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HEARING DAMAGE FROM EXPOSURE TO MUSIC
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Sound pressure levels and exposures in discotheques and youth clubs and during training
sessions of music students were measured and analysed. Effects of exposure in the form
of permanent and temporary threshold shift were determined in the samples of young
discotheque attendants and in music students. The consequences of the threshold shift in
the perception of pitch, loudness, and time are discussed.

1. Introduction

Music has been recognised as a source of acoustic trauma, and a danger of hearing loss
from loud music has aggravated substantially over the past quarter of a century. Although
live music can also be potentially dangerous to the hearing system, most traumatic effects
observed in the samples of young population in Poland (and also western countries) were
caused by music from portable cassette players, high power home sonic equipment and
very high power electroacoustic systems in discotheques or pop and rock concert halls.
Significant effects of overexposure were found in some music students due to very high
sound pressure levels in training sessions.

Traumatic effects of acoustic overstimulation that have long been considered as a
decrease in sensitivity only, manifest themselves in several psychophysical spaces. The
decrease in sensitivity or hearing loss is thus usually associated with poorer frequency
discrimination and frequency resolution. In the perception of intensity a distortion of
loudness function, known as a recruitment is often observed. Severe distortions of sig-
nals caused by acoustic trauma result from the poorer perception of auditory events
with time. In the proximity of an (elevated) hearing threshold and up to moderate
sensation levels acoustic trauma often causes a lack of tonality and/or non-linear distor-
tions. Cumulative effects of a pronounced acoustic trauma change the characteristics of
signals incoming auditory pathways to such an extent that spoken messages cannot be
understood.

The question of the danger of hearing loss in young people seems to be open to various
interpretations and has recently brought conflicting answers. However, the findings from
the audiometric laboratory examinations of statistically significant samples of young
musicians in Poland show that 68% of them bear marks of acoustic overexposure while
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50% of them show selective hearing loss of 20dB or more in at least one ear. The
observations seem to indicate that the danger of hearing loss from long term socially
administered overexposures to music might have been underestimated yet.

2. SPL’s and exposures

The deterioration of hearing from exposure to loud and to amplified music has been
studied and described by large number of investigators over the past quarter of a cen-
tury. Their efforts resulted in large supply of experimental data that has been critically
reviewed by HUGHES et al. [40], WEST and EVANS [100], CLARK [13], DIBBLE [17] and
in some measure by BRADLEY et al. [8], HELLSTROM and AXELSSON [39], AXELSSON et
al. (1] and many others.

A number of investigators have measured and analysed data referring to music (noise)
exposures, i.e. corresponding sound pressure levels and their frequency and time distri-
butions and also to the duration and character of exposures.

Analysed were the data pertaining both to live and amplified pop/rock music, e.g.
KowALczuk (1967), RINTELMAN and BORUS [83], RINTELMAN et al. [84], CABOT et
al. [10], CLARK and BOHNE [14], CLARK [13], BORSCHGREVINK [7], ISING et al. [41],
JAROSZEWSKI and RAKOWSKI [44], JAROSZEWSKI [56], and to live and recorded and/or
amplified symphonic music e.g. LEBO and OLIFANT [65], AXELSSON and LINDGREN [2],
WESTMORE and EVERSDEN [101], RABINOVITZ et al. [79], JANSSON and KARLSSON [42],
FRry [29], SCHACKE [89], WOOLFORD et al. (1988), and CLARK [13], JAROSZEWSKI et
al. [60].

Regrettably, the abundant published data from various authors show very large vari-
ance with reference to the sound pressure levels and their distribution in the frequency
scale and in time and, consequently, also with reference to exposures.

However, almost all researchers report sound pressure levels that are potentially
dangerous to hearing as for example: BIKERDIKE and GREGORY [5], Laeq = 88—113dB,
DIBBLE (1988), Laeq = 94 — 99dB, while MAWHINNEY and Mc CULLAGH [69] report
SPL's in excess of 95—115dB with peaks from approximately 105dB to over 125dB.

In investigations of sound pressure levels and their distribution in 10 Warsaw dis-
cotheques present authors found even larger values of SPL (JAROSZEWSKI et al. [57]).
L peq was found to be in the range from 90 to 116 dB. Long time average spectra in 1/3
octave bands in the tested discotheques are given in Fig. 1. SPL cumulative distribution
functions for these discotheques are given in Fig. 2.

Impulsiveness of music noise tested, determined as a difference between the peak and
equivalent level is given in Fig. 3 showing presence of peaks reaching 30 dB with median
value of approximately 22 dB.

In investigation of sound exposures in Swedish symphonic orchestras JANSSON and
KARLSSON [42] reported mean Laeq values from 89dB up to 93dB with maximum
values reaching 98.6 dB. They have not observed peak values exceeding 125dB. Similar
data, Laeq from 85dB up to 90dB with weekly equivalent of 85dB were reported by
AXELSSON and LINDGREN [2]. SCHACKE [89] recorded sound pressure levels in orchestra
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Fig. 1. Long time average spectra in 1/3-octave bands and noise rating curves for pop/rock music
in 10 Warsaw discotheques.
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Fig. 2. SPL cumulative distribution functions for pop/rock music in 10 Warsaw discotheques.

of the Deutsche Oper Berlin and found average A levels for brass ranging from 87dB
to 96 dB with peaks reaching 122 dB, and average levels for woodwinds varying between
88 dB and 97 dB with peaks reaching 117 dB. In the report by SCHACKE [89] Laeqsn for

wind instruments was determined at 87.7 dB which is about twice as much as maximum

permissible exposure according to German regulations. Alarming data on Laeq values
were reported by ROYSTER et al. [87]. They found Laeq values ranging from 74.7 to
94.7dB with peaks in the range from 112 to 143 dB.
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Fig. 3. Impulsiveness as a difference between peaks and equivalent SPLs of the tested discotheque
music.

Measurements of sound pressure levels performed by the present authors during
training sessions of music students show maximum sound pressure levels substantially
higher than maximum levels observed by other researchers except for ROYSTER et al. [87).
Long time average spectra in 1/3 octave bands and cumulative distribution functions
for a short selection of performances for trumpet are given in Fig. 4 and Fig. 5.
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Fig. 4. LTAS in 1/3-octave bands of trumpet sound during daily practice of music student.
Noise rating curves for 5 min, 1 hr and 5 hrs are also shown on the diagram,

Present findings indicate also that the exposures experienced by music students dur-
ing their training sessions are far in excess relative to the permissible doses. Predictably,
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Fig. 5. SPL cumulative distribution functions of trumpet sound during practice hours of music student.

such exposures lead to aggregation of NIPTS acquired over a long period of time and
as such should not be ignored. In 50% of brass and woodwind student players PTS of
10dB to 25dB was found which could have been explained only by acoustic trauma.

3. Hearing thresholds

In audiometric examination of classical musicians AXELSSON and LINDGREN (2],
WESTMORE and EVERSDEN [101}, RABINOWITZ et al. [79], KARLSSON et al. [63], WOOL-
FORD [105], JOHNSON et al. [61, 62], JANSSON et al. [43], OSTRI et al. [75], ROYSTER
et al. [87], and others, all have found audiometric patterns corresponding to the noise
induced hearing loss. The audiograms showed notches, mostly at frequency 6 kHz in 30%
to over 50% of the tested sample.

