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Serum prestin level may increase following music exposure that 1 

induces temporary threshold shifts: a pilot study. 2 

Abstract 3 

Objectives: To determine if blood prestin level changes after exposure to music 4 

at high sound pressure levels, and if this change is associated with temporary 5 

threshold shift (TTS) and/or changes in distortion product (DP) amplitude.  6 

Design: Participants were exposed to pop-rock music at 100 dBA for 15 minutes 7 

monaurally through headphones. Pure tone audiometry, DP amplitude, and blood 8 

prestin level were measured before and after exposure.  9 

Results: Fourteen adults [nine women; age range: 20-54 years, median age=31 10 

(IQR=6.75)] with normal hearing were included in the study. Mean prestin level 11 

increased shortly after exposure to music, then returned to baseline within 1 12 

week, although this trend was not observed in all participants. All participants 13 

presented TTS or a decrease in DP amplitude in at least one frequency after 14 

music exposure. There was a statistically significant average threshold elevation 15 

at 4 minutes post-exposure. Statistically significant DP amplitude shifts were 16 

observed at 4 and 6 kHz, 2 minutes following exposure.  Mean baseline serum 17 

prestin level [mean: 140.00 pg/ml, 95% CI: (125.92, 154.07)] progressively 18 

increased following music exposure, reaching a maximum at 2 hours [mean: 19 

158.29 pg/ml, 95% CI: (130.42, 186.66)] and returned to pre-exposure level at 1 20 

week [mean: 139.18 pg/ml, 95% CI: (114.69, 163.68)]. However, after correction 21 

for multiple comparisons, mean prestin level showed no statistically significant 22 

increase from baseline at any timepoint.  No correlation between maximum blood 23 

prestin level change and average TTS or DPOAE amplitude shift was found. 24 

However, in an exploratory analysis, TTS at 6 kHz (the frequency at which 25 
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maximum TTS occurred) decreased significantly as baseline blood prestin level 26 

increased.  27 

Conclusions: The results suggest that blood prestin level may change after 28 

exposure to music at high sound pressure levels, although statistical significance 29 

was not reached in this relatively small sample after correction. Baseline serum 30 

prestin level may also predict the degree of TTS. These findings thus suggest 31 

that the role of baseline serum prestin level as a proxy marker of cochlear 32 

susceptibility to intense music exposure should be further explored.  33 

Keywords: word; music, temporary threshold shift, prestin, biomarker, pure 34 

tone audiometry, distortion product otoacoustic emissions 35 

Introduction 36 

Overexposure to hazardous levels of noise and music is one of the primary 37 

causes of sensorineural hearing loss (Di Stadio et al., 2018; Śliwińska-Kowalska 38 

& Zaborowski, 2017). Music-induced hearing loss may affect a wide range of 39 

people: people attending music events or using personal listening devices 40 

(Kähäri et al., 2011; Welch & Fremaux, 2017), music students and tutors, and 41 

musicians and professionals of the music industry (Di Stadio et al., 2018). It has 42 

been estimated recently that 1.1 billion teenagers and young adults are at risk of 43 

hearing loss due to overexposure to recreational noise (le Clercq et al., 2016). 44 

Although, due to ethical constrictions, studies on the permanent effects of intense 45 

music should be strictly observational, temporary - and thus reversible - changes, 46 

can be assessed at an experimental level. Although some authors have 47 

expressed their concerns on the conduction of interventional temporary threshold 48 

shift (TTS) studies (Henderson et al., 2006; Themann et al., 2015; Verbeek, 49 
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2015), assessing temporary hearing changes after exposure to intense noise or 50 

music under conditions safe for the participants may be the only time-efficient 51 

way to investigate the mechanisms of noise damage in humans reliably. To date, 52 

the most assessed effects of noise overexposure are temporary threshold 53 

elevation in pure tone audiometry (PTA), TTS, and the temporary decrease in 54 

distortion product otoacoustic emission (DPOAE) amplitude. Both outcomes have 55 

been studied previously in observational and experimental settings (Keppler et 56 

al., 2010; Kil et al., 2017; Kraaijenga et al., 2018; Le Prell et al., 2012). Although 57 

these temporary changes may relate to different pathophysiological mechanisms 58 

than the permanent ones, such as permanent threshold shift (PTS), temporary 59 

changes have been proven to serve as a useful proxy for permanent changes 60 

(Ryan et al., 2016). Repeated episodes of TTS seem to be associated with 61 

permanent hearing disorders in both rodents and humans (Wang & Ren, 2012; 62 

Ryan et al, 2016), TTS may be indicative of hazardous music overexposure 63 

capable of creating permanent changes (Kil et al, 2017), and particular 64 

otoprotective agents may have an effect on both TTS and PTS (Kil et al, 2017; 65 

Pourbakht & Yamasoba, 2003). However, TTS as an outcome measure in clinical 66 

studies may present high variability. Previously published human research has 67 

indicated that comparable exposures can result in varying level of TTS or impact 68 

distinct frequencies (Kil et al., 2017; Le Prell et al., 2011; 2016). Combining TTS 69 

with another outcome measure would add value to the findings of clinical studies. 70 

Otoacoustic emissions (especially DPOAEs) have also been proven valuable for 71 

the detection of temporary or permanent noise-induced hearing changes (Davis 72 

et al., 2005; Engdahl, 1996; Kramer et al., 2006). Previous evidence has 73 

established that DPOAEs elicited with unequal f2/f1 levels are considerably more 74 
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sensitive to reductions in emission levels induced by brief exposure to high levels 75 

of sound (Sutton et al., 1994). 76 

 77 

Apart from TTS and decrease of DPOAE amplitude, a newly proposed 78 

sensorineural hearing loss marker has emerged (Hana & Bawi, 2018; Parham, 79 

2015; Parham et al., 2019; Solis-Angeles et al., 2021). Prestin is an outer hair 80 

cell (OHC) protein, responsible for electromotility (Liberman et al., 2002), which 81 

can be detected in the blood by means of enzyme-linked immunosorbent assay 82 

(ELISA). It has also been found in cardiomyocytes, where it is also considered to 83 

be responsible for the amplification of cardiac motor functions (Zhang et al., 84 

