
Journal of Speech, Language, and Hearing Research
 

Development and validation of an efficient and safe loud music exposure paradigm
--Manuscript Draft--

 
Manuscript Number: JSLHR-23-00332R2

Full Title: Development and validation of an efficient and safe loud music exposure paradigm

Article Type: Research Note

Section/Category: Hearing

Funding Information: Manchester Biomedical Research Centre Christopher J. Plack

Keywords: music, temporary threshold shift, hearing loss, noise, otoacoustic emissions

Manuscript Classifications: Hearing; Noise; Otoacoustic emissions

Abstract: Purpose: To develop a time-efficient music exposure and testing paradigm, that safely
creates temporary cochlear dysfunction that could be used in future temporary
threshold shift (TTS) studies.
Method: A 30-min audio compilation of pop-rock music tracks was created. Adult
volunteers with normal hearing were then exposed to this music material monaurally
through headphones for 30 min at 97 dB A or 15 min at 100 dB A. Levels were
measured from the ear of a manikin and are considered to provide an equivalent daily
noise dose based on a 3-dB exchange. We assessed the changes in their hearing, by
means of distortion product otoacoustic emission (DPOAE) testing, and standard and
extended high-frequency pure-tone audiometry before and after exposure. There were
17 volunteers in total. In a first trial, eight volunteers [four females; median age=31
years (IQR=4.25)] were included. Although TTS was observed in all eight participants
for at least one frequency, a large variation in affected frequencies was observed. To
address this issue, the audio material was further remastered to adjust levels across
the different frequency bands. Fourteen adults [nine newly recruited and five from the
first trial; seven females; median age=31 years (IQR=5)] were exposed to the new
material.
Results: All but 2 out of 17 participants presented  clinically significant TTS or decrease
in DPOAE amplitude in at least one frequency. Statistically significant average TTS of
7.43 dB was observed at 6 kHz. There were statistically significant average DPOAE
amplitude shifts of -2.55 dB at 4 kHz, -4.97 dB at 6 kHz, and -3.14 dB at 8 kHz. No
participant presented permanent threshold shift.
Conclusions: A monaural music paradigm was developed and shown to induce
statistically significant TTS and DPOAE amplitude shifts, without evidence of
permanent loss. This realistic and time-efficient paradigm may be considered a viable
option for experimental studies of temporary music-induced hearing loss.

Response to Reviewers: We would like to thank you for your time and effort. Your constructive feedback was
invaluable and significantly improved the manuscript. Please, see the detailed
"Response to Reviewers" document that was submitted with the last version of the
manuscript.

Corresponding Author: Eleftheria Iliadou
University College London
London, UNITED KINGDOM

Other Authors: Konstantinos Pastiadis

Dimitrios Dmitriadis

Christopher J. Plack

Athanasios Bibas

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



  

Development and validation of an efficient and safe loud music exposure paradigm  1 

Eleftheria Iliadou1*, Konstantinos Pastiadis1,2, Dimitrios Dimitriadis1, Christopher J. Plack3,4, 2 

and Athanasios Bibas1 3 

1First Department of Otorhinolaryngology and Head and Neck Surgery, School of Medicine, 4 

National and Kapodistrian University of Athens, Athens, Greece 5 

2School of Music Studies, Aristotle University of Thessaloniki, Thessaloniki, Greece 6 

3Manchester Centre for Audiology and Deafness, University of Manchester, Manchester, UK  7 

4Department of Psychology, Lancaster University, Lancaster, UK   8 

* Correspondence:  9 

Eleftheria Iliadou 10 

First Department of Otorhinolaryngology and Head and Neck Surgery, School of Medicine, National 11 

and Kapodistrian University of Athens,  12 

Vasilissis Sofias Av. 114, 11527, Athens, Greece,  13 

Tel.: +302132088330, email: iliadoue@med.uoa.gr 14 

 15 

Conflict of Interest: The authors declare that the research was conducted in the absence of any 16 

commercial or financial relationships that could be construed as a potential conflict of interest. 17 

Keywords: music1, temporary threshold shift2, hearing loss3, noise4, otoacoustic emissions5.   18 

Manuscript Click here to access/download;Manuscript;23-00332R2
Manuscript_2023_11_06.docx



 
2 

Abstract 19 

Purpose: To develop a time-efficient music exposure and testing paradigm, that safely creates 20 

temporary cochlear dysfunction that could be used in future temporary threshold shift (TTS) studies.  21 

Method: A 30-min audio compilation of pop-rock music tracks was created. Adult volunteers with 22 

normal hearing were then exposed to this music material monaurally through headphones for 30 min 23 

at 97 dB A or 15 min at 100 dB A. Levels were measured from the ear of a manikin and are considered 24 

to provide an equivalent daily noise dose based on a 3-dB exchange. We assessed the changes in their 25 

hearing, by means of distortion product otoacoustic emission (DPOAE) testing, and standard and 26 

extended high-frequency pure-tone audiometry before and after exposure. There were 17 volunteers in 27 

total. In a first trial, eight volunteers [four females; median age = 31 years (IQR = 4.25)] were included. 28 

Although TTS was observed in all eight participants for at least one frequency, a large variation in 29 

affected frequencies was observed. To address this issue, the audio material was further remastered to 30 

adjust levels across the different frequency bands. Fourteen adults [nine newly recruited and five from 31 

the first trial; seven females; median age = 31 years (IQR = 5)] were exposed to the new material.  32 

Results: All but 2 out of 17 participants presented  clinically significant TTS or decrease in DPOAE 33 

amplitude in at least one frequency. Statistically significant average TTS of 7.43 dB was observed at 6 34 

kHz. There were statistically significant average DPOAE amplitude shifts of -2.55 dB at 4 kHz, -4.97 35 

dB at 6 kHz, and -3.14 dB at 8 kHz. No participant presented permanent threshold shift.  36 

Conclusions: A monaural music paradigm was developed and shown to induce statistically significant 37 

TTS and DPOAE amplitude shifts, without evidence of permanent loss. This realistic and time-efficient 38 

paradigm may be considered a viable option for experimental studies of temporary music-induced 39 

hearing loss. 40 
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1 Introduction 41 