The depth of these notches varied between HTL 10dB (OSTRI et al. [75], ROYSTER
[87]) and 20 to 25dB (RABINOWITZ et al. [79). The greatest hearing loss was found in
musicians playing bassoon, horn, trumpet and trombone (e.g. AXELSSON and LINDGREN
[23]). However, some investigators e.g. WESTMORE and EVERSDEN [101], AXELSSON and
LINDGREN [2], have declared that only “slight degree of hearing loss was found in the
average hearing thresholds”, even that they also found notch shaped audiograms with
the dip at 6 kHz in the tested samples.

To relate the exposure data from loud and amplified pop/rock music to the damage of
hearing many authors measured and analysed the permanent and temporary threshold
shift in music performers, personnel and attendants to discotheques and youth clubs
e.g. LIPSCOMB [66], SKRAINAR [92], CATALANO and LEVIN [11], FEARN [19], FEARN
and HANSSON [20, 21}, CLARK [13], JAROSZEWSKI and RAKOWSKI [44], JAROSZEWSKI
et al. [57)].
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Many investigators report the presence of selective hearing loss of various depths at
6 kHz. However, some authors recognise notches 20-30 dB deep at 6 kHz as “not exceeding
limits of normal hearing” (DIBBLE [17]). Others declare in such cases that “the hearing
losses are relatively small” (MAWHINNEY and Mc CULLAGH [69]) or show little concern
that the notches observed in individual data were lost in the averaging procedure (WEST
and EVANS [100]). On the other hand, some authors express their serious concern about
the notches that are 7-10dB deep at 6 kHz (FEARN and HANSON [20, 21], FEARN [19]).

In audiometric testing of statistically significant sample of music students, present
authors arrived at the data that seem rather alarming. In 68% of a sample of 214,
permanent threshold shift of at least 10dB or more in one ear at 6kHz was found
which clearly indicates a music noise trauma. A result of the statistical analysis of the
audiometric data from this sample is given in Fig. 6.
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Fig. 6. Hearing threshold data. Sample of 214 subjects aged 16 to 27.-

It has been learned from interviews that in all cases of notch shaped PTS the subjects
were attendants to discotheques and/or used portable cassette or CD players and/or used
home audio equipment at very high level.

Audiometric data from a group of 14 attendants to discotheques show similar results
of overexposure to music in the form of the notches at 6 kHz, 20dB deep, and a consid-
erable amount of temporary threshold shift TTS2 measured immediately after cessation
of over 6 hrs exposure in the discotheque, Fig.7.

Quite dramatic audiometric data were obtained from 4 music performers in one of
youth clubs. For example these data show hearing loss of 20 to 50 dB in both ears of one
of the subjects tested while the temporary threshold shift measured 2 min. after 5 hrs
exposure reaches from 50 to 81dB, Fig.8. -

Also, both hearing loss and temporary threshold shift occupy wide range of frequen-
cies. Maximum sound pressure levels in this night club were reaching 125dB (JARO-
SZEWSKI and RAKOWSKI [44]).
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Fig. 7. Hearing threshold in quiet (THQ) and temporary threshold shift (T'TS2) in 14 discotheque
attendants after 6 hrs of exposure to music.
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Fig. 8. Hearing threshold in quiet (open circles) and temporary threshold shift (closed circles)
in one pop/rock musician after 5 hrs of exposure.

The data obtained seem to indicate that the hazard of listening to very loud music
from high power electronic equipment in night clubs or discotheques or from low-power
portable players delivering very high sound pressure levels may be substantially larger
then it is generally assumed.

4. Frequency discrimination

It has long been knewn that the frequency discrimination in the hearing system
is astonishing. Early observations by WEBER [99] and PREYER [78] showed that very
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experienced musicians can discriminate 64 to 83 pitches in a semitone in the middle
range of audible frequencies. These remarkable experimental data were obtained with
the use of an adjustable tuning fork.

The experimental results obtained much later by HARRIS (35], WALLISER [98], MOORE
[70], WIER et al. [102], and JAROSZEWSKI [50] who used electronically controlled con-
stant stimuli procedures fit these early observations of WEBER [99] and PREYER (78]
surprisingly well. Still lower estimates of the difference limen for frequency were ob-
tained by RITSMA [85], NORDMARK [74], RAKOWSKI [80] and JAROSZEWSKI [50] who
used adjustment procedures (Fig.9). Higher values of the difference limen were obtained
by SHOWER and BIDDULPH [91], and by ZWICKER [106], ZWICKER and FELDTKELLER
(107], and FASTL [19], who used frequency modulated signals.
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Fig. 9. Frequency difference limen (DL) estimated from standard deviation of adjustments
(pitch matches). Twelve young subjects with normal hearing.

Numerous studies of frequency discrimination in hearing impaired subjects show that
in majority of cases with sensorineural hearing loss frequency difference limens for pure
tones are larger than in normal hearing subjects. In the data from e.g. TYLER, WOOD
and FERNANDES [96], HALL and WooD [32], FREYMAN and NELSON [27], which were
obtained from subjects with comparatively large hearing loss of 30 to 60 dB and relatively
flat over the range of audiometric frequencies, the DL estimates are on average several
times larger than in normal hearing subjects. However, DL values obtained by these
authors are rather large both for normal and for hearing impaired subjects. More recent
data from FREYMAN and NELSON [28], show also several times worse DL’s in hearing
impaired than in normal hearing subjects, but the DL estimates are also large (e.g.
4.5Hz/1200Hz and 15Hz/1200Hz for normal and hearing impaired correspondingly)
while the group of subjects is less consistent relative to the amount of hearing loss over
the frequency scale.
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Much lower DL values which were found in normal hearing young musicians by
Rakowski [80] and JAROSZEWSKI [50], expressed by approximately 0.1 Hz for frequen-
cies below 1kHz indicate the difference in hearing ability in musicians and in non mu-
sicians. Poorer DL estimates were found in elder but musically educated and musically
trained subjects outside the range of frequencies at which hearing loss was measured in
them, JAROSZEWSKI and FIDECKI [55], Fig. 10.
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Fig. 10. Scatter diagram of difference limen (DL) for 12 subjects with normal hearing (closed circles)
and for 12 subjects with large hearing loss of 60-70dB in high frequency range (open circles).

On the other hand, larger contrast was found between the DL estimates in normal
hearing and in hearing impaired subjects reaching 1 : 30 to even 1 : 90 in extreme cases,
while it amounted to approximately only 1 : 10 in the data from other investigations.
Also, the DL was always poorer in the range of hearing loss and approximately normal
outside this range, which is in agreement with the data from FREYMAN and NELSON [28].

Severe loss in pitch discrimination ability pertains to the cases of large hearing loss
which was observed in musicians active in pop and rock music performances (as shown
in section 3) and in those involved in operation of discotheques. Less severe effects of
hearing loss on pitch discrimination were found in musicians with selective hearing loss
at 6kHz. (so called “notch”) of moderate and larger depth of 20 to 40dB, Fig. 11.

