
EFFECTS OF NOISE ON HEARING
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1. Introduction

The outstanding position of mankind rests to a great extent on their given
talent to form and understand conscious ideas, to choose words as carriers to
sematic meaning and in general of thoughts and to produce and understand
these as spoken language. It appears, if we believe in the genesis, that the
divine breath which represents the sole remarkable difference between the
human and animal energy systems and information-processing systems, is
mirrored partially in the excellent communication ability via our voice-producing
and hearing organs. The difference between the performance of the human
and animal visual systems is not so large by far. Nor is the visual system
able to analyze such a distinctly time-variable process which speech
represents ; spoken words are rapid, singular events ; they can practically
never be articulated identically a second time. In consideration of this high
communicative significance and performance of the ear it is particularly
regretable that the eye and ear are of different sensitivity compared with the
physical magnitudes which excite them. Light intensities which could damage
the eye or rather the sensory epithelium of the retina are practically absent in
the environment. Apart from this, the eye is able to protect itself by quickly
closing the lids. By contrast, in our present-day environment, the ear is
exposed relatively unprotected to noise events which exceed by far in intensity
and duration, the loud natural sources such as, thunder or a water-fall. Nor
does the ear possess a protective device comparable to the eye-lids even when
the inner ear muscles are fully functional.

The consequences of the effect of noise on the hearing, which will be
explained in greater detail during this discourse, are generally known. The
person afflicted by a noise-induced hearing, impairment, handicapped surely in
the most spiritual sense, no longer understands what is said in the group, he
becomes an outsider of human society and with increasing deafness loses
contact even to individual persons, he becomes suspicious, finally resigns and
lapses into a 'world of silence'.
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It is remarkable that approx. 6 million of our population, i.e. around 10%
are handicapped severely or moderately in their hearing ability.Every second
person aged more than 65 years already belongs to this group so that we by no
means can speak of an eventful pension age. The number of old people
suffering from defective hearing caused by the noxa of civilization, above all by
environmental noise, increases alarmingly and the number of those damaged
by occupational noise rises ; noise-induced hearing loss has become by far the
occupational disease number one.

Before concrete effects of noise on the hearing are discussed in detail, the
question must be posed which parameters of sound or sound combinations are
to be considered as particularly damaging and where or how do noise-induced
hearing impairments manifest themselves.

2. Damaging types of sound and combinations

Naturally the strength of the sound impinging on the ear and the duration
of sound exposure are of decisive significance. It therefore appeared expedient
to multiply the easily measurable sound intensity, a power dimension (energy
per time) with the exposure time, in order to obtain the sound energy received
by the ear. Although no sensory system-the hearing least of all-works as an
integrator in this sense, numerous studies. above all the detailed investigations
by Burns and Robinson (1970) demonstrate a relation between to some
extent auditorily correctly-(A-weighted) sound energy and lasting hearing
damage. Simply expressed this means, the same sound energy results in the
some hearing damage.

One considers, simply speaking, the sound energy absorbed as a dose
which when increased, as with a toxic agent, causes increasing damage. The
consequences which emerged from these considerations led to the numerous
guidelines, for example, the ISO 1999and so-called damage risk criter a, such
as those given in Fig 1.

The hearing defects occuring when these criteria are exceeded are
confirmed on average by retrospective studies using a large number of persors
despite the unclear initial circumstances and the effect of additional factors.

This hearing defects vary for the different audiometric test frequencies and
at high intensity after exposure of 10 years are as expected, more pronounced
(Fig. 2a). Both the extent of the injury and the number of the persons
concerned increase with the number of working years (Fig. 2b).
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Fig-1

Cursory applicat on of the basic hypothesis of energy equivalence would in
general enable one to change the two parameters in the product : intensity
times time, arbitrarily in relation to one another, i-e., to increase the intensity
the shorter the exposure time is, without causing any damage as the limits are
not exceeded (Fig. 1). However, this already illustrates clearly the limitation
of the energy equivalence rule which basically is not valid. It is limited to a
certain range and could be used actually only for uniform broadband noises
which are not all too frequent in every-day industrial life. The energy
equivalence rule, which represents an acoustic simplification and an easily
managed test method (dose measurement) also exhibits its weaknesses when it
comes to assessing not a large population but an individual with regard to his
hearing defect or to predicting the risk of damage, since the type of noise
exposure in relation to time, for instance, the duration of pauses, is of decisive
importance.