Temporary threshold shift (TTS) has long been investigated as a proxy of noise- and music-induced 42 

hearing loss (NIHL and MIHL). Previously, paradigms of noise or music exposure with sound levels 43 

up to 100 dBA and lasting up to 4 hours caused detectable TTS without causing any permanent hearing 44 

disorder to the participating subjects (Kramer et al., 2006; Le Prell et al., 2012, 2016). Being able to 45 

create safely and reliably detectable TTSs under controlled laboratory conditions, using stimuli that 46 

are pleasant to participants, may facilitate future studies on TTS and its relation to participants’ 47 

characteristics, hearing loss biomarkers, or effect of otoprotective agents. The aim of this study is the 48 

development and validation of: (i) a new music exposure paradigm, briefer than previous examples 49 

and with real-world validity, in order to achieve temporary cochlear dysfunction without participants 50 

being at risk of permanent hearing loss or other hearing disorder; and (ii) a test battery which is brief 51 

yet capable of reliably detecting temporary changes in cochlear function as measured by TTS and 52 

DPOAE shifts. Such a paradigm could safely and efficiently be used by researchers in future 53 

interventional TTS studies. 54 

Concerning the selected audio material used in experimental settings, it should be pleasant and at levels 55 

easily acceptable to the average listener. Researchers should also be able to document in detail the 56 

dynamic range and exposure levels of each participant’s exposure. In our case, we selected pop-rock 57 

music regarded as pleasant by participants, to mimic regular music exposure and to eliminate drop out 58 

risk. Music was delivered monaurally through headphones at levels compatible with the Greek  59 

legislation (“Protection of Public Health from Music Sounds in Entertainment and other venues” (Υ.Α. 60 

Υ2/Οικ. 15438/2001 (ΦΕΚ 1346/Β` 17.10.2001)) and the in-ear exposure levels did not exceed the 61 

recommended daily exposure limits of the National Institute for Occupational Safety and Health 62 

(NIOSH) standards, which allow up to 15 min at 100 dB and up to 30 min at 97 dBA for U.S. workplace 63 

exposures (National Institute for Occupational Safety and Health. Division of Biomedical and 64 
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Behavioral Science, 1998). Taking into account that NIOSH standards and permitted daily noise “dose” 65 

are based on the hazard associated with repeated noise exposure during five workdays for 40 work 66 

years, and not on one single exposure as in our experiment, we considered that our paradigm was safe 67 

for our participants. Moreover, NIOSH standards concern free-field levels of sound. In our study, music 68 

was delivered via headphones, hence levels were lower than free-field. Since assessing the efficacy of 69 

our paradigm in creating TTS does not require exposure and thus insult of both ears, only monaural 70 

exposure was considered. Monaural delivery of noise/music was chosen in multiple previous studies 71 

(Attias et al., 2004; Bhagat & Davis, 2008; Keppler et al., 2010; Quaranta et al., 2003, 2004). 72 

Concerning the optimal test battery, this had to be quick yet efficient. In our case, we selected hearing 73 

tests that have previously been proven to detect temporary changes in cochlear function reliably 74 

(Kikidis et al., 2019; Kil et al., 2017; Le Prell et al., 2011, 2012). We thus decided to use a previously 75 

tested modified pure tone audiometry method, the 6 dB down, 2 dB up method, instead of the 10 dB 76 

down, 5 dB up method, to be able to detect TTS less than 5 dB (Kil et al., 2017; Le Prell et al., 2016). 77 

We chose to test 1, 3, 4, 6, 8, 10, and 12.5 kHz of the exposed ear to focus on frequencies that are more 78 

prone to be affected quickly, to avoid missing short-term TTS, and to be comparable to previous 79 

literature (Kil et al., 2017; Le Prell et al., 2012). DPOAE amplitude measurement (1-8 kHz) with 80 

unequal primaries was also selected, since the measurement is quick and sensitive to detection of 81 

temporary cochlear dysfunction (Le Prell et al., 2012). 82 

2 Methods 83 

2.1 Audio material  84 

A 30-min compilation of 2-3 min excerpts from pop-rock music tracks was created. Short-term audio 85 

levels (such as the sound pressure level which would yield the same energy to the instantaneous sound 86 

signal, within a duration of 1s, namely Leq,1s) in pop-rock music may fluctuate considerably across 87 
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tracks, and along the time-course of any single song (e.g., between different chorus, verse, or bridge 88 

parts of a song, albeit much less than in other musical genres). Additionally, dynamic ranges across 89 

frequencies (especially for frequencies <200 Hz and >3-4 kHz) also show significant variability, as 90 

observed by measurements of the long-term average spectrum (LTAS) of different music tracks (Hill 91 

et al., 2021; Le Prell et al., 2011). Level variation between consecutive parts (whose durations may be 92 

of the order of several seconds, mostly following the musical structure of the track, e.g., intro, verse, 93 

chorus, etc.) of music tracks is about 5 dB.  The average level (i.e., over the whole duration of a track) 94 

between different music tracks may differ by 15 dB. The dynamic range of within bands of the LTAS 95 

of a track is also typically around 15 dB.  96 

To achieve a relatively low variability of exposure time (e.g., “constant” level; Le Prell et al, 2011) 97 

under such variations of level, we followed a low-moderate nonuniform compression scheme of the 98 

audio material which would avoid over-compressing (Réveillac, 2017). The nonuniform compression 99 

scheme comprised of a 3:1 compression of peak levels (Leq,1s > -6 dBmax) and a 2:1 compression over 100 

the rest (the lowest parts) of the dynamic range, for each music track, with appropriate makeup gain 101 

value (again, applied individually on each track). Thus, we achieved a roughly constant average level 102 

between tracks, and at the same time, we avoided severe distortions due to clipping. Finally, the 103 

mastering level of the whole audio material was adjusted to obtain an average level of 100 dBA, 104 

measured on a BK4128 HATS with TDH-39 headphones, played from a laptop. The same headphones 105 

and laptop were also used for each subject during the exposure. The BK4128 HATS microphones' 106 

calibrations were conducted using a BK4228 pistonphone calibrator. The BK4128 output was 107 

continuously sampled at 44.1 kHz using a National Instruments USB-6251 and LabView 2010 108 

software, and voltage values were converted to SPL using the HATS microphone sensitivity values 109 

obtained from the calibration. Subsequently, the whole length of the sampled audio material was 110 

analysed by computing the Leq SPL at 1 s consecutive intervals, from which all audio material statistics 111 
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were calculated. The dynamic level change around the average SPL varied between -4 dB SPL and 112 

+2.5 dB SPL (5%-95% range of cumulative distribution of 1s SPL values). During a small informal 113 

pilot study, conducted with five naive normal-hearing listeners prior to the main investigation, the 114 

audio material was delivered in lower intensity, and the above compression scheme achieved high 115 

acceptability of the processed audio without any complaints regarding sound quality compared to the 116 

original material. An exact copy of the mastered audio material with a gain of -3 dB yielded an SPL of 117 