While the difference limen is within normal limits outside the frequency of hearing
loss, it is from 2 to 6 times worse at the frequency of impairment. In majority of cases
the worse DL was associated with larger hearing loss. However, in some cases of notch
shaped audiograms the DL estimates were approximately normal at the frequency of
loss.

The present observations show that even moderate selective hearing loss acquired
from overexposure to-music often affects also other important characteristics of the
hearing system and this effect on the DL is also selective.
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Fig. 11. Frequency difference limen (DL) estimates as standard deviations of adjustments (pitch
matches) for subjects with V-dip (notch) hearing loss at 6 kHz. Subjects are depicted by their
numbers. Crosses — DL at 6 kHz increased, open circles — DL at 6 kHz unaffected.

5. Psychophysical tuning curves — Frequency resolution

Frequency selectivity or frequency resolution represents the ability of the hearing
system to distinguish between the different frequency components of a complex sound.
Although different measures and procedures were used to determine the frequency reso-
lution as described by FLORENTINE et al. [25], TYLER et al. [95], MOORE and GLASBERG
(1987), LuTMAN and WooD [68], LUTMAN et al. [67], CoX and ALEXANDER [15], the
psychophysical procedure described by CHisTOVICH [12] and SMALL (93] seems to be
most widely used. In this procedure a faint test tone signal at fixed frequency and level
is masked by variable frequency masker. The level of masker necessary to mask a test
tone as a function of frequency results in the so called psychophysical tuning curve.

Psychophysical tuning curves measured in normal hearing subjects have extremely
steep flanks, reaching 3 x 10° dB/oct or 3dB/Hz in the upper flank when measured in
forward masking and with off-frequency listening. The measure of frequency selectivity
or frequency resolution is usually represented by the slope of the upper flank of the
tuning curve or by a () value defined as the center frequency divided by the bandwidth
of the tuning curve at certain arbitrary level above the level of the test tone.

The first demonstrations of extremely steep flanks of psychophysical tuning curves in
normal hearing subjects in forward masking (Fig. 12) were given by JAROSZEWSKI and
RAKOWSKI [59] and JAROSZEWSKI [45, 46] and by MOORE [71].

Contemporarily, psychophysical tuning curves were measured in normal-hearing and
hearing-impaired subjects by e.g. FLORENTINE et al. [25], TYLER et al. [95, 96] showing,
regardless of the procedure, pronounced differences in frequency selectivity between these
groups. However, these authors, similarly as later LUTMAN and WooD [68] and LUTMAN
et al. [67] used but continuous maskers of various characters. Since, their data do not
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Fig. 12. Psychophysical tuning-curves in forward masking in normal hearing subjects.
(2-IFC procedure. Lm = 15dB SL).

reflect the utmost frequency selectivity that manifests better in forward masking. Using
pulsed test tone and continuous masker, FLORENTINE et al. [25] for example, reported
@ values at 4000 Hz of 6.06 to 6.92 in normal hearing subjects and only 3.0 in subjects
with noise induced hearing loss and corresponding steepness of the upper flank of ap-
proximately 180 dB/oct. for normal hearing subjects, and approximately 100 dB/oct for
hearing impaired. The @ value for young normal hearing musicians measured in forward
masking reached 16.7 to 29.0, JAROSZEWSKI ET AL. [57], which is in agreement with
the data from WIGHTMAN et al. [104], and the slope of upper flank 1.2 x 10® dB/oct,
JAROSZEWSKI and RAKOWSKI [59], JAROSZEWSKI [45, 46].

In musicians with large sensorineural noise induced hearing loss a substantial decrease
of both the steepness of tuning curves and of the ) values was observed, JAROSZEWSKI
[47]. Contrary to the frequency discrimination estimates which were decreased in the
range of hearing loss and preserved at normal level where threshold hearing level was
normal, the decrease of @ values and of the steepness of upper flank occured in the
frequency range of large hearing loss and also outside these frequencies, Fig. 13. These
data are consistent with the data reported by FLORENTINE et al. [25], and early data
from WIGHTMAN et al. [104]. However, conflicting data have been reported in studies,
which demonstrated frequency discrimination performance at normal level in subjects,
who were performing abnormally in frequency resolution, e.g. WIGHTMAN [103], TYLER
et al. [96].

The psychophysical tuning curves measured in young musicians with only relatively
small and/or moderate selective sensorineural hearing loss at 6kHz, show somewhat
lower values of @@ and less steep upper flank at the frequency of loss (6kHz), than
above and below this frequency, JAROSZEWSKI et al. [52]. This observation indicates that
even small amount of selective hearing loss affects also frequency resolution similarly as
frequency discrimination. However, the performance of subjects in these tasks does not
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Fig. 13. Slopes of the upper flank of the psychophysical tuning-curves in hearing impaired
with noise-induced sloping high frequency hearing loss as indicated by heavy line.
Dashed line — normal threshold in quiet.

conform to a rigid pattern as follows from the evidence reported by e.g. WIGHTMAN et
al. [107], FLORENTINE et al. [25], JAROSZEWSKI [47], JAROSZEWSKI et al. [57).

As indicated by TYLER et al. [96] frequency resolution and frequency discrimination
may operate on the basis of different mechanism: frequency discrimination may depend
on temporal coding while frequency resolution on place coding. FLORENTINE et al. [25]
observed that, cit.: “the most sensitive measures of reduced frequency selectivity are the
@ values of the tuning curves”, even that they used pulsed test tone and continuous
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Fig. 14. Hearing threshold in quiet for subjects with V-dip (notch) hearing loss at 6 kHz and the slopes
of the upper flank of psychophysical tuning-curve for V-dip 50dB and 15dB.
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masker. The data from WIGHTMAN et al. [104] and JAROSZEWSKI [47], JAROSZEWSKI et
al. [54], seem to indicate that @ value of the tuning curves measured in forward masking
may be still more sensitive measure which “not only reveals even small amounts of
hearing impairment, it also provides a measure of the degree of cochlear impairment”
(after FLORENTINE et al. [25]). The slopes of upper flanks of psychophysical tuning
curves are also affected by selective hearing loss which is observed in many subjects at
6kHz, see Fig. 14.

6. Constant errors

Constant errors in frequency discrimination received little attention of the researchers
exploring operation of the auditory system in spite of the fact that their existence was
discussed already by FECHNER [22] at the end of the past century. Later constant errors
were revisited by KELLOG [64] in a remarkable doctoral dissertation cited up to the
present day.

Constant errors measured in normal hearing subjects, were present in the results of
pitch adjustment to unison in the experiments of RAKOWSKI and HIRSH [81, 82], and
more recently by the senior author of the present report, JAROSZEWSKI [49, 50]. It is
interesting to note that small errors were observed in the procedures with feedback and
large ones in the procedures without it.

One of the better illustration of the constant error manifestation are response density
functions in the adjustment procedure. These functions, represent the ensembles of the
values of frequency in which in the experimental run the subject decided that the pitch
of the adjusted (matched) signal is too large or that it is too small, JAROSZEWSKI [52],
Fig.15a, b, c.