In the last analysis, a simple risk criterion is not definable and in the case
of impulse sounds, which are considered in detail later on, as well as sound
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Fig-2a

combinations (uniform background noise and fluctuating or impulse noise) the
risk or the probability of noise induced deafness must be defined newly and
better by additional criteria or new test and assessment methods..

It can only be said with relative certainty, but without relevance for an
industrial worker, that sound levels below 75 dB do not produce any
temporary threshold shift and no damage to the hearing. If one considers
continuous noise (oscillating less than + 5 dB), then agreement prevails
nowadays that a level of 75 dB with a. daily exposure time of 8 hours (or 70 dB
for 24 hours) represents the limit for discernible, permanent noise-induced
threshold shifts. These threshold shifts are determined at the particularly
sensitive audiometric test frequency of 4000 Hz. If one uses the conventional
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Fig~2b

speech frequencies (0, 5 : 1 and 2 kHz), then the threshold value is shifted by
10 dB for continuous noises which implies that per 8 hours working day
practically 85 dB can be endured without damage (Fig. 1).

t

It must be emphasized in this connection that impulse noises as well as
sound combinations are here excluded and that a relatively quiet, noise free
recovery phase is assumed in the free-time.

If the noises are uniform but no longer broadband and contain energy
concentrations in certain frequency bands or also tonal components, the
probability of damage is of course increased. Noticcable tonal componens
e.g., with wood-working machines, appear to pro duce markedly more damga
(Niemeyer, 1981). In that case the temporal threshold shifts are larger at
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higher frequencies and are found above the central frequencies of, hose narrow
band sounds.

If, in animal experiments, the ear is exposed to noise which contains such
tonal components, primary changes appear to develop after a few hours at the
corresponding location in the cochlea, however, with further exposure to sound
those defects develop in the basal area of the cochlea, that is in the range
4000 to 6000 Hz which are characteristic lor noise damage (Dieroff, 1980).

There are a number of hypotheses which cannot be discussed in detail for
this behaviour, that is the formation of characteristic losses in the region 4000
to 6000 Hz (high-tone dip). The following should be mentioned : the fact of
the strongest overlapping of the basilar membrane oscillations with broad-band
and also low-frequency noises at this location, the severely reduced reflex
protection of the middle-ear muscles beyond 3000 Hz, the additional oxygen
supply resulting from diffusion through the round window with corresponding
maximum deficiency symptoms in the range mentioned and finally the fact that
with metal sounds, the extremely short rise and fall time of the high peaks, give
rise to energy components mainly in he upper frequency range (6000 Hz)

Frequenz in kHz/
Frequency in kHz

4
Fig-3
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Concerning the change in the hearing ability, reference should be made
at this point to the threshold increase or reduction in hearing sensitivity as
characteristically caused by noise, compared with the person of normal hearing
which is easily measured with the audiogram. Fig. 3 shows diagramatically
that, beginning at the high-frequency dip (1) mentioned, after it broadens, a
hearing threshold curve in the shape of a staircase (2) arises : almost a normal
hearing threshold in the lower and middle frequency range up to 1500 or 2000
Hz, then steep drop and approximately level course up to the highest test fre-
quencies. The hearing loss above the step drop generally amounts to no more
than 60 dB. With increased hearing impairment greater losses (3) occur there
and with further progressive damage, the steep drop of the audiogram curve
moves in the direction of lower frequencies (4) and comes to rest at around
1000 or 750 Hz. The change then taking place in the course of several years
consists of a transition from the steep slope to an oblique slope as indicated in
the diagram by a dashed line (5).

