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Abstract:This report concerns the hearing assess-ment performed for musicians involvedin a pop-rock band who often attend-ing to a rehearsal place twice per week.Hearing threshold determination as wellas otoacoustic emissions are obtainedbefore and after rehearsal. The purposeis to document the temporary changesin hearing encountered for each groupmember to convince them about the ne-cessity of protecting their hearing.To realise about the e�ects of being ex-posed to intense loud sounds, musiciansare compared in terms of their hearingwith a non-exposed population com-posed of twelve subjects who reportednormal hearing function.Eventually, the noise exposure levelmonitored at both rehearsal and aneventual concert are to be contrastedobserving moderate hearing losses ofthe potentially visitors.The content of this report is freely available, but publication (with reference source) may only be pursueddue to agreement with the respective author.



Preface
This report is written by project group 10gr1062 at the Section of Acoustics, Departmentof Electronic Systems at Aalborg University during the 4th semester of the master pro-gramme in the period spanning from February 1st, 2009 to June 3rd, 2009. The projectconcerns an analysis of the temporary changes in hearing of pop-rock musicians beforeand after rehearsalThe reader should pay attention to the following on perusal of this report:

• The report is divided into two major parts:- The main report which is divided into numbered chapters.- The appendices which are arranged alphabetically.
• Figures, tables and equations are enumerated consecutively according to the chapternumber. Hence, the �rst �gure in chapter one is named �gure 1.1, the second �gure�gure 1.2 and so on.
• The Harvard method is used for citation. The bibliography can be found after themain report.
• The CD contains data sheets used in this project.Aalborg University, June 3rd 2009.

Javier Galdón Romero<galdon@es.aau.dk>II
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Chapter 1Introduction
Many researches over time have been focused on the potentially risk of hearing damage ofoccupational noise exposure [Ward, 1970] [F.P.Marques and Costa, 2006]. In an industrialsituation, recovery periods around 16 hours were required for exposure levels above 100 dBto restore completely the initial sensitivity. Some workers exposed to such a noise mayindeed develop a chronic hearing disorder. Likewise, the estimate risk of hearing damagewas found to be around twelve fold higher for groups exposed to intense noise than fornon-occupational exposure workers.Aside, some investigations have been oriented to determine the e�ect of being exposed tointense loud sounds from leisure activities [W.Clark, 1991] [Airo et al., 1996] [Maassen et al.,2001] [Maassen et al., 2001]. Live or ampli�ed music, attending frequently to discos, ex-posure from personal listening devices or being exposed to �reworks are to be potentiallydangerous in terms of hearing whether the exposure time is exceeded. For instance, someof the mentioned investigations [Maassen et al., 2001] [Maassen et al., 2001] reported that2/3 of disco visitors experienced hearing problems such a tinnitus. Furthermore, oneweekly visit to a disco over a period of 10 years could develop a moderate hearing lossaround 6 dB, being more raised for assiduous visitors up to around 20 dB at 4000 Hz.Hence, high levels of noise detected from leisure activities are indeed a signi�cant causeof developing hearing losses.However, while standardised rules are in charge of regulating the maximum allowed soundpressure levels in occupational places [ISO 1999, 1990], there is a lack of control of thenoise from leisure activities, and in mostly cases the exposed population are the ownresponsible of being aware of the risk of developing a hearing disease caused by the noise.Music bands are a population considered potentially exposed to intense loud soundsduring either concerts or at rehearsal places. In fact, the incidence of developing hearinglosses among musicians is exceptionally high [Brashears, 2001]. Several studies reportedhearing losses from 30 to 50% of symphony orchestra musicians [Axelsson and Lindgren,1978] [Royster et al., 1991]).The necessity of an acute sense of hearing for the career of a musician entails a great dealof hearing conservation responsibility of this population. A hearing assessment must beaddressed them to be educated in protecting their hearing. Nevertheless, musicians arenot often reciprocal in maintaining their audiological health by wearing ear plugs whenplaying in a concert or during their rehearsal days since they cite that their music cannot be heard in a natural manner. 1



1 IntroductionThe most e�ective demonstration of the risk of hearing damage is to personalise thee�ect of the noise by testing the hearing levels as well as the musician's OtoacousticEmissions(OAEs) before and after the exposure [Brashears, 2001]. The latest allow todetect temporary losses of the normal function of the musician'cochlea caused by thee�ect of the noise. In fact, one of the most characteristic reactions of the human auditorysystem to an intense sound is re�ected in an amplitude reduction in both hearing levelsand OAEs denoted as a shift.The underlying purpose is to convince the musicians about their own temporary loss ofOuter Hair Cells (OHCs) function, which are the sensory cells in charge of the activeprocess within the cochlea. Without the presence of those cells, approximately around55-60 dB of hearing loss will be present [Berlin et al., 1996].There are two main methods to evaluate the human hearing status, determining the sub-ject's hearing levels and analysing the low level sounds produced by the hearing systemdenoted as OAEs. The former consists on a test of hearing whereas the latest evaluatesthe status of the human cochlea. Both are recommended to determine a normal hear-ing function. Furthermore, many people exposed to noise over years showed noticeablehearing levels but an absent or reduced OAE amplitude. Frequently, moderate exposurelevels that are not intense enough to elicit a shift by performing an audiometry are presentwhen recording an OAE tracing [Brashears, 2001].To summarise, people exposed to intense loud sounds from leisure activities, as the case ofmusicians involved in a band, must be aware of the recommended average safe hours perday depending on the level of the exposure, for instance the guidelines provided by theOccupational Safety and Health Administration (OSHA). Aside from their responsibility,hearing assessment is to be an appropriate tool for testing the health status of theirhearing and convincing them of the potential risk of hearing damage caused by the a�ectsof noise.
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Chapter 2Project Description
This chapter contains the research process to be followed in this project. It de�nes thescope, the procedure and the formulation of the problem to be solved.2.1 Project ScopeThe scope of this project is to document the changes in hearing encountered before andafter the exposure for each member belongs a pop-rock band who often attend to playin a rehearsal twice per week. It also concerns a hearing assessment performed for apopulation of twelve normal hearing subjects considered non-exposed to intense loudsounds. Thereby, two populations which di�er signi�cantly in their music leisure habitscan be compared. Likewise, the sound pressure level obtained during the rehearsal periodis to be compared with other prevalent leisure activities, such as concert events.2.2 Project ProcedureThis section gives an overview of the research process followed in this project. Eachstep is brie�y described to help the reader to obtain a quick understanding of the wholeprocedure.Study of the di�erent hearing assessment methods In order to detect the tempo-rary changes in hearing after an exposure in an e�cient manner, the prevalent methodsregarding hearing assessment are to be studied in terms of e�ciency and average usedtime. Both populations will be tested with the same methods for the comparison after-wards.Temporary hearing changes in musicians detected before and after rehearsalsEach member belongs the musician band is to be tested in terms of hearing before andafter a rehearsal day in order to detect temporary hearing changes caused by the exposureto noise. 3



2 Project DescriptionHearing assessment for control population The non-exposed population are sub-jected to a hearing assessment with a view to collect an average of their hearing statusand the normal function of their cochlea. Those results will be employed as a referencefor comparison with musicians'hearing initial status.Comparison An analysis between both populations is performed to �nd out the riskof being exposed to intense loud sounds over many years.2.3 Problem FormulationThe temporary loss of the normal function of the human hearing system when beingexposed to noise is to be tested among three musicians involved in a music band with theaim to convince them about the necessity of protecting their hearing. The main questionsto be solved throughout this project are,
• Is there a substantial di�erence in the normal function of a musician's cochlea aswell as the obtained hearing levels before and after a rehearsal?Is it appreciated ageneral pattern among musicians?
• Which are the di�erences encountered between the non-exposed and potentiallyexposed populations to intense loud sounds?

4



Chapter 3Physiology of Hearing SystemAnatomy
This chapter is to be a theoretical review of the basic structure and function of the humanhearing system anatomy. Due to the purpose of this project is to make an assessmentof the risk of hearing impairment for a population being exposed to intense loud soundsin di�erent situations, a background of the physiology of the auditory system resultsindispensable to understand the sound process along the human ear and the main causesof hearing loss.3.1 Structure and FunctionalityThe human ear consists of three main parts, the outer, the middle and the inner ear. Itsbasic structure is shown in �gure 3.1. The main parts involved in the sound process havebeen marked.The main function of the outer and middle ear is to conduct the incoming sound tothe cochlea, which is located in the inner ear. When the incoming sound is modi�edand localized by means of the visible part of our ear (pinna), it travels along the au-ditory canal and causes the eardrum or tympanic membrane to vibrate. This vibrationof the eardrum is transmitted through the middle ear by three small bones known asossicles, to the cochlea. A movement of the ossicles cause the oval window to move, anda pressure di�erence is applied across one membrane located in the cochlea, known asBasilar Membrane (BM). The stimulus displacement of the BM varies depending on thefrequency of the stimulus, creating di�erent band pass �lters. Eventually, a non-linearmechanism takes place by means of the hair cells assisting the �ltering process as well asthe mechanical into electrical transduction in the auditory nerve.Every part involved in the function of the auditory system is explained in the followingsections.
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3 Physiology of Hearing System Anatomy
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Figure 3.1: Basic structure of the human auditory system showing the outer, middle and inner ear[Moore, 1997].3.2 Outer EarThe outer ear consists of two main parts, the pinna and the auditory canal. The pinnamodi�es the incoming sound, particularly at high frequencies. This results to be impor-tant in the human ability to localize sounds [Moore, 1997]. The auditory canal lengthis around 2.5 cm and the diameter is around 0.6 cm [Møller, 2000]. The sound travelsacross the auditory canal causing a vibration which is transmitted to the middle ear bythe tympanic membrane and the ossicles.3.3 Middle EarThe middle ear is comprised of the tympanic membrane and the three small bones calledossicles. The tympanic membrane, also known as eardrum, terminates the ear canal. Itsmain function is to convert sound into vibration which is transmitted by the ossicles.These bones are the malleus, the incus and the stapes, coupling the eardrum with theoval window. They have minute muscles attached to them which contract upon exposureto intense sounds . This contraction or re�ex allows to reduce the transmission of soundthrough the middle ear but only at low frequencies [Moore, 1997]. However, the activationof the re�ex results to slow to protect against impulsive sounds.There are two main functions of the middle ear according to [Moore, 1997],
• Provide an e�cient transfer of sound from the air to the �uids in cochlea. Thisresults particularly e�ective at middle frequencies, between 500 to 4000 Hz.
• Reduce the transmission of bone-conducted sound to the cochlea, which can beundesirable whether the transmission is loud enough to mask other external sounds.6



3.4 Inner Ear3.4 Inner EarThe vibrations are transmitted through the middle ear to the cochlea by means of theoval window, which is an opening located in the bony wall of the cochlea, as it can beseen in �gure 3.1.In the inner ear the response of the BM within the cochlea to a certain stimulus as well asthe functionality of the sensory cells of hearing result to be the most important processesto understand the physiology of the cochlea and thereby, the psychology of hearing.3.4.1 CochleaAs it was stated before, the cochlea is a snail-shaped bony structure which contains thesensory organ of hearing. Normally it is studied like if it has been unwound, and itslength is approximately 3.5 cm [Møller, 2000]. The cochlea has three di�erent �uid-�lledtubes that are separated by two membranes. The Reissner's membrane provides isolationbetween two of those tubes, the scala media and the scala vestibuly. Likewise, the latestis separated by the BM from the scala tympani. This membrane plays an important rolein the frequency selectivity process that takes place in the inner ear.Basilar MembraneWhen the vibrations are transmitted to the cochlea by the ossicles, particularly thestapes, the oval window is set in motion and a pressure di�erence is applied across theBM [Moore, 1997]. Then, the BM experiments a movement which varies along its length.The start of the BM is called base and its width is around 150 µm, and the end is calledapex with a width around 450 µm. This is shown in �gure 3.2. The BM is sti�er in thebasal than at the apex , what it is believed to be the reason of that the ear creates asound wave on the BM that travels from the base to the apex when an incoming soundappears [Møller, 2000].The response of the BM depends on the type of stimulus generated. It can be a sinusoidalstimulation or a short impulse (click), and the response is very di�erent depending oneach case. When a short impulse is generated, the response occurs all along the BMsince this stimulus contains a wide range of frequencies [Moore, 1997]. Nevertheless,when a sinusoidal stimulus reaches the ear, the response of the BM is a travelling wavewhose envelope increases in amplitude at the beginning until a certain peak and decreasesabruptly afterwards. The frequency that provides the maximum displacement of a par-ticular region of the BM is known as the characteristic frequency (CF) for that region[Moore, 1997]. These displacements depend on the frequency of the incoming stimulus.High frequency sounds produce maximum displacement near the base and the rest of theBM remains almost quiet. On the other hand, when a low frequency sinusoid reaches7



3 Physiology of Hearing System Anatomy
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a) b) c)Figure 3.3: The excitation of the BM di�ers according to the frequency of stimulation. High frequencysounds produce maximum displacement near the base and the rest of the BM remains almost quiet (a)).Low frequency sounds produce the maximum near the apex but the vibrations are extended along theBM (b)). Therefore, the response of the BM varies along its length where the high frequency sounds arelocated at the base part and as long as the travelling wave moves toward the apex part, only the lowfrequency sounds are present (c)). This picture has been extracted from a course given by [Pedersen].Some parts of the BM vibrate with a greater amplitude than others and they di�er in thephase of vibration at di�erent points, but the CF is the same for each region. Therefore,each region can be considered as a band pass �lter with a certain CF [Moore, 1997]. Theamplitude of the response of the BM does not grow proportionally with the amplitude ofthe stimulus and thereby, the vibration of the BM is considered as a non-linear process.Whether two di�erent tones reach the ear and the separation between them is largeenough, the BM provides two patterns of vibration, but when they are closely spaced infrequency, those vibrations can interact caused by both tones [Moore, 1997].8



3.4 Inner EarOrgan of CortiOnce the frequency separation process has been carried out at the BM, the sensory cellslocated in the Organ of Corti, which is placed along the BM, are activated to compressthe vibration of the BM and to transform the mechanical displacements into neural codein the auditory nerve. There are two main sensory cells within the Organ of Corti, theOHCs and the IHCs.
• OHCs They are the main responsible for the active process which is carried outwithin the cochlea. There are around 30000 OHCs in humans [Møller, 2000]. Thisactive process known as Cochlear Ampli�er presents two main functions:1. OHCs assist the �ltering process at the BM in such a way that for low soundintensities, they reduce the in�uence of friction of the BM motion and com-pensate the energy losses. This action provides an increase of the vibrationamplitude of the BM around 50 dB near the apex part[Møller, 2000]. If theCochlear Ampli�er process is not active, a hearing loss occurs.2. OHCs compress the vibration of the BM over most of the input amplituderange [Moore, 1995]. This compression occurs before the sound is transformedinto electrical displacements.
• IHCs They are in charge of the mechanical into electrical transduction in theauditory nerve. There are around 10000 IHCs in the human cochlea [Møller, 2000].This function together with the OHCs compression allows the auditory system toprocess sounds over a range around 100 dB.It is important to notice that a person exposed to intense loud sound for a long time periodwill experiment the normal instantaneous fatigue by the response of the sensory cells plusthe mechanical fatigue due to the over-exposure. This over-exposure can produce lossesof either OHCs or IHCs, causing Noise-Induced Hearing Loss (NIHL). The e�ect of thesensory cells on the auditory system is di�erent. Loss of IHCs has a direct consequenceon permanent hearing damage while loss of OHCs represents a less severe risk, a�ectingmainly the sensitivity and the frequency selectivity of weak sounds [Ordoñez, 2005].
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Chapter 4Hearing Assessment
This chapter is to be a theoretical review about the most prevalent techniques employedfor hearing assessment, such as audiometries and Otoacoustic Emissions (OAEs). Firstly,it describes the main standardized audiometric methods and makes the selection of themost e�ective in terms of precision and speed. Eventually, the sorts of OAEs used toassure the risk of hearing impairment will be described.4.1 AudiometryThe audiometry is a technique to measure the human hearing ability. Normally, thedevice used for this purpose is an audiometer, which generates some stimuli of knownlevels for each frequency. The subject who participates in the test is normally asked togive a response by pressing a button when he perceives an stimulus. The underlyingtechnique is based on varying the level intensity of several stimuli in order to �nd outthe limit between audible and inaudible sound [M.Lydolf, 1999]. The lowest level whicha subject recognizes the stimuli on repeated trials is called the absolute threshold ofhearing.4.1.1 Hearing ThresholdIn terms of psychophysics, a particular stimulus intensity which is detected by the sub-ject in a detection experiment during 50 % of repetitive trials is denoted as threshold[M.Lydolf, 1999]. This is frequently used for clinical purposes. Applying this term forhearing, the degree of a patient's hearing loss can be quanti�ed in terms of the magnitudeof the stimulus needed for him to respond to it. The smallest intensity of such stimulusthat a person needs to detect its presence is called Hearing Threshold [Gelfand, 1997].In audiometric tests, a threshold of normal hearing subjects, often young people whoare considered healthy listeners, is required as a reference. This means that the HTsof the subjects will be obtained relative to the average threshold at each frequency forthose people. Based on [ISO 389-7, 2005], the reference threshold of hearing at a certainfrequency is de�ned as the sound pressure level of a pure tone or a one-third-octaveband of noise corresponding to the median value of the binaural thresholds of hearingof otologically normal persons within the age limits from 18 years to 25 years inclusive.In �gure 4.1, two reference threshold curves are depicted for pure tones under binaural11



4 Hearing Assessmentfree-�eld conditions and for one-third octave bands of noise under binaural di�use-�eldlistening conditions, with black line and dashed blue line respectively.
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Figure 4.1: Reference thresholds of hearing for pure tones under binaural free-�eld listening conditionsand for one-third-octave bands of noise under binaural di�use-�eld listening conditions. The data areobtained from [ISO 389-7, 2005].The reference thresholds for the free-�eld conditions curve † correspond to 0 dB HL(Hearing Level) and is represented as a horizontal line at the top of the audiogram ‡, andthe degree of hearing loss (positive threshold) or the sensitiveness (negative threshold)with respect to the average is depicted by how much the threshold falls below or abovethis line respectively [Moore, 1997], following the equation 4.1:
HL = 20log

dBSPL

dBSPL0
[dBHL] (4.1)where dBSPL is the sound pressure level obtained by the subject at a certain frequencyand dBSPL0 is the sound pressure level of the reference threshold for pure tones underbinaural free-�eld listening conditions at this frequency.4.1.2 Standardized Audiometric MethodsThere are many methods to measure the HTs for a certain population, depending mostlyon the detection task as well as the type of stimuli. Since for the purpose of this project,the selected audiometric method is required to be as fast and reliable as it ever will,only two methods are considered of interest based on the researches made by [M.Lydolf,1999], the Ascending and the Békésy method. This section describes theoretically thosemethods with a view to select the most reliable in terms of e�ciency and time consuming.They are included in the denominated air conduction (AC) measurements, which consiston a sound transmission through the outer and middle ear to the inner ear §.