The widths of these functions, which are usually normal in their nature, determine
the dispersion of decisions or standard deviation in the final result. The ratio of one
of the density functions over the sum of both is by definition the psychometric func-
tion, Fig.15¢, while their situation along the frequency scale is the constant error or
systematic time error.

As demonstrated earlier, JAROSZEWSKI [53, 54] constant errors are small in normal
hearing subjects and comparatively large in hearing impaired with noise induced sen-
sorineural hearing loss. Also constant errors reflect the amount of cochlear impairment
being relatively small at frequencies where normal hearing is preserved and increasing
dramatically at frequencies of hearing loss. The CE often increases by a factor of 10 to
100, see Fig. 16.

In the case of noise induced high frequency sloping hearing loss e.g. such as in
Fig. 16 a, it means that while 1kHz is perceived by the subject at its normal pitch, the
pitch of 5.5kHz is shifted by 100Hz (i.e. 1/5 of a semitone). It seems to be interesting
to note that in some cases, in the range of hearing loss, constant error changes abruptly
its sign as demonstrated in the examples in Fig. 16 a, b. The intersubject change of sign
in constant errors was ©observed in the earlier experiments by RAKowsKI and HIRSH
[81, 82]. The intersubject abrupt change of sign in constant errors from frequency to fre-
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quency was reported only recently, JAROSZEWSKI [53, 54], and the origin of this strange
phenomenon is totally unclear.

In all cases of normal hearing an absolute magnitude of constant errors was strongly
positively correlated with the difference limen estimator for frequency. The same depen-
dency was observed in cases of impaired hearing of sensorineural nature both in cases of
deep impairment and in relatively moderate hearing loss, JAROSZEWSKI [53, 54]. There-
fore, constant errors should be recognised as indicators of cochlear impairment reflecting
one more deficiency of the auditory system resulting from, or accompanying the noise
induced decrease of sensitivity. This deficiency shifts the pitches of perceived signals and
it may add to their distortion.

In cases of presently often measured in young musicians and non-musicians selective
noise induced hearing loss at 6 kHz (“notch”), the constant errors confirm the principle
observed in large hearing loss, being small outside the frequency of hearing loss and
larger by a factor of 3 to 8 at the frequency of impairment, Fig. 17.

300
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Fig. 17. Scatter diagram of constant errors CE data in subjects with V-dip (“notch”) hearing loss at
6 kHz, at the frequency of loss and outside of this region.

However, this is true only for the “‘notches” or selective hearing loss exceeding HL
20dB. For smaller selective hearing loss of approximately 10dB in 60% of cases the CE
was found to be the same or comparable to the CE outside hearing loss.
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Whilst it is doubtful if relatively small or moderate constant error can affect the
perception of pitch in normal human communication i.e. speech, niusic or warning signals
in a detectable degree, it doubtless reflects the state and the operation of the auditory
system which is abnormal. Even small deviations from what should be normal must be
regarded as an evidence of the initiated process of degradation.

Statistical analysis of the large data base for frequency discrimination and constant
errors indicates that both are independent from the sensation level within the whole
range of frequencies investigated i.e. from 100 Hz to 9kHz. This result is statistically sig-
nificant at level of 0.01 for sensation levels 20 and 40 dB SL and at level 0.03 for sensation
level 60 dB, which is in agreement with the earlier observations. However, significant in-
trasubject and intersubject variability was found with reference to the magnitude of
constant error and its dependence on frequency. Analysis of the data base indicated that
the dependence of constant error on frequency reflects individual characteristics of the
auditory system, JAROSZEWSKI [53, 54].

7. Loudness

Hearing loss of cochlear or sensorineural origin is usually accompanied by distortion
of perception of sound signals relative to the growth of loudness as a function of sound
pressure level or loudness level. This distortion manifests itself often in increase of the
slope of loudness function in log coordinates, respective to the slope observed outside
the region of hearing loss or respective to the shape corresponding to normal hearing.

Such distortion of loudness perception has long been recognised as the so called re-
cruitment and was a subject of many investigations over the last 70 years (e.g. FOWLER
[26], BEKESY [4], DAvIS and SILVERMAN [16], HELLMAN and MEISELMAN [37]). The
recruitment was observed and measured mainly in cases of large, over 40dB, and wide-
spread hearing loss (e.g. HALLPIKE and Hoop [34], HALLPIKE [33], HELLMAN and
MEISELMAN [37, 38]), less in large selective hearing loss of approx. 70dB, HELLMAN
and MEISELMAN [37, 38].

The recruitment is usually manifested by steepening of the loudness function in log
coordinates only over relatively narrow range of stimulus intensity, which spreads from
approx. 5 — 15dB up to 30 — 35dB above the elevated threshold. Below this limited
range of sound intensities, that is near the threshold and above 30 dB over the elevated
threshold, loudness function in normal-hearing and impaired-hearing with sensorineural
hearing loss has usually the same steepness.

The data from the measurements of recruitment in a sample of 149 hearing — impaired
subjects with noise induced hearing loss show that in the range of recruitment the slope
of loudness function is always in excess of approx. 0.5 and reaches 6.0 in some cases,
showing substantial intersubject variability, Fig. 18.

In normal hearing, or in hearing impaired subjects in the frequencies where normal
hearing was preserved, the slope of loudness function is usually lower than 1.5 and
sometimes is as low as 0.5, as reported by JAROSZEWSKI et al. [58]. These data are rather
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Fig. 18. Scatter diagram of the slope of the loudness function relative to the degree of hearing loss in
149 subjects with noise-induced hearing loss.

in agreement with the recent data from HELLMAN [36] and HELLMAN and MEISELMAN
[37, 38], and also with the early data from HALLPIKE [33].

In normal hearing subjects and in hearing impaired outside of hearing loss, inter-
subject variability of the shape of loudness function is much smaller than in hearing
impaired with wide-spread hearing loss or in hearing impaired with selective hearing
loss, at frequencies of loss.

Statistical analysis of the data from the sample of 76 subjects with high frequency
sloping noise induced hearing loss clearly indicates that steeper slopes of loudness func-
tion are strongly positively correlated with the amount of hearing loss. The same holds
for the slopes of loudness function measured in subjects with selective V-dip or notch
shaped hearing loss. While the slope is correlated with the amount of hearing loss, the
variance of slope values observed reflect the variability of the depth of hearing loss. It is
obvious thus, why the variance of the slopes for normal hearing that is also demonstrated
in histogram in Fig. 19 is much smaller than in hearing impaired.

An example of typical behaviour of loudness function in musician with large sloping
high frequency hearing loss is given in Fig. 20, and similar behaviour was observed in 50
subjects in a sample of 76 with high frequency sloping hearing loss.

Typical slopes of the loudness function in normal hearing subject are given for com-
parison in Fig. 21.

Individual data on recruitment in selective V-dip music noise induced hearing loss in
young musician are given in Fig. 22, showing significant change of the slope of loudness
function at the frequency of hearing loss and at sensation level of 15dB. At sensation
" level of 50dB and at the same frequency of hearing loss (4kHz) the slope of loudness
function is less than at adjacent frequencies at both sides of the impairment.

