not accept the
diagnostic auditory assessment after neonatal hearing screening. This is a low ‘no show* num-
ber at the start of a study in comparison to international references [32]. In 135 out of the 170
children HL was found of which 106 completed the full eight-year follow-up. As expected, a
large proportion of children with temporary conductive HL recovered from middle ear prob-
lems and had normal hearing at follow-up. This study shows that for children with temporary
conductive HL, VRA often does not show normal hearing at 1 year of age, with mean hearing
thresholds of 30 dB. Normal hearing is established only later with play audiometry at age 4. As
the first 2 years are a critical period for speech and language development, these findings
emphasize the need of early revalidation of hearing loss, including in children with temporary
conductive hearing loss [8]. In children with temporary HL, a longer follow-up period may be
required. For the children with permanent conductive HL (although a small number of N = 5),
the hearing thresholds showed a slight improvement over time. The VRA is conducted in the
free field, and it therefore tests the best ear. Two out of five children with permanent conduc-
tive HL had unilateral conductive HL, which explains the larger variation (Fig 2) for the VRA
compared to the ABR results.

The present study shows that for children with SNHL the mean initial ABR findings were
highly predictive for the HL found at ages 1 and 2 (VRA), and at ages 4 and 8 (play
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Fig 7. Bland-Altman plot comparing ABR with PTA at age 4.
https://doi.org/10.1371/journal.pone.0297363.9007

audiometry). Our statistical analysis show that this applies to both the 1-4 kHz and 2-4 kHz
range. Earlier studies have mainly shown the predictive value of the click-ABR for the 2-4 kHz
range [16, 22, 26]. We found that click-ABR effectively determines both averaging ranges. This
highlights the fact that click-ABR can be reliably used as the high Fletcher average for initial
hearing aid fitting, as it also accurately predicts the hearing aid threshold averaged over 1-4
kHz.

In this well-baby population, we did not find indications of maturation of the acoustic
nerve [33]. Whether or not the stability of HL persists later in life, i.e., after the age of 8 years,
is obviously largely dependent on the etiology of the HL, particularly if it is a genetic form of
progressive HL. This increases the need to search for the underlying etiology case of SNHL, as
it can affect the management and counselling of HL [34, 35].

In this retrospective analysis, no children with auditory neuropathy were identified,
although OAE and ABR were recorded in the neonatal hearing assessment. The prevalence
of ANSD in well-babies with confirmed HL is reported to be 6.5% [36]. This implies that
three to four children (6.5% of 53 hearing impaired children) in our population would be
expected to have auditory neuropathy. A reason for this may be that ANSD mainly occurs in
premature children [37]. The main reason is probably the fact that hearing screening in the
Netherlands is performed with OAE measurements. Children with ANSD do have oto-
acoustic emissions and will therefore (falsely) pass the newborn hearing screening. With the
Dutch hearing screening performed with OAEs, a number of children with ANSD may
therefore be missed.
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While our investigation explored the predictive significance of initial click ABR on hearing
thresholds throughout a child’s life until age 8, we recognize that the sample size (N = 30 at age
8) imposes constraints on the generalizability of our findings, and we emphasize the need for
caution when extrapolating our findings to broader populations.

A second limitation of our study was the intensity limit of the used stimulus. A number of
children with profound HL, who had no identifiable peaks in their ABR traces, were registered
with an ABR hearing threshold set as >80 dB. Thresholds up to 120 dB were established in
subsequent audiometry tests. For these cases, ABR levels appeared to be non-equivalent with
audiometry, but ABR levels could simply not fully establish the degree of HL. However, this
limitation did not influence the technical intervention with hearing-aids.

Despite these limitations, long term follow-up data of children with SNHL suggest that the
initial click ABR level established in the first months of life are equivalent to the hearing
threshold measured at the age of 1, 2, 4 and 8 years for both mean frequency ranges. Click
ABR can reliably be used as starting point for long-term hearing rehabilitation.

Author Contributions

Conceptualization: Jolien J. G. Kleinhuis, Karin de Graaff-Korf, Henrica L. M. van Straaten,
Michel R. Benard.

Data curation: Jolien J. G. Kleinhuis, Paula van Dommelen, Michel R. Benard.

Formal analysis: Jolien J. G. Kleinhuis, Paula van Dommelen, Michel R. Benard.