97dBA. Whenever the 100 dB A exposure level was selected by the participant, the initial 15-min of 118 

the 100 dB A audio material was played, while in two cases where 97 dB A exposure  was chosen the 119 

full 30-min length of the audio material was used. Figure 1 shows the evolution of instantaneous SPL 120 

of the 15-min long audio material, and Figure 2 shows the distribution of SPLs .Table 1 shows the 121 

main statistics of the SPL distribution. Figure 3 shows the 95th, 50th and 5th percentiles of the 1/3-octave 122 

LTAS of the audio material.   123 

2.2 Participants 124 

Participants were recruited by the 1st Otorhinolaryngology Department of the National and 125 

Kapodistrian University of Athens and underwent medical and hearing loss history, otomicroscopy, 126 

tympanometry, and pure tone audiometry. Screening pure tone audiometry (PTA) was performed 127 

according to the British Society of Audiology (2018) guidelines. The inclusion criteria included no 128 

self-reported current or previous history of hearing loss, no loss of speech perception, tinnitus or other 129 

hearing disorder, no abnormality in otoscopy or tympanometry, pure tone thresholds within normal 130 

limits in both ears (≤ 25 dB HL for 0.5 – 8 kHz) and symmetric across ears (no more than 15 dB 131 

difference between the ears at any frequency). Candidates with middle ear pathology (abnormal 132 

otomicroscopy or tympanometry), with previous or current inner ear pathology, asymmetry in pure 133 

tone audiometric thresholds >15 dB at any of the tested frequencies, radiotherapy or ingestion of 134 

ototoxic substances during the last 12 months, or exposure to hazardous noise during the last 72 h were 135 
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excluded. Tympanometry was considered normal when middle ear pressure values ranged from −140 136 

to +40 daPa, peak compensated static acoustic admittance from 0.3 to 1.8 ml and acoustic equivalent 137 

volume (Vea) from 0.8 to 2.1 cm (Le Prell et al., 2012). Candidates fulfilling criteria received oral and 138 

written explanations of the study purpose and procedures and were asked to sign the relevant consent 139 

form. 140 

2.3 Participants’ assessment 141 

Included participants underwent:  142 

(1) Medical and hearing loss history: Lifetime noise exposure was evaluated using a recently 143 

developed instrument that attempts to estimate lifetime recreational, occupational and fire-144 

arm noise exposure based on self-report, the Noise Exposure Structured Interview (NESI;  145 

(Guest et al., 2018).The full interview lasted 10 min on average, while the collected data 146 

concerned participants’ age, sex, and NESI units. 147 

(2) Hearing testing:  148 

a. PTA and extended high frequency PTA using Interacoustics Affinity audiometer (EN 149 

60645-1, ANSI S3.6), and TDH39 and HDA 300 headphones (for >8 kHz). Findings 150 

of previous studies show that more pronounced TTS may be found at 1-8 kHz (Kil et 151 

al., 2017; Le Prell et al., 2012, 2016), while extended high frequency PTA has been 152 

associated with the early diagnosis of NIHL (Mehrparvar et al., 2014; Schmuziger et 153 

al., 2007). Hence, tested frequencies in our study were 1, 3, 6, 8, 10, and 12.5 kHz 154 

[with the addition of 4 kHz after the further manipulation of our audio material (see 155 

below)]. The signal level was varied in a 6 dB down, 2 dB up manner (Kil et al., 2017; 156 

Le Prell et al., 2016). The whole procedure lasted approximately 5 min. Collected data 157 
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included pure tone audiometry thresholds before and after music exposure per 158 

frequency. 159 

b. DPOAEs using Interacoustics Titan. The frequency ratio of primary tones, f1:f2, was 160 

1.22, and their levels were 65 and 55 dB SPL, respectively. Maximum residual noise 161 

was set to 30 dB SPL. The geometric mean of the pair was swept from 8 to 1 kHz. 162 

Data collection was terminated after three such sweeps, lasting 1 min. The DPOAE-163 

related endpoints were the DPOAE amplitude before and after music exposure per 164 

frequency.  165 

2.4 Procedure 166 

All participants were advised not to expose themselves to further loud noise or music 72 h prior and 167 

during study procedures. At the day of the experiment, participants had to confirm their adherence to 168 

this advice, otherwise their participation would be postponed to another day. A medical history was 169 

taken and baseline pure tone audiometry and DPOAE testing occurred just before music exposure. 170 

Participants were subsequently exposed to the audio material at 100 dBA or 97 dBA (exposures that 171 

both provide an equivalent daily noise dose based on the 3-dB exchange rate), according to their 172 

preference for 15 min or 30 min respectively. The audio material was provided by means of headphones 173 

to the left ear connected to the same laptop, always under the same conditions, in an audiological booth. 174 

The contralateral (right) ear was sealed. Caution was taken not to exceed the overall acoustic energy 175 

that would result in PTS, according to previous studies’ findings and national and European legislation.  176 

Immediately after music exposure, participants were asked to rate their comfort level during the 177 

experimentation and the degree of aural fullness, on scales from 1 to 10. For safety reasons, they were 178 

also asked if they experienced any tinnitus or other symptoms. Two minutes after the end of the music, 179 

they underwent DPOAE testing. At 3 – 4 min after the end of music exposure, pure tone audiometry 180 
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was performed. Pure tone audiometry and DPOAEs were repeated later, within 24h, to ensure that pure 181 

tone audiometry and DPOAEs returned to baseline. All post-exposure pure tone audiometry and 182 

DPOAEs testing was conducted unilaterally (left ear).  In our study, the return of threshold to within 4 183 

dB of baseline was used as a conservative cut-off point for clinically significant pure tone audiometry 184 

threshold change in healthy adults. The same cut-off point has been used in previous studies using the 185 

same PTA methods (Kil et al., 2017). However, this was not used as a criterion for categorical data 186 

analysis, but only for purposes of safety characterization (i.e., PTS identification). 187 

2.5 Statistical analysis 188 

A three-level linear mixed effect model was used to reflect the multilevel structure of data (repeated 189 

measurements of pure tone audiometry thresholds and DPOAE levels at different frequencies, before 190 

and after exposure, within the same participant) of cochlear regions corresponding to tested frequencies 191 

nested into participants. Age, Sex, NESI units, and the interaction between Exposure and Frequency 192 

were modelled as fixed factors. Random effects were modelled by a random intercept of Frequency 193 

within Participant to account for individual differences in thresholds for each frequency for each 194 

participant, before exposure. A random slope of Exposure within Participant was also fitted to account 195 

for differences in the magnitude of the effect of music exposure for each individual.  196 