It has emerged recently that not only the sound intensity and its exposure
time as well as tonal components but, above all, the rise and fall time, that is
the pulsating or fluctuating character of the noise are of great significance. In
fact, many more persons in industry are subjected to fluctuating noise and it
is becoming more and more apparent that in addition to the energy contained
the fluctuation plays a decisive role with regard to the damage.

The significance which one wanted to attach to the protective function of
the middle ear reflex is very questionable. With continuous sound exposure,
the reflex action is lessened very rapidly by adaptation (Zakrisson et al., 1980).
On the other hand, a change in the intensity or frequency or a short interrup-
tion in the sound exposure has the effect of re-activating the reflex. Although
investigations of the temporary threshold shift with combined sounds (conti-
nuous sound + fluctuations) lead one to assume an increased protective reflex
examinations regarding permanent threshold shift and, in particular, histological
findings, demonstrate the opposite to be true (Cohen, 1966 ; Hamernik, 1974 ;
Arlinger and Mellberg, 1980).

In particular, if the fluctuations become more rapid or the pulses shorter
(40/us), then depending on the repetition rate, the reflex latency of 10 to 12 ms
is in general so high that the inertia of the transmission system of the middle
ear no longer permits any protective function. According to examinations
carried out by Dallos (1973), the sound-protective reflex above 3 kHz is in
general relatively small.
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Basically, the action of impulse sound within the cochlea and on the
aensory cells is to bs assessed in a different manner to the action of continuous
sound. This is also the reason why a large number of investigations consider
the equal energy rule, which can be relatively well applied to uniform noise,
to hold good only up to a point or not at all for impulse or fluctuating sound
(Hamerniket al., 1980; Nilsson et al., 1980; Dancer et al,, 1980). Nor
can the iso-energy principle be applied arbitrarily when spectrum and peak
amplitudes are the same (Buck et al., 1980). The assumption that impulses
are relatively harmless because they are not sensed as being loud, is false. On
the contrary, it can be seen that the peripheral transmission in the middle ear
and the peripheral nervous processing proceeds very rapidly. Therefore the
greater excitation with initially overshooting components (upto 15 dB) and
the higher risk are to be sought in the peripheral area of the ear, the rise time
of the sounds being of great significance. Bruel (1980) also referred to
this and attempted to explain the typical hearing threshold reduction in the
6000 Hz range in the case of metal workers by the very short sound durations
and relatively high peaks with metallic sounds. Therefore impulse sound level
meters with time constants of 30/us (instead of 35 ms) should be used since the
integration modelled with the large time constant is a central process (Spreng
1977 and 1981). The mode of action of these rapid rise times becomes clear
immediately when one realizes that all sensory organ systems, in particular the
ear, reacts especially dynamic changes of the stimulus. The hearing is a
differential-proportional-sensitive system and in no way an integrative one.

An attempt is made in Fig. 4 to provide a diagram of the excitation of the
sensory organ system of the ear with such rapid changes in stimulation. It is
shown on the left with the aid of different arrows that a 20-dB jump imposed
upon a background noise of 40 dB, produces differing excitation magnitudes
should rise times of 100 ms, 200 ms and 700 ms occur. In the first instant,
the dynamic characteristics (arrow or dotted) apply and their steepness depends
upon the rise speed of the sound stimulation. After a certain time, the over-
shooting excitation returns to the appropriate new value (adaptation) which is
given by the static characteristic (bold line in right-hand part of diagram).
If a pulse-shaped sound level change with a comparable dropping slope is
present, then the excitation (corresponding to the dynamic characteristic drawn
with a dotted line) can also initially exhibit 'undershooting' behaviour and then
return once again to the excitation value of the original working point. If
this behaviour is sketched ior two pulse-shaped sounds, which subsequently
have the same equivalent continuous sound level but possess differing size, durat-
ion and above all, rise times, then completely different adaptation diagrams or
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Fig 5
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adaptation areas result which can represent a reference point for the loading
of the sensory organ system. One detects clearly that with a higher rise time
(hatched vertically), an essentially larger area of the adaptation diagram results
than with a lower rise time, somewhat longer duration as well as slightly
smaller amplitude (dotted), although with both pulse sequences the same
average level (L M ) is present.