†The HTs determined under free-�eld conditions are used to calibrate the audiometers.
‡An audiogram is a plot which represents the hearing levels versus frequency.
§Other methods can also be used, such us the bone conduction (BC) measurements or free-�eldthreshold measurements, but they are not reported in this project.12



4.1 AudiometryAscending MethodThis method is considered the most reliable and fast within the manually methods oflimits †. It consists on approaching the HT of the subject by a series of small changes inthe level of the stimulus until the threshold is reached. For every frequency in the desiredrange (normally between 250 Hz and 8 kHz), an stimulus of duration around 1-2 s ispresented to the subject by means of headphones.According to [ISO 8253-1, 1989],
• The order of the presentations of the test tones must be from 1 kHz upwards,followed by the lowest octave band until a repeated test is carried out at 1 kHz.The di�erence between the tested level at this frequency must not be higher than5 dB to consider the test as valid.
• The most sensitive ear of the subject is measured at the �rst time and when alloctave bands have been tested, the procedure is repeated for the remaining ear.Whether the sensitive ear is unknown, the right ear is �rstly tested.
• The initial stimulus level is to be typically 40 dB (audible level) and then, theintensity is decreased in 10 dB stepwise until the subject is not able to hear thetone. This is used for the familiarization session of the test.
• After each failure, the level of the test tone is increased in steps of 5 dB until thesubject makes a detection.
• After the response, the level is decreased in steps of 10 dB until no detection occursand then, another ascent begins.
• The test can be concluded either after three reversals at the same level out �veascents for the extended version or after two reversals out of three ascents for theshortened version.An example of the determination of the HT when using the Ascending method is depictedin �gure 4.2.Békésy MethodThis method is considered as an automatic version of the methods of limits, where thesubject directly controls the changes in the stimulus intensity, resulting in a fast procedureoften used for clinical audiometry.
†The methods of limits include the Ascending, Descending and Bracketing method. The HT of thesubject is determined by a series of small changes of the levels of the stimulus until the threshold isreached. 13



4 Hearing Assessment

Figure 4.2: Determination of the HT when using the Ascending method [Poulsen, 2007]. The '+'symbolizes a response whereas 'o' means that no response occurs. In this example the HT is 5 dB afterthree reversals.Firstly, a continuous tone or a sequence of pulse tones is presented to the subject. Ac-cording to [ISO 8253-1, 1989], pulse tones are preferably used for threshold determination
†.As long as the subject hears a tone, he will press the button. Then, the stimulus intensityis decreased continuously with a stepwise around 2 dB/s [Poulsen, 2007]. When the signalis no longer audible, the subject releases the button and the stimulus intensity increaseswith the same stepwise than before. The levels where the button is either pressed orreleased are recorded as peaks or valleys respectively, which will be used to calculate thehearing threshold afterwards. The method �nishes when a speci�c number of reversalshas been carried out.For instance, an example of the Békésy recording can be seen in �gure 4.3.

Figure 4.3: An example of the Békésy recording [Poulsen, 2007]. After a speci�c number of reversals,the HT of the subject is calculated by averaging the peaks and the valleys, and calculating the mean ofboth averages.
†The standard [ISO 8253-1, 1989] states that the continuous tone are used only for some specializedaudiological purposes.14



4.1 AudiometryBased on [ISO 8253-1, 1989], the procedure to determine the HT of a subject for theBékésy method is as follows,
• A familiarization session is required in order to guarantee that the subject under-stands the task. The attenuation of the intensity level of the stimulus must startat the �rst test frequency (1 kHz).
• Once the test starts, it should be continued until both ears have been tested.
• The �rst reversal following a change of frequency must be ignored.
• The test can be concluded when six reversals have been obtained after the �rst oneand the peaks or valleys do not deviate by more than 10 dB among themselves.
• The HT is determined by averaging three peaks and three valleys for a given fre-quency and ear, and calculating the mean of both averages.Selection of the MethodFor the purpose of this project, the chosen audiometric method is to be as e�cient asit ever will in such a way that any change in the auditory system of a subject can bedetected in a short period of time.Based on the researches made by [M.Lydolf, 1999],The two standardized audiometric methods explained before seems to be faster thanothers after an evaluation of eight di�erent methods for determination of HT in terms ofaccuracy, reproducibility and e�ciency. This comparison is to be used as a benchmark todetermine the audiometric method which will be used throughout this project. 24 subjectswith 3 repetitions were evaluated at 500, 1000 and 2000 Hz in that investigation. Themain results obtained are described as follows,
• Determination of HT Békésy method showed thresholds about 1.5 dB higherthan the Ascending method . Other studies reported that the HT for this methodwere more sensitive than those obtained in this investigation. The reason mightbe related with the procedure used had some variabilities with respect to the rulesin [ISO 8253-1, 1989]†. The standard deviation within subjects was around 1.6 -

2.0 dB for both Békésy and Ascending methods.
• Averaged Used Time Ascending and Békésy methods resulted to be faster thanthe others involved in this investigation. The time employed was around 1 - 1.5 min.
†According to [ISO 8253-1, 1989], an average di�erence exists between HT levels determined bymanual audiometry (Ascending method) and those recorded by automatic audiometers (Békésy method).In fact, this standard assumes that the HT levels when using the Békésy method are 3 dB lower, meaningthresholds more sensitive, than those obtained by the Ascending method when using a 5 dB stepwise.15



4 Hearing Assessment
• E�ciency This term is de�ned here as the relation between the used time and theachieved standard deviation within subjects at the given time. After the compari-son, the tendency was a decreasing of the standard deviation within subjects as afunction of time to a level below 2 dB within around 1 min of measurement time.Ascending showed to be the most e�cient of the methods of limits, but Békésymethod was the most e�cient of the eight methods tested. The initial standarddeviation within subjects was smaller that any of the other methods. After eightpair of reversals, the standard deviation reached a level of 1.64 dB which resultedto be the minimum found.Therefore, Békésy test is the most appropriate method for the determination of the HTof a subject. However, some technical problems reported in appendix C prevented thismethod to be used during the HT measurements. The Ascending method was selectedinstead.4.2 Otoacoustic Emissions (OAEs)Apart from the audiometric methods, there are other techniques used to measure thenormal function of the cochlea. OAEs can be used to predict earlier hearing losses innewborn and young adults but they are also a particular useful technique to evaluatethe cochlear status in older adults. The main advantage compared with the audiometricmethods is that they are an objective indicator of the activity originated by the motionof the outer hair cells. Hence, they are not subjectively dependent of the subjects.OAEs can emerge spontaneously due to the nature compressions and refractions of theair in the ear canal, but are commonly measured when eliciting an stimulus. Dependingon the level of the stimulation and type of technique used, OAEs can detect hearing lossesof between 20 and 30 dB [Otodynamics, 1997].They can be detected only when the middle ear system is operating properly and areoften used to con�rm the normal function of the BM, the structure of the organ of Cortiand the health of the outer hair cell system.Although they can detect a hearing loss in a speci�c frequency region, there are notstrong arguments to relate the OAEs levels of a person with the audiometric thresholdswith accuracy.4.2.1 Classi�cation of OAEsThere are two general categories of OAEs, the Spontaneous and the Evoked. The latestincludes a classi�cation depending on whether the presented stimulus is a click or twopure tones are generated. All OAEs re�ect cochlear processes.16



4.2 Otoacoustic Emissions (OAEs)Spontaneous Otoacoustic Emissions (SOAEs)SOAEs are very narrow bands of frequencies (less than 30 Hz) recorded in the externalear canal in the absence of a stimulus [Hall, 2000]. They are usually inaudible for thesubjects who participate in a test for measuring them. The cochlea, specially the outerhair cells, is emitting energy at one or more frequencies which is recorded by means ofa very sensitive microphone. Thereby, the nature of the active cochlear process can bemeasured.The presence of SOAEs suggests that the cochlear hearing sensitivity is close to thefrequency where an SOAE is detected [Robinette et al., 1997].In �gure 4.4, a typical SOAE from a young, normal hearing female is depicted. It canbe noticed that the likelihood of SOAEs increases in the most sensitive human hearingregion, e.g. between 1000 - 2000 Hz, with an amplitude which can vary between -5 to15 dB(SPL). The SOAEs appears as peaks arising at least 3 dB above the noise �oorpresents in the ear canal [Robinette et al., 1997].
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Figure 4.4: An SOAE recorded in the external ear canal for the right ear of a 32 years old woman inthe absence of a stimulus [Hall, 2000]. Two peaks at 1000 Hz and at 1800 Hz arise sharply above thenoise �oor. The amplitude of the SOAEs often varies from -5 to 15 dB(SPL), and they increase in themost sentitive human hearing region, e.g. between 1000 - 2000 Hz.However, SOAEs are not applied clinically since there are no arguments to conclude adysfunction of the cochlea when they are not present. Furthermore, no more than 60% ofnormal hearing people present them [Hall, 2000]. The occurrence of SOAEs depends onmany factors, such us gender, the selected ear or the age †, meaning a great variabilityfor each individual and their study does not result precise. Therefore, SOAEs are notfurther studied in this project.
†The SOAEs result more common in females than in males and are more often found in the right ear[Hall, 2000]. 17



4 Hearing AssessmentTransient Evoked Otoacoustic Emissions (TEOAEs)They belong the Evoked group of OAEs. The stimulus is presented generally as a click ofaround 0.1 ms and with an intensity near of 80 dB(SPL). A broadband of frequencies upto around 6 kHz composes the spectrum of the stimulus. During the process, the cochleais activated simultaneously from basal to apical regions of the basilar membrane (BM),and the response is recorded within the external ear canal.The main characteristic of TEOAEs is that a general impression of the spectrum fromthe outer hair cells response can be obtained in a short period of time. Whether a healthyear is being evaluated, this spectrum mirrors directly the spectral characteristics of thestimulus used. The shorter the stimulus, the broader the frequency range of the stimulus[Hall, 2000].In �gure 4.5, an example of TEOAEs obtained up to almost 6 kHz above the noise �ooris depicted. Normally in adults, TEOAEs arise amplitudes from 10 to 15 dB(SPL). Toanalyse the behaviour of these emissions, di�erent TEOAEs are often measured to assurethat the data obtained are reliable in terms of reproducibility. Likewise, the di�erencebetween the amplitude of the stimulus and the noise are calculated at each band offrequency.
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Figure 4.5: An spectrum of TEOAEs and the noise �oor measured within the external ear canal up toalmost 6 kHz [Hall, 2000]. TEOAEs normally arise amplitudes from 10 to 15 dB(SPL).A cochlear dysfunction in the subject at a certain frequency band can be derived from ananalysis of TEOAEs when either no response is found or there is a reduction in the SNRafter a sound exposure. They provide frequency information of the cochlear status of thesubjects between 500 to 6000 Hz, being considered as an objective indicator of hearinglosses between 20 and 30 dB.
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4.2 Otoacoustic Emissions (OAEs)Distortion Product Otoacoustic Emissions (DPOAEs)DPOAEs are the most prevalent Evoked OAEs measurements used for clinical purposes.They consists on eliciting a vibration in a speci�c region of the BM by means of two puretones stimuli closely spaced in frequency, known as primaries and denoted with f1 andf2. The higher frequency is normally f2 and the lower is f1, and the separation betweenthem is the ratio f2/f1. Once the stimuli is generated, the outer hair cells response isrecorded in the external ear canal.Whether the primaries tones are not too far or too close together in terms of frequency
†, a DPOAE will be generated as the intermodulation distortion product between thosepure tones at a di�erent frequency. The response is being distorted since it appears at acertain frequency that is not present in the stimuli. The prominent and largest distortionproduct in humans is 2f1 - f2, even though other frequencies can also be observed, suchas f2 - f1, 2f2 - f1 or 3f1 - 2f2 [Robinette et al., 1997].The main advantage of the DPOAE measurements is that a narrowband spectral anal-ysis is carried out and thereby, speci�c regions of the BM can be analysed. A hearingimpairment may be observed when a reduction of DPOAE amplitude is found, meaninga decrease in the SNR, either if the subject is being compared with a normal hearingpopulation or the behaviour in the cochlear response is to be analysed after a soundexposure. DPOAEs measurements result particularly useful to test the higher frequencyregion of the cochlea but are less sensitive than TEOAEs to small cochlear dysfunctionsleading to only 10 up to 20 dB [Otodynamics, 1997].The typical values used clinically are a ratio f2/f1 equals 1.22 and the levels for theprimary tones between 55 to 65 dB (SPL). In �gure 4.6, an example of DPOAE measure-ments is shown. The primaries tones intensities are L1 = 65 dB (SPL) and L2 = 55 dB(SPL), corresponding to the frequencies f1 = 2000 Hz and f2 = 2400 Hz respectively. Thelargest distortion product is found at the frequency 2f1 - f2 = 1600 Hz with an intensityaround 10 dB (SPL) above the noise �oor. According to the studies reported in [Hall,2000] and [Robinette et al., 1997], a DPOAE can be considered as valid when its level isat least 3 dB(SPL) above the noise generated by the environment as well as the subject'sbody motion.According to [Robinette et al., 1997], the selected ear and the gender do not cause sig-ni�cant di�erences in DPOAE measurements. Nevertheless, the age seems to a�ect theresults since DPOAE amplitudes decrease when increasing the age at most frequencies.This must be taken into account when evaluating a certain population.