2021). The way prestin exits the cochlea and enters blood circulation remains 85 

unknown. The fact that prestin molecules have been found in phagosomes of 86 

supportive cells, suggests the involvement of phagocytosis (Abrashkin et al., 87 

2006). It is also possible that, due to its small size, prestin may cross the 88 

labyrinthine-blood barrier with no involvement of other cellular mechanisms. In 89 

humans, blood prestin level was found to be lower in individuals with 90 

sensorineural hearing loss due to chronic exposure to lead, and acutely 91 

increased after a dose of more than 80 mg of cisplatin (Jalali et al., 2022; Solis-92 

Angeles et al., 2021).  Moreover, blood prestin level has previously shown to have 93 

a weak negative correlation with age (r = −0.350, in 72 adults, 18-82 years old; 94 

(Parker et al., 2022a), and a moderate one with average daily noise exposure 95 

levels (LAeq,8h(dB), measured by means of noise dosimeters for 3 weeks in 30 96 

adults, 18-24 years old, r = −0.455) (Parker et al., 2022b). This decline in serum 97 

prestin level has been linked with two hypotheses: 1. The Hidden OHC Damage 98 

Hypothesis: a lower number of intact OHCs with normal prestin production and 99 
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turnover results in lower prestin level in circulation; 2. The Environmental 100 

Downregulation Hypothesis, according to which prestin expression is 101 

downregulated as part of the natural dynamics of OHCs responding to loud 102 

environmental conditions and the decreased need for cochlear amplification in 103 

loud environments (Parker et al., 2022b). In addition to these chronic changes, 104 

blood prestin level may vary after a single exposure; in a rodent study serum 105 

prestin level increased immediately after 2 hours exposure to intense noise and 106 

then decreased to near or below baseline at 14 days. (Parham et al., 2019). 107 

However, this temporal pattern has never been assessed in humans.  108 

 109 

The study presented here is the first experimental study to evaluate blood prestin 110 

level in adults who have been exposed to music, and their association with other 111 

markers of temporary cochlear dysfunction (TTS and decrease of Distortion 112 

Product (DP) amplitudes). Based on previous evidence showing a temporal 113 

variation in blood prestin level after noise exposure, we hypothesized that: 114 

H1. Prestin concentration changes over time immediately after exposure to high-115 

level music.  116 

 117 

Moreover, and to confirm that our music exposure paradigm causes temporary 118 

cochlear dysfunction, we hypothesized that: 119 

H2a. PTA threshold (average for higher frequencies; 10 and 12.5 kHz) is different 120 

in adults with normal hearing before and after music exposure.  121 

H2b.  PTA threshold (average for lower frequencies; 1-8 kHz) is different in adults 122 

with normal hearing before and after music exposure.  123 
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H3. Otoacoustic emissions amplitude is different in adults with normal hearing 124 

before and after music exposure.  125 

 126 

Finally, to explore any possible correlation between serum prestin level and 127 

degree of cochlear dysfunction evident in TTS, we hypothesized that: 128 

H4a. The degree of average pure tone TTS for higher frequencies immediately 129 

after music exposure is a predictor of the maximum serum prestin level shift after 130 

music exposure, adjusted for age, gender and self-reported lifetime noise 131 

exposure. 132 

H4b. The degree of average pure tone TTS for lower frequencies immediately 133 

after music exposure is correlated to maximum serum prestin level shift after 134 

music exposure, adjusted for age, gender and NESI score. 135 

 136 

Maximum serum prestin was used here instead of serum prestin level at a specific 137 

time point since we did not expect that TTS / DPOAE changes would have a 138 

similar time course to the blood prestin change after music exposure. However, 139 

we did expect that the maximum TTS and maximum serum prestin level would 140 

both be representative of the cochlear changes that were induced by our music 141 

exposure paradigm. 142 

 143 

To assess their time course of the blood and hearing variables, measurements 144 

were made at multiple timepoints before and after exposure. The hypotheses, 145 

methodology, and primary statistical design were pre-registered 146 

(https://osf.io/nuw6d/?view_only=dbef375ddf51471093553f27f041764e).  147 

 148 
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Materials and methods 149 

Study Design 150 

This was an experimental, longitudinal study which involved multiple 151 

measurements of the concentration of blood prestin in adults after exposure to 152 

intense music. 153 

 154 

Setting 155 

The study was conducted at the 1st University Department of 156 

Otolaryngology and Head and Neck Surgery of the General Hospital 157 

“Hippokrateion”, Athens, Greece. Recruitment started in November 2021 and 158 

was completed in May 2022.  159 

 160 

Participants 161 

Prior to their enrolment to the study, all candidates underwent screening 162 

procedures: medical and hearing history, otoscopy, tympanometry and PTA, 163 

according to the British Society of Audiology guidelines (British Society of 164 

Audiology, 2018). 165 

 166 

Inclusion Criteria: Absence of self-reported current or previous hearing issues, 167 

speech perception loss, tinnitus, or other hearing disorders; no observable ear 168 

abnormalities during otoscopy; normal tympanometry results [middle ear 169 

pressure values between -140 and +40 daPa, peak compensated static acoustic 170 

admittance between 0.3 and 1.8 ml, and acoustic equivalent volume (Vea) 171 

between 0.8 and 2.1 cm (Le Prell et al., 2012)]; no air-bone gap greater than 10 172 
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dB in PTA; and symmetrical pure tone thresholds of 25 dB HL or lower for 173 

frequencies ranging from 0.5 to 8 kHz in both ears. Symmetry in pure tone 174 

thresholds was defined as a threshold difference between the two ears < 25 dB 175 

at any of the tested frequencies.  176 

 177 

Exclusion criteria: Other causes that may lead to OHC dysfunction (ototoxic 178 

substances, such as aminoglycoside antibiotics, macrolide antibiotics, 179 

salicylates, chemotherapeutic agents such as cisplatin, loop diuretics, 180 

antimalarials, non-steroidal anti-inflammatory drugs, acetaminophen and aspirin 181 

in high doses, and quinine, or radiotherapy) have been linked to sensorineural 182 

hearing loss of varied degree and changes in blood prestin level (Naples et al., 183 