Because of this model conception, it is no longer surprising that in the
animal experiments of Hamernik ct al. (1980), remarkable dependence of
the damage on the specific impulse shape and the presence of after oscillations
shown in Fig. 5 is found. Above all, in the frequency range higher than 1000
Hz, a strong (> 50 dB) rise in the hearing threshold(D) of chinchillas (measured
with evoked potentials) is evident when pulses with 158 dB peak and one after
oscillation (D) arise. If the microstructure of the sound pulse contains no
after-oscillations (C), then the dashed curve exhibits a smaller (10 to 20 dB)
and parallel threshold shift (dashed).

100%

Basis/Base Apex/Apex

Fig-6

The results of Buck (1980) displayed in Fig. 6 show in the same
manner that impulse noise of the same energy causes more severe hair-cell
loss and leaves behind a permanent threshold shift. The sound types with
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the same energy are displayed in the left half: 1. two-hour sound exposure,
continuously with 120 dB; 2. 18-seconds sound exposure with 146 dB and
3. 2-hour sound exposure with 10-ms 146-dB impulse sound at 4-sec intervals.
The stimulation consists of an octave noise between 4.5 and 9 kHz. The
hair-cell loss stated on the right for the appropriate sound type clearly
shows the severe effect of impulse sound exposure.

Fig-7

Fig. 7 makes plain that the threshold increase or the amplitude loss

of the compound action potentials of the acoustic nerve proves to be
AP

clearly stronger with the impulse sound exposure (146 dB I 2 h) and above all,
it becomes permanent for over seven days and for over one month. The thre-
shold changes caused by the continuous noise (120 dB C 2 h) are no longer
present after one month. The energy equivalence hypothesis formulated
by Atherly and Martin (1971) for impulse sounds is indeed attractive
(it attempts to connect in an overlapping manner continuous sound and
impulse sound exposure and is extremely simple to use with particular
reference to dose measuring equipment), but so far there is absolutely no con-
firmation as not only these animal experiments but also investigations on
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humans show. Data from Sulkowsky (1980), in particular, make plain that
large deviations from the energy-equivalence hypothesis are present when there

Exposition (Jahre)/Exposure (years)
Fig-8

is a high repetition rate of the impulse configuration. Fig. 8 illustrates this
with reference to measurements on drop-forge workers, the hearing loss of
whom is displayed as a function of the exposure time. The hearing loss which
should have occurred according to the energy-equivalence hypothesis is shown
by a dashed line. The damage actually present which is significantly greater,
speaks for itself and also against unreflected application of the energy-equiv-
lence hypothesis without careful consideration of the impulse sound or comb-
nation sound configuration.

The large variation in damage to individuals can also be deduced partially
from the combinatory or additive effect of sound configurations-apart from
different individual sensibility, varying relative position (in particular towards
the impulse noi e source), influence of other noxa, etc.

Here, mention must indeed be made of the addition in time of noise
influences : differing additional stressing of the ear takes place before and after
a working day, whereby not only the increased loading but above all the
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Fig-9

educed recuperation time take their toll (Spreng, 1980, Fig. 9; Weidauer,
1980) as is shown, for instance, by the audiogram curves of a 21-year old
fitter who worked for eight years at between 85 and 100 dB (A) noise-assess-
ment levels and in the evening blew a trumpet in a jazz-band. The extreme
threshold reduction in the high-tone range (70 dB) is in contradiction to the
assessment level of the work place (according to Pig. 2a only approx. 40 dB
hearing loss should have occurred after 10 years) and this makes plain the
influence of leisure-time noise.

