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Abstract

Exposure to high- and moderate-intensity sound is inevitable for professional singers during their working day, the majority of which is spent in rehearsal, preparing for a performance. The impact of self-produced sound exposure on singers’ hearing within the rehearsal setting has not been examined. Objectives: This original pilot field study investigates the feasibility of data collection and hypothesis testing of singers’ hearing within the rehearsal environment. Methods: 18 professional choir singers are examined for hearing threshold changes following routine rehearsal sound exposure. Pure Tone Audiometry (PTA) is measured before, immediately after, and approximately 24 hours after rehearsal. Results: This study does not identify definitive Temporary Threshold Shift (TTS) in this population under these conditions.  That said, mean temporary threshold shift was found 3.61 dB higher than the recovery threshold shift in the right ear at 3000 Hz (p = 0.06), and this may be important to look at for future studies.  Conclusions: Methodological challenges of this field study include dynamic experimental conditions intrinsic to the rehearsal process, environmental and musical influence on PTA results and estimation of sound intensity exposure.  
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1. INTRODUCTION
1.1 
Background

[bookmark: _Hlk61024900]Professional singers spend the majority (70 – 75%) of their working day in rehearsal (J. Bernays, Personal Communication, December 2019). Research on singers’ health focusses on voice and vocal health.  In contrast, studies on music related-hearing problems use instrumental musicians or music device listeners as subjects 1-9.

Singers with hearing problems may experience intonation issues such as singing at a higher, or sharper pitch.  They also experience vocal fatigue due to a need to sing louder10-12. They may adopt a forward head position to hear better, and this affects neck posture and leads to muscular tension and strain 13,14.  Healthy hearing is, therefore, vital for a singer to continue to perform at their best.  

Prolonged exposure to high-intensity sound can cause a Temporary Threshold Shift (TTS).  TTS is a temporary deterioration in hearing acuity which can manifest clinically as a feeling of fullness or dullness and tinnitus for some time immediately after exposure, or be asymptomatic, only appearing on serial audiometric testing10. TTS is expected to resolve after a period of rest from sound exposure 15.  

Considering singers spend most of their singing-time in rehearsal, the impact of cumulative rehearsal sound exposure on their hearing is worth examining. Increased hearing thresholds, or ‘threshold shift’ in low and high-frequencies have been observed in singers, suggesting hearing may be affected by rehearsal and performance sound exposure 16,17. Given the requirement of healthy hearing in singers, this study intends to explore TTS provoked by rehearsal sound exposure and what this may mean for performers.  Musicians differ to other workers in that sound is the desired product, rather than an unwanted byproduct of a process. Occupational sound exposure is, therefore, inevitable.  While statutory hearing protection standards in many countries are designed to minimize occupational noise-induced hearing loss, there may also be a common law duty of care on employers to ensure musicians are not unnecessarily exposed to potential hazards during their routine working day 18.  

 1.2 
Hypothesis

Temporary hearing threshold changes are observed following rehearsal sound exposure in choir singers.

1.3 
Aim and Objectives

This field study aims to observe the impact of routine rehearsal sound exposure on singers’ hearing.  
The primary objective is to determine the feasibility of data collection and hypothesis testing of singers’ hearing within the rehearsal environment.
Secondary outcomes are 
1. Comparisons of hearing thresholds in a group of professional choir singers at three time-points: before rehearsal sound exposure, immediately after rehearsal sound exposure and approximately 24 hours later following recovery.
2. Comparisons of the temporary threshold shifts (differences between pre-exposure and immediately after exposure) to recovery shifts (difference between baseline thresholds and recovery thresholds). 


2. METHODS
2.1 
Study Design

This observational, longitudinal study of professional choir singers evaluates the impact of rehearsal sound exposure on hearing thresholds over 24 hours. Bilateral Pure Tone Audiometry (PTA) hearing threshold comparisons were measured at three time-points:
1. Baseline measured prior to sound exposure with PTA 
2. Post-exposure measured within 1 hour of exposure
3. Recovery measured approximately 24 hours post-exposure

These time-points examine the impact of routine rehearsal sound exposure on hearing thresholds, to establish if it provokes a change from baseline hearing threshold, i.e. TTS, and the ability to recover from TTS after a period of relative rest from sound exposure. 