This kind of recruitinent was observed in 30% of the sample of 76 examined ears
with noise induced selective hearing loss at 6 kHz or at 4kHz.
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In some cases of selective noise induced hearing loss measured in young musicians
a distortion of loudness function of the nature reversed respective to the recruitment
was observed. This type of distortion is manifested, similarly as the recruitment, in
the range of approximately 5dB up to 35dB SL above the elevated threshold. This
type of distortion of the loudness function was also observed in other laboratories and
is known as a “decruitment”. Typical example of “decruitment” accompanying music
noise induced hearing loss of V-dip “notch” type, 35dB deep at 4kHz is represented in
Fig. 23.
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Fig. 22. Recruitment in the selective V-dip (“notch”) music-induced hearing loss.

While flattening of the loudness function is largest at 15dB, in a smaller degree
flattening is also present at 35dB and at 50dB. Unfortunately, no data are available
for sensation levels larger than 50dB. It should also be observed that in some cases of
recruitment at 15dB SL a decruitment was measured at 50dB SL.
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Fig. 23. “Decruitment” in the selective V-dip (“notch”) music-induced hearing loss.

8. Temporal resolution

It has already been mentioned that impairment of hearing caused by acoustic over-
stimulation results in loss of pure tone sensitivity of the hearing system and in distortions
of the incoming signals. These distortions are caused by poorer frequency resolution,
frequency discrimination and constant errors in frequency discrimination and by defor-
mation of function determining the perception of loudness, known as recruitment and
as decruitment. Severe distortion of signals incoming auditory pathways may also be
produced by altered temporal characteristics of the system.

Noise induced sensorineural impairment of hearing has been found by some re-
searchers to affect temporal resolution. A simple and presently widely used measure
of temporal resolution is the threshold for a silent gap detection in a continuous sig-
nal or between two bounding stimuli. The measure was introduced by PENNER [76] for
determination of the rate of decay of auditory sensation, although there are other mea-
sures of temporal resolution such as temporal modulation transfer function introduced
by VIEMEISTER [97], or discrimination of time-reversed signals, used by RONKEN [86],
or gap difference limen, RUHM et al. [88], TYLER et al. [95].

Many researchers e.g. BOOTHROYD [6], TRINDER [94], FITZGIBBONS and WIGHTMAN
(23, 24], Buus and FLORENTINE [9], GLASBERG et al. [30] have found that gap detection
thresholds are larger in subjects with cochlear impairment than in normal hearing. On
the other hand MOORE and GLASBERG [72], MOORE et al. [73] observed that, for sinu-
soids at least, gap detection thresholds in normal and in impaired hearing are about the
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same, while TYLER et al. [95] obtained worse scores in gap detection for some hearing
impaired listeners.

With reference to these data GLASBERG et al. [30], MOORE and GLASBERG [72],
and PLACK and MOORE [77] declared that poorer gap detection in hearing impaired
could result from distortion of loudness perception. This interpretation was supported
by experiments with simulated effect of loudness recruitment, GLASBERG and MOORE
[31]. On the other hand, PLACK and MOORE [77] found reduced temporal resolution in
impaired hearing in one of the three subjects tested.

Gap detection in narrow band noise but without notched noise masking at center
frequency performed with normal hearing music students shows a little lower gap detec-
tion thresholds than those reported by SHAILER and MOORE [90]. The experiment was
performed at only 4, 6 and 8 kHz to avoid the influence of fluctuations of noise and at
sensation level of 20dB SL. Thresholds in 6 normal listeners were almost all lower than
3ms.

The same experiment was performed with 9 hearing impaired musicians with severe
noise induced high frequency sloping hearing loss of 50 to 65dB for frequencies above
1kHz. They had normal hearing at frequencies lower than 1kHz except for one who had
normal hearing below 750 Hz only. In seven cases the measured gap detection thresholds
were substantially worse than in normal hearing young subjects, reaching from 5.0 to
25.0 ms, see Fig. 24. In two cases gap detection was close to the threshold measured in
young normal hearing musicians, amounting to 3.0 and 4.0 ms.
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Fig. 24. Gap detection threshold in normal and hearing impaired subjects related to the degree
of hearing loss at the test frequency.

Measurements of the gap detection thresholds in 2 music students with “notch-
shaped” selective noise induced hearing loss at 6kHz performed at the frequency of
loss and at two adjacent frequencies above and below 6 kHz gave the results comparable
to those for normal-heatring subjects. No difference was obtained between the data at
the frequency of loss and outside of it.
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It seems to be not easy to interprete these results with existing major controversy,
Moore (1993), as to whether noise induced sensorineural impairment of hearing affects
temporal resolution. Present data clearly suggest that such dependence exists at least
in cases of relatively deep and wide-spread cochlear hearing loss. The present data,
JAROSZEWSKI et al. [57] are in some conflict with the data from GLASBERG et al. [30]
and MOORE et al. [73] and with suggestions by PLACK and MOORE [77], who recognised
“gap detection as not adequate way of measuring temporal resolution”. However, the
data are consistent with findings by TYLER et al. [95, Fig. 1, p. 749] who also found large
proportion of their impaired subjects performing worse than normal hearing.

Much better gap detection thresholds at high frequencies result, as it was pointed
out by FITZGIBBONS and WIGHTMAN (23] and by TYLER et al. [95), from the small time
constants and large bandwidths of high frequency auditory filters.

Referring to the present consideration whether gap detection experiment is a good
or worse measure of temporal resolution, it is evident that in a good number of reports
(and the present) the data for the gap detection threshold show marked differences be-
tween normal and hearing impaired subjects. No indication of worse temporal resolution
from the gap detection experiment with noise induced hearing loss in music students is
ambiguous. It may be that temporal resolution in cases of selective noise induced hearing
loss is preserved at normal level. However, the gap detection threshold procedure applied
may be not sensitive enough.

9. Conclusion

The present findings indicate that the decrease of sensitivity of the hearing system or
hearing loss, specifically (music) noise-induced hearing loss, affects the perception of the
auditory signals in all their dimensions. Thus, distorted or deteriorated is the frequency
discrimination and resolution, the perception of loudness and the perception of time,
even if hearing loss is of selective character, such as in cases of V-dips at 6kHz. While
the distortion of auditory characteristics accompanying lower and moderate degrees of
hearing loss may not affect yet the hearing ability in a degree detectable in professional
activity of young musicians, it indicates the initiation of the process of impairment,
which cannot be suspected to stop, and which may lead to severe disability of the
hearing system.

Permanent threshold shifts of 10dB or more in 68% of the tested sample of 214
(and 30dB or more in 10%) are quite alarming. Practically there is less than 10% of
the population of young musicians in which no marks of overexposure were found. Main
sources of acoustic trauma are discotheques, portable cassette or CD players, high power
home sonic equipment and very loud training sessions of young musicians.

Acknowledgement

This work was supported by Grant 4 S404 041 07 from The State Committee for
Scientific Research.