PLOS ONE | https://doi.org/10.1371/journal.pone.0297363  February 28, 2024 12/15


https://doi.org/10.1371/journal.pone.0297363.g008
https://doi.org/10.1371/journal.pone.0297363

PLOS ONE

An eight-year follow-up on auditory outcomes after neonatal hearing screening

Investigation: Jolien J. G. Kleinhuis, Michel R. Benard.

Methodology: Jolien J. G. Kleinhuis, Karin de Graaff-Korf, Henrica L. M. van Straaten, Michel
R. Benard.

Project administration: Jolien J. G. Kleinhuis, Michel R. Benard.
Resources: Jolien J. G. Kleinhuis, Paula van Dommelen.
Software: Jolien J. G. Kleinhuis, Paula van Dommelen, Michel R. Benard.

Supervision: Karin de Graaff-Korf, Henrica L. M. van Straaten, Paula van Dommelen, Michel
R. Benard.

Validation: Jolien J. G. Kleinhuis, Paula van Dommelen, Michel R. Benard.
Visualization: Jolien J. G. Kleinhuis, Paula van Dommelen, Michel R. Benard.
Writing - original draft: Jolien J. G. Kleinhuis, Karin de Graaft-Korf, Michel R. Benard.

Writing - review & editing: Jolien J. G. Kleinhuis, Karin de Graaff-Korf, Henrica L. M. van
Straaten, Paula van Dommelen, Michel R. Benard.

References

1. Butcher E, Dezateux C, Cortina-Borja M, Knowles RL. Prevalence of permanent childhood hearing loss
detected at the universal newborn hearing screen: Systematic review and meta-analysis. PLoS ONE
2019; 14:7. https://doi.org/10.1371/journal.pone.0219600 PMID: 31295316

2. Korver AMH, Admiraal RJC, Kant SG, Dekker FW, Wever CC, Kunst HPM, et al. Laryngoscope 2011;
121:409-416.

3. World Health Organization. Deafness and Hearing Loss. [cited 2021 April 1]. hitps://www.who.int/news-
room/fact-sheets/detail/deafness-and-hearing-loss.

4. Dirks E. Psychosocial functioning in toddlers with moderate hearing loss. Doctoral dissertation, Leiden
University. 2018. https://scholarlypublications.universiteitleiden.nl/handle/1887/66713

5. Ching TYC, Cupples L, Marnane V. Early cognitive predictors of 9-year-old spoken language in children
with mild to severe hearing loss using hearing aids. Front Psychol 2019; 10:1-9. https://doi.org/10.
3389/fpsyg.2019.02180 PMID: 31616354

6. Dettman SJ, Dowell RC, Choo D, Arnott W, Abrahams Y, Davis A, et al. Long-Term communication out-
comes for children receiving cochlear implants younger than 12 months: A multicenter study. Otol Neu-
rotol 2016; 37:e82—e95. https://doi.org/10.1097/MAO.0000000000000915 PMID: 26756160

7. Marciano E, Laria C, Malesci R, ladicicco P, Landolfi E, Niri C, et al. Newborn hearing screening in the
Campania region (ltaly): early language and perceptual outcomes of infants with permanent hearing
loss. Acta Otorhinolaryngol Ital 2013; 33:414-7. https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC3870441/ PMID: 24376298

8. Ching TYC, Dillon H, Marnane V, Hou S, Day J, Seeto M, et al. Outcomes of early- and late-identified
children at 3 years of age: Findings from a prospective population-based study. Ear Hear 2013; 34:535—
552. https://doi.org/10.1097/AUD.0b013e3182857718 PMID: 23462376

9. van Straaten HLM. Automated auditory brainstem response in neonatal hearing screening. Acta Pae-
diatr 1999; 88(s432):76-79. https://doi.org/10.1111/j.1651-2227.1999.tb01165.x PMID: 10626586

10. Hille ETM, van Straaten HLM, Verkerk PH. Prevalence and independent risk factors for hearing loss in
NICU infants. Acta Paediatr Int J Paediatr 2007; 96:1155-1158. https://doi.org/10.1111/j.1651-2227.
2007.00398.x PMID: 17655618

11.  Uilenburg N, van der Ploeg C, van der Zee R, Meuwese-Jongejeugd A, van Zanten B. From neonatal
hearing screening to intervention: Results of the Dutch program for neonatal hearing screening in Well
Babies. Int J Neonatal Screen 2018; 4:27. https://doi.org/10.3390/ijns4030027 PMID: 33072948