In this connection, Johnson and colleagues (1975) and Nixon and
colleagues (1980) could emphasize the significance of asymptotic temporary
threshold shift (ATTS) which, independent of the sound exposure duration with
pink noise, possesses the same value, but a different recovery time. As rule
of thumb, it can be inferred from their results, that ATTS values > 40 dB can
produce permanent changes and that recuperation times in relative quiet ( <7S
dB) should be around the same length as the exposure times. As Coles
(1980) mentioned, it would appear that the lack of pauses at night, even with
lower intensities than assumed earlier, cause slight permanent threshold shifts'

Amongst other things, as mentioned already, the noise addition or
combination must be understood in relation to intensity : according to the
configuration of background noise (in general less fluctuating) and impulse
noise, the ear is stressed in differing adaptation conditions aad thus metabolic
conditions by extreme dynamic processes (Fig, 4)
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Hamernik and colleagues (1980) have investigated in chinchillas,
different combinations of this type with regard to the decline of the temporary

Stunden nach Beschallung/Hours after sound exposure.

Fig-10
threshold shift after sound exposure. Fig. 10 shows as result that with
continuous sound exposure (95 dB SPL) in accordance with curve A and with
solely impulse sound exposure (158 dB, 1/min, 50/us duration in accordance
with curve B, the temporary threshold shift has been completely eliminated
after 1000 hours. From a combination of the sounds, which in themselves
would have been still just tolerable, considerably larger temporary threshold
shifts result which are not eliminated even in the course of 1000 hours (C)
Permanent threshold shifts are still present even when the impulse noise is
reduced to a peak level of 147 dB (curve D)

It may be appropriate to show investigation findings made by the same
working group which result when vibratory loading (lg) and noise loading act
simultaneously. The continuous curve in Fig. 11 shows the clearly greater
permanent hearing loss with the simultaneous action of these two loads.
Vibration alone affects practically no change in the hearing capacity (dash and
dot curve); whilst impulse noise (155 dB, 1/s 1.5 ms duration) results in a
moderate degree of hearing impairment (dashed curve)..

3. Damage in the morphological and functional area
A short summary of the observable damage is shown in Fig- 12. It must

naturally be stated in advance that mechanical damage by impulse noise
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(e.g. pistol shot at 2.5 cm distance : 145 dB, 40 ms) such as ear drum perfora-
tions and fracturesin the manubrium mallei occur in particular when a maximum
deflection (30/u) and stiffening of the ossicular chain can be assumed and thus
a certain dissipation of energy takes place in the middle ear-for the protection
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of the inner ear (Cody and Johnestone, 1 9 8 0 ) . A reason for the large
variation in damage is also to be found here, above all, with regard to inner-
ear damage, since indeed strongly variable tranfer functions of the middle ear
and variable reflex latencies exist.

The mechanical damage in the area of the cochlea is manifold. It extends
from fusion and pulling out of the tiny hairs of the sensory cells, warping of
the stems of the pillar-cells, to complete hair-cell loss, whereby the first row
of the outer hair-cells is affected more severely than the second and this once
again more severly than the third, before the inner hair-cells are damaged
(Dancer et a,l, 1980). The rapid resorption of the cell residues is followed
by deterioration of the supporting cells concerned, so that after a certain
time, the entire organ of Corti in a particular area no longer exists. This
mechanical destruction is possibly initiated by microbleeding, such as has
been found by Reinis et al. (1980). caused by ultrasonic bangs in the area of
the basal to median scala tympani in diff rent animals.

Smaller mechanical damage (e.g. holes in the area of ReiBner's membrane
or of the reticular membrane) may firstly change or impede the diffusion
processes since the endolymph space is indeed separated by the two membranes
from the perilymph area of the scala vestibuli and scala tympani. The
diffusion processes required by the richly perfused stria vascularis for supplying
the sensory cells are then disrupted by short-circuits so that an optimum
supply of the sensitive sensory cells is no longer guaranteed.

Apart from the no longer optim m metabolic supply to the sensory cells,
a change in the fluid composition in the endolymph space or a fusion between
Corti-and endolymph (Reinis, 1980. Dieroff, 1980) also result from this.

The resulting malfunctioning or metabolic disturbance of the sensory
cells is therefore primarily of mechanical origin. Mechanical stressing and
lasting or temporary decoupling between stereociliae and the covering
membrane must also be taken into consideration as noise-induced mechanical
changes (TONNDORF, 1977).