HEARING DAMAGE FROM EXPOSURE TO MUSIC 27

[7

—

(8]
(9]

(10]
(11]

(12]
(13]

(14]
(15]
(16]

(17]
(18]

[19]
20]
(21]
(22]
(23]

(2]

References

AXELSSON A., ELIASSON A., ISRAELSSON B., Hearing in pop/rock musicans: A follow-up study,
Ear and Hearing, 16, 245-253 (1995). .

AXELSSON A., LINDGREN F., Pop music and hearing, Ear and Hearing, 2, 64-69 (1981).
AXELSSON A., LINDGREN F., Early noise induced hearing loss in teenage boys, Scand. Audiol.,
10, 91-96 (1981).

BEkEsy G. VON, Loudness recruitment, Trans. Am. Otol. Soc., 55, 1-9 (1965).

BIKERDIKE J., GREGORY A., An evaluation of hearing damage risk to attenders at discothe-
ques, Leeds Polytechnic School of Constructional Studies, Dept. of Environment, Noise Advisory
Council, DoE Project Report, 1-158 (1980).

BoOTHROYD A., Detection of temporal gaps by deaf and hearing children, S.A.R.P. 12, Clarke
School for the Deaf., Northampton, M. A. 1973.

BORSCHGREVINK H.M., One third of 18 years old male conscripts show noise induced hearing
loss 20 dB before the start of military service. The incidence being doubled since 1981 reflecting
in- creased leisure noise? Noise as a Public Health Problem, 2, Council of Building Research,
27-32, 1988.

BRrRADLEY R., FOrRTNUM H., COLES R., Research note: patterns of exposure of schoolchildren to
amplified music, British Journal of Audiology, 21, pp.119-125 (1987).

Buus S., FLORENTINE M., Gap detection in normal and impaired listeners: The effect of level
and frequency [in:] Time Resolution in Auditory Systems, A. NICKELSON [Ed.], Springer, Berlin
1985.

CaBot R.C., GENTER C.R. II, LuckE T., Sound levels and spectra of rock music, J. Audio Eng.
Soc., 27, 267-284 (1979).

CataLaNo P.J., LEVIN S.M., Noise-induced hearing loss and portable radios with head-phones,
International Journal of Pediatric Otolaryngology, 9, 59-67 (1985).

CHisTovICH L.A., Frequency characteristics of the masking effect, Biofiz., 2, 743-755 (1975).

CLARK W.W., Noise exposure from leisure activities: A review, J. Acoust. Soc. Amer., 90, 175-181
(1991).

CLARK W.W., BoHNE B.A., Temporary hearing losses following attendance to a rock concert,
J. Acoust. Soc. Amer. Suppl. 1, 79, s.48 (1986).

Cox R.M., ALEXANDER G.C., Indices of frequency and temporal resolution as a function of level,
J. Acoust. Soc. Amer., 93, 1068-1075 (1993).

Davis H. and SILVERMAN S.R., Hearing and deafness, Holt, Rinehard and Winston, New York,
2-nd edition, 1978.

DiBBLE K., Hearing loss and music, J. Audio Eng. Soc., 43, 251-266 (1995).

FAsTL H., Frequency discrimination for pulsed versus modulated tones, J. Acoust. Soc. Amer.,
63, 275-277 (1978).

FEARN R.W., Hearing level of young people as a function of attendance rate at amplified pop
music performances, J. Sound and Vibr., 104, 351-354 (1986).

FEARN R.W., HANsoN D.R., Hearing thresholds of young people aged 11-25 years: a review and
overall assessment, J. Sound and Vibr., 138, 155-161 (1990).

FEARN R.W., HANSON D.R., Hearing level of young subjects ezposed to amplified music, J. Sound
and Vibr., 128, 509-512 (1989).

FECHNER G.T., Revision der Hauptpunkte der Psychophysik, BREITKOPF und HARTEL [Eds.],
Leipzig 1882.

FirzciBBoNns P.J., WIGHTMAN F.L., Temporal resolution in normal and hearing impaired listen-
ers, J. Acoust. Soc. Amer. Suppl. 1, 65, S133 (1979).

FiTzciBBONS P.J., WIGHTMAN F.L., Gap detection in normal and hearing impaired listeners,
J. Acoust. Soc. Amer., 72, 761-765 (1982).



28

A. JAROSZEWSKI, T. FIDECKI, P. ROGOWSKI

(23]
(26]
(27]

28]

29]
(30]
(31]
(32]

(33]

34]

(35]
(36]

(37)
[38]
(39]
[40]
(41]
(42]

(43]

(44)
(45]
(46]
(47]

(48]

FLORENTINE M., Buus S., SCHARF B. and ZWICKER E., Frequency selectivity in normal hearing
and hearing-impaired observers, J. Speech Hear. Res., 23, 646-669 (1980).

FowLER E.P., Marked deafened areas in normal ears, Arch. Oto-laryngol., 8, 151-155 (1928).

FREYMAN R.L., NELSON D.A., Frequency discrimination as a function of signal frequency and
level in normal-hearing and hearing-impaired listeners, J.Speech Hear. Res., 34, 1371-1386
(1986).

FREYMAN R.L., NELSON D.A., Frequency discrimination as a function of tonal duration and
excitation pattern slopes in normal and hearing-impaired listeners, J. Acoust. Soc. Amer., 79,
1034-1044 (1991).

Fry H.J.H., Overuse syndrome in musicians — 100 years ago: a historical review, The Medical
Journal of Australia, 145, 620-625 (1986).

GLASBERG B.R., MooORE B.C.J., BACON S.P., Gap detection and masking in hearing-impaired
and normal-hearing subjects, J. Acoust. Soc. Amer., 81, 1546-1556 (1987).

GLASBERG B.R., MooORE B.C.J., Effects of envelope fluctuation on gap detection, Hear. Res., 64,
81-92 (1992).

HALL J., Woop E.J., Stimulus duretion and frequency discrimination for normal hearing and
hearing-impaired subjects, J. Speech Hear. Res., 27, 252-256 (1984).

HALLPIKE C.S., The loudness recruitment phenomenon: A clinical contribution to the neurology
of hearing, [in:] Sensoneural Hearing Processes and Disorders, A.B. GRAHAM [Ed.], Little, Brown,
Boston 1967.

HALLPIKE C.S. and Hoobp J.D., Observations upon the neurological mechanism of the loudness
recruitment phenomenon, Acta Otolaryngol., 50, 472-480 (1959).

HARRIS J.D., Pitch discrimination, J. Acoust. Soc. Amer., 24, 750-755 (1952).

HELLMAN R.P., Loudness functions in noise induced and noise simulated hearing losses, [in:]
Proc. 5th Int. Congress on Noise as a Public Health Problem, 1988.

HELLMAN R.P. and MEISELMAN C.H., Loudness relations for individuals and groups in normal
and impaired hearing, J. Acoust. Soc. Amer., 88, 2596-2606 (1990).

HeLLMAN R.P. and MEISELMAN C.H., Rate of loudness growth for pure tones in normal and
impaired hearing, J. Acoust. Soc. Amer., 93, 966-975 (1993).

HELLSTROM P.A. and AXELSSON A., Sound levels hearing habits and hazards of using portable
cassette players, J.Sound and Vibr., 127, 521-528 (1988).