12. Uilenburg N, Zee R van der, Oostrom S van, Meuwese-Jongejeugd A, Ploeg K van der. Neonatale
gehoorscreening, het begin [online] 2019. https://vhz-online.nl/neonatale-gehoorscreening-het-begin

13. StevensJ, Sutton G, Wood S. Guidelines for the early audiological assessment and management of
babies referred from the newborn hearing screening programme. NHSP Early Assess Guidel 2008;
v3.1

PLOS ONE | https://doi.org/10.1371/journal.pone.0297363  February 28, 2024 13/15


https://doi.org/10.1371/journal.pone.0219600
http://www.ncbi.nlm.nih.gov/pubmed/31295316
https://www.who.int/news-room/fact-sheets/detail/deafness-and-hearing-loss
https://www.who.int/news-room/fact-sheets/detail/deafness-and-hearing-loss
https://scholarlypublications.universiteitleiden.nl/handle/1887/66713
https://doi.org/10.3389/fpsyg.2019.02180
https://doi.org/10.3389/fpsyg.2019.02180
http://www.ncbi.nlm.nih.gov/pubmed/31616354
https://doi.org/10.1097/MAO.0000000000000915
http://www.ncbi.nlm.nih.gov/pubmed/26756160
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3870441/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3870441/
http://www.ncbi.nlm.nih.gov/pubmed/24376298
https://doi.org/10.1097/AUD.0b013e3182857718
http://www.ncbi.nlm.nih.gov/pubmed/23462376
https://doi.org/10.1111/j.1651-2227.1999.tb01165.x
http://www.ncbi.nlm.nih.gov/pubmed/10626586
https://doi.org/10.1111/j.1651-2227.2007.00398.x
https://doi.org/10.1111/j.1651-2227.2007.00398.x
http://www.ncbi.nlm.nih.gov/pubmed/17655618
https://doi.org/10.3390/ijns4030027
http://www.ncbi.nlm.nih.gov/pubmed/33072948
https://vhz-online.nl/neonatale-gehoorscreening-het-begin
https://doi.org/10.1371/journal.pone.0297363

PLOS ONE

An eight-year follow-up on auditory outcomes after neonatal hearing screening

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Dau T, Wegner O, Mellert V, Kollmeier B. Auditory brainstem responses with optimized chirp signals
compensating basilar membrane dispersion. J Acoust Soc Am 2000; 107:1530. https://doi.org/10.1121/
1.428438 PMID: 10738807

Lee CY, Jaw FS, Pan SL, Hsieh TH, Hsu CJ. Effects of age and degree of hearing loss on the agree-
ment and correlation between sound field audiometric thresholds and tone burst auditory brainstem
response thresholds in infants and young children. Journal of the Formosan Medical Association 2008;
107(11):869-875. https://doi.org/10.1016/S0929-6646(08)60203-X PMID: 18971156

McCreery RW, Kaminski J, Beauchaine K, Lenzen N, Simms K, Gorga MP. The impact of degree of
hearing loss on auditory brainstem response predictions of behavioral thresholds. Ear Hear 2015; 36
(3):309-319. https://doi.org/10.1097/AUD.0000000000000120 PMID: 25470369

Schoonhoven R, Lamoré PJ, de Laat JA, Grote JJ. Long-term audiometric follow-up of click-evoked audi-
tory brainstem response in hearing-impaired infants. Int J Audiol. 2000; 39(3):135-145. PMID: 10905399.

Drift JFC van der. Brainstem response audiometry in the determination of hearing loss. Doctoral disser-
tation, Erasmus Universiteit Rotterdam. 1988. p.1-2. https://repub.eur.nl/pub/40264/880624_DRIFT,%
20Jacob%20Frank%20Christiaan%20van%?20der.pdf

Gorga MP, Johnson TA, Kaminski JK, Beauchaine KL, Garner CA, Neely ST. Using a combination of
click- and toneburst-evoked auditory brainstem response measurements to estimate pure-tone thresh-
olds. Ear Hear 2006; 27(1):60—74. https://doi.org/10.1097/01.aud.0000194511.14740.9c PMID:
16446565

Lu T, Wu F, Chang H, Lin H. Using click-evoked auditory brainstem response thresholds in infants to
estimate the corresponding pure-tone audiometry thresholds in children referred from UNHS. Int J
Pediatr Otorhinolaryngol 2017; 95:57-62. https://doi.org/10.1016/}.ijporl.2017.02.004 PMID: 28576534