2018; Shi et al., 2021; Solis-Angeles et al., 2021; Yang et al., 2014). Candidates 184 

exposed to these substances or radiotherapy within the past 12 months were 185 

excluded.  Moreover, to avoid exceeding the weekly permissible noise exposure 186 

limits, participation of otherwise eligible candidates who were exposed to 187 

hazardous noise within the preceding 72 hours was postponed to a new date.  188 

 189 

Individuals meeting the criteria for inclusion underwent detailed explanations of 190 

the study's purpose and procedures. They were then requested to provide both 191 

oral and written consent for participation. 192 

 193 

Audio Material 194 

The audio material was previously developed and validated for its safety and 195 

efficiency (Iliadou et al., 2023, in press). It consisted of a 30-minute compilation 196 
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of 2 to 3-minute excerpts from digitally modified pop songs (.wav files). We used 197 

a low-moderate nonuniform compression scheme for the audio material which 198 

avoided over-compressing (Réveillac, 2017). The nonuniform compression 199 

scheme comprised of a 3:1 compression of peak levels (Leq,1s > -6 dBmax) and 200 

a 2:1 compression over the rest (the lowest parts) of the dynamic range, for each 201 

music track, with appropriate makeup gain value (again, applied individually on 202 

each track).  Thus, we achieved a roughly constant average level between tracks, 203 

and at the same time, we avoided severe distortions due to clipping. Finally, the 204 

mastering level of the whole audio material was adjusted to obtain an average 205 

level of 100 dBA, measured on a BK4128 Head and Torso Simulator (HATS) with 206 

FOCAL Spirit Professional headphones [mean = 99.68 dBA, median = 99.73, SD 207 

= 2.29, IQR=3.38 (08.12-101.5)]. The calibrations of the BK4128 HATS 208 

microphones were performed utilizing a BK4228 pistonphone calibrator. 209 

Sampling of the BK4128 output was carried out at a constant rate of 44.1 kHz 210 

through a National Instruments USB-6251 along with LabView 2010 software. 211 

The voltage readings were then transformed into sound pressure level (SPL) 212 

measurements using the sensitivity values derived from the microphone 213 

calibration. Following this, the complete duration of the sampled audio content 214 

underwent analysis by determining the Leq SPL within successive 1-second 215 

intervals. All statistical metrics pertaining to the audio content were subsequently 216 

computed from these intervals. [Supplementary Material 1 shows the evolution of 217 

instantaneous SPL of the 15-minute-long audio material; Supplementary Material 218 

2 shows the distribution of SPLs; Supplementary Material 3 shows the cumulative 219 

distribution of SPL; Supplementary Material 4 shows the main statistics of the 220 

SPL distribution; and Supplementary Material 5 shows the 95th, 50th and 5th 221 
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percentiles of the 1/3-octave long term average spectrum of the audio material.] 222 

 223 

Clinical assessment and sessions 224 

Entry to the study: All candidates were recruited by the 1st University 225 

Otolaryngology and Head and Neck Surgery Department in Hippokrateion 226 

Hospital and underwent medical and hearing loss history taking, physical 227 

examination, otomicroscopy, tympanometry, and PTA. Those who fulfilled the 228 

inclusion criteria received oral and written explanations of the purpose and 229 

procedures of the study. If they agreed to take part, they were asked to sign the 230 

relevant consent form.  231 

Music exposure: Participants were exposed to the audio material at 100 dBA for 232 

15 minutes, to the left ear. As in the calibration of music levels, the music 233 

exposure was done using the same laptop computer, with the VLC Player 234 

software and the same headphones (FOCAL Spirit Professional). The 235 

contralateral (right) ear was sealed with the headphones earcup. The procedure 236 

took place in a sound-treated room, in which the average ambient noise levels 237 

(dB SPL) were 500Hz: 35dB, 1kHz: 29dB, 2kHz: 32dB, 4kHz: 33dB, 8kHz: 30dB.  238 

 239 

Pre- and post-exposure assessments:  Before music exposure, participants’ 240 

demographics were collected (age, gender). Their lifetime noise exposure was 241 

evaluated with the help of a structured interview (noise-exposure structured 242 

interview or NESI). The NESI was developed for use in auditory research. It 243 

consists of a structured interview that helps the subject recall and self-report their 244 

lifetime noisy activities. NESI comes with tools for estimating the sound levels of 245 
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all exposure activities, taking into account the effect of hearing protection 246 

whenever applicable. An energy-based means of combining the reported 247 

information (recreational, occupational, and exposure to firearms) is also 248 

supplied. Lifetime exposure is expressed in “NESI units”. One NESI unit is 249 

equivalent to one working year (2080 hours) of exposure at 90 dBA (Guest et al., 250 

2018).  251 

 252 

For both the TDH-39 and HDA300 headphones, the audiometer was calibrated 253 

before the exposure and testing phase of the research, according to the NKUA 254 

1st University ENT clinic’s equipment maintenance procedures following the 255 

specifications and guidelines of ISO 389-1:1998 “Acoustics — Reference zero for 256 

the calibration of audiometric equipment — Part 1: Reference equivalent 257 

threshold sound pressure levels for pure tones and supra-aural earphones”, 258 

using a BK4153 Artificial Ear. 259 

 260 

In order to avoid any time delays and keep consistency between the end of music 261 

exposure and the audiometric testing schedule, the audiometric testing was 262 

taking place in the same sound-treated room as the music exposure. The ambient 263 

noise levels were the ones reported in the Music Exposure section. These levels 264 

met the Maximum Permissible Ambient Noise Levels specifications of ANSI/ASA 265 

S3.1:1999 (R2018) for pure-tone audiometry with TDH-39 headphones in the 266 

range of 500Hz-8kHz, with an exception at 500Hz and 1kHz. However, 500Hz 267 

was not used in the PTA or DPOAE testing. As for the deviation from the 268 

ANSI/ASA S3.1:1999 specifications at 1kHz, it allowed detection of PTA 269 

thresholds down to 3dBHL which was considered clinically acceptable (Chung, 270 
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2023). Additionally, the PTA thresholds that were subsequently measured did not 271 

fall any higher than the normal HL range. 272 

 273 

DPOAEs for the left ear were measured before and at 2 minutes post-music 274 

exposure using Titan by Interacoustics, in the aforementioned sound-treated 275 

room. The same probe was used for all measurements of the same participant. 276 

The frequency ratio of the primary tones, f2/f1, was 1.22, and their levels were 277 