†The primaries tones must be within one-third octave of each other [Robinette et al., 1997]. 19
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Figure 4.6: An example of DPOAE measurements [Hall, 2000]. The primaries tones show intensitiesof L1 = 65 dB (SPL) and L2 = 55 dB (SPL), corresponding to the frequencies f1 = 2000 Hz and f2 =2400 Hz respectively. The major distortion product is found at the frequency 2f1 - f2 = 1600 Hz, andwith an intensity higher than 3 dB(SPL) with respect to the noise �oor. Therefore, the DPOAE obtainedcan be considered valid.
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Chapter 5Assessment of Changes in Hearing
This chapter describes the changes in hearing originated after a sound exposure. Theyare often analysed in terms of the shift produced when comparing the data obtained forthe hearing assessment before and after the exposure. To be detected, the post exposuremeasurements must be recorded in a short period of time immediately after the cessationof the exposure. Temporary Threshold Shift (TTS) as well as OAEs Shift characteristicswill be explained.5.1 Temporary Threshold Shift (TTS)When the auditory system is exposed to an intense sound level during either short orprolonged time periods, a loss of sensitivity occurs. This over-simulation implies a changein the response of the inner ear, meaning a fatigue of the system. The degree of damagewill depend on the severity of the exposure and the sensitivity of each subject [Ordoñez,2005]. A direct consequence of this change in response can be observed temporally bymeasuring the HT of a subject before and after the exposure. In fact, the di�erencebetween the absolute threshold before and after the exposure is known as TemporaryThreshold Shift.There are many factors that can in�uence the magnitude of the TTS during and after asound exposure, but according to [Ordoñez, 2005] the most relevant are,

• The frequency region where the noise presents greatest concentration of energy
• The duration of the noise exposure
• The intensity of the noise exposure
• The frequency of the stimuli which are used during the hearing assessmentIn light of these factors, TTS will diminish after the cessation of the noise whether theduration and the intensity of the exposure have not been severe enough and then, thenormal HTs of the subject will be recovered completely. But a partial deafness or a greatdegree of hearing loss can occur when, even though the ear has recovered as much as itever will, the remaining threshold shift is permanent [Miller, 1974]. This threshold shiftis known as Permanent Threshold Shift(PTS), and it persists continuously.21



5 Assessment of Changes in HearingTTS experiments consists of three main parts:Pre-exposure The initial conditions of the subjects are measured within this phase.They are often used as a reference of the HTs of the subject to be compared with the post-exposure data afterwards. Normally, several repetitions of the test must be carried outto assure the accuracy of the responses since the determination of the threshold dependssigni�cantly on the susceptibility of the subject.Exposure It is referred to the time that the subject is to be exposed to the noise.When the purpose of the experiment is to monitor the growth of TTS during the fatigu-ing stimulus, the HTs are measured after each predetermined cessation of the exposure[Ordoñez, 2005].Post-exposure In this period the HTs are determined at di�erent times after the com-plete cessation of the noise to assure that the subject's auditory system recovers the initialconditions. HTs are compared as the existing di�erence between the current values atthis phase and the initial conditions. Thus, the TTS of each subject are obtained andto assure reliability of the results, they have to be measured at the same frequencies andwith the same audiometric method.Normally, TTS are studied in terms of both time and frequency characteristics.5.1.1 Time Characteristics of TTS - Growth and RecoveryA general impression of the increase of the magnitude of TTS in time for di�erent exposurecases is depicted in �gure 5.1. The time in noise is plotted along the horizontal axis andthe magnitude of TTS measured in [dB] is plotted on the vertical axis. These predictionsare made at 2 min after the cessation of the exposure†, which can be either a band noisebetween 2400 and 4800 Hz or a pure tone at 4000 Hz [Miller, 1974]. It is noticed thatthe more intensity of the exposure noise, the TTS growth increases more rapidly. Forinstance, when the intensity of the noise is 110 dB, a normal hearing person exposed onlya bit more than 15 min reaches a TTS level around 40 dB, which may result in a hearingloss or a PTS. However, whether this person is exposed to 70 dB of noise, more than 4hours are need to experiment any signi�cant TTS. It is important to take into accountthat these predictions are made for the most susceptible frequency region, and therefore,the risk of hearing damage is greater than for other exposure cases.After several days of being exposed to the same noise at a speci�c level, the TTS isbelieve to remain stable [Ordoñez, 2005]. This value is known as Asymptotic ThresholdShift(ATS).
†TTS 2 min after the cessation of the exposure is denoted as TTS222



5.1 Temporary Threshold Shift (TTS)

Figure 5.1: Hypothetical growth of TTS after various single and continuous exposures to noise. Thesecurves are obtained for an average of normal hearing young adult exposed to a band of noise or puretone centered near 4000 Hz [Miller, 1974]. Due to the human hearing system is more susceptible at thisfrequency region, it can be considered as the region of greatest risk of hearing damage.Once the stimulus has been completely ceased, a recovery process takes place in themiddle ear. This recovery depends basically on the duration of the exposure, the intensityand the speci�c frequency region of the noise. In addition, there are di�erences in therecovery process depends on whether the hearing system is exposed to the point of anATS is induced or only a TTS can be observed. The recovery is longer for the ATS case.When the TTS is less than 40 dB, and the duration of the exposure is less than 8 hours,the recovery can be considered rapid [Miller, 1974]. However, if the duration is longer,as can be seen in the dashed lines in �gure 5.2, the decline of the TTS requires severaldays to be completely recovered. Furthermore, whether the intensity of the level is above100 dB, and the duration of the exposure persists many days, PTS are normally induced.5.1.2 Frequency Characteristics of TTSThe occurrence of TTS is highly dependent on the frequency range of the noise exposure.If the hearing system is stimulated by means of pure tones, the maximum shift is oftenobserved at frequencies about 1/2 octave above the centre frequency of the octave bandof the stimulus [Melnick, 1991]. But according to [Ordoñez, 2005], some studies reportedthat for frequencies below 500 Hz, this criterion is not ful�lled since at those frequencies,high stimulus levels are required to �nd both the audibility thresholds and the TTS.
23



5 Assessment of Changes in Hearing

Figure 5.2: Hypothetical recovery of TTS after various single and continuous exposures to noise. Thesecurves are obtained for an average of normal hearing young adult exposed to a band of noise or puretone centered near 4000 Hz [Miller, 1974]. Due to the human hearing system is more susceptible at thisfrequency region, it can be considered as the region of greatest risk of hearing damage.On the other hand, when the auditory system is exposed to a broadband noise, themaximum shift is generally located in the most sensitive frequency area, e.g. the lowestHT of the subject. In humans, this sensitive area is between 3 and 5 kHz [Melnick, 1991].5.2 OAEs ShiftOAEs are also a useful technique to measure the changes in hearing before and after asound exposure. The OAEs measurements normally show di�erent frequency patternsthat are highly dependent on the subjects, whereas the HT determination seems to followa similar behaviour between subjects and its average results more representative [Ordoñez,2005]. Hence, there is not a common recovery pattern for OAEs shift. Furthermore, largestandard deviations across subjects are often found for pre-exposure values.However, a common feature is that the frequency regions where the subject's hearinganatomy results more a�ected by the exposure can be found and thereby, the similaritiesbetween TTS and OAEs Shift can be derived.
24



Chapter 6Sound Exposure Level and NIPTS
This chapter pursues the goal of giving a general overview of the determination of oc-cupational noise exposure as well as the estimation of the risk of hearing impairment ofthe population exposed to intense noise levels. This estimation is based on the maximumoccupational noise level allowed by the Danish Legislation and the calculation of theNoise-Induced Permanent Threshold Shift (NIPTS) in accordance to [ISO 1999, 1990].However, it is important to notice that there are not plausible noise level rules behindleisure activities. In fact,people who often attend to leisure places where the exposureto noise can cause a serious hearing impairment are the own responsible of protectingagainst hearing disorders.
6.1 Occupational Noise ExposureIn order to determine the occupational noise exposure, di�erent methods can be employed,directly with a miniature microphone close to the human ear, or indirectly by using asound level meter. Due to the purpose of this measurement in this project is to be usedas a population representative value to make a comparison of the noise exposure levelsbetween di�erent leisure activities, the second method using the sound level meter willbe carried out.Generally, the instantaneous sound pressure recorded by a microphone in a sound levelmeter is frequency weighted according to di�erent �ltering process given by [IEC 61672-1,2002]. These �lters are mainly the zero weighting Z, the A or C. Among them, the mostwidely used is the A-weighting, whose curve tries to be approximated to the response ofthe human hearing system giving more importance to the frequency bands with greatersensitivity [Ordoñez, 2005]. Therefore, each weight has a value for each frequency bandwhich is representative of the sensitivity of the human ear at this particular frequency.The A-weighting curve is illustrated in �gure 6.1. The curve values have been extractedfrom [IEC 61672-1, 2002].This implies that equal loudness of sound will produce the same risk of hearing damagefor all exposed individuals. 25



6 Sound Exposure Level and NIPTS
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A−weighting curveFigure 6.1: A-weighting curve employed by the sound level meters for �ltering sound pressure levels.The values are given by [IEC 61672-1, 2002].6.1.1 Equivalent Continuous A-weighted Sound Pressure LevelA standardised measurement of a sound exposure whose levels are �uctuating over timeis the Equivalent Continuous A-weighted Sound Pressure Level (LAeq), and it is de�nedas: the value of the A-weighted sound pressure level of a continuous, steady sound that,within a speci�ed time interval, has the same mean-square sound pressure as a soundunder consideration whose level varies with time. This is stated in the equation 6.1 givenby [ISO 1999, 1990],
LAeq,T = 10log[

1

t2 − t1

∫ t2

t1

P 2
A(t)

P 2
0

dt] [dB] (6.1)where t2 − t1 is the period T over which the average is taken starting at t1 and endingat t2, PA(t) is the instantaneous A-weighted sound pressure of the sound signal and P0is the reference sound pressure of 20 µPa.When using a Sound Level Meter(SLM) for recording the sound exposure, the equation6.1 can be directly transformed into 6.2 according to [ISO 1999, 1990],
LAeq,Tmeas = 10log[

1

n

n∑
i=1

(100.1LpAi)] [dB] (6.2)where n is the total number of samples collected with the sound level meter withinthe measurement duration Tmeas, and LpAi is the A-weighted sound pressure level, indecibels, for the sample i.6.1.2 Noise Exposure levelTo obtain the exposure to noise for a population at risk the LAeq is calculated over anaverage working day, normally assumed to be of 8 hours of duration, by the equation 6.3according to [ISO 1999, 1990],26



6.2 Assessment of Hearing Impairment
LEX,T0 = LAeq,Te + 10log(

Te

T0
) [dB] (6.3)where Te is the e�ective duration of the exposure during the working day and T0 is thereference duration, normally 8 hours.In addition, whether the exposure averaged over n days is desired, the equation 6.4 isemployed,

¯LEX,T0 = 10log[
1

k

n∑
i=1

100.1(LEX,T0)i] [dB] (6.4)where k factor can be either �xed to a nominal number of days when the exposure is tobe normalized or equal to n whether an average value is desired. (LEX,T0)i is the noiseexposure value for each day.6.2 Assessment of Hearing ImpairmentOnce the exposure level over an average working day has been calculated, one can beguided by the noise legislation of the country in question or calculating the risk of hearingimpairment by the estimation of NIPTS.6.2.1 Maximum Exposure Level at Working PlacesIn accordance with the Danish Legislation [Legislation, 2002],
• Sustained noise of 75-80 dB(A) carries the risk of hearing damage.
• Sustained noise of 85 dB(A) carries the risk of serious hearing damage.
• Sustained noise of 90 dB(A) implies that the risk of serious hearing damage isalmost three times as high as when a noise of 85 dB(A).Therefore, a noise exposure level exceeding 85 dB(A) can cause a serious risk of hearingdamage for a 8 hours working day.
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6 Sound Exposure Level and NIPTS6.2.2 Noise-Induced Permanent Threshold Shift(NIPTS)When a population is exposed to an intense sound level during certain period of time, afatigue of the hearing system occurs and a change in the response of the inner ear can beobserved after the exposure. This implies a Threshold Shift (TS) of the person's hearinglevel, which can be considered temporary † or permanent depends on the duration of theexposure. Whether the purpose is to obtain the risk of hearing damage for exposure timesof years, the Noise-Induced Permanent Threshold Shift (NIPTS) must be calculated.NIPTS is a function of the level and the duration of the exposure as well as the frequencyat which the risk of hearing impairment is to be assessed [Ordoñez, 2005]. This valueis only valid for statistical distributions of groups of people, but it is not to be appliedto individuals. The median NIPTS ‡ can be calculated directly from the LEX,T0 by theequation 6.5 [ISO 1999, 1990],
N0,50 = [u + vlog(T/T1)](LEX,T0 − L0)

2

[dB] (6.5)where u and v are frequency dependent constants, T is the exposure time, in years, T1is one year of exposure, and L0 is the cut-o� sound pressure level de�ned as a functionof frequency (it is assumed that levels below L0 means no risk of hearing damage). Thisexpression can only be used for exposure times between 10 and 40 years.The u, v and L0 values used to determine the NIPTS for the median value of the popu-lation (N0,50) for the most sensitive frequencies between 500 and 6000 Hz are extractedfrom [ISO 1999, 1990], and they are presented in table 6.1.Frequency [Hz] u v L0 [dB]500 -0.033 0.110 931000 -0.020 0.070 892000 -0.045 0.066 803000 +0.012 0.037 774000 +0.025 0.025 756000 +0.019 0.024 77Table 6.1: Values of u,v and L0 used to determine the NIPTS for the median value of the population(N0,50).When the LEX,T0 is less than L0, it must be deemed to be equal to L0 and thereby, theNIPTS is zero [ISO 1999, 1990].
†It is described in deep in section 5.1.
‡The median potential NIPTS corresponds to the 0, 50 fractile value. This value represents the 50%percentage of individuals at risk of obtaining NIPTS due to the e�ects of the noise exposure. The 0, 1and 0, 9 fractile can also be calculated but they are not reported in this project. Further information canbe found in [ISO 1999, 1990].28



6.2 Assessment of Hearing Impairment6.2.3 HT Level Associated with Age and Noise (HTLAN)NIPTS must be compared with the hearing levels obtained for a population of normalhearing non-exposed to the intense loud sound in question to obtain the Hearing ThresholdLevel associated with Age and Noise(HTLAN). Thereby, the compensation due to the ageis also taken into account.HTLAN of a population exposed to noise is calculated by the equation 6.6 according to[ISO 1999, 1990],
H ′ = H + N −

HN

120
[dB(HL)] (6.6)where H is the HT level of the non-exposed population for a certain frequency, N isthe NIPTS of the exposed population and the term HN
120 is the compensation due to theage and noise. This latest term starts to modify the result signi�cantly when H + N ismore than approximately 40 dB. Those HT levels can be calculated for the same sensitivefrequencies that are employed for the calculation of NIPTS in table 6.1.Therefore, a comparison between the HT levels between the exposed and non-exposedpopulation can be carried out to �nd out the magnitude of the TS for each frequency.The risk of hearing impairment due to the noise exposure and the age is calculatedcomparing the HT levels for each frequency with a certain limit of tolerable hearing lossknow as fence. This term is de�ned in [ISO 1999, 1990] as a hearing threshold level abovewhich degrees of hearing handicap (or disability) are deemed to exist. For instance, theComitte of Hearing, Bioacoustics and Biomechanics of the National Academic of Sciences(CHABA) proposed in 1965 a Damage-Risk Criteria (DRC) for both continuous andintermittent exposures to steady noise based on two assumptions [Ward, 1970],

• A lifetime of daily exposure must produce no more than 10 dB of NIPTS at 1000 Hzor below, 15 dB at 2000 Hz, or 20 dB at 3000 Hz or above.
• NIPTS will not exceed the TTS produced by the daily exposure. It is assumed thatthe average of TTS2 is equal to the average of NIPTS.

29



6 Sound Exposure Level and NIPTS6.2.4 Uncertainty of the Hearing Risk from Leisure ActivitiesAlthough the determination of the occupational noise exposure can be employed for theestimation of the risk of hearing impairment from leisure time activities, there is a hugelack of rules to limit the maximum allowed noise levels. In fact, people who are exposedto intense sound levels during leisure activities, mostly young, can be alarmingly at riskof developing hearing disorders when being exposed during either short or prolongedtime periods. Therefore, those potential visitors must be aware of the great deal ofresponsibility that entails being exposed to intense sound levels and therefore, takingprecautionary measures against possible hearing disorders.
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Chapter 7TTS and OAE Shift for Musiciansafter RehearsalsThis chapter reports the changes in hearing of pop-rock musicians detected before andafter rehearsal. Both TTS and OAE Shifts are stated for individual musicians and acrossmusicians.7.1 Scope of the AnalysisThis study entails an analysis of the risk of hearing damage for musicians that are ex-posed to intense sounds during their rehearsals. The most e�ective demonstration ofthis risk is to personalize the e�ect of noise by testing the HT and the OAEs before andafter a rehearsal. Thereby, their own temporary reduction of HT and temporary loss ofOHC function are analysed. The eventual purpose is to prevent the musicians about theconsequences of being exposed to loud music over many years and convincing them ofthe necessity of protecting their hearing.7.2 ScenarioThe measurements have been carried out in a quite room located in Huset, Aalborg,Denmark. It is nearest the facilities where the musicians often attend to play in order tostart the measurements after rehearsals as early as possible. This room is not providedof the ideal acoustic conditions required for hearing assessment. Therefore, noise �ooris expected to be present during the recordings of the musicians's cochlear response.Nevertheless, isolated acoustic chambers were not found close to the rehearsal place, butthe selected room was considered quite enough to perform such analysis.7.3 MusiciansThe band involves a total of four musicians, three males and one female. They are formedby a singer, who also employs an electric guitar, a lead electric guitarist, one bassist andone drummer. The age of the musicians is 24 years old. Only the last three are evaluateddue to time limitations. 31



7 TTS and OAE Shift for Musicians after Rehearsals7.4 Experiment MethodEach musician's hearing is tested per rehearsal day. The experiment consists of threemain parts ordered as follows,Questionnaire + Instructions A questionnaire is provided by the tester to checkthe hearing diagnosis and the music leisure habits of the musicians. Instructions arealso given for them for understanding the experiment tasks. This �rst part takes around5 min.Pre-exposure measurements Before starting the exposure period, a hearing assess-ment including both HT and OAEs is performed for each musician. This period takesaround 1 hour.Post-exposure measurements After the exposure period, the musician is subjectedto short and fast HT and OAEs measurements for a duration around 1 hour.7.4.1 ProcedureHT determination, TEOAEs and DPOAEs measurements are performed for both pre-exposure and post-exposure periods.Pre-exposure ProcedureThe measurement order is stated as follows. The right ear is �rstly measured for everytest.1. HT determination. The ascending method is used to test both musician's ears †. HTlevels are determined from 250 to 8000 Hz. The measurement procedure is statedin appendix C. The starting hearing level is set at 40 dB(HL) (reasonable audiblelevel), and both ears are tested before a re�tting of the headphones occurs. Fourrepetitions are carried out to minimise the e�ect of the location of the headphonesin the musician's head, and to ensure the reliability of the obtained results. A breakbetween 5-10 min is set between repetitions to avoid a lack of concentration of thetested musician.
†Further information about the ascending method used can be found in section 4.1.2.32



