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Abstract

Background

Preschool children are regularly exposed to high noise levels that may affect hearing.
A previous study has linked preschool noise exposure to reduced distortion product
otoacoustic emission (DPOAE) amplitudes. Since DPOAEs primarily reflect outer hair
cell (OHC) activity, they provide an indirect marker of cochlear function. Measurement
accuracy can be affected by middle-ear pressure. Pressurised DPOAEs (pDPOAES)
compensate for middle-ear pressure during recording.

Methods

This cross-sectional study aimed to examine the relationship between preschool
noise exposure and pDPOAE amplitudes while accounting for middle-ear pressure.
Seventy-five children (4—6 years old) were monitored using dosimeters to measure
the equivalent continuous sound level (LAeqTi) and the 95th percentile of maximum
levels (LAFmax,%)' Of these, 56 children completed pDPOAE testing at four time points
during the preschool week. Linear mixed-effects models evaluated associations with
noise exposure, time of day and progression across the week.

Results

For personal dosimetry, the mean LAecITi was 80 dB (range: 60—-98 dB) and the mean
L was 97 dB (range: 77-110 dB). Most L,__ levels (86.2%) were between

‘AFmax,95 AeqTi

75-85dB, with L, levels exceeding 115 dB in 53.8% of the cases. No signifi-

cant associations were found between LAeqTi O L e aes @Nd pDPOAE amplitudes
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(p>0.05). Time-of-day differences were observed, with higher amplitudes in the
afternoon at 4kHz (p=0.045) and 6kHz (p=0.047) in the right ear, and 3kHz in the
left ear (p=0.021). Girls showed higher amplitudes than boys at 4kHz in the left ear
(p=0.030).

Conclusions

Although pDPOAE amplitudes varied with time of day, and sex, a direct exposure—
response relationship with preschool noise was not demonstrated. Short-term varia-
tions in typical preschool noise exposure may not measurably affect cochlear function
in young children. Future research should refine exposure assessment and recording
protocols to reduce variability and improve detection of small physiological changes.

Introduction

Sweden has one of the highest preschool participation rates in Europe, with 96.8%
of four-year-olds and 97% of five-year-olds enrolled [1]. Preschools are universally
accessible, offering a creative learning environments that support cognitive, social,
and emotional development in alignment with the national curriculum [2]. While these
settings support children’s development and participation, their acoustic environment
is often overlooked. Excessive noise in preschools can affect speech perception and
learning [3] and may also have implications for children’s auditory health.

Studies have linked preschool noise exposure to reductions in distortion product
otoacoustic emission (DPOAE) amplitudes, suggesting potential alterations in outer
hair cell function [3,4]. Preschools are characterised by elevated sound levels, pri-
marily generated by children’s speech, laughter, and play, with peak levels occur-
ring during transitions, mealtimes, and group activities [5]. Unlike adults, children
spend prolonged periods in these environments without access to quiet breaks and
remain in close proximity to noise sources, increasing concerns about cumulative
exposure.

Although occupational noise exposure among preschool personnel has been
extensively documented, often exceeding regulatory limits [6], comparatively less
attention has been given to the noise burden on children. As both primary sound
sources and passive listeners, children may experience greater exposure levels than
their teachers. Stationary noise measurements typically report LAeq levels between 70
and 75 dB, with variations depending on room acoustics, group size, and activity type
[7,8]. Personal dosimetry studies indicate that children’s individual noise exposure
frequently exceeds these estimates, with mean LAeq levels reaching 85 dB before
and 83 dB after an acoustic intervention, which is 6—8 dB higher than levels recorded
for preschool personnel [9]. Recent findings further indicate that children’s average
LAeqTi during indoor preschool hours is 81 dB, with peak L. levels reaching 112 dB
[3]. These discrepancies highlight the need to differentiate ambient noise levels from
individual exposure to ensure meaningful comparisons across studies employing
different measurement methods.
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Prolonged exposure to high sound environments may affect children’s auditory health by contributing to temporary or
permanent alterations in outer hair cell function, reducing otoacoustic emission amplitudes, and potentially increasing
the risk of auditory fatigue or noise-induced hearing changes [3,4,10]. The World Health Organization (WHO) recom-
mends limiting a yearly average from all leisure noise sources equivalent to < 70 dB LAeq’24h to prevent hearing damage
[11]. Based on the equal energy principle, which states that the risk of hearing damage depends on the total accumulated
sound energy over time [12] this recommendation corresponds to approximately 76 dB LAeq for 6 hours per day over seven
days a week. As equivalent noise levels in preschools often exceed this level, and as Swedish children typically spend full
days in preschools, there may be reasons for concern. Given the continued maturation of central auditory processing and
young children’s limited ability to avoid or regulate environmental noise, potential long-term implications for auditory health
in preschool settings warrant attention.

DPOAEs are sounds generated by the nonlinear interaction of two primary tones within the cochlea and are transmitted
back through the middle ear to the ear canal, where they can be measured using a sensitive microphone. These emis-
sions originate from the outer hair cells (OHCs) and provide a non-invasive, frequency-specific indicator of cochlear func-
tion [13—15]. OHCs enhance auditory sensitivity by amplifying low-level sounds and sharpening frequency selectivity via
the cochlear amplifier [16].Loss of OHC function, as indicated by absent DPOAE responses, is typically associated with
sensorineural hearing loss [17,18]. DPOAEs have been shown to decline following noise exposure, indicating short-term
reductions in OHC-function and suggesting early signs of cochlear stress [4]. While such reductions, do not necessarily
indicate permanent damage, they may present early-stage alterations in cochlear function [19].

DPOAE measurements depend not only on OHC function but also on middle ear status, as the middle ear serves as

the transmission pathway for otoacoustic emissions. Negative middle ear pressure or otitis media can attenuate DPOAE
amplitudes, particularly at low and mid frequencies, thereby complicating interpretations of cochlear responses [20].
This issue is particularly relevant for young children, who frequently experience transient middle ear conditions that may
obscure DPOAE results. DPOAE testing provides an objective, non-behavioural assessment of peripheral auditory func-
tion. Unlike pure-tone audiometry, it does not require active participation, making it especially suitable for preschool-aged
children [21].

To our knowledge only one previously published study has examined preschool noise exposure in relation to DPOAE
amplitudes in children, but it did not systematically account for middle ear function, raising concerns about measurement
accuracy [3]. Given the potential confounding effects of middle ear artefacts, it is essential to ensure that DPOAE record-
ings reflect actual function outer hair cell activity rather than conductive influences. To address this limitation, the current
study used a pressurised DPOAE (pDPOAE) protocol, which involves adjusting ear canal pressure to match tympanic
peak pressure. This approach reduces the impact of negative middle ear pressure, improving the reliability and validity of
OAE measurements in paediatric populations.

Study aims

This study aims to examine potential short-term effects in cochlear function in response to everyday sound exposure in pre-
school children by assessing DPOAE amplitude differences across different times of the day and over the preschool week
in children aged 4—6 years. To improve methodological precision, pPDPOAE testing and tympanometry assessment were
incorporated at each measurement timepoint to account for middle ear status, which can influence DPOAE amplitudes.

Specifically, we assess whether time spent in preschool is associated with changes in cochlear function by comparing
pDPOAE amplitudes between morning and afternoon sessions as well as between the beginning and end of the week. To
quantify noise exposure, children were monitored using personal dosimeters measuring A-weighted equivalent continuous
sound levels for time indoors (L, ) and fast-weighted 95 percentiles of maximum sound levels (L, _ o). Additionally, we
provide a descriptive comparison of individual noise exposure levels and stationary noise measurements to explore how
well stationary recordings reflect children’s personal noise exposure.
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By targeting an under-researched age group and conducting measurements in real-world preschool settings, the study
contributes to auditory risk research and supports ecological validity in assessing short-term effects on inner ear function.