Statistics were computed using R statistical language. The linear mixed models were created using the 197 

lme4 package and fitted by the restricted maximum likelihood method and t-tests using Satterthwaite's 198 

method (Bates et al., 2015). Model selection was based on backward stepwise regression. Deviation 199 

from homoscedasticity or normality was verified by visual inspection of both residual and random 200 

effect plots, and the Kolmogorov-Smirnov test. Analysis of variance tables (using the Kenward–Rogers 201 

method for estimating degrees of freedom), marginal means and significance testing of their differences 202 
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(using Tukey’s HSD method to adjust p-values for multiple comparisons) were calculated via the 203 

lmerTest package.   204 

The structural equation of the final model selected was: 205 

[Pure tone audiometry threshold or DPOAE level] tij=β0 + β1[Exposure] tij + β2[Frequency] tij + 206 

β3[Exposure] x Frequency] tij + u0j + u0i|j + u1i × [Exposure]t + εtij  207 

where, u0j is the random intercept for Participant (capturing individual differences in threshold for each 208 

participant, before exposure), u1i is the random slope of [Exposure] for each Participant (capturing 209 

differences in the magnitude of the effect of music exposure for each individual irrespective of 210 

frequency), u0i|j is the random intercept of Frequency nested within Participant (capturing individual 211 

differences in threshold for each frequency for each participant, before exposure), and εtij is the residual 212 

(unexplained) error for each participant. 213 

3 Results 214 

3.1 Population 215 

Seventeen volunteers with normal hearing participated to the study. Initially, audio material was tested 216 

in eight volunteers that fulfilled the inclusion criteria [four females; median age = 31 years (IQR = 217 

4.25); PTA1-8kHz  = 4 dB HL and PTA1-12.5kHz  = 2.63 dB HL]. DPOAE average amplitudes for these 218 

eight volunteers were 7.14 dB SPL (1 kHz), 13.16 dB SPL (1.5 kHz), 10.11 dB SPL (2 kHz), 5.82 dB 219 

SPL (3 kHz), 7.74 dB SPL (4 kHz), 1.28 dB SPL (6 kHz), and -7.83 dB SPL (8 kHz). The range of 220 

lifetime noise exposures was 1.46 to 66.93 NESI units (median = 13.48, IQR = 8.3). One NESI unit is 221 

equivalent to one working year (2080 hrs) of exposure to 90 dBA. Two participants were exposed to 222 

97 dBA for 30 min and six participants were exposed to 100 dBA for 15 min, according to their 223 
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preference. Although TTS larger than 4 dB was observed in six out of eight participants for at least one 224 

frequency, a large variation in affected frequencies was observed (Supplementary Material 1).  225 

Music material was then further manipulated digitally to adjust levels across the different frequency 226 

bands. Fourteen adults (nine newly recruited and five that were also exposed to the initial audio 227 

material; seven females; median age = 31 years; IQR = 5 years) met the inclusion criteria. Their PTA 228 

average before exposure was 3.87 dB for 1-8 kHz and 4.44 dB for 1-12.5 kHz. DPOAE average 229 

amplitudes for these fourteen volunteers were 3.34 dB SPL (1 kHz), 8.35 dB SPL (1.5 kHz), 6.95 dB 230 

SPL (2 kHz), 4.33 dB SPL (3 kHz), 5.16 dB SPL (4 kHz), 3,10 dB SPL (6 kHz), and -6.19 dB SPL (8 231 

kHz). NESI units ranged from 1.46 to 219.90 (median = 12.40, IQR = 29.92). All 14 participants were 232 

exposed to 100 dBA for 15 min, according to their preference (Supplementary Material 1). Their data 233 

were included in our analyses.    234 

3.2 TTS in standard and extended high frequency pure tone audiometry  235 

TTS larger than 4 dB was observed in at least one frequency in six out of eight participants in the first 236 

trial, and in twelve out of fourteen participants in the second one (Supplementary Material 1). Time of 237 

baseline measurements ranged between 08.00 and 18.30, so four participants had to return the 238 

following day to repeat the hearing test and assess recovery. Estimated marginal means of pure tone 239 

audiometry threshold for each frequency before and after exposure for the 14 participants of trial 2 are 240 

presented Figure 4A and Table 2. There is a statistically significant pure tone audiometry threshold 241 

shift of 7.43 dB at 6000 Hz [(t(114.9) = -4.31, 95% CI: (4.06, 10.80), p <.001)]. For the pure tone 242 

audiometry analysis, the Akaike information criterion (AIC) for the null and the selected model were 243 

2006 and 1980 respectively (x2
(20) = 66.53, p < .001). The adjusted and conditional intraclass 244 

correlations (ICCs) for the selected model were 0.829 and 0.718, respectively. For particular 245 

participants, for some frequencies a reduction of threshold was observed following music exposure (up 246 
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to 14 dB for standard audiometry and up to 16 dB for extended high frequency audiometry). These 247 

data were included in the analysis. Within 24h, all participants’ pure tone thresholds recovered at all 248 

tested frequencies (within 4 dB from baseline, see Supplementary Material 2 and 3). . There was 249 

statistically significant decrease of pure tone thresholds when compared to the baseline ones at 8000 250 

Hz [4.57, t(99.5) = 2.58, 95% CI: (1.02, 8.11), p = .03)], 10000 Hz [5.57, t(99.5) = 3.15, 95% CI: (2.03, 251 

9,11), p = .006)], and 12500 Hz [5.43, t(99.5) = 3.06, 95% CI: (1.89, 8.97), p = .006). After Bonferroni 252 

correction for multiple comparisons only the 10000 Hz statistical significance survived. 253 

 254 

3.3 DPOAE amplitude shift 255 

DPOAE amplitude shift was reliably observed in all 17 participants in at least one frequency. DPOAE 256 

amplitude shifts for the 14 participants of trial 2 per frequency are presented in Figure 4B. The 257 

difference between the estimated marginal means of DPOAE levels for each frequency before and after 258 

exposure are reported in Table 2. For the DPOAE analysis, the AICs for the null model and the selected 259 

model were 1060 and 1017 respectively (x2
(6) = 54.54, p < .0001). Adjusted and conditional ICCs for 260 

the selected model were 0.90 and 0.64 respectively. A deviation from normality was noted in both tails 261 

of the residual distribution, but not of the random effects, in the DPOAE data. Linear mixed models 262 

are considered robust regarding distribution assumptions, but the estimates, although unbiased, may be 263 

imprecise (Schielzeth et al., 2020).    264 

There was a statistically significant DPOAE amplitude shift of -2.55 dB at 4 kHz [(t(92) = 2.68, 95% 265 

CI: (-4.45, -0.65), p = .0087)], -4.97 dB at 6 kHz [(t(92) = 5.23, 95% CI: (-6.87, -3.07), p < .0001)], and 266 