7.4 Experiment Method2. OAEs. TEOAEs are measured for a frequency range between 500 and 5000 Hz,whereas DPOAEs are presented up to 4000 Hz. A total of 8 recordings (4 TEOAEsand 4 DPOAEs) are performed for each ear re�tting the probe every time a mea-surement is ended. Thereby, the noise caused by the movement of the probe isminimised when it does not �t correctly into the musician's ear canal.Post-exposure ProcedureThe same measurements are carried out after the exposure, but considerations regardingthe stimuli levels and the selected frequency range of the recordings are speci�ed. Inorder to obtain reliable TS for both HT and OAEs, measurements after the exposure areto be recorded as early as possible.
• OAEs. One TEOAE and one DPOAE are recorded before re�tting the probe. Atotal of eight recordings per each sort of measurement (four per ear) are performedin several times scheduled in section 7.4.2.� TEOAE recording. The stimulus level is reduced from the initial pre-exposureset of around 84 to nearest 75 dB(SPL) to avoid that the TEOAE responseis being a�ected by an over-exposure. Otherwise, this measurement couldrepresent a prolongation of the exposure and the result would not be valid. Thefrequency range for each recording is the same than during the pre-exposureperiod.� DPOAE recording. To reduce the measurement time, only the most sensitivefrequencies are considered, obtaining 2f1-f2 DP from a range between 635 to2796 Hz †.
• HT determination. Only the most sensitive frequencies are tested, obtaining themusician's HT for 1000, 2000 and 4000 Hz. The starting hearing level is set at30 dB(HL).7.4.2 Time Schedule for The ExperimentThe time schedule for the whole experiment is depicted in �gure 7.1.All measurements start testing the musician's right ear and there is no balance for themeasurement order since only three musicians are tested. The whole experiment tookaround 4 hours.Regarding post-exposure measurements, it is important to state that the recordings start-ing times are a bit di�erent depending mainly on the facility to place correctly the probe
†This range is obtained from the ILO software when computing the DPOAE recording with a reso-lution of 8 points/octave and ending the measurement manually. 33



7 TTS and OAE Shift for Musicians after Rehearsals

Figure 7.1: Time schedule for the experiment. The measurement order before and after the rehearsalis the same for the three tested musicians.on the musician's ear canal. In table 7.1, the recording times after the exposure arestated for each recording and for every musician. The bassist reported some problems to�t the probe into his ear canal and the measurements were delayed. The remaining timesacross musicians are considered similar and they are used to establish the post-exposureintervals when comparing shifts across musicians.The results for the questionnaire can be found in appendix A. Although the bassist re-ported a moderate tinnitus, he was included in the experiment since the eventual purposeis to study the hearing status of the musician populations.The musicians are instructed about their tasks previous to the beginning of the experi-ment. Those instructions can be found in appendix B.The measurement reports regarding HT determination and OAEs can be found in ap-pendix C and E respectively.The results presented in the following sections have been ordered with respect to thetime schedule, starting with the OAEs results and ending with HT determination. Buthearing levels are �rstly obtained during the pre-exposure period to check the hearingstatus of the musicians.34



7.5 TEOAE ResultsPeriod Musician 1st TEOAE 1st DPOAE 1st TEOAE 1st DPOAEright ear [min] right ear [min] left ear[ min] left ear [min]1 Lead electric 10 10 11 15guitarist1 Bassist 10 11 12 141 Drummer 10 11 13 152 Lead electric 40 42 43 45guitarist2 Bassist 41 43 49 502 Drummer 40 41 42 45Period Musician 2nd TEOAE 2nd DPOAE 2nd TEOAE 2nd DPOAEright ear [min] right ear [min] left ear[ min] left ear [min]1 Lead electric 16 18 20 22guitarist1 Bassist 15 16 19 221 Drummer 16 17 18 202 Lead electric 46 47 50 52guitarist2 Bassist 52 54 70 702 Drummer 46 48 49 51Period Musician 1st HT 1st HT 2nd HT 2nd HTright ear [min] right ear [min] left ear[ min] left ear [min]1 Lead electric 25 27 29 31guitarist1 Bassist 24 26 28 301 Drummer 22 23 25 272 Lead electric 55 57 59 61guitarist2 Bassist 72 73 75 762 Drummer 52 53 55 57Table 7.1: Post-exposure starting times for each recording and for each musician.
7.5 TEOAE Results
The most appropriate analysis of a TEOAE response entails a time-frequency analysissince TEOAE is, in fact, a measure of the ear response transiently evoked by an stimulus,and thereby, both domains required to be analysed simultaneously. For a better under-standing of such results, the analysis in the time domain and in the frequency domain ispreviously explained. 35



7 TTS and OAE Shift for Musicians after Rehearsals7.5.1 TEOAE ResponseThe non-linear method † used by ILO88 software to calculate the TEOAEs providestwo di�erent waveforms corresponding to the even and odd sweep ‡ obtained during therecording. As it is stated in appendix D, the correlation between both responses must begreater than 65% to validate a TEOAE. Then, the average of the responses is calculatedand the obtained data are normalised to obtain dB(SPL) afterwards.All musicians' cochlea TEOAE responses can be found in appendix E. As an example,the averaged TEOAE response obtained for the lead electric guitarist is depicted on theright side of �gure 7.2. Each recording obtained after re�tting the probe is presented onthe left side. The similarity between them shows that the e�ect of the probe �tting intothe ear canal is minimised.
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Figure 7.2: TEOAE response obtained as the average of the even and odd sweeps provided by ILO88software corresponding to the pre-exposure measurements of the lead electric guitarist. The right ear ispresented on the top and the left ear at the bottom. Each recording obtained after re�tting the probeis presented for both ears on the left side. A high similarity between them is observed, minimising thee�ect of the probe �tting into the ear canal.On the other hand, a frequency response analysis provides energy information aboutthe most remarkable TEOAEs of the musicians. ILO88 software provides the TEOAEspectrum data with a resolution of 128 samples.SNR must be greater than 3 dB(SPL) to validate a measurement of a TEOAE §. Eachrecording must be analysed in terms of its SNR to �nd out the frequency range where aTEOAE can be considered reliable and therefore, not a�ected by the noise �oor. Thisratio has been calculated for all recordings obtained for the musicians as the most sensitivefrequency bands in terms of hearing, meaning 1000,2000,3000 and 4000 Hz. The results
†It is brie�y explained in appendix D.
‡Those waveforms are called A and B respectively by ILO88 software.
§This is explained in details in appendix D.36



7.5 TEOAE Results
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(b) Post-exposure after 10minFigure 7.3: Comparison between the averaged pre-exposure TEOAE spectrum of the bassist's rightear and the corresponding TEOAE 10 min after the exposure. A smooth reduction of the energy isappreciated after the exposure.are stated in table E.1 in appendix E, together with the averaged pre-exposure and post-exposure TEAOE spectra for each musician. The majority of the TEOAE responsesshowed high SNR at both 1000 and 2000 Hz, but the recordings are a�ected by the noisefrom 3000 Hz upwards †. Only the lead electric guitarist reported high SNR at 3000 Hz.To exemplify the amplitude di�erences caused by the noise exposure, the bassist's TEOAEspectrum for the right ear before (left side) and 10 min after the exposure (right side) arepresented in �gure 7.3. An energy reduction can be appreciated during the post-exposurerecording. This is not necessarily an indicative or a precursor to a hearing impairment,but it pretends to be an indicative from the OHCs that they need to be protected fromthe exposure noise [Brashears, 2001].7.5.2 TEOAE ShiftTime-frequency analysis of the musicians' TEOAE response is carried out to show theTEOAE shift. This allows to make a comparison in terms of amplitude reduction as wellas to evaluate the predominance of the frequency components along the BM.Since a TEOAE is relatively short (20 ms) and contains changes in time, meaning a non-stationary signal, the conventional FFT analysis is not recommended [Konopka et al.,2002]. A Short-Time Fourier transform (STFT) is applied instead. The spectrogram‡is obtained by windowing the duration of the TEOAE waveform (20 ms) in segments ofapproximately 2 ms§. Other studies [Zhang et al., 1998] employed a 5 ms window instead,
†High levels of noise are usually found in the latter portions (greater than 12 ms) of TEOAE recordings[Hatzopoulos et al., 2000].
‡The time-frequency plot is known as spectrogram.
§ILO88 provides a TEOAE waveform with a resolution of 512 samples. The STFT is calculatedfor every selected Hamming window of 50 samples obtaining the spectrogram by means of a Matlab'sfunction. For a better resolution, an overlapping of 49 samples and an interpolation to obtain a FFTlength of 1024 points are performed. 37



7 TTS and OAE Shift for Musicians after Rehearsalsbut a shorter window width is deemed to provide better resolution.Time-frequency analysis o�ers a direct and clear method to analyse the complicity of aTEOAE basically for two reasons according to [Zhang et al., 1998],
• Time-frequency analysis is e�ective in the research of the individual di�erences andrule of TEOAE and its relations with hearing loss.
• By the research of the short-time spectrum, time-frequency relations and latenciesof TEOAE, new approaches of revealing the mechanism of TEOAE can be reached.Regarding the location of the frequency components along the BM, whether a high fre-quency stimulus reaches the ear, the base part results excited and the rest of the BMremains almost quiet. However, when a low frequency stimulus, the vibrations are ex-tended along the BM but the maximum displacement is achieved near the apex. Thisis reported in details in section 3.4.1. Therefore, whether a broadband signal elicits aBM vibration, as the case of musicians playing in a rehearsal place, both high and lowfrequency components are expected to be present. When a time-frequency analysis iscarried out for a health ear, an ideal decrease from the base to the apex of the BM shouldbecome evident, meaning greater amplitudes of high frequency components at the basepart and as long as the recoding time increases, only low frequencies should be detected(near the apex part).For instance, a non-exposed normal hearing subject † reported a TEOAE time-frequencyanalysis closed to the commented ideal case. It is shown in �gure 7.4. This subjectreported high levels of SNR when measuring TEOAEs from 1000 to 3000 Hz, reachingup to 21.3 dB(SPL) at 1000 Hz. The greater amplitudes at those frequencies are foundfrom 6 to 8 ms, and a decay suggesting the ideal decrease from the base to the apex ofthe BM is observed as long as the latencies of TEOAEs increase. It is important to statethat the amplitude colour bar range has been changed with respect to the following time-frequency analysis belong the musicians, since this subject reported raised amplitudes upto 20 dB(SPL). The presence of low frequencies at the early times is due to the fact thatwhen low frequencies stimuli reach the ear, the whole BM can be excited, even thoughthe maxima are found at the apex part.A comparison between pre-exposure and post-exposure TEOAE spectrograms for eachmusician's ear is performed. In addition, an study across musicians is stated.TEOAE Shifts for Individual MusiciansEach musician's ear has been analysed separately, showing the time-frequency analysis forthe mean pre-exposure and the four recordings that took place during the post-exposuremeasurement period.
†12 normal hearing subjects non-exposed to intense loud sounds have been measured for a comparisonwith the musicians.38



7.5 TEOAE Results
Figure 7.4: Time-frequency analysis for a normal hearing subject non-exposed to intense loud sounds.This subject reported high levels of SNR when measuring TEOAEs from 1000 to 3000 Hz, reaching upto 21.3 dB(SPL) at 1000 Hz. The greater amplitudes at those frequencies are found from 6 to 8 ms, anda decay suggesting an ideal decrease from the base to the apex part of the BM should be noticed as longas the latencies of TEOAEs increase. The amplitude colour bar range is from 20 to -35 dB(SPL).As a general comment, variations with time are not found. But TEOAEs reach amplitudemaxima in speci�c time windows, depending on the frequency components. The majorityof the subjects reported noticeable TEOAEs from 1000 to 2000 Hz. Also, a high variabilitybetween both ears is found for every musician.Lead electric guitarist TEOAE Shifts for the lead electric guitarist's right and leftears are shown in �gures 7.5 and 7.6 respectively.Regarding the right ear, pre-exposure amplitudes around -5 dB(SPL) are found near 5 msat 3000 Hz together with unexpected higher levels near 0 dB(SPL) from low frequencies upto 1000 Hz. However, when low frequency sounds reach the ear, the whole BM is expectedto vibrate rather than only the apex part. From the middle to the apex part of the BM,amplitudes from -10 dB(SPL) up to 5 dB(SPL) are observed mainly at low frequencies.In light of the post-exposure results, there is no a notable amplitude reduction, butdi�erences around 5 dB(SPL) are observed mostly from 8 to 15 ms, a�ecting the frequencyrange between 1000 and 3000 Hz. The lead electric guitarist showed greater SNR levelsat those frequencies. After 46 ms of exposure, the recovery of the ear is not completelyreached.On the other hand, the left ear presents the commented ideal decrease, being moreemphasized than for the right ear. Noticeable amplitudes are found from 5 to 14 ms,reaching TEOAE levels up to almost 5 dB(SPL). In contrast with the right ear, a greateramplitude reduction is observed for the post-exposure recordings, achieving TEOAE shiftsup to 10 dB(SPL) for high frequencies. The lower frequencies do not show a considerablereduction. A slow recovery is observed after 50 min of exposure.

39



7 TTS and OAE Shift for Musicians after RehearsalsBassist TEOAE Shifts for the bassist's right and left ears are shown in �gures 7.7 and7.8 respectively.With respect to the right ear, pre-exposure amplitudes approximately from 0 to -10 dB(SPL)are observed for the lower frequencies up to 2000 Hz, in the time period from 6 to 12 ms.This vibration occurs in the centre of the BM. There are no remarkable amplitudes from3000 Hz upwards since the obtained SNR showed that those amplitude levels are a�ectedby the background noise (SNR below 3 dB(SPL)). In light of the post-exposure results,the TEOAE shifts show a great amplitude reduction, reaching maxima near 10 dB(SPL)at the higher frequencies 41 min after the exposure. No explanation has been foundabout the reason that post-exposure recordings obtained before 41 min show less TEOAEshifts. However, as an hypothesis for a further work, this musician reported tinnitus inthe questionnaire, and the measurements could be a�ected by this hearing disease. Anotable recovery process is observed at the latest post-exposure recording after 52 minof exposure.Focusing on the left ear, a lack of TEOAE response is found at the apex part of the BMfor the mean pre-exposure time-frequency analysis. It suggests that there is almost nopresence of the low frequency components, but the greatest amplitudes at those frequen-cies encountered at the early times within 6 ms after the stimulation are in contrast withthis hypothesis. But some remaining low frequency components are expected near thebase part of the BM. Therefore, no remarkable conclusions can be extracted from thepre-exposure time-frequency analysis. When comparing pre-exposure and post-exposurerecordings, it can be observed that most TEOAES are attenuated. However, some prob-lems found were �tting the probe for the latest measurement doubt the reliability of thecomparison.Drummer TEOAE Shifts for the drummer's right and left ears are shown in �gures7.9 and 7.10 respectively.When analysing the TEOAE shifts on both drummer's ears, weak TEOAE responses arefound in comparison with those obtained by the other musicians. There are no remarkabledi�erences found between pre-exposure and post-exposure measurements. The greateramplitudes appear at low frequencies, and the vibrations are extended along the BMfrom the early times until 15 ms. In fact, the TEOAE responses from the left ear showan unexpected low frequency component TEOAE near the base part (around 4 ms). Ahypothesis proposed by [Zhang et al., 1998]† suggests that those amplitudes might notbelong the TEOAE response,Early TEOAE might be produced before 3 ms, even as early as 1 ms.This implies thatthe olivo-cochlear bundle was not involved in the initiation control of TEOAE.
†They recorded and analysed by means of 3D time-frequency TEOAE results, 30 normal hearing and25 hearing impaired human subjects.40



7.5 TEOAE Results

(a) Pre-exposure

(b) Post-exposure after 10min (c) Post-exposure after 16min

(d) Post-exposure after 40min (e) Post-exposure after 46minFigure 7.5: TEOAE time-frequency analysis when measuring the lead electric guitarist's right ear. Themean-pre-exposure and post-exposures measurements after 10,16,40 and 46 min are depicted for visualTEOAE shift comparison.
41



7 TTS and OAE Shift for Musicians after Rehearsals

(a) Pre-exposure

(b) Post-exposure after 11min (c) Post-exposure after 20min

(d) Post-exposure after 43min (e) Post-exposure after 50minFigure 7.6: TEOAE time-frequency analysis when measuring the lead electric guitarist's left ear. Themean-pre-exposure and post-exposures measurements after 11,20,43 and 50 min are depicted for visualTEOAE shift comparison.
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7.5 TEOAE Results

(a) Pre-exposure

(b) Post-exposure after 10min (c) Post-exposure after 15min

(d) Post-exposure after 41min (e) Post-exposure after 52minFigure 7.7: TEOAE time-frequency analysis when measuring the bassist's right ear. The mean-pre-exposure and post-exposures measurements after 10,15,41 and 52 min are depicted for visual TEOAEshift comparison.
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7 TTS and OAE Shift for Musicians after Rehearsals

(a) Pre-exposure

(b) Post-exposure after 12min (c) Post-exposure after 19min

(d) Post-exposure after 49min (e) Post-exposure after 70minFigure 7.8: TEOAE time-frequency analysis when measuring the bassist's left ear. The mean-pre-exposure and post-exposures measurements after 12,19,49 and 70 min are depicted for visual TEOAEshift comparison.
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7.5 TEOAE Results

(a) Pre-exposure

(b) Post-exposure after 10min (c) Post-exposure after 16min

(d) Post-exposure after 40min (e) Post-exposure after 46minFigure 7.9: TEOAE time-frequency analysis when measuring the drummer's right ear. The mean-pre-exposure and post-exposures measurements after 10,16,40 and 46 min are depicted for visual TEOAEshift comparison.
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7 TTS and OAE Shift for Musicians after Rehearsals