Materials and methods
Study design and participants

These short-term repeated measures study was conducted between October 2022 and May 2024 in 15 preschool depart-
ments in Gothenburg, Sweden. It forms part of a longitudinal research project designed to investigate how the preschool
sound environment influences children’s cochlear function, perception of noise, and behavioral responses with plans to
follow this cohort over time to examine potential long-term effects. A total of 100 children aged 4—6 years (47 boys and 53
girls) were enrolled. Of these, 75 participated in sound exposure monitoring using dosimeters, and 56 met the inclusion
criteria for pPDPOAE hearing function assessment.

Ethical approval and consent

Ethical approval was obtained from the Swedish Ethical Review Authority (Reference No. 2019-03412, 2020-03944,
2022-03580-02). Written informed consent was obtained from each child’s legal guardian or guardians. Participation was
voluntary, and children could withdraw at any time without consequences.

Eligibility and exclusion criteria

Participants were eligible if attending preschool for at least four days per week (08:30—15:00). Children were excluded if
there was parent-reported hearing impairment, a history of ear disease or middle-ear surgery, middle-ear dysfunction as
determined by tympanometry, or any acute illness on the test day (e.g., colds, flu, ear pain). Middle-ear dysfunction was
excluded to prevent conductive hearing loss confounding the pDPOAE measurements, ensuring that observed amplitude
variations reflected cochlear rather than middle-ear effects. A summary of participant inclusion is presented in Table 1.

Individual sound level exposure

Individual sound exposure was assessed using Svantek SV104 dosimeters (Svantek, Warsaw, Poland) [22], which
recorded sound pressure levels (SPL) by integrating A-weighted equivalent continuous sound levels (LAeq) over succes-
sive 10-second intervals throughout regular preschool activities. LAeqTi was computed to represent the continuous equiv-
alent sound level over the full measurement period. L, . .. was selected instead of absolute L, _ i.e., the maximum
A-weighted sound pressure level using Fast time weighting) to mitigate the influence of isolated peaks (e.g., single events
unrelated to the overall sound environment) and provide a more stable representation of high sound levels.

Dosimeters with ST 104C MEMS microphones (Type 2) complied with ISO 61672—1:2013 [23], which defines sound
level meter performance for environmental noise assessment. Each device was placed on the left shoulder, a predefined
position ensuring consistent exposure measurement near the ear while minimising movement artifacts and obstructions.
This placement ensured consistency across participants and reduced variability due to movement or clothing interference.

Dosimeters recorded continuously during preschool hours on two measurement days per week: one at the beginning
and one at the end of the preschool week. Calibration was performed before each use with a Class 1 Sound Calibra-
tor (SV 36, Svantek, Warsaw, Poland; 94 dB SPL) [24] to ensure measurement accuracy. Data were processed using
SvanPC++ software (version 3.4.19) [25].

Hearing assessment

Outer hair cell function was assessed using pDPOAE, which involves measuring DPOAE amplitudes while temporar-
ily adjusting ear canal pressure to match tympanic peak pressure. This procedure compensates for potential effects of
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Table 1. Participant Characteristics by Age and Sex enrolled cohort, N=100).

Category N Boys Girls
Ages

4 years 44 22 22
5 years 48 21 27
6 years 8 4 4
Age Summary

Age Mean (years) 5

Age SD 0.6

Age Min 4

Age Max 6.25

Measurements

Dosimeter (Noise Exposure) 75

pDPOAE (OHC - Function) 56

Note. The table presents the total number of participants in the main study (N=100)
by sex and age. Age distribution is independent of sex. Dosimeter measurements
(n=75) assess individual noise exposure using individually worn devices. Pres-
surised Distortion Product Otoacoustic Emissions (p-DPOAE) (n=56) evaluate
Outer Hair Cell (OHC) function based on predefined quality criteria.

https://doi.org/10.1371/journal.pone.0332863.t001

the middle-ear pressure on the registration of DPOAE amplitudes as a measure of outer hair cell status. Testing was
performed at four time points: morning and afternoon at both the beginning and end of the preschool week (Fig 1). This
schedule was designed to evaluate intraday (morning vs. afternoon) and cumulative (beginning vs. end of week) differ-
ences in pDPOAE amplitudes, following an established protocol [3].

Assessment was conducted twice weekly, once at the beginning and once at the end of the week. On both days,
children wore individual dosimeters (green boxes) to monitor personal sound exposure levels. Cochlear function was
assessed using pressurised distortion product otoacoustic emissions (pDPOAE; dark blue boxes), following tympanometry
(light blue boxes) to evaluate middle ear status. Dashed arrows indicate that hearing assessments were scheduled on the
same days as dosimeter use, although participation varied. Solid arrows denote the sequence of hearing assessments,
with tympanometry conducted prior to pPDPOAE measurements.

Beginning of week End of week
Individual sound exposure ’ DOSIMETER ‘ DOSIMETER
Morning e T Afternoon Morning o ™ Afternoon
Middle ear assessment Tympanometry Tympanometry ‘ ‘ Tympanometry ‘ ‘ Tympanometry ‘

J

Hearing function assessment pDPOAE pDPOAE pDPOAE pDPOAE

Fig 1. Measurement protocol for sound exposure and hearing function assessment.

https://doi.org/10.1371/journal.pone.0332863.9001
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pDPOAE testing was conducted using the Interacoustics Titan 440 system (Interacoustics, Middelfart, Denmark) [26]
with Titan Suite software version 3.6.1. [27]. Two primary stimulus tones were used: L1=65 dB SPL and L2=55 dB SPL
(where dB SPL refers to sound pressure level in the ear canal), with an f2/f1 ratio of 1.22. The amplitude of the distortion
product was analysed in dB SPL at the frequency 2f, -f,, consistent with standard DPOAE protocols. pDPOAE amplitudes
were recorded at six frequencies (3, 4, 5, 6, 7, and 8kHz) to assess early signs of noise-induced hearing loss (NIHL),
which typically affects frequencies = 3kHz, with 4 kHz being the most vulnerable in adults [28]. A susceptibility to higher
frequencies (5—-8kHz) in children was hypothesised based on anatomical differences in ear canal resonance and head-
related transfer functions (HRTFs) [29]. Pressure compensation was achieved by adjusting the probe pressure to match
the tympanic peak pressure, based on tympanometric results, prior to each pDPOAE measurement [20]. Whenever possi-
ble, a designated testing station was set up in a small office or a staff-designated room, ensuring that measurements were
conducted under consistent conditions with minimal ambient noise.

To ensure valid pDPOAE measurements, otoscopy was performed prior to testing using a Heine Mini 3000 otoscope
(HEINE Optotechnik, Herrsching, Germany) [30] to check for cerumen or obstructions. Tympanometry was conducted
using the same equipment as for pPDPOAE testing, using a 226 Hz probe tone at 65 dB SPL across a pressure range of
—-300 to +200 daPa at a rate of 50 daPa/s [31].

Stationary sound level measurements

To assess overall sound levels in the preschool environment, stationary measurements were conducted using ceiling-
mounted Svantek SV104 dosimeters (Svantek, Warsaw, Poland) [22]. These dosimeters recorded A-weighted SPL as
10-second time-averaged values, which were subsequently used to compute L,  and L, over the full measurement
period.