-3.14 dB at 8 kHz [(t(92) = 3.30, 95% CI: (-5.04, -1.24), p = .0014)]. Although no formal DPOAE test-267 

retest reliability analysis was performed, the 90% CIs of the Standard Error of Measurement (Demorest 268 

& Walden, 1984) between the pre-exposure and recovery DPOAE amplitudes for all frequencies were 269 
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calculated. These were narrower than those reported by a recent meta-analysis on DPOAE test-retest 270 

variability (Reavis et al., 2015). We are hence confident that no permanent DPOAE amplitude shift 271 

occurred. For more details, please see Supplementary Material 4.  272 

4 Discussion  273 

TTS has long been used as an early audiometric marker of traumatic noise exposure, since it may be 274 

indicative of sound energy high enough to create cochlear insult, and at the same time it can safely be 275 

tested in both experimental and observational studies (Lindgren & Axelsson, 1983; Ryan et al., 2016). 276 

Nevertheless, its use as outcome measure has been limited by its high variability. Human studies have 277 

shown that similar exposures may lead to different degrees of TTS, and recovery threshold shifts, or 278 

affect different frequencies (Kil et al., 2017; Kramer et al., 2006; Le Prell et al., 2011, 2016; Lee et al., 279 

1985; Lindgren & Axelsson, 1983). This variability may be linked with differences in the methods 280 

used, or participants’ individual vulnerability to noise. Use of one single standardized and validated 281 

exposure and hearing assessment paradigm could eliminate part of this variability. In this technical 282 

report, we present the development and validation of an experimental model that safely creates a 283 

measurable temporary cochlear dysfunction as evidenced by TTS. In our study, although the degree of 284 

recovery showed variability per individual participant and per frequency (Figure 5.), the average 285 

recovery threshold shifts showed uniform directionality (elevation in comparison to the baseline, see 286 

Supplementary material 5.2 and 5.3).  There was statistically significant decrease of pure tone 287 

audiometry thresholds at 8000, 10000 και 12500 Hz, but after correction only the 10000 Hz statistical 288 

significance survived. This phenomenon may be explained by a learning effect that may occurred after 289 

the first two audiograms. It could also be a result of the fact that participants were aware that their 290 

hearing was being tested to confirm full recovery, and this knowledge may have increased their 291 

attention and alertness during the procedure.  292 
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Our paradigm had a shorter duration than previous ones that were effective in demonstrating TTS. Le 293 

Prell et al. (2012; 2016) exposed participants to music for 4 h at coupler levels of 97-100 dBA and 294 

Kramer et al. (2006) for 2h at 92.5 to 102.8 dBA (free field, mean exposure levels = 98.1 dBA). Other 295 

short paradigms did not create any clinically or statistically significant TTS: Krishnamurti and 296 

Grandjean (2003) exposed participants to music of 90 dB SPL (estimated in-ear levels) for 20 min and 297 

detected TTS of 1-6 dB, but no change in participants’ DPOAE amplitudes. Reduction of exposure 298 

time may lead to higher recruitment and lower drop-out rates and save resources. 299 

Our paradigm was efficient in creating temporary cochlear dysfunction that was evident in pure tone 300 

audiometry and DPOAE amplitude shift in all participants. We calculated mean TTS value and mean 301 

DPOAE amplitude shift per frequency, and we analyzed our results by a mixed-effects linear model to 302 

take into account the hierarchical structure of data and the repeated measurement of the outcome 303 

variables at each level.  The frequency region with higher TTSs was 3-6 kHz, while the maximum TTS 304 

obtained in our experiment was 24 dB (at 6 kHz). The same frequencies were also those most affected 305 

by noise and music in previous studies (Kramer et al., 2006; Krishnamurti & Grandjean, n.d.; Le Prell 306 

et al., 2012; Ryan et al., 2016). Although our exposure lasted only 15 min and included lower levels of 307 

music than other studies, our maximum TTS was slightly higher than those from other studies assessing 308 

music-induced TTS. Exposure to music at 100 dBA coupler level for 4h was reported to cause 309 

immediate TTS up to 13 dB (Le Prell et al., 2012; Ryan et al., 2016), while in another paradigm of 2h 310 

of music exposure at a nightclub (93-103 dBA) maximum TTS of 14 dB was found at 4 kHz (Kramer 311 

et al., 2006). Mean TTS and DPOAE amplitude shifts in our study were compatible to those reported 312 

in previous studies. No TTS was detected in extended high frequency pure tone audiometry. This 313 

finding is in agreement with previous studies (Le Prell et al., 2012).  314 

Apart from efficient, our paradigm is also safe. Our exposure “dose” was lower than the upper Leq 15-315 

min sound levels limit during a music event according to WHO guidelines (World Health Organization, 316 
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2022). The free field equivalent level (FFE) transformation, used to adjust for individual ear canal 317 

amplification, was conservatively assumed equal to 5 dB, although individual measurements are often 318 

greater than that (Shaw, 2005). This practically means that participants would be exposed for 15 or 30 319 

min to free-field equivalent music of 95 dBA or 92 dBA  (less than 1/3 of the maximum permissible 320 

dose) respectively . Moreover, we asked them to avoid exposure to loud noise three days before, and 7 321 

days after the music exposure, so that their weekly exposure dose would remain lower than the weekly 322 

permissible dose, which according to the recent WHO guidelines equals 18.75 min per week at 101 323 

dBA or 37.5 min per week at 98 dBA (World Health Organization & International Telecommunication 324 

Union, 2019). Previous rodent (mice) studies using cochlear functional assays and confocal imaging 325 

have shown that noise exposures capable of inducing temporary pure tone threshold elevations of ~40–326 

50 dB may lead to (permanent) rapid synaptic deficits and decreased evoked potential amplitude 327 

(Kujawa & Liberman, 2009, 2015). Researchers hypothesize that in humans a similar 328 

neurodegenerative noise-induced phenomenon would add to difficulties in hearing in noisy 329 

environments, tinnitus, hyperacusis, and other perceptual anomalies commonly associated with inner 330 

ear damage (Kujawa & Liberman, 2009). Although, many studies have attempted to identify signs of 331 

cochlear synaptopathy in human, methods and findings across studies present high heterogeneity 332 

(Bramhall et al., 2019). It is also proven that much higher levels are required to produce cochlear 333 

synaptopathy to primates than in rodents (Valero et al., 2017). Furthermore, in all previous study 334 

paradigms, levels of exposures were higher and/or longer than ours (Bramhall et al., 2019; Wang et al., 335 