(a) Pre-exposure

(b) Post-exposure after 13min (c) Post-exposure after 18min

(d) Post-exposure after 42min (e) Post-exposure after 49minFigure 7.10: TEOAE time-frequency analysis when measuring the drummer's left ear. The mean-pre-exposure and post-exposures measurements after 13,18,42 and 49 min are depicted for visual TEOAEshift comparison.
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7.6 DPOAE ResultsTEOAE Shifts Across MusiciansBy inspection of the time-frequency analysis, the lead electric guitarist shows the greaterTEOAE amplitude regarding pre-exposure measurements, being close to the ideal com-mented decrease. Only time-frequency analysis has been performed for the individualmusicians, since an analysis of the spectrum di�erences for the closest measured intervalsacross musicians in time is expected to be unstable according to [Zhang et al., 1998].7.6 DPOAE ResultsAside the transient characteristics re�ected when evaluating TEOAE responses, an staticanalysis of the recordings is also performed, meaning the study of the OAE response forspeci�c frequency points (DP) when eliciting di�erent dual frequencies (f1,f2) [Zhang et al.,1998].7.6.1 DPOAE Shift for Individual MusiciansEach musician's ear has been analysed separately, showing the pre-exposure (includingthe standard deviation between repetitions) and post-exposure DP found for the selectedfrequency range between 635-2796 Hz †. In light of the obtained standard deviation be-tween pre-exposure measurements, consistent results and no in�uence of the measurementprocedure can be concluded.As a general conclusion, no noticeable DPOAE shifts are found due to the exposure, andspecial attention must be focused on making a di�erence between a real shift and a shiftinduced by the noise �oor. In contrast with TEOAEs, those measurements result morevulnerable to the noise presence.Lead electric guitarist Figure 7.11 represents a collection of the mean pre-exposureand post-exposure DPOAE measurements for both lead electric guitarist's ears. Thecorresponding DPOAE shifts for both ears are also depicted at the end of each collectionwith a grey colour scale.Regarding the right ear, the pre-exposure and post-exposure measurements tend to besimilar up to 1500 Hz, achieving DPOAE levels up to 10 dB(SPL). Only remarkableshifts around 10 dB(SPL) are appreciated from 1800 Hz upwards. No attention must befocused on the �rst sharp shifts since they are believed to be a�ected by the noise �oorat some post-exposure measurements such, as 42 and 47 min after the exposure. The
†This range is obtained when calculating the DP 2f1-f2 for the di�erent dual frequencies providedby ILO88 software. The latest frequency is set by ending the measurement manually in order to geta fast DPOAE response in the most sensitive human range in a short period of time for post-exposuremeasurements. 47



7 TTS and OAE Shift for Musicians after Rehearsalsrecovery process is observed as long as the measure time after the exposure increases, asit was expected.On the other hand, the left ear shows a great similarity between pre-exposure and post-exposure measurements, and thereby, no noticeable shifts are expected. The sharp peaksobserved at the starting DP frequencies as well as those found around 2000 Hz are ex-pected to be due to the noise e�ect.Bassist Figure 7.12 represents a collection of the mean pre-exposure and post-exposureDPOAE measurements for both bassist's ears. The corresponding DPOAE shifts for bothears are also depicted at the end of each collection with a grey colour scale.Mostly post-exposure recordings at the right ear are a�ected by the noise �oor, resultingin a great variability of the DPOAE shifts. Only the DPOAE shift corresponding to11 min after the exposure is analysed. Shifts less than 5 dB are found, but they aredeemed negligible.For the left ear, noticeable DPOAE shifts can only be observed from 2000 Hz upwards,reaching levels up to 8 dB(SPL). The recovery of the di�erent measure times is appreci-ated.Drummer Figure 7.13 represents a collection of the mean pre-exposure and post-exposure DPOAE measurements for both ears of the drummer. The correspondingDPOAE shifts for both ears are also depicted at the end of each collection with a greycolour scale. Regarding the drummer's right ear, the noise artefacts are clearly a�ectingthe DPOAE shifts, for instance at around 1400 Hz, and they must not be confused withthe real shifts. By visual inspection of each recording, no remarkable shifts are found.The conclusions extracted from the results of the remaining ear are the same.
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7.6 DPOAE Results
0 1000 2000 3000

−20

−10

0

10

20

2f1 − f2 [Hz]

D
P

O
A

E
 [d

B
]

Mean DPOAE Right Ear Guitarist

 

 

Pre−exposure
Noise(a) Pre-exp. RE 0 1000 2000 3000

−20

−10

0

10

20

2f1 − f2 [Hz]

D
P

O
A

E
 [d

B
]

Post−exposure DPOAE Right Ear Guitarist

 

 
After 10min
Noise

(b) Post-exp. RE after 10min 0 1000 2000 3000
−20

−10

0

10

20

2f1 − f2 [Hz]

D
P

O
A

E
 [d

B
]

Post−exposure DPOAE Right Ear Guitarist

 

 
After 18min
Noise

(c) Post-exp. RE after 18min
0 1000 2000 3000

−20

−10

0

10

20

2f1 − f2 [Hz]

D
P

O
A

E
 [d

B
]

Post−exposure DPOAE Right Ear Guitarist

 

 
After 42min
Noise

(d) Post-exp. RE after 42min 0 1000 2000 3000
−20

−10

0

10

20

2f1 − f2 [Hz]

D
P

O
A

E
 [d

B
]

Post−exposure DPOAE Right Ear Guitarist

 

 

After 47min
Noise(e) Post-exp. RE after 47min 0 500 1000 1500 2000 2500 3000

−15

−10

−5

0

5

10

15

2f1 − f2 [Hz]
D

P
O

A
E

 S
hi

ft[
dB

]

Guitarist Right Ear

 

 

After 10min
After 18min
After 42min
After 47min
Pre−exposure Ref.(f) DPOAE Shift RE

0 1000 2000 3000
−20

−10

0

10

20

2f1 − f2 [Hz]

D
P

O
A

E
 [d

B
]

Mean DPOAE Left Ear Guitarist

 

 

Pre−exposure
Noise(g) Pre-exp. LE 0 1000 2000 3000

−20

−10

0

10

20

2f1 − f2 [Hz]

D
P

O
A

E
 [d

B
]

Post−exposure DPOAE Left Ear Guitarist

 

 
After 15min
Noise

(h) Post-exp. LE after 15min 0 1000 2000 3000
−20

−10

0

10

20

2f1 − f2 [Hz]

D
P

O
A

E
 [d

B
]

Post−exposure DPOAE Left Ear Guitarist

 

 
After 22min
Noise

(i) Post-exp. LE after 22min
0 1000 2000 3000

−20

−10

0

10

20

2f1 − f2 [Hz]

D
P

O
A

E
 [d

B
]

Post−exposure DPOAE Left Ear Guitarist

 

 
After 45min
Noise

(j) Post-exp. LE after 45min 0 1000 2000 3000
−20

−10

0

10

20

2f1 − f2 [Hz]

D
P

O
A

E
 [d

B
]

Post−exposure DPOAE Left Ear Guitarist

 

 
After 52min
Noise

(k) Post-exp. LE after 52min 0 500 1000 1500 2000 2500 3000
−15

−10

−5

0

5

10

15

2f1 − f2 [Hz]

D
P

O
A

E
 S

hi
ft[

dB
]

Guitarist Left Ear

 

 

After 15min
After 22min
After 45min
After 52min
Pre−exposure Ref.(l) DPOAE Shift LEFigure 7.11: DPOAE Shifts observed for the lead electric guitarist's ears during the times scheduledfor the experiment. 49



7 TTS and OAE Shift for Musicians after Rehearsals
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(l) DPOAE Shift LEFigure 7.12: DPOAE Shifts observed for the bassist's ears during the times scheduled for the experi-ment.50



7.6 DPOAE Results
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(l) DPOAE Shift LEFigure 7.13: DPOAE Shifts observed for the drummer's ears during the times scheduled for the exper-iment. 51



7 TTS and OAE Shift for Musicians after Rehearsals7.6.2 DPOAE Shift Across MusiciansTwo di�erent intervals for both musician's ears are selected with a view to cover allDPOAE shifts across musicians. Regarding the right ear, the former interval is between10 and 18 min after the exposure and the latest is between 41 and 54 min after theexposure. However, for the left ear, the intervals are between 14 and 22 min and between45 and 52 min. It is important to notice that for the latest left ear interval, the bassist hasbeen rejected since the last DPOAE measurement was made 70 min after the exposure,and the measure times for the remaining musicians did not match with this time. DPOAEshifts with the corresponding standard deviation among musicians are depicted in �gure7.14, for a mean pre-exposure reference, meaning the average between the mean pre-exposure DPOAE levels found for each musician.Due to the great variability between individual musicians denoted with the great errorbars shown in �gure 7.14 for both ears, a group average is not considered representativeat all. A solution could be to collect a large number of musicians obtaining meaningfulresults.
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Figure 7.14: Mean DPOAE shift across musicians. Two intervals after the exposure are selected foreach ear. The mean pre-exposure DPOAEs obtained across the musicians are stated as a reference forcalculating the shifts.52



7.7 HT Results7.7 HT ResultsA comparison between the pre-exposure and post-exposure HT of every musician de-termined at the most sensitive octave band frequencies of hearing is performed in thissection. The octave band frequencies analysed are 1000, 2000 and 4000 Hz. The standarddeviation between repetitions during pre-exposure HT determination is also calculated,showing consistent results and no lack of concentration for the musicians. In addition, acomparison across musicians at di�erent intervals is also stated.7.7.1 TTS for Individual MusiciansLead electric guitarist Figure 7.15 depicts the TTS found for both lead electricguitarist's ears. The pre-exposure and post-exposure HT determination are also shownat the times scheduled for the experiment. After 25 and 29 min of exposure the musicianobtained the same HT for each octave band frequency. Likewise, after 55 and 59 min ofexposure the same situation occurs. This suggests either a lack of concentration for themusician or a learning of the method during post-exposure HT determinations. Therefore,no conclusions can be extracted for TTS on the lead electric guitarist's right ear. In spiteof this situation, TTS are only present at 4000 Hz. On the other hand, the left earshows a recovery at 2000 and 4000 Hz, with TTS up to almost 10 dB after 27 min ofexposure. No TTS is found at 1000 Hz, the musician reported even better HT levels.Since the measurement start at this frequency, a lack of concentration of the musiciancould in�uence such results.Bassist Figure 7.16 depicts the TTS found for both bassist's ears at the times scheduledfor the experiment. A great TTS variability is observed at 2000 Hz for the bassist's rightear. The musician also reported a considerable standard deviation at this frequency,suggesting that the obtained results are no consistent at all. Regarding the left ear,TTS are observed at 2000 and 4000 Hz, and the recovery after 76 min is complete at2000 Hz, but only slightly at 4000 Hz where the TTS reaches almost 20 dB after 26 minof exposure. There are no di�erences between the post-exposure measurements obtained73 and 76 min after the exposure.Drummer Figure 7.17 depicts the TTS found for both drummer's ears at the timesscheduled for the experiment. With respect to the right ear, a complete recovery isobserved at 2000 Hz and slightly at 4000 Hz, where the TTS are above 15 dB. Noexplanation is found about the TTS results at 1000 Hz. On the other hand, the leftear shows a complete recovery at 1000 Hz, but the TTS at 4000 Hz does not vary whenincreasing the post-exposure time. A great inconsistency is found at 2000 Hz, and noconclusions are extracted. 53



7 TTS and OAE Shift for Musicians after Rehearsals

1k 2k 4k
20

10

0

−10

−20

Frequency(Hz)

dB
(H

L)

Mean HT Right Ear Guitarist

 

 

Pre−exposure
Reference HT(a) Pre-exp. RE 1k 2k 4k

20

10

0

−10

−20

Frequency(Hz)

dB
(H

L)

Post−exposure HT Right Ear Guitarist

 

 

After 25min
Reference HT(b) Post-exp. RE after 25min 1k 2k 4k

20

10

0

−10

−20

Frequency(Hz)

dB
(H

L)

Post−exposure HT Right Ear Guitarist

 

 

After 29min
Reference HT(c) Post-exp. RE after 29min

1k 2k 4k
20

10

0

−10

−20

Frequency(Hz)

dB
(H

L)

Post−exposure HT Right Ear Guitarist

 

 

After 55min
Reference HT(d) Post-exp. RE after 55min 1k 2k 4k

20

10

0

−10

−20

Frequency(Hz)

dB
(H

L)

Post−exposure HT Right Ear Guitarist

 

 

After 59min
Reference HT(e) Post-exp. RE after 59min 1k 2k 4k

−20

−10

0

10

20

Frequency(Hz)
T

T
S

 [d
B

]

Guitarist Right Ear

 

 

After 25−29min
After 55min
After 59min
Pre−exposure Ref.

(f) TTS RE
1k 2k 4k

20

10

0

−10

−20

Frequency(Hz)

dB
(H

L)

Mean HT Left Ear Guitarist

 

 

Pre−exposure
Reference HT(g) Pre-exp. LE 1k 2k 4k

20

10

0

−10

−20

Frequency(Hz)

dB
(H

L)

Post−exposure HT Left Ear Guitarist

 

 

After 27min
Reference HT(h) Post-exp. LE after 27min 1k 2k 4k

20

10

0

−10

−20

Frequency(Hz)

dB
(H

L)

Post−exposure HT Left Ear Guitarist

 

 

After 31min
Reference HT(i) Post-exp. LE after 31min

1k 2k 4k
20

10

0

−10

−20

Frequency(Hz)

dB
(H

L)

Post−exposure HT Left Ear Guitarist

 

 

After 57min
Reference HT(j) Post-exp. LE after 57min 1k 2k 4k

20

10

0

−10

−20

Frequency(Hz)

dB
(H

L)

Post−exposure HT Left Ear Guitarist

 

 

After 61min
Reference HT(k) Post-exp. LE after 61min 1k 2k 4k

−20

−10

0

10

20

Frequency(Hz)

T
T

S
 [d

B
]

Guitarist Left Ear

 

 
After 27min

After 31min

After 57min

After 61min

Pre−exposure Ref.

(l) TTS LEFigure 7.15: TTS for both lead electric guitarist's ears. The pre-exposure and post-exposure HTdeterminations at the times scheduled after the exposure are also depicted. Only the most sensitiveoctave band frequencies in terms of hearing are tested (1000-4000 Hz).
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Pre−exposure Ref.(l) TTS LEFigure 7.17: TTS for both drummer's ears. The pre-exposure and post-exposure HT determinations atthe times scheduled after the exposure are also depicted. Only the most sensitive octave band frequenciesin terms of hearing are tested (1000-4000 Hz).
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7.7 HT Results7.7.2 TTS Across MusiciansFigure 7.18 depicts the mean TTS across musicians with respect to the mean pre-exposurevalues obtained for all of them. Two di�erent intervals are selected for each ear, 22-29 minand 52-59 min after the exposure for the right ear whereas 23-31 min and 53-61 min forthe left ear. The bassist has been rejected for the second interval in both ears since theHT determination run late compared with the remaining musicians.As a general conclusion, there are no considerable TTS at 1000 and 2000 Hz, and thestandard deviation among musicians indicates that a similar pattern between them isfound in contrast with OAEs shifts which reported high variability between individuals.Considerable shifts around 10 dB are appreciated at 4000 Hz for both ears during the �rstinterval. Apparently, no TTS are found for the second interval at the same frequency,but a great variability is observed between musicians for the right ear. It is importantto emphasize that only three musicians have been tested, and even one has been rejectedfor the second interval. Thereby, no general conclusions can be extracted. This outlinesthe need of more musicians to be tested to obtain more precise results.
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Mean Pre−exp. Ref.Figure 7.18: Mean TTS across musicians with respect to the mean pre-exposure values obtained forall of them. Two di�erent intervals are selected for each ear.

57





Chapter 8Hearing Assessment for ControlPopulation
This chapter is to present the average hearing assessment results of a population non-exposed to intense loud sounds composed of twelve normal hearing subjects. The age isfrom 23 to 28 years old, and there is no gender considerations. HT and OAEs results areperformed for all of them.8.1 Scope of the AnalysisThe underlying purpose of measuring a population non-exposed to loud music as themusicians are when playing in a rehearsal place is to obtain a measure reference tocompare both groups. Thereby, some conclusions will be extracted about their hearingstatus and eventually, an analysis of the hearing damage for the population at risk, inthis case the musicians, can be extrapolated.8.2 ResultsAn overall result of the obtained average for the HT and OAEs of the control populationis presented here. The same measurement method than when tested the musicians duringthe pre-exposure period has been performed.Whether an individual inspection is desired, further information is reported in appendicesC and D, corresponding to HT determination and OAEs measurements respectively.The subjects are required to �ll out the same questionnaire than the musicians, and thesame instructions for a better understanding of their tasks during the measurements wereprovided for them. They can be found in appendices A and B.The results are presented with the same order followed during pre-exposure measurementscarried out for the musicians. 59



8 Hearing Assessment for Control Population8.2.1 HT ResultsThe average HT determination obtained for both ears including the standard deviationbetween the twelve tested subjects is depicted in �gure 8.1. Mostly HT are found abovethe pre-exposure reference, showing remarkable hearing levels. The small standard de-viation for every octave band frequency indicates that there is a high similarity acrosssubjects, except at 2000 and 4000 Hz, where the variability is more raised. Both earsprovided highly close results.
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ReferenceHTFigure 8.1: Mean HT determination for both ears including the standard deviation for twelve non-exposed normal hearing subjects. The black line represents the right ear, whilst the grey line representsthe left ear. The dashed line is to indicate the reference hearing threshold given by [ISO 389-7, 2005].