65 and 55 dB SPL, respectively. Maximum residual noise was set to 30 dB SPL. 278 

The geometric mean of the pair was swept from 8 to 1 kHz, with measurements 279 

conducted at two points per octave. Data collection was terminated after three 280 

such sweeps (Guest et al., 2019). The whole procedure lasted 1 minute. 281 

Collected endpoints included DP amplitude shift from baseline, per frequency. 282 

DPOAEs were measured again at 2 and 4-8 hours immediately before PTA and 283 

extended high-frequency PTA (EHF-PTA).  284 

PTA and EHF-PTA were performed before and post-music exposure at three time 285 

points (4 minutes, 2 hours, 4-8 hours), immediately after DPOAE measurement. 286 

Only the exposed (left) ear was tested. Tested frequencies followed the following 287 

order: 1, 3, 4, 6, 8, 10, and 12.5 kHz. The signal level was varied in a 6-dB down, 288 

2-dB up manner (modified Hughson-Westlake PTA; Kil et al., 2017);  Each tone 289 

lasted approximately 3 seconds. Following a satisfactory positive response by 290 

the participant, the level of the tone was reduced in 6-dB steps until no further 291 

response occurred. Then the level was increased in 2-dB steps until a response 292 

occurred. After the first response using an ascending approach, the tone was 293 

decreased by 6 dB and another ascending 2-dB series was initiated. This 294 

sequence continued until the participant responded at the same level on two out 295 
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of two, three or four (i.e., 50 % or more) responses on the ascent. This level was 296 

considered the hearing threshold level for that particular frequency. Since 297 

conductive hearing loss was an exclusion criterion for our study, only air 298 

conduction data were collected. The whole procedure was performed with an 299 

Affinity audiometer (EN 60645-1, ANSI S3.6, Interacoustics) using TDH39 (for ≤ 300 

8 kHz) and HDA 300 (for > 8 kHz) headphones. The duration of the PTA 301 

procedure was approximately 3 minutes. Collected endpoints included PTA 302 

thresholds per frequency (dB).   303 

 304 

All audiometric testing was conducted by the first author, who is an 305 

Otolaryngologist, trained by a Senior Audiologist. and with considerable 306 

experience in audiometric measurement and procedures. 307 

 308 

Finally, blood sampling for prestin measurement by means of ELISA was 309 

performed before and after music exposure at different time points (baseline and 310 

then at 20 minutes, 2 hours, 4-8 hours, 24 hours and 1 week following music 311 

exposure, immediately after the completion of PTA, EHF-PTA, and DPOAE 312 

measurements). Serum samples were collected in Serum Separator Tubes 313 

(SST). The samples were then centrifuged for 15 minutes at 1000 g within 2 hours 314 

of collection. The resulting supernatant was stored in a –80°C refrigerator until 315 

time of assay. ELISA was performed in the Department of Biology of the National 316 

Kapodistrian University of Athens, and the samples were stored in ice during 317 

transport. Prestin level was measured using the Human Prestin (SLC26A5) 318 

MBS282125 ELISA Kit (MyBioSource, San Diego, California) as described in the 319 

manufacturer’s instruction manual. All samples were assayed in duplicates, as 320 
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recommended by the manufacturer. The selected kit has a detection range of 321 

15.6 pg/mL – 1000 pg/ml, high sensitivity, and excellent specificity. The optical 322 

density was measured at 450 nm and 540 nm FlexStation 3 Multi-Mode 323 

Microplate Reader, in ELISA mode. Collected data include serum prestin 324 

concentration in pg/ml. The pre- and post-exposure procedures are detailed in 325 

Figure 1. 326 

 327 

Statistical analysis 328 

R was used for the statistical analysis (R core team, 2023). To test hypotheses 329 

1, 2a, and 2b, a two-level linear mixed effect (LME) models was constructed to 330 

account for repeated measurements of serum Prestin levels, EHF-PTA threshold 331 

(average for higher frequencies; 10 and 12.5 kHz), and PTA threshold (average 332 

for lower frequencies: 1-8 kHz) respectively, at different time points within the 333 

same participant. Time was modelled as a fixed factor and Participant as a 334 

random factor (random intercept) to account for individual differences in Prestin 335 

level for each participant before exposure.  336 

 337 

To test hypothesis 3, a two-level linear mixed effect models was constructed to 338 

account for repeated measurements of OAE levels at the tested frequencies, at 339 

different time points within the same participant. Time and Frequency were 340 

modelled as fixed factors and Participant as a random factor (random intercept) 341 

to account for individual differences in OAE levels for each participant before 342 

exposure.  343 

 344 
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In the above LME models, deviations from homoscedasticity or normality were 345 

assessed by visual inspection of residual plots, and the Shapiro-Wilk test. 346 

Analysis of variance tables (using the Kenward–Rogers method for estimating 347 

degrees of freedom), marginal means and significance testing of their differences 348 

were calculated via the lmerTest package (Kuznetsova et al., 2017). Dunnett’s 349 

correction was used for controlling the family-wise error rate.  350 

 351 

To test hypotheses 4a and 4b, simple linear regression models were fit to explore 352 

the average PTA threshold shifts for lower and higher frequencies following music 353 

exposure as predictors for the maximum prestin serum level observed. Age, 354 

gender and NESI were used as covariates.  355 

 356 

After reviewing and analyzing the data, the following exploratory post-hoc 357 

analyses were also performed: 1) qualitative descriptive analysis on the post-358 

exposure prestin response among participants (responders and non-responders) 359 

2) analysis of mean TTS per frequency, before and at 4 minutes after music 360 

exposure (the only time point when TTS was observed) with a simple linear 361 

regression model. 3) Baseline serum prestin level as a predictor of the magnitude 362 

of TTS at 6 kHz (the frequency where maximum PTA threshold shift occurred). 363 

 364 

Deviations from the original pre-registered statistical analysis plan  365 

Our sample size deviated from that in the pre-registration. Our initial sample size 366 

calculation was based on the statistical model required for the primary 367 

hypothesis: At the time this was one-way ANOVA, repeated measures, within-368 

subject factor, to detect a medium effect size (Cohen’s f) of 0.25 with a 369 
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significance level of 0.008 (0.05 Bonferroni corrected for six hypotheses), and 370 