HugHES E., ForTrNnuM H.M., Davis A.C., HAGGARD M.P., CoLEs R.R.A., LutMAN M.E., Dam-
age to hearing arising from leisure noise, British Journal of Audiology, No. 20, 157-164 (1986).
IsinGg H., HANEL J., PILGRAMM M., BABISCH W., LINDTHAMMER A., Gehdrschadensrisiko durch
Musikhéren mit Kopfhérern, Phoniatrie und Pdaudiologie HNO, 42, 764-768 (1994).

JanssoN E., KArRLssON K., Sound levels recorded in the symphony orchestra and risk criteria
for hearing loss, Scandinavian Audiology, 12, 215-221 (1983).

JanssoN E., AXELssoN A., LINDGREN F., KARLSSON J., OLAUSSEN T., Do musicians of the
symphony orchestra become deaf?: A review of the investigations of musicians in Gothenburg
and Stockholm, [in:] Acoustics for choir and orchestra, S. TERNSTROEM [Ed.], Publication No 52,
Royal Swedish Academy of Music, 62-74 (1986).

JAROSZEWSKI A., RAKOWSKI A., Loud music induced threshold shifts and damage risk prediction,
Archives of Acoustics, 19, 3, pp. 311-321 (1994).

JAROSZEWSKI A., A new method for determination of frequency selectivity in post-stimulatory
masking, Proc. 9th ICA, Madrid 1977, H40.

JAROSZEWSKI A., A new method for determination of frequency selectivity in post-stimulatory
masking, Acustica, 41, 327-333 (1979).

JAROSZEWSKI A., Psychophysical diagnosis of the hearing system [in Polish], [in:] Akustyka w
Technice, Medycynie i Kulturze, MALECK! 1. [Ed.], IPPT-PAN, Warszawa, pp. 196-304 (1993).
JAROSZEWSKI A., FIDECkI T., Rocowskl P., MoNIAK R., Loudness perception in selective and

frequency limited hearing loss [in Polish], Proc. Open Seminar on Acoustics, Gliwice-Ustron 96,
Vol. 1, 305-312 (1996).



HEARING DAMAGE FROM EXPOSURE TO MUSIC 29

(49]

(50]
(51]

(52]

(53]

[54]

(53]

[56]

[57]

58]

(59]

(60]

[61]

(62)

(63]
[64]
(65]
(66]
(67)
(68]

(69]

(70]

JAROSZEWSKI A., Pitch perception near physical unison and ezpansion of frequency intervals,
Acustica, 72, 269-274 (1990).

JAROSZEWSKI A., Effect of feedback on pitch discrimination, Acustica, 76, 137-141 (1992).

JAROSZEWSKI A., A study of constant (systematic) errors in pitch discrimination of short tone
pulses, Acustica, 77, 106-110 (1992).

JAROSZEWSKI A., The case for the adjustment procedure, Acustica, 82, 852-862 (1996).

JAROSZEWSKI A., Constant errors in the perception of pitch in tone pulses in severe hearing
loss [in Polish], Proc. XLII Open Seminar on Acoustics, Gliwice-Ustroni 17-20.09.1996, Vol.1,
305-312 (1996).

JAROSZEWSKI A., Constant errors in pitch discrimination in the range of wide band moder-
ate hearing loss [in Polish], Proc. IV Symp. On Electroacoustics of Hearing Aids, Czerniejewo
8-9.10.1996, 63-66 (1996).

JAROSZEWSKI A., FIDECKI T., Pitch discrimination scatter in normal hearing and in large hearing
loss [in Polish], IV Symposium in Electroacoustics: Electroacoustical transducers and acoustics
of hearing aids, Inst. of Acoustics, A. Mickiewicz University, Poznaii, 1996, 63-66.

JARoszEWSKI A., FiDEcki T., Rocowskl P., MoNIAK R., Ezposures and hearing thresholds
in loud pop/rock music, [in:] Akustyka w Technice i Medycynie, IPPT-PAN [Ed.], Krakéw,
pp- 291-300 (1995).

JAROSZEWSKI A., FIDECKI T., Rogowskl P., MoNIAK R., Sound pressure level distributions
in 10 Warsaw discotheques and TTS2 in attendants, Proc. of Internoise’97, Budapest, Vol. II,
1163-1166 (1996).

JarOszZEWSKI A., FipDECcKI T., Rocowski P., MoNIAK R., Noise induced hearing loss and its
consequences in pitch and loudness perception, Proc. of XLIV Open Seminar on Acoustics, Jas-
trzebia Géra, Vol. I, 337-342 (1996).

JAROSZEWSKI A., RAKOWSKI A., Psychoacoustical equivalents of tuning curves as determined by
post-stimulatory masking technique, Archives of Acoustics, 1, 127-135 (1976).

JAROSZEWSKI A., FIDECKI T., Rocowskl P., Ezposures and hearing thresholds in music students
due to training sessions, Proc. of XLIV Open Seminar on Acoustics, Jastrzebia Géra, Vol. I,
343-348 (1997).

Jounson D.W., SCHERMAN R.E., ALDRIDGE J., LORRAINE A., Effects of instrument type and
orchestral position on hearing sensivity for 0,25 to 20kHz in orchestral musician, Scandinavian
Audiology, 14, 215-221 (1985).

JonnsoN D.W., SHERMAN R.E., ALDRIDGE V., LORRAINE A., Eztended high frequency hearing
sensivity: a normative threshold study in musicians, Ann. Otol. Rhinol. Otolaryngol., 95, 196-202
(1986).

KarLsson K., LuNDQuIsST P., OLAUSSEN T., The hearing of symphony orchestra musicians,
Scandinavian Audiology, 12, 257-264 (1983).

KEeLLoGg W.N., An ezperimental comparison of psychophysical methods, Ph.D. Dissert. Faculty
of Philosophy, Columbia University, 1929.

LEBO P.CH., OLIPHANT K.P., Music as a source of acoustic trauma, Laryngoscope, 78,1211-1218
(1968).

LipscoMB D.M., Ear damage from ezposure to rock-and-roll music, Arch. Otolaryngol., 90, 29-39
(1969).

LUTMAN M.E., GATEHOUSE S., WORTHINGTON A.G., Frequency resolution as a function of hear-
ing threshold level and age, J. Acoust. Soc. Amer., 89, 320-328 (1991).

LutMaN M.E., Woobp E.J., A simple clinical measure of frequency resolution, Brit. J. Audiol.
19, 1-8 (1985).

MAWHINNEY C.H., McCULLAGH G.C., Music induced hearing loss in musicians playing different
musical instruments, IoA Reproduced Sound & Conference, Windermere, Proc IoA, Vol. 14, part
5, 05-105 (1992).

MoORE B.C., Frequency difference limens for short-duration tones, J. Acoust. Soc. Amer., 54,
610-619 (1973).



30

A. JAROSZEWSKI, T. FIDECKI, P. ROGOWSKI

(71]
(72]

(73]

(74]
(75]
(76]
[77]

(78]

(79]

(85]
(86)
(87]
(88]

(89]

[90]
[91]
92]

(93]

Moore B.C.J., Psychophysical tuning curves measured in simultaneous and forward masking,
J. Acoust. Soc. Amer., 63, 524-532 (1978). i

MooRre B.C.J., GLASBERG B.R., Gap detection with sinusoids and noise in normal, impaired
and electrically stimulated ears, J. Acoust. Soc. Amer., 83, 1093-1101 (1988).