8.2.2 TEOAE ResultsBoth TEOAE waveform and its spectrum are presented by averaging the results obtainedfor every individual subject.Twelve tested subjects showed satisfactory results when measuring TEAOEs. The averageTEOAE waveform obtained for this population is depicted for both ears in �gure 8.2.The greater amplitudes of the TEOAE response are found during the 5-10 ms afterthe stimulus is elicited. For longer latencies of TEOAEs the amplitude is considerabledecreased, meaning that almost no vibration is encountered at the apex part of thecochlea for mostly subjects. Aside, a remarkable similarity is found between both ears.From �gure 8.3,it can be extracted that the energy concentration of the average TEAOEspectrum is located near the range between 700 and 1500 Hz for both right (left side) andleft (right side) ears. In fact, as it is stated in [Hatzopoulos et al., 2000], the majorityof normal hearing subjects produce sharp TEOAE peaks up to -10 dB(SPL) near thefrequency range 1000-2000 Hz.60



8.2 Results
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Figure 8.2: TEOAE waveform obtained by averaging the individuals results for twelve non-exposednormal hearing subjects. The thick black colour represents the right ear, whilst the thin grey colour isused for the left ear.
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(b) Left EarFigure 8.3: TEOAE frequency response obtained by averaging the individuals results for twelve non-exposed normal hearing subjects. The black line represents the TEOAEs found across subjects and thered line is the noise �oor recorded during the measurements.Time-frequency Analysis Across SubjectsFigure 8.4 represents the average TEOAE time-frequency analysis representative of thecontrol population. The right ear is depicted in the left side and the left ear on the rightside. The procedure followed when performing this analysis has been detailed in section7.5.2.In light of the results, weak TEOAE responses are found from 4000 Hz upwards in bothears. The most remarkable amplitudes appears at low frequency ranges with valuesnear 10 dB(SPL), more emphasized from 5 to 10 ms. This suggests that low frequencycomponents of the stimulus cause a vibration along the BM, but the apex part does notpresent remarkable TEOAEs as it was expected from the theory. In contrast with thelatest two analysis based on an unique domain, either time or frequency, this analysisallows to visualise some di�erences among both ears. The left ear presents more stronglyTEAOEs near 0 dB(SPL) for higher frequency components up to 3000 Hz. 61



8 Hearing Assessment for Control Population
(a) Right Ear (b) Left EarFigure 8.4: TEOAE time-frequency analysis for both ears by averaging the individual results for twelvenon-exposed normal hearing subjects.8.2.3 DPOAEs ResultsFigure 8.5 shows the measured DPOAEs obtained when averaging the individual scores of12 non-exposed normal hearing subjects. This allows to make an inspection of the staticcharacteristics of the subjects' hearing system instead of the transient ones. Amplitudelevels from 0 to 5 dB (SPL) are found from the lower frequencies up to 3000 Hz. Noremarkable di�erences are found between the ears.
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Noise(b) Left EarFigure 8.5: Mean DPOAEs for both ears including the standard deviation by averaging the individualresults for 12 non-exposed normal hearing subjects.A group average does not result representative of an individual's DPOAEs. The standarddeviation presented as error bars re�ects a hihgh variability between subjects. Furtherinformation can be found in appendix D, where all individual DPOAE data are shown.
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Chapter 9Comparison
This chapter pretends to give an overview about the di�erences encountered betweenpopulations which di�er signi�cantly in their music leisure habits, as it is the case ofboth the tested musicians and the control population. Comparison regarding HT deter-mination and OAEs are performed taken into account all data collated for the subjectswho participated in the experiment. Only pre-exposure recordings are employed for themusicians. Aside, a comparison in terms of the exposure level monitored in the facili-ties of the musicians and in a concert is to be performed. Likewise, the risk of hearingimpairment is determined by the estimation of the NIPTS.9.1 Between Exposed and Non-exposed populationComparison regarding HT determination and OAEs is carried out between the non-exposed normal hearing twelve subjects belong the control population and the threemembers involved in the tested musician band who often attend to play to their rehearsalplace twice per week. The weaker hearing levels and OAEs expected for the musicianswill be highly dependent on the number of years exposed to intense loud sounds. It isimportant to state that the mentioned band is formed one and a half year ago and noconcerts are registered so far. Therefore, the expected di�erence among both populationsis not to be raised. For a feasible comparison, a greater number of musicians should betested in order to obtain a representative pattern of this population.9.1.1 Questionnaire ResultsThe main results obtained for the questionnaire can be found in appendix A.Neither the control population subjects nor musicians were su�ering from a cold when themeasurements were recorded. Otherwise, it could in�uence the hearing results. However,one of the musicians su�ered from tinnitus diagnosed clinically, and near 50% of thecontrol population had either an infection or acumulative wax at least once. Surprisingly,all musicians have ever worked in a noisy environment, but more than 50% of the controlpopulation did not report to work in such environment. Even when mostly members forboth populations were exposed to either �rearms, shootings or �reworks at least once,the audiometries did not reported damage caused by those noises.63



9 Comparison
250 500 1k 2k 4k 8k

30

20

10

0

−10

−20

−30

Frequency(Hz)

dB
(H

L)

 

 

CP
Musicians
ReferenceHT(a) Comparison Mean HT Right Ear 250 500 1k 2k 4k 8k

30

20

10

0

−10

−20

−30

Frequency(Hz)

dB
(H

L)

 

 

CP
Musicians
ReferenceHT(b) Comparison Mean HT Left EarFigure 9.1: Comparison of the average HT with the corresponding standard deviation between 12non-exposed normal hearing subjects and three musicians for both right and left ears. The black linerepresents the control population whereas the grey line represents the musicians.Regarding music leisure habits, the requirements for the control population were thatnone could be involved in a musician band or playing an instrument frequently. Onlythree subjects showed to play an instrument for a period of maximum 6 hours but yearly,and therefore they were not rejected for the analysis. Mostly subjects reported to useeither their computers or music players using headphones frequently. Aside, since themajority of the tested subjects were young people, they attend either to concerts ordiscotheques for a maximum period of 4 hours per week.9.1.2 HT DeterminationFigure 9.1 shows the mean hearing levels obtained for both groups, the musicians (beforethe rehearsal) and the control population. The comparison for the right ear is depictedon the left side and the left ear on the right side. The standard deviation across subjectsis also presented for every octave band frequency. Hearing levels of the musicians areslightly raised for both ears, mainly at 2000 Hz where they achieved remarkable levelsaround -5 dB(HL) for the right ear and -10 dB(HL) for the left ear. Both ears reporteda similarity pattern between populations.9.1.3 TEOAEsThe TEOAE responses obtained in both time and frequency domains are compared be-tween both populations for better understanding of the eventual time-frequency analysis.Figure 9.2 shows the average TEOAE waveform obtained for both tested groups. Thecomparison for the right ear is depicted on the left side and the left ear on the right side.Apparently, the musicians present greater amplitudes along the BM for both ears. Thoseamplitudes are mainly encountered from the early times (around 5 ms) to 12 ms for bothpopulations.64



9.1 Between Exposed and Non-exposed population
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(b) Comparison Left EarFigure 9.2: Comparison of the average TEOAE waveform between 12 non-exposed normal hearingsubjects and three musicians for both right and left ears. The thick black line represents the CP whereasthe thin grey line represents the musicians.
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(b) Comparison Left EarFigure 9.3: Comparison of the average TEOAE frequency response between 12 non-exposed normalhearing subjects and three musicians for both right and left ears.For a more signi�cant analysis, both TEOAE responses are depicted in frequency domainin �gure 9.3. The black line represents the average frequency response obtained for thecontrol population whereas the grey line is to be representative of the musicians. Theaverage noise �oor is also depicted in both cases. Energy concentration of the controlpopulation is located from 800 to 1800 Hz in both ears. However, musicians showed awider frequency response. It can be noticed that sharp dips are observed in the musicians'TEOAE response where no detection is found. But control population shows a smootherresponse. This is believe to be due to the lack of a great number of musicians tested. Inaddition, when the spectrum of a non-stationary signal is desired, as it is the cases of thehuman TEOAE waveform, a STFT results more appropriate than the conventional FFTto �gure out about the changes in time †.Eventually, the time-frequency analysis is shown in �gure 9.4. The amplitude colour
†This has been explained in details in section 7.5.2 65
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(a) CP Right Ear (b) CP Left Ear
(c) Musicians Right Ear (d) Musicians Left EarFigure 9.4: Comparison of the average time-frequency analysis for the TEOAEs between 12 non-exposed normal hearing subjects and three musicians for both right and left ears. The thin black linerepresents the average TEOAE across control population subjects, whilst the thick grey line representsthose corresponding with the musicians. The average of the noise �oor is also depicted for both cases.range is presented from 10 to -35 dB(SPL). A signi�cant amplitude di�erence is observedbetween both populations, but the appearance of the most noticeable TEOAE responsesare similar for both groups, being located approximately from the early times around4 ms until 14 ms. As a general observation, the presence of TEOAEs are normally foundaround this period and for frequencies lower than 3000 Hz.TEOAE responses of a maximum of 9 dB(SPL) are found at the lowest frequencies from6 to 8 ms for the control population's left ear , whilst musicians TEOAE responses arebelow -2 dB(SPL). Regarding the right ear, the maxima encountered are 5 dB(SPL) and-5 dB(SPL) for the control population and the musicians respectively.The believed reason to the signi�cant amplitude di�erence between both populations isrelated with the lack of members tested for the musician group rather than an amplitudefall encountered for them.9.1.4 DPOAEsRegarding DPOAEs, the analysis carried out for both groups is depicted in �gure 9.5.The thin black line represents the mean DP for the control population. The thick greyline is to show the mean DP results for the musicians. The standard deviation across66



9.2 Between Noise Exposure Levels from Di�erent Leisure Activities
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(b) Comparison Left EarFigure 9.5: Comparison of the mean DPOAEs including the standard deviation between 12 non-exposednormal hearing subjects and three musicians for both right and left ears. The thin black line representsthe mean DP for the control population whereas the thick grey line is to show the mean DP results forthe musicians.subjects is also depicted. No noticeable di�erences are found until 1500 Hz for both ears.For higher frequencies, musicians reveal weaker DP, being more notable for the left ear.No global conclusions can be extracted in terms of comparison since a great variabilityacross subjects is found in both cases.9.2 Between Noise Exposure Levels from Di�erent LeisureActivitiesIn order to establish a comparison between the average exposure level monitored duringthe rehearsals and in other music leisure activities, an indoor concert of 1 hour of durationhas been continuously recorded. Thereby, a calculation of the exposure level per day forboth activities is carried out. The measurement procedure is stated in appendix F.
LAeq and LEX,8hThe SPL of a music band concert was recorded and lasted around 1 hour, and the average
LAeq obtained was LAeq = 101.3 dB(A). This value is obtained automatically by theSLM. The instantaneous LAeq recorded during the exposure is illustrated in �gure 9.6.Mostly instantaneous LAeq values are in the range between 90 to 110 dB(A), being themaximum reached at 111.1 dB(A), and the minimum at 66.5 dB(A). This minimumcorresponds to a break during the concert.On the other hand, the average LAeq in the musicians' rehearsal place is also calculated.The rehearsal duration is to be around 2 hours. Only two days could be eventually67
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9.2 Between Noise Exposure Levels from Di�erent Leisure ActivitiesAverage Safe Hours per DayNoise Level [dB(A)] No Protection 15dB Protection90 8 No limitation95 4 No limitation100 2 8105 1 4110 1/2 2115 0 1120 0 0125 0 0Table 9.1: Average safe hours per day recommended by OSHA without and with 15 dB hearing pro-tection. Average LAeq[dB(A)] Te[h] LEX,8h[dB(A)]Rehearsals 2nd day 101.2 2 95.13rd day 101.3 2 95.2Concerts � 101.3 1 92.3Table 9.2: Noise exposure levels over 8 hours calculated for both rehearsal and concert events. Thee�ective duration of the exposure (Te) is 2 and 1 hour for the rehearsal and the concert respectively.Based on [Legislation, 2002], the noise exposure level over 8 hours would suppose a serioushearing damage without wearing ear plugs in both events. The maximum allowed soundpressure level per day is 85 dB(A).NIPTSIn order to obtain the risk of hearing damage of being exposed over 10 years for bothcases, the median potential NIPTS are calculated and presented in table 9.3.Frequency [Hz] Rehearsal(NIPTS) Concert(NIPTS)500 0 01000 6 32000 5 33000 16 114000 20 156000 14 10Table 9.3: Median potential NIPTS (N0,50) values that the population could develop over 10 years ofexposure for both events.Based on the DRC proposed by CHABA, as it is stated in section 6.2.3, musicians attend-ing to their rehearsal place frequently during 10 years of exposure could su�er moderate69



9 Comparisonhearing losses, mainly at 4000 Hz. No severe NIPTS are found for the concert event.Nevertheless, when the exposure noise are considered quite long (10 min or more), theCHABA limits can be exceeded [Ward, 1970]. On the other hand, the average LAeq ob-tained at the concert can not be considered representative at all for those events sinceonly one concert has been recorded. Likewise, the duration of this sort of events is oftenlonger, between 2 and 3 hours. Therefore, SPL monitored at di�erent concert places isdeemed to be a more realistic value of this exposure.
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Chapter 10Conclusions
HT and OAEs are not considered directly related to determine the hearing status of asubject. The former also depends on the subject's cognitive detection whereas the lat-est re�ects a more objective hearing assessment. The present analysis in this projectreveals that both methods does not detect remarkable TS for the lower frequency compo-nents analysed. Some similarities are found for higher frequencies, where moderate shiftsappears mainly for TEOAEs and TTS. Nevertheless, the recovery obtained by TTS ismore noticeable than for OAEs shifts. The believed reason might be that the recoveryof the OHC function re�ected by OAEs shift requires a longer period to be completed.An OAE shift obtained one day after the exposure may be more representative of therecovery process.Regarding TS observed across musicians, HT determination reveals a similar patternwhilst OAEs, mainly DPOAEs, show a great variability between them. Therefore, agroup average can not be considered representative at all of the individual's DPOAEs.This outlines the necessity of a greater number of musicians for more precise results.Di�erences between the two sort of OAEs tested are found. DPOAEs represents thestatic characteristics of the hearing system whereas TEOAEs re�ects the transient ones.As a general observation in light of the results, TEOAEs are more tolerable to high noiselevel environments. Mostly DPOAEs results are a�ected by the noise �oor at speci�cfrequency points. However, TEOAE frequency responses show high SNR at 1000 and2000 Hz.TEOAE time-frequency analysis reports to be more e�cient in the research of the indi-vidual di�erences encountered for the musicians before and after the exposure, allowingto detect the predominance of the frequency components along the BM. Since TEOAEresponse is a non-stationary signal, a STFT showed more consistent results than theconventional FFT analysis. TEOAE shifts are mainly encountered for higher frequencies.The non-exposed normal hearing subjects reported remarkable hearing levels with a highsimilarity across them, and no signi�cant di�erences are observed between ears. TheTEOAE time-frequency analysis reveals the presence of low frequency components alongthe BM, but maxima TEOAEs are not found at the apex part as it was expected.For the comparison performed between musicians and the non-exposed population, asimilar pattern in terms of hearing level is found for both groups, being slightly raised forthe musicians. In contrast, weaker TEOAEs are observed for the latest group, but thepotential reason derives from the lack of greater number of subjects rather than being71



10 Conclusionsa�ected by the exposure noise. No global conclusions are extracted from the DPOAEcomparison due to the high variability between subjects.Eventually, the risk of hearing damage of being exposed to loud music over 10 years isexpected to cause moderate hearing losses for high frequencies, either for musicians inthe rehearsal place or for potential visitors at concerts.
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Chapter 11Future Work
For further improvements of the present work, some considerations are presented asfollows,

• For a more e�cient determination of the HT in terms of the average used time, theBékésy test should be performed instead the ascending method. It reported lessstandard deviation within subjects and faster hearing level detection.
• In order to obtain more representative results of the temporary changes in hearingof musicians involved in pop-rock bands, a greater number of subjects must betested. A high variability across musicians is observed in the results since onlythree musicians could be tested.
• To �gure out about whether the di�erences encountered before and after the ex-posure are signi�cantly di�erent, an statistical analysis should be performed. Thiscan also be applied for the comparison between the musicians and the control pop-ulation.
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Appendix AQuestionnaire and Results
This appendix presents the questionnaire to be �lled out for the subjects and the obtainedresults encountered for both populations expressed in terms of percentage.TemplateThis a questionnaire carried out for the master thesis project performed by the group1062 of the Acoustic Department of Aalborg University. It must be �lled in the formbelow prior to perform the listening test. If you want to participate in this experiment,please read the instructions carefully and complete this questionnaire. Your data will betreated con�dentially.Personal Data

• Name: ....................................................................
• Surname: ...............................................................
• Age: .......................................................................
• Gender:

© Man
© Woman

• Telephone number: ................................................
• E-mail address: ......................................................Hearing Diagnosis1. Have you ever tested your hearing before?