80% power (1 – beta). Based on this, the required sample size was estimated to 371 

be 27 participants. Due to resource and time constraints, we decided to stop 372 

recruiting in May 2022 and proceed with the analysis of our data in the context of 373 

preliminary data. 374 

 375 

ANOVA was initially planned for the analysis of hypotheses 1 (one-way repeated 376 

measures), 2a (one-way), 2b (one-way) and 3 (two-ways). Due to partially 377 

missing data, linear mixed effect models were used instead to maximize the use 378 

of available data and at the same time account for both repeated measures and 379 

random effects of individual subjects. 380 

 381 

Finally, we initially considered repeating pure tone audiometry (PTA) and 382 

Distortion Product Otoacoustic Emissions (DPOAEs) at five time points (2 383 

minutes, 2 hours, 4-8 hours, 24 hours and 7 days). During the study, we decided 384 

that we should be measuring PTA and DPOAEs only until they return to baseline. 385 

All our participants’ PTA and DPOAE values had returned to baseline level by 4-386 

8 hours post-music exposure. 387 

 388 

Results 389 

Participants 390 

Fourteen participants were included in the preliminary study [nine women; age 391 

range: 20-54 years, median age=31 years (IQR=6.75 years)].  392 
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H1. Prestin concentration before and after music exposure  393 

Out of possible 84 serum samples (14 participants, one session before and five 394 

sessions after music exposure), we managed to gather 81, since three sessions 395 

were missed by the participants. We were able to measure prestin level in 77 of 396 

them (15 samples at baseline and at 20 minutes, 11 at 2 hours, 13 at 4-8 hours, 397 

10 at 24 hours and nine at 7 days post-exposure). Haemolysis prevented 398 

accurate prestin measurements in four of them, while four measurements with 399 

values > 450 pg/ml were considered outliers (> 3 standard deviations from the 400 

mean) and were not included in the analysis.  401 

Serum prestin level at baseline [mean: 140.00 pg/ml, 95% CI: (125.92, 154.07)] 402 

increased gradually following music exposure, reached a maximum at 2 hours 403 

[mean: 158.29 pg/ml, 95% CI: (130.42, 186.66)], and returned to pre-exposure 404 

level at 1 week [mean: 139.18 pg/ml, 95% CI: (114.69, 163.68)] (Figure 2). 405 

According to the LME model, the overall Time effect was not statistically 406 

significant, although the serum level at 4-8 hours was significantly different to the 407 

baseline [b = 18.40; t(48.66) = 2.61; 95% CI: (4.26, 32.55); p = 0.012, uncorrected]. 408 

All other differences are non-significant. Using Dunnett’s correction to control for 409 

multiple comparisons (for five contrasts comparing with the baseline) the 410 

difference of the marginal mean at 4-8 hours and the baseline was 18.40 pg/ml, 411 

and was not statistically significant [t(54.3) = 2.47; 95% CI: (3.78, 33.02); p = 0.069, 412 

corrected].   413 

 414 

Post-hoc analysis of post-exposure prestin response among participants 415 

(responders and non-responders): Although all participants experienced a TTS 416 
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in PTA and a temporary reduction in DP amplitude in the initial (up to 5 minutes) 417 

post-exposure measurements, only four of the 14 participants (three with 418 

baseline values > 150 pg/ml) showed a sharp increase in prestin level (arbitrarily 419 

defined as > 50% increase from baseline) 2–8 hours following exposure, followed 420 

by decreased values in the subsequent measurements (Figure 3). Moreover, four 421 

participants (with baseline values < 125 pg/ml) showed no change in serum 422 

prestin level following exposure to music. 423 

 424 

 425 

H2. Average PTA thresholds for standard and extended high frequency 426 

audiometry before and after music exposure  427 

 428 

EHF-PTA thresholds: There was no statistically significant elevation of the 429 

average EHF-PTA threshold in (≥ 10 kHz) at any time point. 430 

 431 

Standard PTA thresholds: The overall Time effect was statistically significant in 432 

the model of PTA threshold in standard audiometry (≤ 8 kHz) (F(3, 36.33) = 7.28; p 433 

< 0.001).  More specifically there was a statistically significant average threshold 434 

elevation at 4 minutes post-exposure [b = 3.31, t(36.14) = 3.51, 95% CI (1.41, 5.20), 435 

p = 0.001, uncorrected]. Using Dunnett’s correction to control for multiple 436 

comparisons (for three contrasts comparing with the baseline) the difference of 437 

the marginal mean at 4 minutes and the baseline was 3.31 dB and was 438 

statistically significant [t(39.2) = 3.36; 95% CI: (1.34, 5.271); p = 0.005].  The 439 

threshold elevation at 2 and 4-8 hours post-exposure was statistically not 440 

significant (Figure 4).  441 
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Post-hoc analysis of mean PTA threshold shift per frequency: Since TTS 442 

was observed at 4 minutes post-exposure, it was further explored which 443 

frequencies were most affected, by using a simple linear regression model.  444 

Frequency was significant in the PTA threshold shift model at 4 minutes following 445 

music exposure (F(6, 91) = 5.13, p <0.001; Figure 5). The maximum TTS of 9.57 446 

dB was observed at 6 kHz [t(91) = 6.03, 95% CI: (6.42, 12.72), p < 0.001]. The 447 

following statistically significant TTSs were also observed: 3.57 dB at 3 kHz 448 

[t(91)=2.25, 95% CI: (0.42, 6.72), p = 0.027], 3.71 dB at 4 kHz [t(91) = 2.34, 95% CI: 449 

(0.57, 6.86), p = 0.021], and 3.29 dB at 8 kHz [t(91) = 2.07, 95% CI: (0.14, 6.44), p 450 

= 0.041]. 451 

 452 

H3. Distortion product otoacoustic emissions amplitudes before and after 453 

music exposure  454 

Both Time and Frequency effects were significant in the model (F(4, 379.65) = 2.90, 455 

p = 0.021; and F(6, 377.97) =  55.90, p <0.001 respectively). According to the LME 456 

model, the DP amplitude levels (across frequencies) at 2 minutes were 457 

significantly different to the baseline [b = -2.15; t(377.97) = -2.93; 95% CI: (-0.71, -458 