MooRre B.C.J., GLASBERG B.R., DONALDSON E., McPHERSON T., PLAck C.J., Detection of
temporal gaps in sinusoids by normally hearing and hearing-impaired subjects, J. Acoust. Soc.
Amer., 85, 1266-1275 (1989).

NORDMARK J.O., Mechanism of frequency discrimination, J. Acoust. Soc. Amer., 44, 1533-1540
(1968).

OstrIi B., ELLER N., DAHLIN E., SKyLv G., Hearing impairment in orchestral musicians, Scand.
Audiol., 18, 243-249 (1989).

PENNER M.J., Detection of temporal gaps in noise as a measure of the decay of auditory sensa-
tion, J. Acoust. Soc. Amer., 61, 552-557 (1977).

Prack C.J., MooRE B.C.J., Decrement detection in normal and impaired ears, J. Acoust. Soc.
Amer., 90, 3069-3076 (1991).

PREYER W., Engl. transl. On the limits of the perception of tone. Proc. of the Musical Assoc.
p. 1-32, (Uber die Grenzen der Tonwahrnehmung) W. Preyer, Physiol. Inst. Jens Ed., pp.1-32
(1876).
RaBINOWITZ J., HAUSLER R., BRISTOWN G., RAY P., Study of the effects of loud music on
musicians of The Suisse Romande Orchestra, Journal de Médicine et Hygiéne, 19, 1909-1921
(1982).
RAKOWSKI A., Pitch discrimination at the threshold of hearing, Proc. 7-th ICA, Budapest 1971,
20HS6.

RAxkowskl A., HIRsH I., Post-stimulatory pitch shift of pure tones, J. Acoust. Soc. Amer., 68,
467-474 (1980).

RakowsKl A., HIRSH 1., Post-stimulatory pitch shift and its dependence on signal parameters,
J. Acoust. Soc. Amer., 63, Suppl. 1, 50 (1979).

RINTELMAN W.F., Borus Q.F., Noise induced hearing loss and rock and roll music, Arch. Oto-
laryngol., 88, 377-385 (1968).

RINTELMAN W.F., LINDBERG R.F., SIMITELY E.K., Temporary threshold shift and recovery pat-
terns from two types of rock-and-roll music presentation, J. Acoust. Soc. Amer., 51, 1249-1255
(1972).

RiTsmA R.J., Pitch disrimination and frequency discrimination, [in:] Reports 5-e Congrés Inter-
national d’Acoustique, Liége 1965, Vol. Ia, B22 (1965).

RONKEN D., Monaural detection of a phase difference between clicks, J. Acoust. Soc. Amer., 47,
1091-1099 (1970).

RoysTER J.D., RoYSTER L.H., KILLION M.C., Sound ezposures and hearing thresholds of sym-
phony orchestra musicians, J. Acoust. Soc. Amer., 89, 6, 2793-2803 (1991).

RunaMm H.B., MENCKE E.O., MILBURN R., CooPER W.A., RoSE D., Differential sensitivity to
duration of acoustic signals, J. Speech Hear. Res., 9, 371-384 (1966).

SCHACKE G., Sound pressure levels within an opera orchestra and its meaning to hearing, Ab-
stract of paper presented to the 22nd International Congress on Occupational Health, Sydney,
Australia, 1987.

SHAILER M.J., MOORE B.C.J., Gap detection as a function of frequency, bandwidth and level,
J. Acoust. Soc. Amer., 74, 467-473 (1983).

SHOWER E.G., BippuLPH R., Differential pitch sensitivity of the ear, J. Acoust. Soc. Amer., 3,
275-287 (1931).

SKRAJNAR S.F., RoysTER L.H., BERGER E.H., PEARSON R.G., Do personal radio headsets pro-
vide hearing protection?, Sound and Vibration, 5, 16-19 (1985).

SMALL A.M., Pure-tone masking, J. Acoust. Soc. Amer., 31, 1619-1625 (1959).



HEARING DAMAGE FROM EXPOSURE TO MUSIC 31

fo4)

(93]

(96]

[07]
(98]
[99]
[100)
(101]
[102]

103]

[104]

[105]

[106]

[107)

TRINDER E., Auditory fusion: a critical interval test with implications in differential diagnosis,
Brit. J. Audiol., 13, 143-147 (1979).

TyLER R.S., SUMMERFIELD Q., WooD E.J., FERNANDES M., Psychoacoustic and phonetic tem-
poral processing in normal and hearing-impaired listeners, J. Acoust. Soc. Amer., T2, 740-752
(1982).

TyLer R.S., Woop E.J., FERNANDES M., Frequency resolution and discrimination of con-

stant and dynamic tones in normal and hearing-impaired listeners, J. Acoust. Soc. Amer., 74,
1190-1199 (1983).

VIEMEISTER N.F., Temporal modulation transfer functions based on modulation thresholds,
J. Acoust. Soc. Amer., 66, 1364-1380 (1979).

WALLISER K., Zusammenwirken von Hullkurvenperiode und Tonheit bei der Bildung Perioden-
tonhdhe, Ph.D. Dissertation, TU Miinchen 1986.

WEBER E.H., [in:] Helmholtz H., Engl. transl. On the sensations of tone. Dover Publications Inc.,
New York 1954, p. 147, 1887.

WEesT P.D.B., Evans E.F., Early detection of hearing damage in young listeners resulting from
ezposure to amplified music, British Journal of Audiology, 24, pp. 89-103 (1990).

WESTMORE G.L., EVERSDEN [.D., Noise - induced hearing loss in orchestral musicians, Arch.
Otolaryngology, 107, 761-764 (1981).

Wier C.C., JESTEADT W., GREEN D.M., Frequency discrimination as a function of frequency
and sensation level, J. Acoust. Soc. Amer., 61, 178-184 (1977).

WIGHTMAN F., Psychoacoustic correlates of hearing loss, [in:] New perspectives in noise — induced
hearing loss, R.P. HAMMERNICK, D. HENDERSON, R. SALvi [Eds.], New York, Raven, pp. 375-394
(1982).

WIGHTMAN F., MCGEE T., KRAMER M., Factors influencing frequency selectivity in normal and
hearing-impaired listeners, [in:] Psychophysics and Physiology of Hearing, Evans E.F., WIL-
soN J.P. [Eds.], Academic Press, London, New York, pp. 295-310, 1977.

WooLrorp D.H., Sound pressure levels in symphony orchestras and hearing, Preprint 2104(B-1),

Australian Regional Convention on The Audio Engineering Society, Melbourne Sept. 25-27
(1984).

ZWICKER E., Direct comparison between the sensation produced by frequency modulation,
J. Acoust. Soc. Amer., 34, 1245-1250 (1962).

ZwICKER E., FELDTKELLER R., Das Ohr als Nachrichtenempfinger, Hirzel-Verlag, Stuttgart, 2
erw. Auflage, 1967.