Ethical approval for the study was granted by UCL Research Ethics Committee Project ID: 13069/001, Date of Approval 06/06/2018 and Hippokration Hospital Research Ethics Committee, Athens, Protocol No. 7232 Date of approval 29/05/2018 and 14404/9531.

2.2 
Setting and Participants

The study took place in Athens, Greece, in June 2018 and forms part of a more extensive study on musicians’ hearing at the National Kapodistrian University in Athens. The participants were members of the ‘City of Athens Choir’, a professional contemporary and classical adult mixed choir.  The entire choir attended a presentation inviting them to take part.  Informed consent was obtained before PTA and participants were anonymised.  

The Choir rehearsed in a theatre, and a nearby, quiet space was provided to perform PTA.  Singers reporting known retro-cochlear pathology, such as Meniere’s or conductive hearing loss, or exposure to noise 24 hours prior rehearsal were excluded.

Singers with abnormal PTA results were referred to the specialist Musicians’ Hearing Clinic in 1st Department of Otorhinolaryngology – Head & Neck Surgery, National and Kapodistrian University of Athens, Greece, at the Hippokration Hospital. 

2.3 
Variables

2.3.1 
Outcomes 

Baseline hearing thresholds as determined by PTA with changes detected by serial PTA following sound exposure (threshold shift, or TS) and subsequent recovery (recovery shift, or RS) were included in the analysis.  For this study, threshold shift is defined as a 10dB change from baseline hearing threshold at any single frequency in either ear19, 20. 

2.3.2 
Exposure 

Routine rehearsal sound during scheduled rehearsal time is considered the source of sound exposure.  The choir rehearsed a Baroque work: J.G Goldberg’s Cantatas Herr, die Heiligen haben abgenommen (Psalm 12) and Durch die herzliche Barmherzigkeit, during two rehearsals in week 1 and a work by a Contemporary composer, Zorzes Katris, To Stolidi [The Ornament] for a further three rehearsals during week 2.  The expected sound intensity level of this classical repertoire for singers with orchestra ranges from 81 – 99 LEP,d, with ambient or conductor exposure estimated at 79-83LEP,d12.  Singers do not use amplification, electronic sources of sound or earplugs.

The intensity of sound exposure during rehearsal was monitored using a smartphone App Decibel X Pro Noise Meter, Sky Paw Co. Ltd., Vietnam, on iPhone 7, iOS 11.4, calibrated with Audio Toolbox version 3.3, TerraSonde, CO, USA, ANSI S1.11-1986, ASA 65-1986.  The smartphone was placed on a music-stand close to the conductor for ambient exposure measurement and was in the same position throughout all rehearsals.

Rehearsals were scheduled for 150 minutes and included a break of approximately 30 minutes.  Duration of sound exposure was recorded, and recovery time elapsed between exposure and measurement was also documented. 

2.3.3 
Potential confounders  

All measurements took place in the rehearsal area, so clinical examination was not performed due to lack of equipment and time.  To capture TTS before the ear started to recover, PTA was performed as soon after rehearsal as possible, in nearby quiet rooms within the rehearsal theatre.  The ambient noise level in these rooms was not consistently below 35dBA as recommended for PTA19 and this potentially affected the results.  Ambient noise level was monitored and PTA stopped if it exceeded 38dBA.  Personal dosimetry was not possible due to financial constraints so individual measurements of exposure are not recorded, nor was a Class 1 Sound Level Meter (SLM) used.  

2.3.4 
Effect modifiers 

The intensity of sound exposure may be influenced by the orchestral participation in these rehearsals but it was not possible to expose the singers to choral rehearsal sound alone without orchestra due to the demands of their concert schedule.  
	
2.4 
Data sources & measurement

Pure-tone air-conduction threshold audiometry was performed on Callisto Suite version 1.8.0, Interacoustics A/C, Denmark 2009, with IEC 60645-1 2001/ANSI S3.6-2010, Type 1 Tone Audiometer. It is pre-set to 5dB steps to measure change in threshold.  