2021). In a recent commentary about justification of modification of current regulation of occupational 336 

noise exposure based on research findings on noise-induced cochlear neuropathy in rodents, authors 337 

conclude that these findings cannot be directly translated in humans, and that humans seem to be less 338 

susceptible to TTS and probably cochlear synaptopathy (Dobie & Humes, 2017). Levels and duration 339 

of exposure chosen in our paradigm, based on methodological aspects, ethical considerations, and 340 

audiometric results of previous studies, were considered tolerable by all participants. Most participants 341 
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characterized the listening experience as comfortable, answering 6 or higher to the question “How 342 

comfortable was listening to this music in this setting for you?”. Moreover, although all participants 343 

presented measurable and reliable temporary changes of their auditory function, no PTS or other 344 

permanent hearing disorder (i.e., tinnitus) was observed in any of them. This study hence provides 345 

some assurance for the future reproduction of the same paradigm in larger samples. Nevertheless, if, 346 

in the future, a clinical test is proven sensitive to cochlear synaptopathy and neurodegeneration in 347 

humans, this should be included as part of the pre- and post-exposure assessments to ensure synaptic 348 

and neural integrity. 349 

One of the limitations of our study is the fact that no formal test-retest reliability analysis for DPOAEs 350 

was conducted. However, the 90% CIs of the Standard Error of Measurement between the pre-exposure 351 

and recovery DPOAE amplitudes for all frequencies were calculated and were found to be narrower 352 

than the test-retest variability reported by the meta-analysis of Reavis et al (2015).  Although 353 

measurements were performed in a sound-treated room, in compliance with the ANSI/ASA S3.1-1999 354 

(R2018) standard for environmental noise, no real-time noise monitoring was employed during the 355 

measurements. Thus, we cannot exclude the possibility of variability, especially at lower frequencies 356 

[as can also be indirectly seen by the fact that the DP noise floors were higher and more varying at 357 

lower frequencies (e.g., 1 kHz)]. This may possibly also explain the larger PTA shifts that were 358 

observed in some of our participants compared to the expected test-retest reliability limits of +/- 5 dB, 359 

as commonly assumed in PTA measurements (Le Prell et al., 2012; Ryan et al., 2021; Schlauch & 360 

Carney, 2007)  However, observations of larger test-retest differences may be observed by chance, as 361 

shown by Schlauch and Carney (2007). The authors estimated that, when thresholds of six frequencies 362 

are measured, 14% of the people tested would be expected to have at least one threshold differing by 363 

15 dB or more. To conclude, there are some extreme values in our data. However, as the analysis has 364 

to take into account the above factors in calculating the F statistic, we chose not to exclude these 365 
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extrema. Additionally, the use of mixed effect models also takes into account intrasubject variability 366 

for the estimation of expected mean values. 367 

5 Conclusion and implications 368 

Α brief, safe, and pleasant music exposure and testing paradigm, showing consistent and reliable effects 369 

on pure tone audiometry thresholds and DPOAE amplitudes for adults with normal hearing, was 370 

created. In the future, our paradigm may be used to further assess TTS degree and time of recovery 371 

function. It could also be useful in studies that correlate TTS with participants’ characteristics and 372 

habits, with progressive and permanent types of hearing loss, or with subjective impressions such as 373 

listening comfort and post-exposure aural fulness or tinnitus. Finally, it may be a useful instrument for 374 

measuring objectively the effect of otoprotective agents or ear protection devices.  375 

  376 



 
18 

6 Author Contributions 377 

EI: Conceptualization, Data curation, Formal analysis; Investigation; Methodology; Project 378 

administration; Writing - original draft; Writing - review & editing. CJP: Formal analysis, Writing - 379 

review & editing, Supervision, KP: Audio material development, Writing - review & editing. DD: 380 

Audio material development, Writing. AB: Conceptualization, Funding acquisition, Formal analysis, 381 

Project administration, Writing-review & editing, Supervision. 382 

7 Funding 383 

This research work received no funding. Author CP was supported by the NIHR Manchester 384 

Biomedical Research Centre (NIHR203308) and by the Medical Research Council, UK 385 

(MR/V01272X/1). 386 

9 Data Availability Statement 387 

The data and code that support the findings of this study are available in  388 

https://osf.io/8g6jw/?view_only=3d597866bb9e4f8cb5c0b2c44c26919f  389 

10 Ethical approval 390 

Study protocol was approved by the Institutional Scientific Board of Hippokrateion General Hospital 391 

(Ε.Σ.62/10-9-2021). 392 

  393 



 
19 

11 References 394 

Attias, J., Sapir, S., Bresloff, I., Reshef-Haran, I., & Ising, H. (2004). Reduction in noise-induced 395 

temporary threshold shift in humans following oral magnesium intake. Clinical Otolaryngology and 396 

Allied Sciences, 29(6), 635–641. https://doi.org/10.1111/j.1365-2273.2004.00866.x 397 

Bates, D., Mächler, M., Bolker, B., & Walker, S. (2015). Fitting Linear Mixed-Effects Models Using 398 

lme4. Journal of Statistical Software, 67, 1–48. https://doi.org/10.18637/jss.v067.i01 399 

Bhagat, S. P., & Davis, A. M. (2008). Modification of otoacoustic emissions following ear-level 400 

exposure to MP3 player music. International Journal of Audiology, 47(12), 751–760. 401 

https://doi.org/10.1080/14992020802310879 402 

Bramhall, N., Beach, E. F., Epp, B., Le Prell, C. G., Lopez-Poveda, E. A., Plack, C. J., Schaette, R., 403 

Verhulst, S., & Canlon, B. (2019). The search for noise-induced cochlear synaptopathy in humans: 404 

Mission impossible? Hearing Research, 377, 88–103. https://doi.org/10.1016/j.heares.2019.02.016 405 

Demorest, M. E., & Walden, B. E. (1984). Psychometric principles in the selection, interpretation, 406 

and evaluation of communication self-assessment inventories. The Journal of Speech and Hearing 407 

Disorders, 49(3), 226–240. https://doi.org/10.1044/jshd.4903.226 408 

Dobie, R. A., & Humes, L. E. (2017). Commentary on the regulatory implications of noise-induced 409 

cochlear neuropathy. International Journal of Audiology, 56(sup1), 74–78. 410 

https://doi.org/10.1080/14992027.2016.1255359 411 

Guest, H., Dewey, R. S., Plack, C. J., Couth, S., Prendergast, G., Bakay, W., & Hall, D. A. (2018). 412 

The Noise Exposure Structured Interview (NESI): An Instrument for the Comprehensive Estimation 413 

of Lifetime Noise Exposure. Trends in Hearing, 22. https://doi.org/10.1177/2331216518803213 414 



 
20 

Hill, A. J., Mulder, J., Burton, J., Kok, M., & Lawrence, M. (2021). Sound Level Monitoring at Live 415 