3.59); p = 0.004, uncorrected]. Using Dunnett’s correction to control for multiple 459 

comparisons (for four contrasts comparing with the baseline) the difference of the 460 

marginal means at 2 minutes following music exposure and the baseline was -461 

2.15 dB [t(388) = -2.89, 95% CI: (-0.32, -3.98), p = 0.015]. There was no statistically 462 

significant shift at any later time point, with levels returning to pre-exposure levels, 463 

on average.  464 

At 2 minutes following music exposure, the maximum DP amplitude shift of -4.07 465 
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dB was observed at 6 kHz [(t(91)= -3.54; 95% CI: (-1.79, -6.35); p < 0.001]. A 466 

statistically significant shift of -2.52 dB was also observed at 4 kHz [(t(91) = -2.20, 467 

95% CI: (-0.24, -4.80), p = 0.031)]. The DP amplitude shifts observed are 468 

presented in Figure 6 and Supplementary Material 6. 469 

Both of the above models deviated from normality. Although linear mixed effect 470 

models are robust when distributional assumptions are objectively violated and 471 

the β parameter estimates are considered unbiased (Knief & Forstmeier, 2021; 472 

Schielzeth et al., 2020; Verbeke, 2000), robust linear mixed models were also 473 

fitted that do not make assumptions on normality to estimate 95% confidence 474 

intervals and marginal means. The results of the robust linear mixed models are 475 

comparable to the estimates of the mixed effect models.  476 

 477 

H4. Average TTS at lower and higher frequencies as a predictor of 478 

maximum serum prestin shift  479 

Neither average temporal threshold shifts at lower (F(4,9) = 0.75, p = 0.582) nor at 480 

higher frequencies (F(4,8) = 0.47, p = 0.758) was a significant predictor of 481 

maximum serum prestin level shift.  482 

 483 

Exploratory post-hoc analysis 484 

Baseline serum prestin level as a predictor of the magnitude of TTS at 6 485 

kHz: Since the maximum PTA threshold shift occurred at 6 kHz, it was further 486 

explored as to whether baseline serum level could serve as a predictor of the 487 

magnitude of this shift, and thus justify the use of the latter as a possible 488 
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biomarker of cochlear susceptibility to short-term and therefore long-term 489 

cochlear damage.  490 

 491 

A fixed effect linear model was used to explore baseline serum prestin as a 492 

predictor of PTA threshold shift at 6 kHz (where the maximum TTS was 493 

observed), with age as a covariate.  Baseline serum prestin level effects were 494 

significant (Adjusted R2 = 0.401, F(2,10) = 5.02, p = 0.031). More specifically, the 495 

model showed a significant decrease of TTS with increasing prestin 496 

concentrations at baseline [β= -0.24; t(10) = -3.15; 95% CI: (-0.36, -0.12); p = 497 

0.010; Figure 7]. In contrast, baseline serum prestin was not a significant 498 

predictor of DP amplitude shift at 6 kHz (where the max DP amplitude shift was 499 

observed). 500 

 501 

Discussion 502 

In our study, 14 participants were exposed to high-level music for a short period 503 

of time, in a setting that has been previously shown to create reliably and safely 504 

temporary cochlear dysfunction in a similar population (TTS and decrease of DP 505 

amplitude; Iliadou et al., 2023, in press). Statistically significant TTSs were 506 

observed at 3, 4, 6 and 8 kHz, while statistically significant DP amplitude shifts 507 

were recorded at 4 and 6 kHz. Our findings are consistent with previous studies 508 

showing that TTS and DP amplitude shift is more prominent in the 3-6 kHz region 509 

(Engdahl, 1996; Le Prell et al., 2012; Moshammer et al., 2015). 510 

 511 
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We hypothesized that serum prestin level of adults with normal hearing would 512 

change after our music exposure paradigm, and that this change would correlate 513 

with changes in PTA. Our hypothesis was based on previous evidence showing 514 

that in rodents, prestin concentration has been found to increase immediately 515 

after noise exposure (acute exposure) and then return back to near baseline 2 516 

weeks later (Parham et al., 2019). Moreover,  in human studies, subjects with 517 

higher daily noise exposure levels (chronic exposure) were found to have lower 518 

prestin level (Parker et al., 2022b).  519 

 520 

In our study, after exposure to the audio material, participants’ blood prestin level 521 

were measured at several time points after their exposure by means of ELISA. 522 

The fact that our patients did not have any heart conditions, and the only 523 

intervention they underwent was the exposure to high-level music, gives us 524 

confidence that observed changes in blood prestin level were not due to 525 

temporary changes in other systems where prestin is being expressed, such as 526 

the heart. Serum prestin increased soon after music exposure, reaching its 527 

maximum concentration at 2-8 hours, and then decreased back to near the pre-528 

exposure baseline by 24 hours post-exposure. According to the model, a mean 529 

increase of 11.38 pg/ml and 18.40 pg/ml is expected in serum prestin, at 2 and 530 

4-8 hours respectively. However, none of the changes were statistically 531 

significant after correction, so should be regarded as trends only. Blood prestin 532 

level returned to baseline level in all participants with available data at day 7 533 

following exposure.  534 

 535 
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This time course of change of blood prestin level is in agreement with previous 536 

rodent studies showing a post-exposure initial increase and then decrease to 537 

baseline. In a recent Wistar rats study by Parham et al. (2019), prestin level were 538 

measured at 4 hours, 24 hours, 48 hours, 72 hours, 7 days, and 14 days after 539 

2 hours of exposure to noise of 110 and 120 dB SPL. After an initial peak of 540 

prestin concentration immediately after the noise trauma (4 hours), prestin level 541 

returned to near or below baseline by day 14 post-exposure.  The degree of its 542 

increase was shown to be correlated to the animal’s degree of hearing loss, 543 

affected cochlear region, and degree of recovery. Our findings suggest that 544 

serum prestin could serve as the first non-auditory test to assess noise-induced 545 

cochlear insult, although further investigation is warranted. Moreover, although 546 

no statistically significant relation between TTS or DP amplitude shift (maximum 547 

or on average) and prestin level change was found, prestin level at baseline was 548 

a good predictor of TTS at 6 kHz (where the maximum TTS shift was observed 549 

in our sample): an elevation of the mean baseline prestin level by 43.48 pg/ml 550 

corresponded to a mean reduction in TTS at 6 kHz of 10 dB. This exploratory 551 

finding may show some utility of baseline level as a predictor of subclinical 552 

cochlear dysfunction or susceptibility to noise, and it warrants further 553 

investigation.  554 

 555 

Regarding the generalizability and safety of our paradigm, the audio material 556 

used in our paradigm consists or pop commercial music, and its duration and 557 

intensity mimics regular listening habits at fitness clubs, nightclubs, at live music 558 

events, and while using personal listening devices (Dudarewicz et al., 2015; 559 

Kähäri et al., 2011; Schmidt et al., 2011; Tronstad & Gelderblom, 2016) making 560 
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our lab findings comparable to real-world exposure conditions. Confirming the 561 

presence of temporary cochlear dysfunction by means of TTS or DPOAEs was 562 

considered important for confirming that our music exposure is capable of 563 

creating temporary cochlear changes. The selected music exposure paradigm 564 

was successful in the current study, since all participants presented TTS and 565 

decrease of DP amplitude in at least one frequency. Music was presented 566 

monaurally through headphones at sound levels compliant with Greek 567 

regulations (Υ.Α. Υ2/Οικ. 15438/2001, 2001), and these levels were lower than 568 

the standards established by the National Institute for Occupational Safety & 569 