Bilateral hearing thresholds at nine frequencies (250Hz, 500Hz, 1kHz, 1.5kHz, 2kHz, 3kHz, 4khz, 6kHz and 8kHz) yielded a set of 18 measurements in each participant, obtained at three time-points. PTA thresholds were measured in steps of 5dB and the British Society of Audiology (BSA) recommended procedure for finding threshold was adhered to, including initial familiarization of the test with a clearly audible 1kHz tone19.

2.5 
Bias

To address potential measurement bias, PTA results were removed from sight of the assessor immediately after measurement and were not available for comparison during repeat assessments. Comparisons were only made after all three PTAs had been performed and data collection was complete. Participation in this study was voluntary and singers with known or suspected hearing problems may have declined to take part, contributing to potential response bias.  

2.6 
Study size

There are no previous studies of the effect of rehearsal sound on singers’ hearing so a power calculation was not performed.  The number of singers willing to take part in the study determined the sample size.  

2.7 
Quantitative variables

Singers with baseline hearing thresholds of ≤20dBHL at all frequencies were considered to have normal hearing. Those with a threshold >20dBHL in any frequency which persisted on repeat PTA were classified having abnormal PTA, or permanent threshold shift (PTS).  Post-exposure threshold increases of 10dB from baseline was considered a TTS.  Recovery thresholds which returned to baseline ±5dB were considered as adequate recovery to account for test-retest variability.  

2.8 
Statistical methods

Rather than classify as TTS(+) and TTS(-), since TTS has not been demonstrated in this setting previously, analysis was twofold: 1) whether there are differences in thresholds at 3 difference time points (before exposure, after exposure and after 24 hours) and 2) to compare the values of threshold shifts (difference between pre- and post-exposure) to recovery shifts (difference between baseline and recovery thresholds).

A multiple linear regression model was used to predict threshold shift (measured in dB HL) based on 
Time after performance (coded as 1 = immediately after the rehearsal and 0 = 24 hours after the rehearsal, thus predicting temporary and recovery threshold shifts respectively) and Side (codes as 1 = right ear and 0 = left ear):

[Threshold shift] = β0 + β1[Time after performance] + β2 [Side]

The model was run for both the mean threshold shift across frequencies, as well as per individual frequency

Statistical analysis was performed using R version 4.0. 



3. RESULTS
3.1 
Participants

Of the 40 eligible professional choir singers eligible, 20 agreed to participate in the study as shown in Figure 1.  Two of those singers did not undergo testing due to personal circumstances.  Those who declined to participate did not offer their reasons for doing so.  No singers met exclusion criteria. 
 
3.2
Demographic and Exposure Data

Demographic data, as well as duration and intensity of exposure are summarized in tables 1 and 2 respectively.  The mean (SD) time from end-of-rehearsal to post-exposure PTA was 29 minutes (± 20 minutes) and 22 hours (± 1 hour) to recovery.

	Table 1: Demographic data

	
	n = 18

	Gender
	

	Female
	13 (72%)

	Soprano
	8 (44%)

	Alto
	5 (28%)

	Male
	5 (28%)

	Tenor
	3 (17%)

	Baritone
	2 (11%)

	Mean age (SD)
	44.6 (6)

	Age Group
	

	31 – 40
	5 (28%)

	41 – 50
	10 (56%)

	51 – 60
	3 (17%)

	Mean years singing professionally (SD)
	21 (5)




	Table 2: Duration and intensity of rehearsal sound exposure

	
	Rehearsal Duration (mins)
	LAeq
	LEPd
(dBA)
	Peak (dBSPL)
	Repertoire 
(choir & orchestra)

	Day 1
	90
	79.5
	72.2
	106
	J.G Goldberg (Baroque orchestra)

	Day 2
	105
	78.8
	72.4
	105
	

	Day 3
	125
	87.7
	81.9
	105
	Zorzes Katris
(Full orchestra)

	Day 4
	145
	89.2
	84.0
	106
	

	Day 5
	120
	87.5
	81.5
	105
	

	Mean (SD)
	114 ± 19 
	
	
	
	















3.3 
Outcome Data 

162 frequency measurements showed both increased and decreased changes in threshold from baseline as summarized in table 3.  There was variability on repeated testing measurements in almost all subjects, with both elevated and reduced temporary threshold shifts, summarized in table 4.  