With sounds of longer duration and lower intensity no mechanical damage
is to be expected, although metabolic overloading of the sensory cells corres-
ponding to the exposure time occurs.. Here, no simple connections exist such
as vasoconstriction and subsequent oxygen deficiency and cell death, since the
Substance reserpin, for instance, remains without effect. Mostly the composi-
tions of the endolymph. in particular the size of the measurable electrical
potential (endodochlear potential) appear to play an essential role. If for
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instance this endocochlear potential is lowered by amlno-oxyacetic acid
(AOAA), then the number of the damaged cells also reduces (BOBBIN and
KISIEL, 1980). '

On the other hand, collapsed vessels or traces of vessels are found in the
morphological picture of the microcirculation in the lateral wall (HAMERNIK
et al., 1980) so that without doubt, microcirculation disorders must contribute
to the metabolic overloading especially in connection with the production and
resorption of the endolymph.

In principle, it is the oxygen deficiency occurring after longer loading and
the emptying of the endosplasmatic reticular system (LIM and MELNICK,
1975), above all of the ATP energy stores the replenishing of which via anaero-
bic glykosis and the restructuring of the chromatin substance leads finally to
swelling and bursting of the cell core. This occurs all the earlier, the worse
the transportation of oxygen, vitamin A, glycogen etc., from the stria vascularis
via the relatively long diffusion path functions.

The change in the fluid composition or the metabolic disturbance of the
sensory cells can be measured by means of the microphone potentials, or
with the aid of the action potentials of the auditory nerve.

The threshold rise of the summation potential N1 of the acoustic nerve
resu'ting after exposure to sound is indicated in Fig. 13 (page 48). Above
this, one discerns the hair-cell loss of the external (center) and internal (above)
hair-cells. Where a marked hair-cell loss is present, the threshold is highest,
as is to be expected. On the right, four tuning curves of different individual
nerve fibers are indicated for the frequency ranges identified with numbers.
These tuning curves are the intensity threshold curves of individual sensory
cells. They indicate, in dependence of the prevailing frequency, that particular
sound intensity at which a just measurable action potential sequence arises on
the nerve examined.

It can be clearly seen from Fig. 13 that with the transition from fre-
quency range 4 to frequency range 1, i.e. with increasing damage,
these tuning curves always become flatter. The frequency selectivity is
educed, the critical frequency shifts to lower frequencies and the low frequency
component of the tuning curve moves to higher intensities (CODY and
JOHNSTONE, 1980).

4. Direct consequences of noise-induced hearing defects
Masking :

Noise-induced hearing impairment can be present even without damage
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to the hearing organ. This is, as is well known, termed masking whereby
mainly speech and warning signals can be masked and the monitoring of one's
own speech reduced (SCHULTZ-COULON, 1980). The masking effect of
noise, which contains low frequency components, is worthy of mention
mainly because in this case, it particularly affects the area of approximately
normal hearing still available to the hard-of-hearing person.

Temporary threshold shift (TTS) :

The temporary threshold shift (TTS) is, as the name implies, a time limited
increase in threshold which is eliminated again. According to WARD (1979),
it can be divided into four different time sections :

1. A short refractory period (residual masking) relatively independent of the
duration of sound exposure which lasts for fractions of a second.

2. An adaptation arising with moderate levels {<85 dB) which fades away
after a few minutes and can he partially accompanied by weak noise
sensations.
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3. The normal threshold shift (TTS) or physiological fatigue in the order of
magnitude of 25 to 30 dB which is customarily measured two minutes
(TTS2) after the end of lengthy exposure to sound. Normally, it
returns to the initial threshold (early detection) after approx. 10C0
minutes (16 hours). This threshold increase exhibits exponential rise
and decay, it reaches an asymptotic value (ATTS) after 8 to 12 hours and
it grows approximately linearly with the level, when a base level
(70 to 75 dB) is exceeded, with higher frequencies causing the rise to be
stronger.