© Yes
© NoIf your answer wasYes, please specify when, where an how it was realized?.................................79



A Questionnaire and Results2. Do you have a known history of hearing disorder diagnosed by a medical doctor?
© Yes
© NoIf your answer was Yes, please specify which and when it was diagnosed?....................................3. Have you ever experimented any hearing problem, such as infections, buzzing noisesin the ear, excess of accumulative wax...?
© Yes
© No
© I don't knowIf your answer was Yes, please specify which and how often?...........................................4. Are you su�ering from tinnitus?
© Yes
© No
© I don't knowIf your answer was Yes, please specify how long did you have it?............................................5. Have you ever taken any medicine or another kind of drugs which could a�ect yourhearing in a certain extent?
© Yes
© No
© I don't know6. Do you know if anyone in your family have ever su�ered form a diagnosed hearingdisorder?
© Yes
© No
© I don't knowIf your answer was Yes, please explain what kind of hearing disorder?..........................................................7. Are you su�ering form a cold at present?
© Yes
© No8. Have you ever worked in a very noisy environment?
© Yes80



© NoIf your answer was Yes, please specify which kind of noise environment and how longand how often were you exposed to? Did you use hearing protectors?............................................9. Have you ever been exposed to intense loud sounds, such as �rearms, shootings,�reworks...?
© Yes
© NoMusic Leisure Habits1. Do you often attend to concerts and/or discotheques?
© Yes
© NoIf your answer was Yes, please specify:

• How often?
© Daily
© Weekly
© Monthly
© Yearly

• Exposure time (in hours)?
© 1 or less
© 1-2
© 2-4
© 4-6
© 6-8
© 8-10
© More than 102. Are you involved in a music band?

© Yes
© NoIf your answer was Yes, please specify:

• Which kind of music do you normally play?.............................. 81



A Questionnaire and Results
• How often do you play in a rehearsal place?

© Daily
© Weekly
© Monthly
© Yearly

• Exposure time (in hours)?
© 1 or less
© 1-2
© 2-4
© 4-6
© 6-8
© 8-10
© More than 103. Do you often play an instrument?

© Yes
© NoIf your answer was Yes, please specify:

• Which kind of instrument do you play?.....................
• How often do you play?

© Daily
© Weekly
© Monthly
© Yearly

• How many hours (in hours)?
© 1 or less
© 1-2
© 2-4
© 4-6
© 6-8
© 8-10
© More than 104. Do you normally use your computer or a portable music player with headphones?

© Yes
© NoIf your answer was Yes, please specify:82



• How often?
© Daily
© Weekly
© Monthly
© Yearly

• Exposure time (in hours)?
© 1 or less
© 1-2
© 2-4
© 4-6
© 6-8
© 8-10
© More than 105. Have you been in a noisy environment the last 24 hours?

© Yes
© NoResultsThe most interesting results are presented in terms of percentage in tables A.1 and A.2.Musicians Control populationYes No Yes NoHearing tested before 100% � 58% 42%Tinnitus/Infections(Wax) 33% 67% 42% 58%Su�ering from a cold at present � 100% � 100%Worked in a noisy environment 100% � 33% 67%Exposed to �rearms/�reworks 67% 33% 50% 50%Table A.1: Hearing diagnosis encountered for both populations as results of the questionnaire. Theanswers are presented in percentage for each population.

83



A Questionnaire and Results

Musicians Control populationOccurrence frequency of the activityActivity Exp. Time(h) Daily Weekly Monthly Yearly Daily Weekly Monthly YearlyConcerts/Discos 1 or less � � � � � � � �1-2 � 33% � � � 8% 8% �2-4 � 67% � � � 25% 17% �4-6 � � � � � � 8% �More than 10 � � � � � � 8% �Computer/MPs with headphones 1 or less � � � � 8% � 8% �1-2 � � � � 17% 8% � �2-4 33% � � � 8% 8% � �4-6 � � � � 8% � � �6-8 33% � � � 8% 8% � �Play an instrument frequently 1 or less � � � � � � � 8%1-2 � � � � � � � 8%2-4 � 67% � � � � � �4-6 � 33% � � � � � 8%Table A.2: Music leisure habits encountered for both populations as results of the questionnaire. Theoccurrence frequency of the activity for each population is presented in terms of percentage.
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Appendix BInstructions for Subjects
This appendix contains the instructions given for the subjects during the measurementsfor both tested populations, the musicians and the control population subjects. Themusicians were also instructed during post-exposure measurements and about the dura-tion of this interval, but due to the procedure to be followed for them remains the sameconditions that those stated in the following sections, they are not included in the report.Instructions TemplateWelcome to the experiment!This listening test is carried out for the master thesis project performed by group 1062of the Acoustic Department of Aalborg University. This test is part of an experimentthat studies the risk of hearing damage from music leisure activities. The test consists ofthree di�erent parts:1. A questionnaire to �nd out your hearing diagnosis as well as your music listeninghabits.2. An audiometry for detecting your hearing threshold levels.3. Two evoked sorts of otoacoustic emissions for testing the normal functionality ofyour hearing system anatomy.The total duration of the test is around one hour.Each part of the test is described in details in the following sections. You should readthem thoroughly and whether you have any doubt, do not hesitate to ask to the testexperimenter. The methods employed during the test are often used clinically and theydo not involve any risk for your ears. You are free to leave the test wherever you want ifyou feel any annoyance.Personal QuestionnaireThe �rst part consists of a questionnaire with a view to discover the status of your hearingand your main music listening habits. This part of the test takes around 5 minutes.85



B Instructions for SubjectsPure Tone AudiometryThe second part consists of testing your hearing by means of an audiometry. This is tobe performed using an audiometer and you are required of wearing a pair of headphones.When you place them, be sure that they �t your ears correctly. Each ear will be testedseparately, starting with the right ear.You will hear di�erent elicited pure tones for each ear. When you hear a tone, you haveto press the corresponding button for the tested ear. The red button corresponds to theright ear and the blue button for the left one. Once the test starts, it will be continueduntil both ears have been tested. The audiometry will be repeated four times to ensurethe reliability of the results.In order to guarantee that you understand perfectly the task, a familiarization sessionwill be performed at the beginning.The duration of this task is around 30 minutes. A break between 5-10 minutes is madebefore starting with the next task.Otoacoustic Emission MeasurementsThese measurements are carried out to test the normal function of your cochlea. Toperform this part of the test, a probe will be inserted in your ear. Both ears will betested separately.Di�erent evoked stimuli are presented to the ear and the response of your cochlea isanalysed. During this process, you do not have to do any task, the only requirement isto be relaxed and quiet due to those measurements are very sensitive to the movementsof the probe as well as your body motion.Two sorts of otoacoustic emissions will be carried out for both ears with a break of 5minutes between them. Four repetitions per ear are required to ensure the reliabilityof the results. A total of 8 recordings are to be performed for each type of otoacousticemissions.In order to guarantee that you understand perfectly the task, a familiarization sessionwill be performed at the beginning of each measurement.The duration of this task is around 30 minutes.
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Appendix CHT Measurements
This measurement report describes the procedure followed to obtain the HT of a certainpopulation using the ascending method.Room OverviewRegarding the measurements for the control population, the listening cabin B at AalborgUniversity, Fredrik Bajers Vej 7 B5-108, 9220 Aalborg, Denmark is employed. This roomis often used for listening experiments. It is double-door construction and has soundisolating walls, �oor and ceiling †. It consists of a steel box resting on springs for anti-vibrating purposes.HT determination of the musicians are performed in a quite room near the rehearsalplace. It has been described in section 7.2.LimitationsBékésy method was selected to be used during the measurements. Nevertheless, dueto technical problems regarding the communication between the audiometer and theavailable software, the numerical data for the Békésy tracing could not be stored andthe method was rejected. It is important to notice that this method is more e�cientand faster than the selected ascending method according to the comparison made by[M.Lydolf, 1999], even though the latest shows reliable results.EquipmentThe equipment used is listed in table C.1.

†The acoustic isolation of the room is necessary to assure that experiments and recordings are notdisturbed by noise from the outside. 87



C HT Measurements Item Type AAU LBNRClinical Audiometer Madsen ORBITER 922 33968Headphones Sennheiser HDA 200 52735Table C.1: Measurement equipment used during HT measurements.Measurement MethodStimuliPure tones of duration around 1-2 s are presented to the subject by means of headphones,from 250 to 8000 Hz.Measurement SystemThe Orbiten 922 audiometer provided by Madsen Electronics is used for the Ascendingmethod. The HDA 200 headphones provided by Sennheiser are employed during themeasurement. This audiometer provides user-friendly audiological instrumentation ofhigh quality [Electronics, 1994].Measurement ProcedureEquipment SetupThe signal �ow diagram employed when measuring the HTs of the subjects is shown in�gure C.1.
Subject’s

head

HDA 200
Sennheiser

Headphones

Orbiter 922 Madsen
Audiometer

Left and right
push buttons

Figure C.1: Signal �ow diagram among equipment when measuring HTs.88



ProcedureThe procedure has been performed following the steps stated in [ISO 8253-1, 1989], as itis described in section 4.1.2. Four repetitions have been carried out for the reliability ofthe results. Both ears are tested before ending each repetition, starting at the right ear.A break of around 5-10 min is performed between repetitions. Eventually, a re�tting ofthe headphones is carried out for each repetition to minimise the in�uence of the positionof the headphones on the subject's head.ResultsHT Determination for Individual Normal Hearing SubjectsThe obtained HTs for each subject as well as the standard deviation per octave bandfrequency between repetitions are depicted in �gures C.2 and C.3 from the subjects 1 to8 and from 9 to 12 respectively. Hearing levels are obtained from 250 to 8000 Hz. Thered colour represents the right ear whereas the blue shows the left ear. The dashed linecorresponds to the reference hearing levels according to [ISO 389-7, 2005]. All subjectsreported normal hearing levels above 20dB(HL), except the subject 12 who su�ers amoderate hearing loss at 8000 Hz. But he has not been rejected for the experiment sincesuch octave frequency band is not considered of interest for the analysis.No similarities between ears are found for mostly subjects.HT Determination for Individual MusiciansFigure C.4 shows the mean pre-exposure hearing levels obtained for the tested musicians.The standard deviation between repetitions is also presented. It can be observed thatthe variability among repetitions is greater than for the control population subjects. Thebelieved reason is that the room near the rehearsal place presents higher levels of noise�oor since it is not acoustic isolated. In spite of this, musicians reported substantialhearing levels.
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Appendix DOAEs Measurements for ControlPopulation
PurposeThis measurement report describes the procedure followed to obtain the TEOAEs andDPOAEs measurements for the control population in this project, obtaining a completeoverview of the cochlear status not being highly dependent of the technique employed.They have been performed according to the ILO88 User Manual provided by Otodynam-ics [Otodynamics, 1997].The eventual purpose is to analyse the normal functionality of the auditory system of thesubjects who participate in this test to be compared with the data obtained for peopleexposed to sound in rehearsal places afterwards.Room OverviewThe measurements took place in the listening cabin B at Aalborg University, FredrikBajers Vej 7 B5-108, 9220 Aalborg, Denmark. This room is often used for listeningexperiments. It is double-door construction and has sound isolating walls, �oor andceiling †. It consists of a steel box resting on springs for anti-vibrating purposes.EquipmentThe equipment used is listed in table D.1.

†The acoustic isolation of the room is necessary to assure that experiments and recordings are notdisturbed by noise from the outside. 93



D OAEs Measurements for Control PopulationItem Type AAU LBNRMeasurement system ILO96 Otodynamics 52661Measurement analyser ILO88 Otodynamics 47389Probe Otodynamics 52661Stand for �xing the cord Soundking 1340-03Table D.1: Measurement equipment used when recording TEOAEs and DPOAEs.Measurement MethodStimuli
• TEOAE StimuliThe default stimulus employed by the measurement system consists on a click whichhas a broad frequency spectrum useful for evoking responses from the cochlea be-tween 500 to 6000 Hz [Otodynamics, 1997]. Thereby, all frequency regions of thecochlear response can be tested simultaneously. The intensity of the sharp peak isaround 84 dB (SPL) and it is repeated at intervals of 20 ms.
• DPOAE StimuliTwo stimuli f1 and f2 are automatically swept across the frequency range from1000 to 6000 Hz. They can also be �xed for a full analysis of a particular frequencyregion. It depends of the selected test †. The interval between steps chosen by thetester determines the resolution of the measurements. Although a higher resolutionprovides higher quality of the results, longer time is required. A 3 points/octaveinterval is recommended by [Otodynamics, 1997].The values selected for the level of the pure tones are L1 = 65 dB (SPL) and L2 =55 dB (SPL) for f1 and f2 respectively, and the ratio f2/f1 equals 1.22. ‡Measurement SystemThe ILO96 Otodynamics consists of four stimulus channels and two inputs channels forOAE measurements. It can run all existing ILO88, ILO95 and ILO V-5 softwares fromOtodynamics, providing mainly TEOAE and DPOAE measurements. Further informa-tion can be found in [Otodynamics, 2001].
†The main DPOAE test provided by Otodynamics is the known as DP-Gram, which allows to measurea series of DPOAEs at the main distortion product frequency 2f1 − f2 in the range 1000 - 6000 Hz.However, when DPOAEs are in the presence of excessive noise or they are small, the DP Spectrumtechnique is often used. It consists on �xing both pure tones providing a full analysis of the response ina speci�c frequency region. This enhances the e�ciency [Otodynamics, 1997].
‡As it is stated in section 4.2.1, the typical values used clinically are a ratio f2/f1 equals 1.22 andthe levels for the primary tones between 55 to 65 dB (SPL).94



Measurement AnalyserThe ILO88 Otodynamics is a measurement analyzer of the OAEs, providing an objectivetesting of the cochlea normal function. To elicit an stimulus and recording the responseof the cochlea, a probe is used as a transducer during the measurements. It contains twoloudspeakers and a microphone. A band pass �lter is used to analyse the response in thespeci�ed frequency range.Once the name and the selected ear of the subject has been identi�ed, the software�rstly performs an acoustic probe �t and then, an OAE recording is carried out whenthe stimulus presents no excessive background noise. This procedure is explained in thefollowing section.Measurement ProcedureEquipment SetupThe signal �ow diagram employed for both TEOAEs and DPOAEs measurements isshown in �gure D.1.
ILO96 Otodynamic 

System
ILO88 Otodynamic 

Analyzer

Probe

Subject’s hearing system 
anatomy

Figure D.1: Signal �ow diagram among equipment during TEOAE and DPOAE measurements.When recording OAEs, some recommendations must be followed to assure that the varia-tions in the response are due to the normal cochlear function and reduce the unavoidablebackground noise presents during the measurements. The noise can be generated eitherby the environment or by the subject's motion.Ambient environmental noise
• The measurements must be recorded in a quiet room. 95



D OAEs Measurements for Control Population
• The probe closes perfectly the external ear canal avoiding the air noise enteringinside. To achieve this, a probe tip is used.
• The cord from the equipment to the probe is stabilized by means of an stand tominimize the rubbing with the subject or the chair.Noise by the subject's motion The tester must instruct the subjects to be quietand remaining limit movements during measurements. Generally, the noise is generatedby the breathing or blood �ow, and it is greater for the low frequency region (less than1000 Hz). Some instructions are �lled by the subjects to assure that they understand thetasks.TEOAE ProcedureThe procedure for the TEOAEs measurements consists of two main parts, the knownas Check�t Stage and the TEOAEs recording. The �rst part monitors the stimulus andthe background noise level before starting the measurements for an appropriate stimuluslevel adjustment and �xing system. The recording session shows both time and frequencyanalysis of the response of the cochlea in real time as well as the spectrum and eventuallyit stores the data after a predetermined period.There are several recommendations to be followed during both parts for considering thetest as valid. They are based on [Otodynamics, 1997].Check�t StageBefore starting the TEOAEs measurements, the probe must be �tted correctly in the ex-ternal ear of the subject. At this stage, the stimulus and background noise characteristicsare monitored in real time to be adjusted by the tester. This assures a proper quality forthe measurements.
• Stimulus CharacteristicsSince the stimulus used during TEOAEs measurements has been denoted as aclick, the stimulus waveform must be as short as possible and less than 1 ms[Otodynamics, 1997]. Thereby, an oscillatory stimulus waveform is considered inap-propriate for recording TEOAES measurements in adults. This oscillation is oftendue to either the noise environment presents in the room or the noise produced bythe subject.Therefore, whether a click stimulus is presented, its frequency spectrum must be as�at as possible in the frequency range from 500 to 6000 Hz †.
†It must be noticed that a decrease in the response is observed towards 6 kHz due to the eardrumre�ection [Otodynamics, 1997] and the band pass �lter provided by the measurement analyser.96