	Table 3: Mean hearing thresholds at three time-points (before rehearsal, after rehearsal and after rest period)

	Hearing Threshold Level (dB HL)

	
	
	250Hz
	500 Hz
	1kHz
	1.5kHz
	2kHJz
	3kHz
	4kHz
	6kHz
	8kHz

	Pre-exposure (baseline)
	
	
	
	
	
	
	
	
	
	

	Right
	Mean
	17.22
	17.50
	12.78
	7.22
	6.67
	9.72
	7.78
	10.56
	13.61

	
	SE
	1.09
	1.47
	1.16
	1.35
	1.46
	1.48
	2.72
	2.28
	3.52

	Left
	Mean
	15.28
	15.28
	11.11
	6.39
	5.00
	9.44
	10.83
	12.78
	8.61

	
	SE
	1.37
	1.18
	0.76
	1.05
	1.57
	1.89
	2.78
	2.33
	3.45

	Post-exposure
	
	
	
	
	
	
	
	
	
	

	Right
	Mean
	16.39
	17.22
	11.94
	5.83
	5.28
	9.17
	8.06
	9.17
	11.39

	
	SE
	1.93
	1.82
	1.22
	1.68
	1.69
	1.47
	1.99
	2.50
	3.54

	Left
	Mean
	16.11
	15.28
	10.83
	5.28
	3.61
	8.33
	9.72
	9.17
	7.78

	
	SE
	1.64
	1.54
	1.09
	1.31
	1.71
	2.10
	2.93
	1.99
	2.60

	Recovery
	
	
	
	
	
	
	
	
	
	

	Right
	Mean
	15.56
	15.56
	11.67
	5.00
	4.72
	5.56
	6.94
	9.72
	10.28

	
	SE
	1.71
	1.06
	1.14
	1.57
	1.59
	1.93
	2.29
	2.76
	3.34

	Left
	Mean
	14.44
	14.17
	10.83
	4.44
	3.61
	7.78
	11.39
	9.17
	8.61

	
	SE
	1.71
	1.41
	1.09
	1.45
	1.61
	1.68
	2.71
	2.53
	3.02




	Table 4: repeated PTA testing showed both increased and decreased thresholds

	Frequencies (n = 162)
	Increased Threshold 
(+ 10dbHL from baseline)
	Decreased Threshold 
(- 10dbHL from baseline)
	 5dBHL from baseline

	Right ear, post exposure 
	15 (9%)
	21 (13%)
	126 (78%)

	Left ear, post exposure 
	13 (8%)
	15 (9%)
	134 (83%)

	Right ear, recovery 
	14 (9%)
	24 (15%)
	124 (77%)

	Left ear, recovery 
	12 (7%)
	21 (13%)
	129 (80%)



3.4 
Main Results:

3.4.1 
Analysis of hearing thresholds

A linear model was used to understand the effect of rehearsal sound exposure on mean hearing thresholds of 18 singers. Linearity was established by visual inspection of a scatterplots and residuals were normally distributed as assessed by visual inspection of a normal probability plots.  Leverages were all = 0.00308642. 

The mean pre-exposure (baseline) hearing threshold was 10.98dB (SE 0.5093) F(2, 969) = 2.425, p = 0.08897.  Mean thresholds were decreased on repeated testing post-exposure (M = -0.95dB SE 0.7202) and recovery (M=-1.57dB SE 0.7202) and rehearsal sound exposure accounted for <0.1% for the variability in thresholds.

3.4.2 
Analysis of shifts: temporary shift and recovery shift
 
Repeated testing showed both elevated and reduced thresholds compared to baseline and both were taken into consideration in analysis.  

Temporary shifts (TS) are calculated by [post-exposure – pre-exposure] and recovery shifts (RS) by [thresholds at 24 hours – pre-exposure].  Figure 3 shows threshold shift per frequency, comparing TS and RS.  Error bars display ±1 SE and 95% confidence intervals in the shaded areas.  There is an impression that in the right ear, the threshold shifts are slightly worse than the recovery shifts at 500Hz and 3kHz. This difference is neither statistically or clinically significant.  