Dosimeters were suspended at 180+ 20 cm from the floor — a consistent height selected to minimise floor reflections
and avoid interference with preschool activities. Devices were mounted in open woven baskets that did not obstruct or dis-
tort sound. To reduce reflections and external noise, dosimeters were placed at least 1 m from walls and kept away from
corners, windows, doors, and ventilation systems. Placement was adjusted as needed to reflect typical child activity areas
and ensure measurements were representative of actual noise exposure. A uniform placement protocol was followed
across all preschools to ensure comparability despite differences in room layout and ceiling height.

Sound levels were recorded continuously during preschool hours (07:00-17:00) across five consecutive weekdays
(Monday to Friday). Measurements were taken in two rooms per preschool whenever possible: (1) a larger activity room,
where most activities and mealtimes occurred, and (2) a smaller room or atelier used for additional activities. Analyses
were restricted to 08:30—14:30 to align with scheduled indoor activities.

Dosimeters were calibrated before each measurement period and recalibrated midweek when devices were exchanged
due to battery and memory limitations.

Data inclusion criteria

Predefined inclusion and exclusion criteria were applied for both individual sound exposure and pPDPOAE measurements.
For individual sound exposure, dosimeter recordings were included only for regular indoor preschool activities, excluding
data collected during lunchtime and outdoor periods. Data were collected during periods when children were active. Nap
time was not scheduled in the participating preschool departments, although the early afternoon typically involved calmer
periods. This approach ensured that the analysis focused on typical indoor sound exposure. After applying these criteria,
130 valid measurements were retained for both L prmax s @Nd LAeqTi.

To assess outer hair cell function, a stepwise exclusion process was applied. Firstly, otoscopy was used to exclude ears
with visible cerumen. Second, tympanometry was conducted to evaluate middle ear function. If results indicated middle
ear dysfunction, defined as not meeting the criteria for type A tympanogram (tympanic peak pressure between —150 daPa
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to +50, or static admittance was below 0.3 mmho), the corresponding pDPOAE measurement for that ear and timepoint
were excluded. This step was taken to reduce potential confounding related to middle ear status.,.

For ears that passed tympanometry, pPDPOAE measurements were further evaluated for signal quality at the frequency
level. Recordings were retained only if they met all predefined thresholds: a signal-to-noise ratio (SNR) of at least 6 dB, an
amplitude of at least —10 dB SPL, and a measurement reliability of at least 80%, as indicated by the recording software.
These criteria were applied independently for each of the six test frequencies in both ears and are consistent with the
procedure described by Sandstrém et al. [3].

For stationary sound level measurements, data were analysed within the 07:30-14:30 timeframe. This cutoff was
selected based on observed noise patterns, as sound levels before and after this period were typically below 45 dB,
indicating the absence of children and staff. This selection aligns with preschool routines, where most departments begin
daily activities around 08:00 with breakfast and transition outdoors in the afternoon, ensuring that measurements reflect
typical indoor sound exposure patterns.

Statistical analysis

All statistical analyses were conducted in R (version 4.x; R Core Team, 2024) using Ime4 (version 1.1-36) [32] for model
estimation, ImerTest (version 3.1-3) [33] for statistical inference, and ggplot2 (version 3.5.1) [34] for visualisation.

Descriptive statistics

Descriptive analyses were performed to summarise individual sound exposure (LAeqTi’ L prmaxos)» PDPOAE amplitudes, and
stationary sound levels. Summary statistics including mean, standard deviation, range, and percentiles were computed for
all primary outcome variables. Additional descriptive summaries were generated for pPDPOAE amplitudes across ears and
frequencies, and for stationary environmental measurements in the preschool setting.

Linear mixed-effects models

Linear mixed-effects models (LMMs) were used to assess the effects of noise exposure, time of day, and week progres-
sion on pDPOAE amplitudes while accounting for repeated measures within individuals. Two separate sets of models
were used for analysis: the Sound Exposure Models, which examined associations between pDPOAE amplitudes and
noise exposure (LAeqTi and LAFmax,QS) in separate models, and the Time Effects Model, which assessed how pDPOAE ampli-
tudes varied across time of day and week progression, including an interaction between these two factors. All models
included participant ID as a random intercept to account for repeated measures and within-subject variability. An overview
of these models is provided in Table 2.

Table 2. Summary of statistical models for pPDPOAE amplitude analysis.

Model type Purpose Fixed effects Random effects Outcome variable
Sound Exposure Models Sound exposure and pDPOAE L prmaxos Lacqrs day of the Participant-level random pDPOAE
(Lpeori & Larmaxos) amplitude associations week, sex intercepts amplitudes
Time Effects Model Assess pDPOAE amplitude vari- Time of day, day of the week, Participant-level random pDPOAE
ation by time of day and week. time x day interaction, sex intercepts amplitudes
Model Diagnostics Validate assumptions Residuals vs. fitted values, N/A Model fit criteria
QQ plots (AIC, BIC, ICCs)

Note. The Sound Exposure Model consists of two separate models, one examining the association between pDPOAE amplitudes and LAeqTi and another
examining pDPOAE amplitudes and LAFmaX%. Both models adjust for sex and day of the week and include participant-level random intercepts. The Time
Effects Model evaluates variations in pPDPOAE amplitudes across time of day and week progression, including a time x day interaction term, while also

adjusting for sex. Model diagnostics assess normality and homoscedasticity, with model fit evaluated using AIC, BIC, and ICCs.

https://doi.org/10.1371/journal.pone.0332863.t002
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In the Sound Exposure Models, separate models were run for LAeqTi and L, ..« @s independent predictors. These
models adjusted for sex as a potential confounder and linked each pDPOAE value to the corresponding weekday. Only
afternoon measurements were included, as they reflect actual daily exposure, while morning data were excluded because
they represent baseline conditions prior to significant sound exposure.

The Time Effects Model evaluated the influence of time of day (morning vs. afternoon) and week progression (begin-
ning vs. end of the week) on pDPOAE amplitudes. This model also included a time x day interaction effect and adjusted for
sex as a potential confounder.

Model selection was based on the Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC), with
AAIC used to compare model fit. Intraclass correlation coefficients (ICCs) were computed from the base model to assess
the proportion of total variance attributable to between-participant variability in pDPOAE amplitudes. ICC values were

interpreted as follows: poor reliability (<0.50), moderate reliability (0.50—0.75), and high reliability (>0.75) [35].

Descriptive within-subject changes in pDPOAE amplitudes

We summarised within-subject pPDPOAE amplitude differences across two intervals (morning versus afternoon, beginning
versus end of week) as descriptive context only. Session-level means were computed per participant, ear and frequency,
and change scores were derived between the relevant timepoints. These summaries were not used for inference and are
presented in the Supplement.

Supplementary analyses

Additional descriptive analyses addressed tympanometric peak pressure (TPP) values among retained recordings. His-
tograms and scatterplots (S3—S5 Figs) display the distribution and within-subject variability of TPP for both ears and all
measurement rounds. Table C in S1 File Supporting Table summarises the percentage and count of retained recordings
by TPP category (2—50 daPa, —49 to —1 daPa, 0 to +50 daPa).

Model diagnostics

Model assumptions were evaluated using residual vs. fitted plots and quantile-quantile (Q-Q) plots to assess homoscedas-
ticity and normality. Diagnostic results (Figs A-L in S2 File Diagnostic Plots) confirmed that model assumptions were met.