Health (NIOSH) or the World Health Organization for exposures lasting 15 570 

minutes (Śliwińska-Kowalska & Zaborowski, 2017; WHO, 2022). It is important to 571 

note that NIOSH standards and the permitted daily noise "dose" are designed to 572 

minimize the risks associated with repetitive noise exposure over 40 years of 573 

working five days a week, rather than a single exposure, as in our experiment. 574 

Furthermore, NIOSH standards pertain to sound levels in open environments, 575 

whereas in our study, music was delivered through headphones, resulting in 576 

lower sound levels compared to open environments. We conservatively estimate 577 

that the delivered-to-the ear sound levels are 5 dB lower than the free field levels 578 

(Shaw, 1966), which practically means that participants were exposed for 15 579 

minutes to free-field equivalent noise of 95 dBA (less than 1/3 of the maximum 580 

permissible dose in terms of energy). Regarding, the WHO guidelines for safe 581 

listening, the weekly exposure limit of 1.6 Pa2 h (Pascal squared hours) per 7 582 

days is recommended as the reference exposure. This limit is equivalent to 80 583 

dBA for 40 hours a week and translates to a maximum exposure of 101 dBA for 584 

18.75 minutes within a week (using a 3 dB exchange rate). This exposure is more 585 
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than the 95 dBA free field equivalent for 15 minutes that we have used in our 586 

paradigm. The overall exposure is consistent with the guidelines, provided that 587 

our participants had not been exposed to loud environments where they would 588 

need to raise their voice to be heard from a 4 feet (1.2 m) distance for the following 589 

7 days and had no high exposure during the preceding 72 hours (as per our 590 

instructions to the participants). In previously published paradigms participants 591 

were exposed to music for 4 hours at coupler levels of 97-100 dBA (Le Prell et 592 

al., 2012, 2016) and for 2 hours at 92.5 to 102.8 dBA (free field, mean exposure 593 

levels = 98.1 dBA; Kramer et al., 2006). As our primary aim was to evaluate the 594 

effectiveness of our paradigm in inducing TTSs, which does not necessitate 595 

exposure to and potential harm to both ears, we exclusively considered monaural 596 

exposure. The choice of monaural noise/music delivery aligns with the practices 597 

of numerous previous studies (Attias et al., 2004; Bhagat & Davis, 2008; Keppler 598 

et al., 2010; Quaranta et al., 2003; 2004). The safety of our study protocol (in 599 

terms of pure tone thresholds and DP amplitudes) is supported by the fact that, 600 

despite all participants exhibiting measurable and consistent temporary changes 601 

in their auditory function, none of them experienced nor reported any lasting 602 

hearing disorders such as PTSs.  603 

 604 

Regarding the risk of music-induced cochlear synaptopathy in our sample, this 605 

was also considered before designing and conducting our study. Prior animal 606 

studies utilizing cochlear functional assessments and confocal imaging have 607 

demonstrated that exposure to noise levels capable of causing temporary pure 608 

tone threshold increases of approximately 40–50 dB can lead to rapid and lasting 609 

synaptic deficiencies, as well as reduced evoked potential amplitude (Kujawa & 610 
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Liberman, 2009, 2015). However, it has been established that significantly higher 611 

noise levels would be required to induce cochlear synaptopathy in primates 612 

compared to rodents (Valero et al., 2017). In a recent commentary discussing the 613 

rationale for modifying current regulations governing occupational noise 614 

exposure based on research findings related to noise-induced cochlear 615 

neuropathy in rodents, the authors conclude that these findings cannot be directly 616 

extrapolated to humans. They suggest that humans appear to be less susceptible 617 

to TTSs and likely cochlear synaptopathy (Dobie & Humes, 2017). Moreover, 618 

numerous studies attempting to identify signs of cochlear synaptopathy in 619 

humans have yielded high heterogeneity in their results (Bramhall et al., 2019). 620 

In those studies, noise exposures were of much greater energy than those used 621 

in our research (Bramhall et al., 2019; Wang et al., 2021). Nevertheless, if, in the 622 

future, any clinical tests are validated as sensitive to cochlear synaptopathy and 623 

neurodegeneration in humans, they should be incorporated into both pre- and 624 

post-exposure assessments to ensure the preservation of synaptic and neural 625 

integrity. 626 

Limitations 627 

The main limitation of this study is the small sample size, which reduces the 628 

power of our analysis, increases the chance of type 2 error, and limits the 629 

generalization of our findings. The lack of statistical significance after correction 630 

may be a consequence of the small sample size. Additionally, if we had used a 631 

one-tailed test, the prestin effect would have survived correction; the literature 632 

suggests a unidirectional effect with prestin level increasing following acute noise 633 

exposure in rodents (Parham et al., 2019). The fact that only some participants 634 
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responded to music exposure with an elevation in serum prestin while others did 635 

not, should also be considered in the statistical analysis plan when replicating 636 

this study.  637 

 638 

Another limitation is the limited range of age in our sample. Recently, blood 639 

prestin was shown to be significantly lower in people over the age of 50 years 640 

when compared to younger adults (Parker et al., 2022a). In the present study, 641 

the sample was small and consisted mainly of young adults with normal hearing, 642 

so our findings cannot be generalized for older adults. Moreover, one of our 643 

outcome measures, DP amplitude, seems to deteriorate with age (Lonsbury-644 

Martin et al., 1991).  This limitation was overcome by adjusting for age in the 645 

analysis of our findings. Finally, although the ELISA kit used in this study has an 646 

excellent specificity and high sensitivity, ELISA itself may be affected by multiple 647 

technical factors (refrigerated transport and storage, numerous preparation, and 648 

wash steps of the assay, haemolysis of the samples). In order to address them, 649 

all procedures were duplicated and followed the ELISA kit manual guide, while 650 

samples with high haemolysis were not included in the analysis (Ni et al., 2021). 651 