A non-significant regression equation was found (F(2, 645) = 1.188, p = .0305), with a multiple R2 of 0.037.  Participants’ predicted threshold shift is equal to -1.36 + 0.62 [Time after performance] – 0.42 [Side]. Mean temporary threshold shift was – 1.36 dB.  Neither time after performance nor side were significant predictors of threshold shift (p = 0.21 and 0.38 for β1 and β2 respectively). 

The addition of frequency as an independent variable did not improve the above model (multiple R2 of 0.02).  Guided by Figure 3, the multiple regression equation was run to predict the threshold shift at 500 and 3000 Hz, for both right and left ears. Mean temporary threshold shift was found 3.61 dB higher than the recovery threshold shift in the right ear at 3000 Hz (p = 0.06). 

After controlling for confounding variables (age, ear side and exposure) among singers, exposure to rehearsal sound statistically significantly increased hearing thresholds.  The average increase of 0.61dB (SE 0.5490) was observed in the right ear F(13, 958) = 15.63, p = < 2.2e-16, but this is not clinically meaningful.  Taking 250Hz the baseline reference for frequency differences, both age and frequency (Hz) are statistically significant factors, but only explaining approximately 16% of the variance.

A minor threshold shift toward better means on repeated testing (figure 4a) was observed in both male and female participants (figure 4b).  




4. Discussion

4.1 
Key Results

4.1.1 
Baseline hearing function

Most singers (12) had normal hearing thresholds as detected by PTA.  Six singers had increased hearing thresholds affecting high-frequencies 4kHz.  Further generalization is not attempted due to the small sample size and skewed demographics, including a majority of female participants, between 41 and 60 years old.  Recruitment in future field studies could address this by recruiting participants from male- or female-only choirs or limiting inclusion to specific age groups.

4.1.2 
Temporary and recovery threshold shifts

We hypothesized that among singers, rehearsal is associated with a change in hearing threshold.  It was not possible to identify any definite TTS in this population under these conditions.  After controlling for confounding variables, mean temporary threshold shift was found 3.61 dB higher than the recovery threshold shift in the right ear at 3000 Hz (p = 0.06), and this may be important to look at for future studies.  This may be a chance effect but could be a focus for study in the future.  Low-frequency PTS has been demonstrated in choir singers previously 16.  Proposed mechanisms of low-frequency changes include physiological and anatomical changes including activation of stapedius or tensor tympani muscles21, 22, the medial olivocochlear bundle23, or changes within the inner ear hair cells, fluid swelling and interference with the transmission of signals to the auditory nerve16. 

Individualized data is useful to examine why some people experience threshold shifts and others do not. Future studies may identify pertinent risk factors or protective characteristics.  Furthermore, research on orchestral musicians suggests that their own instrument is the primary source of sound exposure24.  Singers may also receive the majority of their exposure from their own voice when singing in ensemble and the behavioral influence on attempts at controlling this exposure by increasing the space between singers has been explored previously, with the paradoxical result of increased sound exposure12.

While it is accepted that threshold shift represents physiological changes within the inner ear, the possibility of TTS representing an adaptive process, potentially protecting the cochlea from injury by extending the intensity range of hearing, rather than an injury response is being investigated25,26.  It may be the case that the ear is responding in a protective manner to self-produced sound such as singing. 

4.1.3 
Exposure

While the intensity and duration of this rehearsal exposure appears safe table 2 and consistent with a previous study on sound exposure in choir singers27, the measurement obtained may be under-estimated by the use and position of a single smartphone App or over-estimated by the additional sound source of orchestra throughout rehearsal.  A smartphone App was used, rather than a Class 1 SLM, due to financial constraints.  Accuracy of smartphone apps for monitoring of environmental levels shows significant variability28 and are dependent on the operating system of the device29. Their cost and accessibility makes them attractive in occupational noise measurement30.  The use of externally calibrated microphones improves accuracy31.  A smartphone app and external microphone, that has been calibrated with a Class 1 SLM, would be preferable in future studies.  Furthermore, positioning of the SLM using a tripod rather than music stand would minimize spurious readings.	

The singers also took a break during the rehearsal, interrupting the sound exposure, which may have masked TTS as the ear had an opportunity to begin recovery.  