Results
Descriptive data

Children’s individual sound exposure was assessed using personal dosimetry, measuring LAeqTi and L,¢ o5 Summary
statistics, including the number of valid recordings, ranges, means, and confidence intervals, are presented in Table 3.
The mean LAeqTi was 80.4 dB (range: 60.1-98.4 dB), with 86.2% of measurements between 75 and <85 dB(A), and
60% above 80dB range. L, . . levels averaged 97.1 dB (range: 76.9-109.7 dB), with 94.6% below 105 dB. Among the
remaining 5.4%, most values (4.6%) ranged from 105-109 dB, while 0.8% reached 2110 dB. In contrast, absolute L.
values were substantially higher, with 53.8% exceeding 115 dB, indicating frequent peak noise events. Recording dura-
tions averaged 5 hours and 7 minutes (range: 42 minutes to 7 hours and 18 minutes).
Table 4 provides a detailed categorization of measurements for LAeqTi, LAFmaxy%, and L, . showing the number and per-
centage of valid recordings within defined exposure intervals for each metric. Fig 2 presents the distribution of L,_ . and
L prmaxos @CTOSs participants. Table 5 compares individual-level dosimetry data with stationary sound level measurements
from participating preschools.
Scatter plot showing LAeqTi (equivalent continuous sound level; blue circles) and L. .. (95th percentile of maximum

sound levels; orange triangles) recorded from individually worn dosimeters. The y-axis displays sound pressure level
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Table 3. Summary statistics for individual sound exposure measurements in children using individually worn dosimeters.

N Min Max Mean Std. Dev. 95% ClI
dBL,..n 130 60 98 80 6 79-81
dBL, 130 77 110 97 49 96-98
Log Time 130 0:42 7:18 5:07 1:20 4:53-5:21

Note. This table presents key statistics for LAeqTi (continuous equivalent noise exposure) and L

‘AFmax95

(95th percentile maximum noise level, Fast), includ-

ing the number of valid measurements (N), minimum and maximum recorded values (Min, Max), mean exposure levels (Mean), standard deviation (Std.
Dev.), and 95% confidence intervals (95% CI). Log time represents the duration of noise exposure measurements recorded indoors and is presented in
hh:mm format.

https://doi.org/10.1371/journal.pone.0332863.t003

Table 4. Distribution of measurements (n) percentage of total) within categories of exposure intervalsinL, ., L, . .. andL

LAeqTi LAFmax,95 LAFmax
<75dB (18) 13.9%
75-79 dB (34) 26.2%
80-84 dB (54) 41.5%
285 dB (24) 18.5%
<105 dB (123) 94.6% (6) 5.8%
105-109 dB (6) 4.6% (16) 15.4%
110-114 dB (@) 0.8% (26) 25%
2115dB (56) 53.8%
Note. This table shows the distribution of L, ., L,¢ ..es @Nd L across noise exposure levels. L, . is the equivalent continuous A-weighted sound lev-

el over a time interval. L

AFmax95

is the 95th percentile of L

AFmax’

indicating the level exceeded 5% of the time, while L
sound level. The table includes the number (n) and percentage of valid measurements in each noise level category.

AFmax

represents the peak A-weighted
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Fig 2. Individual sound exposure levels measured with dosimeters.
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Table 5. Comparison of individual and stationary dosimeter measurements in preschools.

Percentiles (%) Individual measurements Stationary measurements

LAeqTi (dB) LAFmax (dB) LAeu (dB) LAFmax 95 (dB)

Mean Range Mean Range Mean Range Mean Range
5 70 60 74 102 96 106 60 58 63 94 91 97
50 80 80 81 115 114 116 66 66 66 103 103 103
95 92 89 98 123 123 124 71 71 71 118 110 124

Note. Individual measurements reflect data from dosimeters worn by children, while stationary measurements were recorded using fixed-location do-
simeters placed in preschool environments. LAeqTi refers to the equivalent continuous A-weighted sound level for Time indoors and L, represents the
maximum A-weighted sound level measured with a fast time weighting. Values are presented for the 5th, 50th, and 95th percentiles, with corresponding
means and observed ranges (minimum-maximum) for each percentile.

https://doi.org/10.1371/journal.pone.0332863.t005

(SPL) in dB(A); the x-axis corresponds to individual participants. Dashed horizontal lines mark reference levels at 60, 80,
and 100 dB(A). The spread of points illustrates inter-individual variation in both continuous and peak sound exposures.

pDPOAE dataset and retention

Retention rates, based on the number of frequency-specific pPDPOAE measurements, were higher at the beginning of the
week (n=457 [56.4%)] in the Monday morning session and n=446 [57.3%] in the afternoon) and declined toward the end
(n=375[47.1%] on Thursday morning and n=350 [45.6%] in the afternoon) (Table B in S1 File Supporting Tables).

Tympanometric peak pressure (TPP) was measured prior to each pDPOAE session, and only recordings within the
inclusion range (—150 to +50 daPa) were retained. Fig 1 shows a broad distribution of TPP values in both ears, with most
observations clustering near —50 daPa and a secondary peak around 0 daPa. Within-individual changes in TPP between
baseline (Round 1) and follow-up rounds (Rounds 2—4) are shown in S4 Fig; while many values remained stable across
sessions, considerable variation between sessions was also observed.

pDPOAE measurements

pDPOAE amplitudes ranged from —9.5 to 19.9 dB SPL, with the greatest variability observed at 7-8 kHz, as reflected in
larger standard deviations (Table D in S1 File Supporting Tables). Group means were consistently higher in the right ear
across all test frequencies. Mean amplitude values by frequency and measurement condition are summarised in Table D
in S1 File Supporting Tables. Fig 3 visualises pPDPOAE amplitudes by ear and frequency, comparing measurements from
the beginning and end of the preschool week.

(dB SPL) for the right and left ears across frequencies from 3 to 8 kHz, measured at the beginning and end of the
preschool week. Each panel displays data for one ear, with red lines representing morning measurements and blue lines
representing afternoon measurements. Mean amplitudes peaked at 5-6 kHz and declined at higher frequencies in both
ears. No error bars are shown.

Effects of sound exposure on pDPOAE amplitudes

Weak but statistically significant correlations were observed between pDPOAE amplitude and both LAeqTi and L. ..o iNthe
right ear (L, i1 r=0.27, p=0.023; L. . os: r=0.26, p=0.028), but not in the left ear (Fig 4). These associations were not con-

AeqT
firmed in the linear mixed-effects models, and no consistent exposure—response pattern emerged across ears or frequencies.

Scatter plots display the relationship between pDPOAE amplitudes
(x-axis; dB SPL) and individual sound exposure levels (y-axis; dB(A)) or afternoon measurements at both the beginning

and end of the preschool week. Panels are ordered right ear first, then left ear. Exposure is represented by L, ., (blue
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Fig 3. Mean pDPOAE amplitudes.
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Fig 4. Associations between individual sound exposure and pDPOAE amplitudes in left and right ears.
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circles) and L, _ .. (orange triangles). Solid lines indicate linear regression trends for LAeqTi; dashed lines represent trends
for L, .. Pearson correlation coefficients and p-values shown are based on unadjusted bivariate associations and are
presented for descriptive purposes only. Inferential statistics were obtained from linear mixed models.
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A significant sex difference was observed at 4kHz in the left ear, with girls exhibiting higher amplitudes than boys. This
effect remained significant in separate models controlling for L. _ .. (8=2.807, 95% CI[0.39, 5.22], p=0.030) and L, ,
(B=2.782, 95% CI[0.40, 5.17], p=0.030). Full model outputs are presented in Table E and F in S1 File Supporting Tables.