Events, Part 1–Live Dynamic Range. Audio Engineering Society, 69(11), pp. 782–792. 416 

https://doi.org/10.17743/jaes.2021.0050 417 

Keppler, H., Dhooge, I., Maes, L., D’haenens, W., Bockstael, A., Philips, B., Swinnen, F., & Vinck, 418 

B. (2010). Short-term Auditory Effects of Listening to an MP3 Player. Archives of Otolaryngology–419 

Head & Neck Surgery, 136(6), 538. https://doi.org/10.1001/archoto.2010.84 420 

Kikidis, D., Vardonikolaki, A., Pantos, P., Dimitriadis, D., Zachou, Z., Lathouras, A., & Bibas, A. 421 

(2019). Effects of brief exposure to loud music on otoacoustic emissions and auditory brainstem 422 

responses. International Journal of Otorhinolaryngology and Head and Neck Surgery, 5(4), Article 423 

4. https://doi.org/10.18203/issn.2454-5929.ijohns20192614 424 

Kil, J., Lobarinas, E., Spankovich, C., Griffiths, S. K., Antonelli, P. J., Lynch, E. D., & Le Prell, C. 425 

G. (2017). Safety and efficacy of ebselen for the prevention of noise-induced hearing loss: A 426 

randomised, double-blind, placebo-controlled, phase 2 trial. Lancet (London, England), 390(10098), 427 

969–979. https://doi.org/10.1016/S0140-6736(17)31791-9 428 

Kramer, S., Dreisbach, L., Lockwood, J., Baldwin, K., Kopke, R., Scranton, S., & O’Leary, M. 429 

(2006). Efficacy of the antioxidant N-acetylcysteine (NAC) in protecting ears exposed to loud music. 430 

Journal of the American Academy of Audiology, 17(4), 265–278. https://doi.org/10.3766/jaaa.17.4.5 431 

Krishnamurti, S., & Grandjean, P. W. (n.d.). Effects of Simultaneous Exercise and Loud Music on 432 

Hearing Acuity and Auditory Function. 7. 433 

Kujawa, S. G., & Liberman, M. C. (2009). Adding Insult to Injury: Cochlear Nerve Degeneration 434 

after “Temporary” Noise-Induced Hearing Loss. Journal of Neuroscience, 29(45), 14077–14085. 435 

https://doi.org/10.1523/JNEUROSCI.2845-09.2009 436 



 
21 

Kujawa, S. G., & Liberman, M. C. (2015). Synaptopathy in the noise-exposed and aging cochlea: 437 

Primary neural degeneration in acquired sensorineural hearing loss. Hearing Research, 330(0 0), 438 

191–199. https://doi.org/10.1016/j.heares.2015.02.009 439 

Le Prell, C. G., Dell, S., Hensley, B., Hall, J. W., Campbell, K. C. M., Antonelli, P. J., Green, G. E., 440 

Miller, J. M., & Guire, K. (2012). Digital music exposure reliably induces temporary threshold shift 441 

(TTS) in normal hearing human subjects. Ear and Hearing, 33(6), e44–e58. 442 

https://doi.org/10.1097/AUD.0b013e31825f9d89 443 

Le Prell, C. G., Fulbright, A., Spankovich, C., Griffiths, S. K., Lobarinas, E., Campbell, K. C. M., 444 

Antonelli, P. J., Green, G. E., Guire, K., & Miller, J. M. (2016). Dietary supplement comprised of β-445 

carotene, vitamin C, vitamin E, and magnesium: Failure to prevent music-induced temporary 446 

threshold shift. Audiology and Neurotology. Extra, 6(2), 20–39. https://doi.org/10.1159/000446600 447 

Le Prell, C. G., Yang, Q., & Harris, J. G. (2011). Modification of digital music files for use in human 448 

temporary threshold shift studies. The Journal of the Acoustical Society of America, 130(4), EL142-449 

146. https://doi.org/10.1121/1.3630017 450 

Lee, P. C., Senders, C. W., Gantz, B. J., & Otto, S. R. (1985). Transient Sensorineural Hearing Loss 451 

after Overuse of Portable Headphone Cassette Radios. Otolaryngology–Head and Neck Surgery, 452 

93(5), 622–625. https://doi.org/10.1177/019459988509300510 453 

Lindgren, F., & Axelsson, A. (1983). Temporary Threshold Shift after Exposure to Noise and Music 454 

of Equal Energy: Ear and Hearing, 4(4), 197–201. https://doi.org/10.1097/00003446-198307000-455 

00004 456 

Mehrparvar, A. H., Mirmohammadi, S. J., Davari, M. H., Mostaghaci, M., Mollasadeghi, A., 457 

Bahaloo, M., & Hashemi, S. H. (2014). Conventional Audiometry, Extended High-Frequency 458 



 
22 

Audiometry, and DPOAE for Early Diagnosis of NIHL. Iranian Red Crescent Medical Journal, 459 

16(1). https://doi.org/10.5812/ircmj.9628 460 

National Institute for Occupational Safety and Health. Division of Biomedical and Behavioral 461 

Science. (1998). Criteria for a Recommended Standard. 126. 462 

Quaranta, A., Scaringi, A., Bartoli, R., Margarito, M. A., & Quaranta, N. (2004). The effects of 463 

‘supra-physiological’ vitamin B12 administration on temporary threshold shift. International Journal 464 

of Audiology, 43(3), 162–165. https://doi.org/10.1080/14992020400050022 465 

Quaranta, A., Scaringi, A., Fernandez-Vega, S., & Quaranta, N. (2003). Effect of ipsilateral and 466 

contralateral low-frequency narrow-band noise on temporary threshold shift in humans. Acta Oto-467 

Laryngologica, 123(2), 164–167. https://doi.org/10.1080/00016480310001024 468 

Reavis, K. M., McMillan, G. P., Dille, M. F., & Konrad-Martin, D. (2015). Meta-Analysis of 469 

Distortion Product Otoacoustic Emission Retest Variability for Serial Monitoring of Cochlear 470 

Function in Adults. Ear and Hearing, 36(5), e251–e260. 471 

https://doi.org/10.1097/AUD.0000000000000176 472 

Réveillac. (2017). Musical Sound Effects: Analog and Digital Sound Processing | Wiley. 473 

Ryan, Kujawa, S. G., Hammill, T., Le Prell, C., & Kil, J. (2016). Temporary and Permanent Noise-474 

induced Threshold Shifts: A Review of Basic and Clinical Observations. Otology & Neurotology, 475 