Baldwin M, Watkin P. Predicting the degree of hearing loss using click auditory brainstem response in
babies referred from newborn hearing screening. Ear Hear 2013; 34:361-9. https://doi.org/10.1097/
AUD.0b013e3182728b88 PMID: 23340456

Coscia A, Sorrenti M, Leone A, Consolino P, Vergnano MG, Marengo G, et al. Congenital cytomegalovi-
rus infection and audiological follow-up: electrophysiological auditory threshold before 3 months of age
as a predictor of hearing outcome at 3 years of age. J Perinatol 2020; 40:1216—-1221. https://doi.org/10.
1038/s41372-020-0655-8 PMID: 32203179

Lim HW, Kim EAR, Chung JW. Audiological follow-up results after newborn hearing screening program.
Clin Exp Otorhinolaryngol 2012; 5:57—61. https://doi.org/10.3342/ce0.2012.5.2.57 PMID: 22737284

Moodley S, Stérbeck C. Diagnostic hearing testing of infants aged 0-36 months in 3 South African prov-
inces—Comparison of audiology records to HPCSA guidelines. Int J Pediatr Otorhinolaryngol 2016;
91:152-158. https://doi.org/10.1016/.ijpor.2016.10.026 PMID: 27863631

Cheng TY, Tsai CF, Luan CW. The correlation between click-evoked auditory brainstem responses and
future behavioral thresholds determined using universal newborn hearing screening. INQ 2021; 58:1—
13. https://doi.org/10.1177/00469580211049010 PMID: 34644190

Gorga MP, Worthington DW, Reiland JK, Beauchaine KA, Goldgar DE. Some comparisons between
auditory brain stem response thresholds, latencies, and the pure-tone audiogram. Ear Hear 1985; 6
(2):105—-112. https://doi.org/10.1097/00003446-198503000-00008 PMID: 3996784

Bakhos D, Marx M, Villeneuve A, Lescanne E, Kim S, Robier A. Electrophysiological exploration of
hearing. Eur Ann Otorhinolaryngol. Head Neck Dis 2017; 134:325-331 https://doi.org/10.1016/j.anorl.
2017.02.011 PMID: 28330595

Parry G, Hacking C, Bamford J, Day J. Minimal response levels for visual reinforcement audiometry in
infants. Int J Audiol 2003; 42:413—417. https://doi.org/10.3109/14992020309080050 PMID: 14582637

Sabo DL. The Audiologic Assessment of the Young Pediatric Patient: The Clinic. Trends Amplif 1999;
4: 51-60. https://www.ncbi.nIm.nih.gov/pmc/articles/PMC4172161/ https://doi.org/10.1177/
108471389900400205 PMID: 25425888

British Society of Audiology. Recommended Procedure. Visual Reinforcement Audiometry. [date: June
2014]. https://www.thebsa.org.uk/resources/visual-reinforcement-audiometry-infants/

de Graaff-Korf K, Benard M, van Dommelen P, van Straaten HLM. Long-Term Auditory Follow-Up of
Preterm Infants after Neonatal Hearing Screening. J Neonatol Clin Pediatr 2019; 6. https://doi.org/10.
24966/NCP-878X/100034

Onoda RM, de Azevedo MF, dos Santos AMN. Neonatal Hearing Screening: Failures, hearing loss and
risk indicators. Braz J Otorhinolaryngol 2011; 77:775-783. https://doi.org/10.1590/S1808-
86942011000600015 PMID: 22183285

Hof JR, Stokroos RJ, Wix E, Chenault M, Gelders E, Brokx J. Auditory maturation in premature infants:
A potential pitfall for early cochlear implantation. Laryngoscope 2013; 123:2013-2018. https://doi.org/
10.1002/lary.24054 PMID: 23616432