Time-of-day and end-of-week variability in pDPOAE amplitudes

pDPOAE amplitudes varied significantly with both time of day and week progression. Afternoon measurements were sig-
nificantly higher than morning measurements at 4kHz (=1.327, 95% CI [0.03, 2.62], p=0.045) and 6kHz (3=1.380, 95%
CI[0.02, 2.74], p=0.047) in the right ear, as well as at 3kHz in the left ear (3=1.152, 95% CI [0.18, 2.12], p=0.021).

Additionally, amplitudes increased significantly from the beginning to the end of the week at 5kHz in the right ear
(B=2.390, 95% CI[0.20, 4.58], p=0.033). A significant interaction between within day and week progression was
observed at 8kHz in the left ear (=4.470, 95% CI [1.23, 7.71], p=0.008).

Sex had a significant effect on pDPOAE amplitudes at 5kHz in the right ear, where girls exhibited higher amplitudes
than boys ($=2.915, 95% CI [0.17, 5.66], p=0.037). Full model outputs are presented in Table G in S1 File Supporting
Tables.

A descriptive distribution of raw, within-subject changes in pDPOAE amplitude is provided in S5 Fig.

Discussion

This study investigated how real-world preschool noise exposure relates to short term effect on cochlear function in young
children, using pDPOAE as a non-invasive, objective indicator of outer hair cell status. Although significant variation in
pDPOAE amplitudes was observed across time of day and over the preschool week, no direct associations emerged
between individual noise exposure levels (LAeqTi, L srmaxes) @Nd cochlear responses. This suggests that while temporal fac-
tors influence pDPOAEsS, their effects may not be fully accounted for by short-term fluctuations in environmental noise, as
measured by personal dosimetry.

Afternoon and end-of-week measurements were associated with significantly higher amplitudes at specific frequencies,
particularly in the right ear at 4 and 6kHz, and in the left ear at 3kHz. Higher DPOAE amplitudes are generally consid-
ered indicative of better outer hair cell function. The present findings contrast with previous research showing amplitude
reductions following noise exposure [4,10]. Such reductions are typically interpreted consistent with temporary changes in
cochlear OHC-function. This pattern has also been observed in a study involving preschool-aged children. Sandstrém et
al. [3] reported DPOAE amplitude reductions at 6 and 8 kHz in the right ear in relation to LAeqTi. In addition, reductions at 3
and 4kHz in relation to bot LAeqTi’ and time spent at preschool. A likely explanation for this discrepancy is variation in mea-
sured noise exposure levels and other methodological differences between studies, including differences in how exposure
was characterised (for example, use of L, .- instead of L, , and longer measurement durations), as well as variations
in DPOAE measurement protocols.

The present study, based on 130 individual noise exposure measurements, recorded a mean LAeqTi of 80.4 dB, with
18.5% of values exceeding 85 dB. In contrast, Sandstrom et al. [3] reported a slightly higher mean Lseq of81 dB and a
considerably greater proportion (30%) of measurements exceeding 85 dB. While both studies documented L, val-
ues over 100 dB, notable differences were also observed in the highest L, category with 53.8% of measurements
exceeded 115 dB, compared to 45% in Sandstrém et al. [3]. These findings indicate that maximum noise levels in the
current study were not lower than expected but rather higher, highlighting the presence of intermittent, high-level noise
events in preschool environments. No significant reduction in pPDPOAE amplitude was observed in relation to these maxi-
mum exposures at the group level, which may in part reflect statistical limited power.

Despite these level variations between this study and [3], no significant associations were found between individual
L, _orlL and pDPOAE amplitudes. The absence of significant exposure-response associations may reflect the

AeqTi ‘AFmax,95
subtlety or transient nature of any noise-induced cochlear changes at the observed exposure levels. In adult populations,
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amplitude reductions often recover within 24 hours [4,10] and younger children may show either increased resilience

or different recovery dynamics. The statistical power of the present study may have been insufficient to detect subtle

or rapidly reversible changes, particularly given the exclusion of a substantial number of measurements. Furthermore,
pDPOAEs may not be sufficiently sensitive to detect small or rapidly reversible changes in outer hair cell function in natu-
ralistic preschool settings. It is also plausible that relevant exposure effects occurred earlier in the day or week, prior to the
specific pPDPOAE measurement, and were not captured in the corresponding dosimetry—pDPOAE association.

The one-week data collection period was designed to assess whether short-term variability in preschool noise expo-
sure, both within days and across the week, corresponds to measurable variation in cochlear responses. Longer-term,
cumulative effects would require extended follow-up, which was beyond the scope of this short-term observational study.
A further limitation is that, while general listening habits outside of preschool were reported by caregivers at baseline, the
absence of detailed, time-specific data on out-of-school noise or music exposure limits our ability to fully account for all
sources of potential variance in cochlear outcomes during the study period. These background data were collected only to
provide descriptive context, were not time-linked to the period of noise exposure assessment and were not included in the
primary analyses. For this reason, they were not presented in the main results. The detection (or absence) of within-week
variation may still have implications for understanding how repeated exposure might influence auditory development over
time. Future studies should include precise, time-specific measures of out-of-preschool noise and music exposure to allow
for more comprehensive assessment of total auditory load.

A key methodological strength of this study was the use of pDPOAEsS, selected based on prior evidence and theoret-
ical rationale suggesting improved validity under fluctuating middle-ear conditions [36,37]. Matching the probe pressure
to the tympanometric peak pressure helps restore DPOAE amplitudes that would otherwise be attenuated by negative
middle-ear pressure, particularly at lower frequencies [20]. For sessions where TPP was close to 0 daPa, pDPOAE and
standard DPOAE would be expected to yield similar results. Given that a substantial proportion of included recordings
exhibited mild-to-moderate negative pressure, the use of pPDPOAE provided a clear advantage for this sample. Although
pressurisation primarily benefits responses below 2000 Hz, Sun and Shaver [38] also reported measurable improvements
at 3kHz, indicating that middle-ear status can still influence responses in this range. No adverse effects on higher frequen-
cies have been reported [36], supporting our decision to apply it across the 3-8 kHz range. This approach is particularly
relevant in field studies involving children, where transient middle-ear dysfunction is common and can otherwise confound
the interpretation of outer hair cell function.

pDPOAE measurements, in which probe pressure is matched to the tympanometric peak pressure, mitigate attenua-
tion from negative middle-ear pressure and support valid inference on outer hair cell status under fluctuating middle-ear
conditions [36,37]. Immediate test—retest reliability was not assessed in this study. This decision was made to minimise
procedural burden and avoid unnecessary repetition for participating children, who were already required to complete up
to four pDPOAE assessments in a single week. Conducting additional repeated tests was not considered ethically or prac-
tically appropriate in this age group. To reduce technical variability, we implemented consistent tympanometric screening,
standardised probe placement, and pressurised measurements across all sessions.

In this study, ears with tympanometric peak pressure outside the defined range were excluded prior to assessment
of pDPOAE signal quality. This exclusion step had the greatest impact on data retention, as seen in Table Ain S1 File
Supporting Tables.. Approximately one third of measurements were excluded at this step. For ears that passed tympa-
nometry, additional frequency-level exclusions were applied based on predefined signal quality criteria. These criteria:
signal-to-noise ratio, amplitude and reliability, contributed to further reductions, but to a lesser extent. For example, in the
right ear at 5-6kHz, 78—-80 measurements were excluded due to tympanometry, compared to 14—23 excluded across
all subsequent steps. A similar pattern was observed in the left ear, with 88—90 excluded at tympanometry and 13-25
excluded thereafter. As shown in Table B in S1 File Supporting Tables, the percentage of retained responses after apply-
ing exclusion criteria, including tympanometry and signal quality, declined over the week (from ~56% to ~46%) and was
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lower in the afternoon. This pattern may reflect increased variation in middle-ear status, as well as reduced compliance
later in the day, such as restlessness or difficulties maintaining probe placement. Thompson et al. [37] reported more neg-
ative middle-ear pressure in adults during afternoons, suggesting similar diurnal variation could occur in children, leading
to higher exclusion rates. Additionally, mild subclinical middle-ear changes and decreased child engagement or movement
artefacts in later sessions may have contributed to unstable probe placement and higher exclusion rates despite similar
measurement attempts [20,36]. Together, these factors likely reduced the proportion of analysable measurements toward
the week’s end.