 652 

Despite the aforementioned limitations, we consider the results of this analysis 653 

useful for better understanding prestin’s behaviour after music exposure, and for 654 

optimizing the design of future studies. The effect size estimated here and 655 

observed drop-out rate may be used in obtaining a more accurate sample size 656 

calculation. Moreover, it seems that prestin level show no change from baseline 657 

at 20 minutes or 7 days after the music exposure at the level and durations tested 658 

in the present study.  659 
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 660 

Conclusions 661 

Our study is the first human study assessing the changes of blood prestin 662 

concentration after brief exposure to intense music, and its correlation to TTS and 663 

DP amplitude decrease. Our findings suggest that serum prestin level may 664 

potentially show detectable change after music overexposure, and could thus 665 

serve in the future as a useful and relatively easy-to-perform test to indicate 666 

noise- or music-induced temporary cochlear dysfunction. Moreover, baseline 667 

prestin may predict the degree of TTS, providing individuals with a pre-exposure 668 

measure of their vulnerability to intense music. Further studies with larger 669 

samples are required to confirm these findings. Studies that measure blood 670 

prestin level changes after exposure to other types of sound (noise, real-life 671 

sounds, firearms) - taking into account factors that have been associated with 672 

vulnerability to noise, such as genetics, or melanin levels - are also warranted 673 

(Lin et al., 2012).  674 
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All statistical analyses were performed using R (R Core Team (2023). R: A   871 

language and environment   for statistical   computing. R Foundation   for 872 

Statistical   Computing, Vienna, Austria. URL   https://www.R-project.org/.) 873 

 874 

Figure legends 875 

Figure 1. An illustration of the experimental procedure. According to our original 876 

protocol, PTA and DPOAEs would be conducted at five times points after music 877 

exposure. During the study, we decided to stop measurements at the point where 878 

PTA thresholds and OAE amplitude returned to baseline. 879 

 880 

Figure 2: Mean prestin level before and at specified intervals following music 881 

exposure. Error bars show 1 standard error and shadow area the 95% confidence 882 

intervals. 883 

 884 

Figure 3: Spaghetti plots of serum prestin level in different participants across 885 

the different time points.  886 

 887 

Figure 4: Mean pure tone thresholds before and at specified intervals 888 

following music exposure. Error bars show 1 standard error and grey-shaded 889 
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area the 95% confidence intervals. All participants returned to baseline at 4-8 890 

hours after exposure, so no pure tone audiometric thresholds are reported after 891 

that. 892 

 893 

Figure 5. Mean PTA threshold shifts immediately at 4 minutes after exposure to 894 

intense music. Error bars show 1 standard error and grey-shaded area the 95% 895 

confidence intervals.  896 

 897 

Figure 6: Mean shift of distortion product amplitude 2 minutes after music 898 

exposure.  Error bars show 1 standard error and grey-shaded area the 95% 899 

confidence intervals.  900 

Figure 7: Scatter plot of prestin concentration at baseline and TTS at 6 kHz with 901 

a fitted regression line (solid blue) representing the best linear fit. The grey-902 

shaded area around the regression line indicates the 95% confidence interval (p 903 

= 0.031, R2 = 0.401) 904 
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Supplementary material 1:  Leq,1s  SPL (dBA) statistics of the 30’ audio material 

Mean Median SD IQR 

99.68 99.73 2.29 3.38 (98.12-101.5) 

 

 

 

Supplemental Data File (.doc, .tif, pdf, etc.)



Supplementary material 2. Sound Pressure Levels (dB A) of 15’ audio material, measured on 
a BK4128 HATS with TDH-39 headphones 

 

Supplemental Data File (.doc, .tif, pdf, etc.)



 

Supplementary Material 3: Histogram of SPL (dB A) of the 15’ audio material  

Supplemental Data File (.doc, .tif, pdf, etc.)



 

Supplementary Material 4: Empirical cumulative distribution of SPL (dB A) of the 15’ audio material 

Supplemental Data File (.doc, .tif, pdf, etc.)



 

Supplementary Material 5: 1/3-octave LTAS of the 15’ audio material 

 

 

Supplemental Data File (.doc, .tif, pdf, etc.)



Supplementary material 6: Differences in DPOAE levels between pre- and post-exposure measurements (at 2 minutes). 
Highlighted cells correspond to those values that lie outside the 95% CIs. 

 

 1k Hz 1.5 kHz 2 kHz 3 kHz 4 kHz 6 kHz 8 kHz 
 2.5 1.1 1.3 1.9 -3.7 -15.6 -10.3 
 -1 -1.5 -3.5 -2.8 -1.7 -4 -2.8 
 -1.7 -0.2 -1 -1.4 -5.5 -7.4 -2.8 
 -0.4 -1.5 -0.2 0.7 -0.4 -3.9 -5.5 
 2.1 1.8 -1.2 -1.6 -1.7 -3.5 -4.7 
 2.3 -2.3 -2.9 -2.9 -2.4 -2.4 -3.8 
 -1.8 -2.6 -1.5 -0.1 -1.6 -2.3 -3.2 
 2.2 -1.5 -0.7 -1.2 -1.6 -1.6 -0.1 
 0.8 0.5 0 -0.1 -0.3 -2.1 -3.2 
 -2.4 -1.3 -0.2 -2.5 -1.9 -2.9 -1.4 
 13.9 1.5 -5.8 -9.7 -10.2 -10.4 -5 
 -7.1 -4.1 -7.9 -3.1 -1.5 -6.2 -4.6 
 -2.3 0.2 0.5 0.4 0.4 -0.9 -1.5 
 -12.1 -8.7 -8.9 -8.3 -3.2 6.2 17 
SE of 
measurement 1.20 0.80 0.72 0.84 0.91 1.90 1.24 
95% CI of the 
difference -3.71 -2.47 -2.21 -2.58 -2.82 -5.85 -3.82 
 

Supplemental Data File (.doc, .tif, pdf, etc.)