PLOS ONE | https://doi.org/10.1371/journal.pone.0297363  February 28, 2024 14/15


https://doi.org/10.1121/1.428438
https://doi.org/10.1121/1.428438
http://www.ncbi.nlm.nih.gov/pubmed/10738807
https://doi.org/10.1016/S0929-6646%2808%2960203-X
http://www.ncbi.nlm.nih.gov/pubmed/18971156
https://doi.org/10.1097/AUD.0000000000000120
http://www.ncbi.nlm.nih.gov/pubmed/25470369
http://www.ncbi.nlm.nih.gov/pubmed/10905399
https://repub.eur.nl/pub/40264/880624_DRIFT,%20Jacob%20Frank%20Christiaan%20van%20der.pdf
https://repub.eur.nl/pub/40264/880624_DRIFT,%20Jacob%20Frank%20Christiaan%20van%20der.pdf
https://doi.org/10.1097/01.aud.0000194511.14740.9c
http://www.ncbi.nlm.nih.gov/pubmed/16446565
https://doi.org/10.1016/j.ijporl.2017.02.004
http://www.ncbi.nlm.nih.gov/pubmed/28576534
https://doi.org/10.1097/AUD.0b013e3182728b88
https://doi.org/10.1097/AUD.0b013e3182728b88
http://www.ncbi.nlm.nih.gov/pubmed/23340456
https://doi.org/10.1038/s41372-020-0655-8
https://doi.org/10.1038/s41372-020-0655-8
http://www.ncbi.nlm.nih.gov/pubmed/32203179
https://doi.org/10.3342/ceo.2012.5.2.57
http://www.ncbi.nlm.nih.gov/pubmed/22737284
https://doi.org/10.1016/j.ijporl.2016.10.026
http://www.ncbi.nlm.nih.gov/pubmed/27863631
https://doi.org/10.1177/00469580211049010
http://www.ncbi.nlm.nih.gov/pubmed/34644190
https://doi.org/10.1097/00003446-198503000-00008
http://www.ncbi.nlm.nih.gov/pubmed/3996784
https://doi.org/10.1016/j.anorl.2017.02.011
https://doi.org/10.1016/j.anorl.2017.02.011
http://www.ncbi.nlm.nih.gov/pubmed/28330595
https://doi.org/10.3109/14992020309080050
http://www.ncbi.nlm.nih.gov/pubmed/14582637
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172161/
https://doi.org/10.1177/108471389900400205
https://doi.org/10.1177/108471389900400205
http://www.ncbi.nlm.nih.gov/pubmed/25425888
https://www.thebsa.org.uk/resources/visual-reinforcement-audiometry-infants/
https://doi.org/10.24966/NCP-878X/100034
https://doi.org/10.24966/NCP-878X/100034
https://doi.org/10.1590/S1808-86942011000600015
https://doi.org/10.1590/S1808-86942011000600015
http://www.ncbi.nlm.nih.gov/pubmed/22183285
https://doi.org/10.1002/lary.24054
https://doi.org/10.1002/lary.24054
http://www.ncbi.nlm.nih.gov/pubmed/23616432
https://doi.org/10.1371/journal.pone.0297363

PLOS ONE An eight-year follow-up on auditory outcomes after neonatal hearing screening

34. Boudewyns A, van den Ende J, Declau F, Wuyts W, Peeters N, Brandt A Hofkens-van den, et al. Etio-
logical Work-up in Referrals From Neonatal Hearing Screening: 20 Years of Experience. Otol Neurotol
2020; 41:1240-1248. https://doi.org/10.1097/MAO.0000000000002758 PMID: 32925850

35. Lipschitz N, Kohlberg GD, Scott M, Greinwald JH Jr. Imaging findings in pediatric single-sided deafness
and asymmetric hearing loss. Laryngoscope 2020; 130:1007—-1010. https://doi.org/10.1002/lary.28095
PMID: 31132141

36. Boudewyns A, Declau F, van den Ende J, Hofkens A, Dirckx S, van de Heyning P. Auditory neuropathy
spectrum disorder (ANSD) in referrals from neonatal hearing screening at a well-baby clinic. Eur J
Pediatr 2016; 175:993-1000. https://doi.org/10.1007/s00431-016-2735-5 PMID: 27220871

37. Savenko IV, Garbaruk ES, Krasovskaya EA. Changes in auditory function in premature children: A pro-
spective cohort study. Int J Pediatr Otorhinolaryngol. 2020; 139. hitps://doi.org/10.1016/j.ijporl.2020.
110456 PMID: 33096380

PLOS ONE | https://doi.org/10.1371/journal.pone.0297363  February 28, 2024 15/15


https://doi.org/10.1097/MAO.0000000000002758
http://www.ncbi.nlm.nih.gov/pubmed/32925850
https://doi.org/10.1002/lary.28095
http://www.ncbi.nlm.nih.gov/pubmed/31132141
https://doi.org/10.1007/s00431-016-2735-5
http://www.ncbi.nlm.nih.gov/pubmed/27220871
https://doi.org/10.1016/j.ijporl.2020.110456
https://doi.org/10.1016/j.ijporl.2020.110456
http://www.ncbi.nlm.nih.gov/pubmed/33096380
https://doi.org/10.1371/journal.pone.0297363