4.1.4 
Methodology

[bookmark: _Hlk61026122]This pilot field study presented several methodological challenges.  PTA measurements took place in quiet rooms within the rehearsal theatre. These rooms were not sound-proofed, and the ambient noise peak was 38dB meaning the conditions were not ideal19.  Measurements obtained in non-soundproofed environments in the field have been considered comparable for detecting occupational noise-induced hearing loss32, although they may over-estimate prevalence or be unable to detect subtle changes, such as those sought in this study.  

Rehearsal is a dynamic process, and this study accepted unpredictable conditions and flexibility in venue and exposure, to begin a conversation on the effect of rehearsal sound exposure on singers’ hearing. Unfortunately, this may have affected the precision of hearing threshold results due to some unavoidable background noise, making the results of the study more difficult to interpret.  The ever-changing conditions integral to the rehearsal environment is incongruous with the scientific method which would seek to re-create exact circumstances each time. 

PTA is the gold standard hearing test. However, its usefulness to diagnose subtle changes in hearing may not be adequately quantitative, in particular when interpreting high-frequency sounds necessary for the interpretation of speech.  A ‘practice effect’ may have influenced the PTA results, with the participants becoming more familiar with the test on repeated measurements and thereby achieving lower thresholds on repeat. This ‘practice effect’ however could present an opportunity to study learning in a non-invasive manner using PTA.  It is also possible that musicians’ have more sensitive hearing, due to years of active listening for minute changes in sound and timbre33.  Musicians may achieve better test results in PTA than the normal population, related to somewhat musical pattern of ascending fifths and octaves corresponding to the frequencies tested during PTA34-36.  The presence or absence of tinnitus during the measurement may also influence results, and the PTA method can be adapted to reflect this19. 

4.1.5 
Limitations and future research

To capture potential TTS, PTAs were carried out in less than ideal conditions with some background noise possibly affecting thresholds. In future studies on rehearsal, it would be prudent to make allowances for the need to adapt to the rehearsal conditions: rehearsal must be dynamic, the repertoire and ensemble may change as progress is made and a concert approaches and the rehearsal venues may differ depending on the size of ensemble rehearsing. These are natural events for rehearsal but are incongruous with the scientific method which seeks identical conditions for each measurement. A creative and flexible approach to study design may overcome these methodological challenges.

Thorough clinical examination and family history of audiological disorders may provide some useful insight into interpreting the results of singers with PTS and variability of TTS occurrence among singers.

Intensity monitoring of sound exposure was limited to a single device, so personal dosimeters would be preferable and provide more accurate data on personal sound exposure.  Octave band analysis of the repertoire performed could assist in the investigation of low frequency changes.  A solo soprano may reach intensity levels of >100dBA Leq over an hour12.  A similar study to this pilot with solo sopranos as subjects may yield interesting results and present less methodological challenges.  

The equipment used for PTA allowed threshold detection in steps of 5dB. It is possible that singers have more sensitive hearing than average and that TTS of 10dB too liberal. It is a limitation of PTA, however, that smaller threshold shifts also fall into the category of test/re-test variability so cannot be interpreted. Objective measurements including otoacoustic emissions (OAE) were not measured and would be a helpful addition to PTA to address assessor variability, minute changes in hearing and practice effect.  While PTA may not be the ideal tool to detect changes in musicians’ hearing, it may have a role as a non-invasive measurement instrument, in the study of learning, and study of neuroplasticity37.

Investigation of potential protective aspects of the acoustic pathway regarding voice is also needed.  Some research suggests sound exposure from some music or enjoyable sound may be m-ore tolerable to the human ear than industrial noise38-40.  If an adaptive protective mechanism within the acoustic pathway exists, this would be important when applying statutory noise control standards, which are based on exposure to industrial noise41 to music.    Norway (NS 8178 : 2014), Germany (DIN 18041) and Italy (UNI 11532) have music-specific acoustic standards and this approach may benefit successful conservation of musicians hearing and for the continued enjoyment performing arts.




5. Conclusion

The rehearsal environment is a challenging setting for a scientific study.  Careful methodological design to adjust and adapt to the ever-changing field setting of rehearsal, using objective measurements with more participants are vital to determine whether this occupational sound exposure has a clinical impact on hearing, and whether this is a pathological or protective response. Music-specific guidance on appropriate exposure, acoustic standards and conservation methods are needed to protect performers’ hearing.  
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