Because entire sessions were excluded based on tympanometric results, the retained dataset may over-represent chil-
dren with more stable middle-ear function, particularly toward the end of the week. This could have led to a subtle upward
shift in average pDPOAE amplitude, not due to physiological change, but because measurements from children with
poorer emission quality or borderline middle-ear function were systematically excluded. This selection effect may have
biased the amplitude estimates upwards. This interpretation is supported by the observed decline in overall data retention
later in the week (Table B in S1 File Supporting Tables) and by the broad distribution of tympanometric peak pressures
among retained sessions (S3 Fig). Most exclusions were due to tympanometry, not pDPOAE-specific criteria. While many
children showed stable TPP values across sessions, substantial within-individual variation was also observed (S4 Fig).

This trade-off reflects a methodological decision to prioritise valid emissions over completeness. Prior studies on young
adults have shown that short-term noise exposure can reduce DPOAE amplitudes within the measurable range but rarely
eliminates emissions entirely [10,39]. These procedures were therefore necessary to limit artefacts while preserving the
ability to detect subtle within-child variation.

Sex-related differences in pPDPOAEs were also explored, as prior studies have consistently reported higher amplitudes
in girls [40—42]. In the present study, girls showed slightly higher amplitudes at 4kHz in the left ear, and a sex-by-time
interaction emerged at 4kHz in the right ear. These effects were isolated and inconsistent across models, raising the
possibility of random variation, individual noise exposure differences, or measurement artefacts (e.g., probe fit, middle-ear
status). While our results are broadly consistent with the literature, the inconsistencies suggest that sex-related effects in
pDPOAEs may be subtle and influenced by measurement conditions, particularly in young children. Further research with
larger samples and appropriate statistical corrections is needed to clarify how sex and time-related factors may interact to
influence cochlear function in early childhood.

Another potential explanation for the lack of exposure-response associations lies in the use of A-weighted sound level
estimates. A-weighting aligns with adult auditory sensitivity by attenuating low and high frequencies, potentially underes-
timating sound pressure levels at higher frequencies that may be relevant to young children. Despite these limitations,
A-weighting was used in this study because it remains the international standard for environmental noise measure-
ment and facilitates comparison with previous research. Anatomical differences, such as shorter ear canals and distinct
head-related transfer functions among children up to about 7 years of age, mean that young children may experience
a different spectral distribution of environmental sound compared to adults [29]. Applying an adult-standard weighting
system to young children may therefore obscure aspects of exposure that are more relevant to their auditory experience.
Future studies should aim to develop child adapted weighting methods to better capture children’s true auditory exposure.

Comparison between personal and stationary dosimetry in this study also demonstrated important differences. Per-
sonal dosimeters consistently recorded higher LAeqTi and L, .. values than stationary devices across all percentiles.

For example, mean L, ., values were 80 dB for personal dosimeters and 70 dB for stationery, while mean L. values
were 97 dB and 81 dB, respectively. These substantial differences likely reflect variations in measurement placement and
responsiveness to nearby sound sources. Personal dosimeters, worn on the shoulder near the ear, are more sensitive to
moment-to-moment fluctuations in noise, such as speech or play in close proximity. Stationary microphones, on the other
hand, tend to capture room-averaged background levels. This underscores the importance of selecting measurement
approaches that best reflect the actual exposure experienced by children in preschool settings.
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These findings support the argument made by Loh et al. [7] that fixed-location measurements may not reflect the
acoustic experiences of children. While both approaches are useful, the observed differences highlight the importance of
measurement choice when assessing children’s sound environments. Binaural recordings or head-and-torso simulators
(HATS) provide perceptually realistic data by capturing anatomical filtering effects of the outer ear and head, although
their application for full-day monitoring in dynamic settings remains challengingPersonal dosimetry offers a practical,
field-compatible method for capturing individual exposure patterns throughout the day. Combining these complementary
methods in future studies could enhance characterisation of the preschool sound environment experienced by children.

Taken together, these results highlight the complexity of studying environmental noise effects on auditory function in
preschool children. While time-of-day and weekday variation in pDPOAE amplitudes was observed, individual exposure
levels did not predict response magnitude, suggesting that transient physiological factors, methodological constraints, or
subtle effects not captured by current metrics may be more influential. The primary aim was to examine group-level pat-
terns, and the use of linear mixed models allowed us to account for repeated measures and within-subject variability. This
statistical approach improves the reliability of group-level estimates; the study was not designed or powered to examine
individual-level changes or susceptibility. Future research should consider designs that allow for the detection of individual
risk factors or atypical responses to noise exposure in young children.

Future directions

While this study provides valuable insights into the relationship between preschool noise exposure and cochlear func-
tion, further research is required to clarify the dose-response relationship between noise exposure and cochlear func-
tion in young children. Future studies should prioritise the development of child-specific reference data for the stability

of pDPOAE amplitudes, particularly under pressurised conditions. Given the complexity of preschool environments,
improved methods for noise assessment are needed. Personal dosimetry should remain the preferred approach for accu-
rately capturing children’s real-world noise exposure, due to its sensitivity to moment-to-moment fluctuations. In addition,
frequency-specific analyses to capture noise exposure characteristics more relevant to children’s auditory experiences,
considering that A-weighted sound levels may not reflect their full auditory experience due to anatomical differences.

Ethical constraints preclude controlled experimental designs in preschool-aged children; therefore, longitudinal obser-
vational studies are warranted to assess the cumulative effects of noise exposure in both preschool and home settings.
Such designs would better reflect real-world exposure patterns and associated risks.

In addition, middle-ear function plays a significant role in the reliability of OAE measurements. Further work is needed
to develop improved methods for middle-ear monitoring and dynamic pressurisation, particularly in young children with
unstable or fluctuating middle-ear pressures. Longitudinal research will also be crucial to understand the cumulative
effects of noise exposure on cochlear function over time.

Finally, future studies should incorporate strategies to detect both population-level patterns and individual-level variabil-
ity in cochlear responses. Group analyses provide robust population estimates but may obscure meaningful changes in
more susceptible children. Analytical approaches capable of identifying outliers or atypical responses, such as screening
for extreme deviations from baseline, should complement linear mixed modelling. Larger, more diverse samples will also
be required to reliably assess subtle effects and individual risk factors, including age, sex, and baseline auditory status.

Conclusion

This study underscores the challenges and complexities of studying noise exposure effects on cochlear function in
preschool-aged children. Despite observing significant variation in pPDPOAE amplitudes across time of day and week, no
direct associations were found between individual noise exposure levels and cochlear responses. This absence of signifi-
cant associations may be attributable to several methodological constraints, of particular importance, including: (1) limited
statistical power to detect small or transient effects; (2) the timing of measurements, as DPOAE changes are transient and
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previous studies demonstrating short-term effects have typically analysed responses within 15 minutes post-exposure,
whereas such precise timing relative to noise exposure was not captured here; (3) the potential influence of prior noise
exposure before baseline measurements, raising questions about the adequacy of baseline status; (4) the possibility of
nonlinear level-dependent effects, including thresholds below which cochlear function may not be affected; and (5) mea-
surement variability, and the dynamic nature of cochlear function in young children.