• Background Noise CharacteristicsA suitable level of noise for TEOAEs measurements is around 45 to 52 dB (SPL),when eliciting a stimulus click around 84 dB (SPL) [Otodynamics, 1997].To achieve this, the listening room must be quiet and the subjects must be instructed bythe tester to remain as quiet as possible. In addition, the selection of the probe plays animportant role to be well �tted to the ear.TEOAE RecordingOnce the probe has been �tted properly and the stimulus level is set, the TEOAEs arerecorded. The ILO88 software provides two di�erent cochlea waveforms called A and B,corresponding to the even and odd sweep respectively. The recordings are obtained byusing a non-linear method, consisting on evoking three clicks of positive polarity and afourth click of an inverse polarity which has a relative magnitude of 10 dB higher thanthe positive polarity [Hatzopoulos et al., 2000]. This is commonly used since it cancelsthe stimulus artefact which could be misinterpreted a TEOAE response.The duration of the test is to be around 50 s and 4 repetitions with re�tting of the probefor each subject are performed to obtain feasible results.To consider a TEOAE test as valid, at least two signi�cant sharp peaks must be locatedin the response of the cochlea throughout the frequency range between 500 to 6000 Hz. Asharp peak is considered normally signi�cant in any frequency band when the followingrequirements are ful�lled,
• The SNR is greater than 3 dB.
• The reproducibility, meaning the correlation (in percentage) between the even andodd sweep recorded simultaneously, is greater than 65%.DPOAE ProcedureThe DPOAE procedure is also divided into a �xing probe part and a measurementsrecording part.Check�t StageThis stage is similar than that of the TEOAEs procedure, but some details needs to beclari�ed. A click stimulus is also elicited but two probe loudspeakers are required for thepure tones f1 and f2. The responses obtained from those transducers must be similarfor a correct recording of TEOAEs. In addition, whether strong peaks and valleys are97



D OAEs Measurements for Control Populationobserved in the stimulus waveform, the background noise level may be excessive and then,the frequency spectrum is no longer �at.DPOAE RecordingOnce the probe has been �tted properly and the levels of the stimuli are set, DPOAEsare recorded. The duration of the test is to be around 30 s and 4 repetitions with re�ttingof the probe for each subject are performed to obtain feasible results.To consider a DPOAE test as valid, some requirements must be ful�lled,
• The test must be performed until the distortion product values of the response ofthe cochlea are su�ciently above the background noise †.
• Healthy ears normally present DPOAE levels around 10 dB (SPL), being highlightedup to 20 dB (SPL) for young and infants ears. DPOAEs less than -10dB (SPL)cannot be considered as valid [Otodynamics, 1997].ResultsAll individual results for the control population has been included for a visual inspectionof the reader. No individual comments are presented since the objective is to comparethe average obtained with the musicians results.TEOAE ResultsTEOAE Waveform for Individual SubjectsTEOAE waveforms are presented in �gures D.2 and D.3, from the subjects 1 to 8 andfrom 9 to 12 respectively. The thick black line represents the right ear and the thin greyline represents the grey line. Remarkable amplitude di�erences are found among subjects.TEOAE Frequency Response for Individual SubjectsTEOAE frequency responses for both ears of the control population can be found in�gures D.4, D.5 and D.6 for the subjects 1 to 4, 5 to 8 and 9 to 12 respectively. Subjects3 and 6 reported higher TEOAE peaks than the remaining subjects.
†The background noise levels have been obtained with two standard deviations representing the limitsof the 95% of con�dence region. The DPOAEs should be above this limit.98
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(h) Subject 8Figure D.2: TEOAE waveforms from the subjects 1 to 8 of the control population. The thick blackline represents the right ear whereas the thin grey line symbolises the left ear. 99
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(d) Subject 12Figure D.3: TEOAE waveforms from the subjects 9 to 12 of the control population. The thick blackline represents the right ear whereas the thin grey line symbolises the left ear.
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(h) Subject 4 Left EarFigure D.4: TEOAE frequency responses for both ears from subjects 1 to 4 of the control population.The right ear is presented on the left side and the left ear on the right side. The black line representsthe average TEOAEs and the red line the noise �oor during the recording. 101
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(h) Subject 8 Left EarFigure D.5: TEOAE frequency responses for both ears from subjects 4 to 8 of the control population.The right ear is presented on the left side and the left ear on the right side. The black line representsthe average TEOAEs and the red line the noise �oor during the recording.102
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(h) Subject 12 Left EarFigure D.6: TEOAE frequency responses for both ears from subjects 9 to 12 of the control population.The right ear is presented on the left side and the left ear on the right side. The black line representsthe average TEOAEs and the red line the noise �oor during the recording. 103



D OAEs Measurements for Control PopulationTime-frequency Analysis for Individual SubjectsTEOAE time-frequency analysis obtained from the control population subjects are shownin �gures D.7, D.8 and D.9 corresponding with the subjects 1 to 4, 5 to 8 and 9 to12 respectively. The colour bar range is stated from 20 to -35 dB(SPL). Subjects 3reported TEOAE amplitudes up to almost 20 dB(SPL) from the early times until the apexpart of the BM. The remaining subjects showed weaker TEOAE responses. Remarkabledi�erences are encountered among subjects.DPOAE ResultsDPOAEs found for the control population are depicted in �gures D.10, D.11 and D.12from the subjects 1 to 4, 5 to 8 and 9 to 12 respectively. Subject 5 reported no consistentDPOAEs but mostly remaining subjects showed DP above 0 dB.
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(a) Subject 1 Right Ear (b) Subject 1 Left Ear
(c) Subject 2 Right Ear (d) Subject 2 Left Ear
(e) Subject 3 Right Ear (f) Subject 3 Left Ear
(g) Subject 4 Right Ear (h) Subject 4 Left EarFigure D.7: TEOAE time-frequency analysis for both ears from subjects 1 to 4 of the control population.The right ear is presented on the right side and the left ear on the left side.

105



D OAEs Measurements for Control Population

(a) Subject 5 Right Ear (b) Subject 5 Left Ear
(c) Subject 6 Right Ear (d) Subject 6 Left Ear
(e) Subject 7 Right Ear (f) Subject 7 Left Ear
(g) Subject 8 Right Ear (h) Subject 8 Left EarFigure D.8: TEOAE time-frequency analysis for both ears from subjects 4 to 8 of the control population.The right ear is presented on the right side and the left ear on the left side.
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(a) Subject 9 Right Ear (b) Subject 9 Left Ear
(c) Subject 10 Right Ear (d) Subject 10 Left Ear
(e) Subject 11 Right Ear (f) Subject 11 Left Ear
(g) Subject 12 Right Ear (h) Subject 12 Left EarFigure D.9: TEOAE time-frequency analysis for both ears from subjects 8 to 12 of the control popu-lation. The right ear is presented on the right side and the left ear on the left side.
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(h) Subject 4 Left EarFigure D.10: Mean DPOAEs for both ears from subjects 1 to 4 of the control population. The noise�oor is also depicted.
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(h) Subject 8 Left EarFigure D.11: Mean DPOAEs for both ears from subjects 4 to 8 of the control population. The noise�oor is also depicted.
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(h) Subject 12 Left EarFigure D.12: Mean DPOAEs for both ears from subjects 9 to 12 of the control population. The noise�oor is also depicted.
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Appendix EOAEs Measurements for Musicians
This appendix is to provide all TEOAEs and DPOAEs for the individual musicians. Theprocedure followed to perform the measurements is stated in appendix D. In consequence,only the results are presented.TEOAEs for Individual MusiciansOnly the pre-exposure results regarding TEOAE waveforms of the musicians are depictedin �gure E.1 since the comparison between pre-exposure and post-exposure measurementsis considered to be covered in chapter 9 with the time-frequency analysis. Nevertheless,the TEOAE waveforms are consider of interest to evaluate the individual di�erences.In light of the results, noticeable di�erences are found for the individuals. The drummerreported considerable lower amplitudes than the remaining musicians. The lead electricguitarist's TEAOE waveform re�ects a vibration along the whole BM, even at the apexpart. Both ears present a similar TEOAE waveform pattern for every musician.SNR Analysis Each TEAOE frequency response has been analysed in terms of itsSNR in table E.1 to �nd out the frequency range where a TEOAE can be consideredreliable and therefore, not a�ected by the noise �oor. The most sensitive frequenciesin terms of hearing has been analysed, meaning 1000, 2000, 3000 and 4000 Hz. The
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(c) DrummerFigure E.1: TEOAE waveforms obtained for the three musicians. The thick black line represents theright ear, whilst the thin grey line symbolise the left ear.111



E OAEs Measurements for Musiciansreproducibility between the even and odd waveforms recorded is also presented for thosefrequency bands. The data marked with the symbol "xx" means that the SNR foundis negative, and thereby, negligible. The majority of the responses showed high SNRat both 1000 and 2000 Hz, but the recordings are a�ected by the noise from 3000 Hzupwards. Only the lead electric guitarist reported high SNR at 3000 Hz.1000 [Hz] 2000 [Hz] 3000 [Hz] 4000 [Hz]SNR[dB(SPL)] Rep.[%] SNR[dB(SPL)] Rep.[%] SNR[dB(SPL)] Rep.[%] SNR[dB(SPL)] Rep.[%]Musician Meas. Ear
L.e. guitarist Mean pre-exp. R 13.3 94.7 14.5 96.2 5.4 77 0 52L 13.6 95.2 6.9 82 10.7 91 xx 27.2510min R 12 94 10.6 92 3.6 69 xx 3216min R 11.7 93 9.7 90 2.4 63 xx 040min R 11.1 92 12 94 2.1 62 xx 3346min R 10.7 92 10.3 91 4.3 72 xx 4111min L 13.4 95 4.2 72 9 88 xx 020min L 14.7 96 6.6 81 7.6 85 xx 043min L 14 96 6.9 83 10 90 xx 4750min L 13.3 95 7.1 83 7.8 85 2.2 61

Bassist Mean pre-exp. R 11.4 92.7 8.5 87 xx 33 1.2 56L 6.3 80.5 10 90.2 0.7 53.2 xx 18.510min R 10 91 2.7 64 xx 40 xx 015min R 8.7 88 3.4 68 xx 36 xx 041min R 7.2 84 4.2 72 xx 0 xx 3152min R 7.6 85 2.4 63 xx 0 xx 012min L 5.9 79 8.4 87 xx 38 xx 019min L 4.3 73 8.2 87 xx 0 xx 049min L 5.4 77 9.5 89 xx 34 xx 070min L 5.8 79 7.3 84 2.2 62 xx 40
Drummer Mean pre-exp. R 7 83 10.3 91 0.1 49.7 xx 39.5L 8 85.5 13.9 95.2 1.2 56 xx 32.710min R 9 88 9.7 90 2 61 xx 016min R 7.5 85 8 86 0.8 54 xx 040min R 6.7 82 8.4 87 0.5 52 xx 3246min R 6 79 10.5 91 xx 0 xx 013min L 10.7 92 13 95 xx 46 xx 4318min L 5.6 78 13.1 95 1.3 57 xx 042min L 4.6 74 12.7 95 xx 42 xx 049min L 5.4 77 14.8 96 xx 42 xx 0Table E.1: SNR and reproducibility between even and odd sweeps provided by ILO88 software of themusicians' TEOAE recordings before and after rehearsal. They are calculated at 1000, 2000, 3000 and4000 Hz.For a visual inspection of the individual TEOAE frequency responses obtained beforeand after the exposure, �gures E.2, E.3, E.4, E.5, E.6 and E.7 have been included. Butno individual analysis is reported since the TEOAE shifts for the musicians have beenfully covered with the TEOAE time-frequency analysis.DPOAEs for Individual MusiciansPre-exposure DPOAEs are presented in �gure E.8 for every musician's ears. The standarddeviation between teh 4 repetitions is also presented. The average noise �oor is shownwith red colour.Moslty DPOAEs present amplitudes from 0 to 10 dB for the frequency range between1000 and 2000 Hz for the three musician, but the drummer reported less amplitudes112
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(b) Post-exposure after 10min 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
−35

−30

−25

−20

−15

−10

−5

0

5

Frequency (Hz)

dB
(S

P
L)

 

 
Post−exposure TEOAE after 16min Right Ear
Noise

(c) Post-exposure after 16min
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(e) Post-exposure after 46minFigure E.2: TEOAE frequency responses for the lead electric guitarist's right ear before and after theexposure for the times scheduled in the experiment. The black line represents the TEOAEs whereas thered line symbolises the noise �oor obtained during the recording.
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(c) Post-exposure after 20min
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(e) Post-exposure after 50minFigure E.3: TEOAE frequency responses for the lead electric guitarist's left ear before and after theexposure for the times scheduled in the experiment. The black line represents the TEOAEs whereas thered line symbolises the noise �oor obtained during the recording.
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(c) Post-exposure after 15min
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(e) Post-exposure after 52minFigure E.4: TEOAE frequency responses for the bassist's right ear before and after the exposure forthe times scheduled in the experiment. The black line represents the TEOAEs whereas the red linesymbolises the noise �oor obtained during the recording.
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(c) Post-exposure after 19min
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(e) Post-exposure after 70minFigure E.5: TEOAE frequency responses for the bassist's left ear before and after the exposure forthe times scheduled in the experiment. The black line represents the TEOAEs whereas the red linesymbolises the noise �oor obtained during the recording.
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(c) Post-exposure after 16min
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(e) Post-exposure after 46minFigure E.6: TEOAE frequency responses for the drummer's right ear before and after the exposurefor the times scheduled in the experiment. The black line represents the TEOAEs whereas the red linesymbolises the noise �oor obtained during the recording.
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(c) Post-exposure after 18min
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(e) Post-exposure after 49minFigure E.7: TEOAE frequency responses for the drummer's left ear before and after the exposure forthe times scheduled in the experiment. The black line represents the TEOAEs whereas the red linesymbolises the noise �oor obtained during the recording.
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(f) Drummer left earFigure E.8: Mean pre-exposure DPOAE with standard deviation between repetitions for every musi-cian's ears. The average noise �oor is also depicted with red colour.and the measurements are a�ected by the noise �oor. This matches with the resultsobtained for TEOAEs. The lead electric guitarist shows better DPOAEs on the rightear, whereas the bassist's left ear reported remarkable DPOAEs for frequencies above2500 Hz. No similarity between ears can be concluded caused the noise �oor disturbedthe measurements at some DP frequencies.
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Appendix FExposure Level Calculation
PurposeThis measurement report describes the procedure followed for recording the SPL at theconcert and at the rehearsal place.. The purpose is to obtain the equivalent continuousA-weighted sound pressure level (LAeq) during the exposure time by means of a soundlevel meter to calculate the occupational noise exposure level according to [ISO 1999,1990] afterwards.Room OverviewThe measurements took place in di�erent rooms depending on the event:

• Concert event: in the StudentHuset, Gammel Torv 10, 9000 Aalborg, Denmark.The group band who was playing during the measurements is called Who madewho from Denmark.
• Rehearsal place for musicians: both music rehearsal rooms in the Huset Café, Has-serisgade 10, 9000 Aalborg, Denmark. The musicians who were playing during themeasurements belongs to the music group called Ottocovariance from Spain.EquipmentThe equipment used is listed in table F.1.Item Type AAU LBNRSound Level Meter B&K 2238 Mediator 33948-00Measurement Analyzer B&K Noise Explorer 7815 �Calibrator B&K 4231 33691Stand Trypod 33948Table F.1: Measurement equipment for recording and analysing the SPL in both leisure activities.121



F Exposure Level CalculationMeasurement MethodMeasurement SystemThe sound level meter used during the measurements is the 2238 Mediator provides byBrüel & Kjær, which complies with [IEC 61672-1, 2002] and [IEC 61672-2, 2003]. TheMediator is �t together with a pre-polarized free-�eld 1/2" condenser microphone type4188.It allows to measure a number of individual time periods (normally around 1 s) as wellas an overall value of LAeq during the exposure time. Further details about this devicecan be found in the enclosure CD.Measurement AnalyserAfter the measurements, the Mediator is connected to a PC for transferring the datawhich are analysed by means of the Noise Explorer 7815 software provides by Brüel &Kjær.Measurement ProcedureEquipment SetupThe location of the Mediator during the SPL recording for both events, at the concertand at the rehearsal place, are shown in �gure F.1 and �gure F.2 respectively.Concert Event SetupThe Mediator is placed 5.25 m from the stage and the height is 1.68 m from the �oor.The distance form the closest wall is 1.4 m to ensure that the recordings are not disturbedby the wall.Rehearsal Place SetupThe Mediator is placed 1.55 m height. The distance form the closest wall is 1.1 m toensure that the recordings are not disturbed by the wall.122
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1.4 mFigure F.1: Location of the Mediator during the Who made Who concert at the StudentHuset forrecording the SPL. The Mediator is placed 5.25 m from the stage and the height is 1.68 m from the �oor,being the microphone of the Mediator located at the position normally occupied by the head of a person,being absent.ProcedureBefore starting the measurements, the Mediator is calibrated to a free-�eld level of 93.8 dBusing the B&K 4231 calibrator according to International Electrotechnical Commissionstandards.The Mediator is recording continuously the LAeq during the exposure time using themain settings described in table F.2.Setting CharacteristicsAmplitude RMSBandwith BroadbandFrequency weighting ARange 60 - 140 dBResolution 1 sSound incidence Random (di�use-�eld)Table F.2: Mediator measurement setup used when recording measurements.After recording the measurements, the data are transferred to a PC to be analysed.
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Figure F.2: Location of the Mediator during the measurements in the rehearsal place at the Huset Caféfor recording the SPL.
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Enclosure: CD
A CD-ROM is attached as enclosure. This CD-ROM contains information to be studiedif the reader desires additional insight into the di�erent topics of the report.Contents of the CD:

• Project Report (PDF format).
• Data sheets.
• OAEs data obtained by ILO96 Otodynamics.
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