37(8), e271–e275. https://doi.org/10.1097/MAO.0000000000001071 476 

Ryan, Vardonikolaki, A., Bibas, A., Bamiou, D.-E., & Rubin, J. S. (2021). Rehearsal Sound 477 

Exposure and Choir Singers’ Hearing: A Pilot Field Study. Journal of Voice, Epub ahead of print. 478 

https://doi.org/10.1016/j.jvoice.2021.02.005 479 



 
23 

Schielzeth, H., Dingemanse, N. J., Nakagawa, S., Westneat, D. F., Allegue, H., Teplitsky, C., Réale, 480 

D., Dochtermann, N. A., Garamszegi, L. Z., & Araya-Ajoy, Y. G. (2020). Robustness of linear 481 

mixed-effects models to violations of distributional assumptions. Methods in Ecology and Evolution, 482 

11(9), 1141–1152. https://doi.org/10.1111/2041-210X.13434 483 

Schlauch, R. S., & Carney, E. (2007). A multinomial model for identifying significant pure-tone 484 

threshold shifts. Journal of Speech, Language, and Hearing Research: JSLHR, 50(6), 1391–1403. 485 

https://doi.org/10.1044/1092-4388(2007/097) 486 

Schmuziger, N., Patscheke, J., & Probst, R. (2007). An assessment of threshold shifts in 487 

nonprofessional pop/rock musicians using conventional and extended high-frequency audiometry. 488 

Ear and Hearing, 28(5), 643–648. https://doi.org/10.1097/AUD.0b013e31812f7144 489 

Shaw, E. A. G. (2005). Earcanal Pressure Generated by Circumaural and Supraaural Earphones. The 490 

Journal of the Acoustical Society of America, 39(3), 471–479. https://doi.org/10.1121/1.1909914 491 

Śliwińska-Kowalska, M., & Zaborowski, K. (2017). WHO environmental noise guidelines for the 492 

European region: A systematic review on environmental noise and permanent hearing loss and 493 

tinnitus. International Journal of Environmental Research and Public Health, 14(10). 494 

https://doi.org/10.3390/ijerph14101139 495 

Valero, M. D., Burton, J. A., Hauser, S. N., Hackett, T. A., Ramachandran, R., & Liberman, M. C. 496 

(2017). Noise-induced cochlear synaptopathy in rhesus monkeys (Macaca mulatta). Hearing 497 

Research, 353, 213–223. https://doi.org/10.1016/j.heares.2017.07.003 498 

Wang, Q., Yang, L., Qian, M., Hong, Y., Wang, X., Huang, Z., & Wu, H. (2021). Acute Recreational 499 

Noise-Induced Cochlear Synaptic Dysfunction in Humans With Normal Hearing: A Prospective 500 

Cohort Study. Frontiers in Neuroscience, 0. https://doi.org/10.3389/fnins.2021.659011 501 



 
24 

World Health Organization. (2022). WHO global standard for safe listening venues and events. 502 

https://www.who.int/publications-detail-redirect/9789240043114 503 

World Health Organization & International Telecommunication Union. (2019). Safe listening devices 504 

and systems: A WHO-ITU standard. World Health Organization. 505 

https://iris.who.int/handle/10665/280085 506 

Υ.Α. Υ2/οικ. 15438/2001 (ΦΕΚ 1346/Β` 17.10.2001). Retrieved July 7, 2023, from 507 

https://www.elinyae.gr/ethniki-nomothesia/ya-y2oik-154382001-fek-1346b-17102001 508 

   509 

  510 



 
25 

Supplementary Material 511 

Supplementary Material 1. TTS per frequency for the 17 participants.  512 

Supplementary Material 2. Ultimate PTA threshold shift per frequency for the first part of the 513 

experimental study (trial 1). PTA thresholds have returned within 4 dB from baseline for all 514 

participants. 515 

Supplementary Material 3. Ultimate PTA threshold shift per frequency for the second part of the 516 

experimental study (trial 2). PTA thresholds have returned within 4 dB from baseline for all 517 

participants. 518 

Supplementary Material 4. Distortion product otoacoustic emission data for trial 1 and 2. 519 

 520 

Figure Captions 521 

Figure 1. Sound pressure levels (dB A) of 15 min of the audio material, measured on a BK4128 522 

HATS with TDH-39 headphones. The levels reported here are HATS measured levels. The free field 523 

equivalent level (FFE) transformation, used to adjust for individual ear canal amplification, is 524 

conservatively assumed to be 5 dB, although individual measurements are often greater than 5 dB. If 525 

the 100 dB A exposure level was chosen, then the initial 15min of the 100 dB A audio material was 526 

played, while in the 97 dB A exposure the full 30min length of the audio material was used. 527 

Figure 2. Histogram of SPL (dB A) of the 15-min audio material.   528 

Figure 3. 1/3-octave LTAS of the 15-min audio material. 529 

Figure 4. Participants’ mean pure tone audiometry thresholds (A) and DPOAE amplitudes and noise 530 

floor levels (solid and dashed lines respectively) (B) before and immediately after music exposure 531 

per frequency. Error bars show 1 standard error and the shaded area the 95% confidence intervals.   532 

Figure 5. Pure tone audiometry (PTA) threshold change, per frequency, per subject.  533 

  534 
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Table 1:  Leq,1s SPL (dBA) statistics of the 15-min audio material. 535 

Mean Median SD IQR 

99.68 99.73 2.29 3.38 (98.12-101.5) 

  536 
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Table 2. Estimated marginal means of pure tone audiometry threshold and DPOAE temporary 537 

amplitude shifts for each frequency. 538 

 539 

 540 

 541 

 542 

 543 

Frequency (Hz) 

Estimated marginal 

means of pure tone 

audiometry 

temporary 

thresholds shifts (dB 

HL) (95% CI) 

p-value 

Estimated marginal 

means of DPOAEs 

temporary amplitude 

shifts  

(dB SPL) (95% CI) 

p-value 

1000 0.143 (-3.26, 3.54) 0.99 1.66 (-0.22, 3.56) 0.0795 

2000 - - -1.54 (-3.44,  0.362) 0.1223 

3000 -3.00 (-6.4, 0.4) 0.19 -1.66 (-3.56, 0.24) 0.0833 

4000 -2.71 (-6.11, 0.686) 0.26 -2.55 (-4.452 -0.65) 0.0087* 

6000 7.43 ( 4.06, 10.80) = 0.0001 *** -4.97 (-6.87, -3.07) <0.0001 *** 

8000 -0.29 (-3.69, 3.11) 0.98 -3.14 (-5.04, -1.24) 0.0014 ** 

10000 - 0.71 (-2.69, 3.59) 0.91 - - 

12500 -2.86 (-0.54, -6.26) 0.26 - - 
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