Future research should focus on refining measurement techniques, including the use of personal dosimetry, improved
frequency-specific analyses, and better methods for monitoring middle-ear function. Additionally, observational studies
could offer valuable insights into the cumulative effects of real-world noise exposure in both home and preschool environ-
ments. Such approaches avoid ethical concerns and provide a practical framework for studying long-term auditory out-
comes in young children.

Given the critical importance of early childhood development, longitudinal studies tracking cochlear function across
time will be essential for determining whether repeated exposure to noise in preschool environments influences hearing
development over the long term. By incorporating long-term follow up, improving measurement precision, and accounting
for individual susceptibility, future research can help clarify the potential impacts of early noise exposure on auditory health
in children.
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S1 Fig. Distribution of tympanometric peak pressure (TPP) values in the left and right ear across all retained
pDPOAE measurements.
(TIF)

S2 Fig. Change in tympanometric peak pressure (TPP) at follow-up compared to baseline, by ear and measure-
ment round.
(TIF)

S3 Fig. Within-subject change in pDPOAE amplitude (dB SPL) across the preschool week.
(TIF)

Acknowledgments

The authors thank the Municipality of Gothenburg, as well as the preschool principals, teachers, parents, and children who
participated in this study. Their engagement and cooperation in the fieldwork were invaluable. We also appreciate the sup-
port of the preschool staff in facilitating study logistics and data collection. Additionally, we are grateful to our colleagues
and collaborators for their insightful discussions and feedback throughout the research process.

Author contributions

Conceptualization: Loisa Sandstrom, Sofie Fredriksson, Elina Maki-Torkko, Kerstin Persson Waye.
Data curation: Loisa Sandstrom.

Formal analysis: Loisa Sandstrém, Mikael Ogren.

Funding acquisition: Kerstin Persson Waye.

PLOS One | https://doi.org/10.137 1/journal.pone.0332863 November 21, 2025 16/18



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0332863.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0332863.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0332863.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0332863.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0332863.s005

PLO\Sﬁ\\.- One

Investigation: Loisa Sandstrom.

Methodology: Loisa Sandstrom, Sofie Fredriksson, Elina Maki-Torkko, Kerstin Persson Waye.

Project administration: Loisa Sandstrom.

Resources: Mikael Ogren.

Supervision: Sofie Fredriksson, Elina Maki-Torkko, Kerstin Persson Waye.

Validation: Loisa Sandstrom, Mikael C")gren.

Visualization: Loisa Sandstrom.

Writing — original draft: Loisa Sandstrom.

Writing — review & editing: Loisa Sandstrom, Sofie Fredriksson, Elina Maki-Torkko, Janina Fels, Kerstin Persson Waye.

References

1. EACEA European Comission. Key data on early childhood education and care in Europe -2025. Luxembourg: Publications Office of the European
Union; 2025.

2. Curriculum for the preschool: Lpfé 18. Stockholm: Skolverket; 2019.

3. Sandstrom L, Persson Waye K, Fredriksson S. Effect of pre-school sound exposure on children’s hearing function: results from preparatory studies
assessing hearing function by distortion product otoacoustic emissions. Int J Audiol. 2025;64(10):1008-16. https://doi.org/10.1080/14992027.2025.
2459228 PMID: 39898826

4. Vinck BM, Van Cauwenberge PB, Leroy L, Corthals P. Sensitivity of transient evoked and distortion product otoacoustic emissions to the direct
effects of noise on the human cochlea. Audiology. 1999;38(1):44-52. https://doi.org/10.3109/00206099909073001 PMID: 10052835

5. McAllister A, Rantala L, Jonsdéttir VI. The others are too loud! children’s experiences and thoughts related to voice, noise, and communication in
nordic preschools. Front Psychol. 2019;10:1954. https://doi.org/10.3389/fpsyg.2019.01954 PMID: 31496984

6. Fredriksson S, Kim J-L, Torén K, Magnusson L, Kahari K, Séderberg M, et al. Working in preschool increases the risk of hearing-related symptoms:
a cohort study among Swedish women. Int Arch Occup Environ Health. 2019;92(8):1179-90. https://doi.org/10.1007/s00420-019-01453-0 PMID:
31286224

7. Loh K, Yadav M, Persson Waye K, Klatte M, Fels J. Toward child-appropriate acoustic measurement methods in primary schools and daycare
centers. Front Built Environ. 2022;8. https://doi.org/10.3389/fbuil.2022.688847

8. Sala E, Rantala L. Acoustics and activity noise in school classrooms in Finland. Applied Acoustics. 2016;114:252-9. https://doi.org/10.1016/].
apacoust.2016.08.009

9. Persson Waye K, Karlberg J. Sound quality characteristics of importance for preschool children’s perception and wellbeing after an acoustic inter-
vention. Front Built Environ. 2021;7. https://doi.org/10.3389/fbuil.2021.688836

10. Mdller J, Dietrich S, Janssen T. Impact of three hours of discotheque music on pure-tone thresholds and distortion product otoacoustic emissions. J
Acoust Soc Am. 2010;128(4):1853-69. https://doi.org/10.1121/1.3479535 PMID: 20968358

11.  World Health Organization. Compendium of WHO and other UN guidance on health and environment, 2022 update. WHO/HEP/ECH/EHD/22.01.
Geneva: World Health Organization; 2022.

12. Organization WH, Berglund B, Lindvall T, Schwela DH. Guidelines for community noise. Geneva: World Health Organization; 1999.

13. Kemp DT. Stimulated acoustic emissions from within the human auditory system. J Acoust Soc Am. 1978;64(5):1386-91. https://doi.
org/10.1121/1.382104 PMID: 744838

14. Probst R, Lonsbury-Martin BL, Martin GK. A review of otoacoustic emissions. J Acoust Soc Am. 1991;89(5):2027-67. https://doi.
org/10.1121/1.400897 PMID: 1860995

15. Hall lll JW, Swanepoel DW. Objective assessment of hearing. San Diego, CA: Plural Publishing; 2010.

16. Ashmore J. Outer hair cells and electromotility. Cold Spring Harb Perspect Med. 2019;9(7):a033522. https://doi.org/10.1101/cshperspect.a033522
PMID: 30181355

17. Gorga MP, Neely ST, Bergman B, Beauchaine KL, Kaminski JR, Peters J, et al. Otoacoustic emissions from normal-hearing and hearing-impaired
subjects: distortion product responses. J Acoust Soc Am. 1993;93(4 Pt 1):2050—60. https://doi.org/10.1121/1.406691 PMID: 8473617

18. Prieve BA, Thomas L, Long G, Talmadge C. Observations of distortion product otoacoustic emission components in adults with hearing loss. Ear
Hear. 2020;41(3):652-62. https://doi.org/10.1097/AUD.0000000000000792 PMID: 31569117

19. Lapsley Miller JA, Marshall L. Otoacoustic emissions as a preclinical measure of NIHL and susceptibility to NIHL. In: Otoacoustic emissions, clini-

cal application. 2007. 321-41.

PLOS One | https://doi.org/10.1371/journal.pone.0332863 November 21, 2025 171718



https://doi.org/10.1080/14992027.2025.2459228
https://doi.org/10.1080/14992027.2025.2459228
http://www.ncbi.nlm.nih.gov/pubmed/39898826
https://doi.org/10.3109/00206099909073001
http://www.ncbi.nlm.nih.gov/pubmed/10052835
https://doi.org/10.3389/fpsyg.2019.01954
http://www.ncbi.nlm.nih.gov/pubmed/31496984
https://doi.org/10.1007/s00420-019-01453-0
http://www.ncbi.nlm.nih.gov/pubmed/31286224
https://doi.org/10.3389/fbuil.2022.688847
https://doi.org/10.1016/j.apacoust.2016.08.009
https://doi.org/10.1016/j.apacoust.2016.08.009
https://doi.org/10.3389/fbuil.2021.688836
https://doi.org/10.1121/1.3479535
http://www.ncbi.nlm.nih.gov/pubmed/20968358
https://doi.org/10.1121/1.382104
https://doi.org/10.1121/1.382104
http://www.ncbi.nlm.nih.gov/pubmed/744838
https://doi.org/10.1121/1.400897
https://doi.org/10.1121/1.400897
http://www.ncbi.nlm.nih.gov/pubmed/1860995
https://doi.org/10.1101/cshperspect.a033522
http://www.ncbi.nlm.nih.gov/pubmed/30181355
https://doi.org/10.1121/1.406691
http://www.ncbi.nlm.nih.gov/pubmed/8473617
https://doi.org/10.1097/AUD.0000000000000792
http://www.ncbi.nlm.nih.gov/pubmed/31569117

PLO\S\% One

20.

21.

22.
23.

24.
25.
26.
27.
28.

29.
30.
31.

32.

33.

34.
35.

36.
37.

38.

39.

40.

41.

42.

Sun X-M, Shaver MD. Effects of negative middle ear pressure on distortion product otoacoustic emissions and application of a compensation pro-
cedure in humans. Ear Hear. 2009;30(2):191-202. https://doi.org/10.1097/AUD.0b013e31819769e1 PMID: 19194291

Kreisman BM, Bevilacqua E. Preschool hearing screenings: a comparison of distortion product otoacoustic emission and pure-tone protocols.
2013;19.

Svantek SV. SV 104 noise dosimeter. https://svantek.com/products/sv-104-personal-noise-dosimeter/

International Organization for Standardization. Electroacoustics — Sound level meters — Part 1: Specifications (ISO 61672-1:2013). Geneva,
Switzerland: ISO; 2013.

Svantek SV. SV 36 class 1 acoustic calibrator. 2024. https://svantek.com/products/sv36-class-1-acoustic-calibrator/
Svantek S. SvanPC software. 2024.
Titan 440: diagnostic and clinical tympanometry system. Interacoustics A/S; 2024. https://www.interacoustics.com

Titan suite software version 3.6.1. Middelfart, Denmark: Interacoustics A/S; 2024.

McBride DI, Williams S. Audiometric notch as a sign of noise induced hearing loss. Occup Environ Med. 2001;58(1):46-51. https://doi.org/10.1136/
0em.58.1.46 PMID: 11119634

Fels J. From children to adults. how binaural cues and ear canal impedances grow. HOCHSCHULSCHRIFT, Logos-Verl. 2008.

Optotechnik H. Mini 3000 otoscope. 2024. https://www.heine.com

British Society of Audiology. Recommended procedure: tympanometry and acoustic reflex thresholds. 2013. https://www.thebsa.org.uk/wp-content/
uploads/2013/10/0D104-35-BSA-Recommended-Procedure-Tympanometry-and-ART.pdf

Bates D, Machler M, Bolker B, Walker S. Fitting linear mixed-effects models Usinglme4. J Stat Soft. 2015;67(1). https://doi.org/10.18637/jss.v067.
i01

Kuznetsova A, Brockhoff PB, Christensen RHB. ImerTest package: tests in linear mixed effects models. J Stat Soft. 2017;82(13). https://doi.
0rg/10.18637/jss.v082.i13

Wickham H. ggplot2: elegant graphics for data analysis. New York: Springer-Verlag; 2016.

Koo TK, Li MY. A guideline of selecting and reporting intraclass correlation coefficients for reliability research. J Chiropr Med. 2016;15(2):155-63.
https://doi.org/10.1016/j.jcm.2016.02.012 PMID: 27330520

Beck DL, Speidel D, Arrue Ramos J, Schmuck C. Otoacoustic emissions and pressurized OAEs. Hear Rev. 2016;23:30.

Thompson S, Henin S, Long GR. Negative middle ear pressure and composite and component distortion product otoacoustic emissions. Ear Hear.
2015;36(6):695—-704. https://doi.org/10.1097/AUD.0000000000000185 PMID: 26049553

Sun X-M, Shaver MD. Effects of negative middle ear pressure on distortion product otoacoustic emissions and application of a compensation pro-
cedure in humans. Ear Hear. 2009;30(2):191-202. https://doi.org/10.1097/AUD.0b013e31819769e1 PMID: 19194291

Ordofiez R, Hammershgi D, Borg C, Voetmann J. A pilot study of changes in otoacoustic emissions after exposure to live music. In: Proceedings of
the AES International Conference, 2012.

Abdala C, Dhar S. Maturation and aging of the human cochlea: a view through the DPOAE looking glass. J Assoc Res Otolaryngol.
2012;13(3):403-21. https://doi.org/10.1007/s10162-012-0319-2 PMID: 22476702

Engdahl B, Tambs K, Hoffman HJ. Otoacoustic emissions, pure-tone audiometry, and self-reported hearing. Int J Audiol. 2013;52(2):74-82. https://
doi.org/10.3109/14992027.2012.733423 PMID: 23216196

O’Rourke C, Driscoll C, Kei J, Smyth V. A normative study of distortion-product otoacoustic emissions in 6-year-old schoolchildren. Int J Audiol.
2002;41(3):162-9. https://doi.org/10.3109/14992020209077180 PMID: 12033634

PLOS One | https://doi.org/10.1371/journal.pone.0332863 November 21, 2025 18/18



https://doi.org/10.1097/AUD.0b013e31819769e1
http://www.ncbi.nlm.nih.gov/pubmed/19194291
https://svantek.com/products/sv-104-personal-noise-dosimeter/
https://svantek.com/products/sv36-class-1-acoustic-calibrator/
https://www.interacoustics.com
https://doi.org/10.1136/oem.58.1.46
https://doi.org/10.1136/oem.58.1.46
http://www.ncbi.nlm.nih.gov/pubmed/11119634
https://www.heine.com
https://www.thebsa.org.uk/wp-content/uploads/2013/10/OD104-35-BSA-Recommended-Procedure-Tympanometry-and-ART.pdf
https://www.thebsa.org.uk/wp-content/uploads/2013/10/OD104-35-BSA-Recommended-Procedure-Tympanometry-and-ART.pdf
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1016/j.jcm.2016.02.012
http://www.ncbi.nlm.nih.gov/pubmed/27330520
https://doi.org/10.1097/AUD.0000000000000185
http://www.ncbi.nlm.nih.gov/pubmed/26049553
https://doi.org/10.1097/AUD.0b013e31819769e1
http://www.ncbi.nlm.nih.gov/pubmed/19194291
https://doi.org/10.1007/s10162-012-0319-2
http://www.ncbi.nlm.nih.gov/pubmed/22476702
https://doi.org/10.3109/14992027.2012.733423
https://doi.org/10.3109/14992027.2012.733423
http://www.ncbi.nlm.nih.gov/pubmed/23216196
https://doi.org/10.3109/14992020209077180
http://www.ncbi.nlm.nih.gov/pubmed/12033634