4. A pathological threshold shift is present when the temporary threshold
shift is larger than 40 dB. Then the decay time can last for days or weeks
and if exposure to sound is renewed, the probability of a permanent
threshold shift is high.

Permanent threshold shift (PTS) :

The permanent threshold shift (PTS) is a lasting hearing defect, without
regression. It cannot be decided, as a matter of course, if the permanent
threshold shift (Fig. 2a) during a working life, represents a slow, individually
non-measurable effect or if it is caused by a limited number of sound events.
In general, it is not only the noise at the work-place but a multitude of other
factors and non-acoustic events (soci-acusis) as well as diseases (nosoacusis)
and the normal ageing process (presbyacusis) which cause permanent threshold
shifts.

The temporary threshold shift (TTS) caused by similar, but short term
noise, is no clear indicator for the formation of permanent threshold shifts

((((((((((((( PTS). Reference is made in the preceding section to the problem of dose
measurement, to the influence of shape and duration, as well as to additive
sounds or combinations with other stimulations. It must be mentioned
here once again that, above all, rest times which make recovery processes
possible, counteract the formation of a permanent threshold shift and that
so far no evidence is available to indicate that ears being very young or
very old or already damaged by noise are more or less sensitive. The
extremely high individual sensitivity, depending upon a multitude of factors
(e.g. mass of the ossicles, strength of the cochlear parts, compactness of
the blood supply etc.) must not be overlooked with regard to the permanent
threshold shift.

Paracusis :

If a particular basilar membrane area is completely without hair-cells
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because of severe damage, then the frequency belonging to this area can
practically no longer be sensed. That frequency will then be sensed which

corresponds to the next, understroyed hair-cell group and this is generally
associated with a shift to higher frequencies. This severe damage is termed
paracusis and it can occur in one or both ears. In the case where one ear
is affected, a different frequency sensitivity between the right and left ear
usually termed diplacusis, can be measured. An attempt is made in Fig. 14
to show this severe perceptive defect diagrammatically.

Adaptation defect :
At an already early stage, metabolic lesions lead to changes in the

adaptation capacity, as could be demonstrated by numer. us animal experiments
(STANGE, SPRENG and KE1DEL 1964 ; BECK: BENNING and STANGE,
1975). This defective adaptation capacity, which affects in particular the
dynamics of hearing, has also been substantiated recently tFIALKOWSKA,
1980) with the aid of electrocochleography applied to workers with noise-
induced hearing impairment.

Tinnitus:
Lasting noises in the ear (tinnitus) which imply a considerable impairment

of the physical and psychic general well-being, are an important symptom of
injury or disease. Ear noises can derive from practically all parts of the

acoustic processing system and can be triggered off by internal, neurologic or
psychiatric diseases, without a loss of hearing being present. Nevertheless, it
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should be borne in the mind ihat practically every fourth person with noise-
induced hearing loss complains of such a disability. Uncertainly still exists
regarding its origin or cause. It can be said, however, that when tinnitus
occurs after exposure to noise, in general, a lasting hearing damage has been
caused by this noise that tinnitus essentially occurs as a high-frequency
sensation approximately in the area of the greatest hearing loss.

Recruitment:

A steepening of the excitation characteristic in the peripheral part of the
hearing organ remits both from the fact that the more sensitive external hair-
cells are damaged or destroyed earlier and more severely by exposure to noise
and by a mechanically induced rectifier effect in the lower intensity range.
This behaviour is termed recruitment. The effect of such a steepened ear
characteristic on the sensitivity is explained in Fig. 15.

This damage (Fig. 15) is manifested by an increased threshold (approx.
. 35 dB) and a more steeply rising characteristic, compared with the intensity
function of those with normal hearing (Fig. 15 above), resulting from this
increased rhreshold value. This means that a sound pressure change in Fig.
15 from 50 to 45 dB-with persons whose hearing is impaired by recruit-
ment, produces a clearly increased excitation change E' whilst with
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persons of normol hearing, the same sound-pressure change give rise to a
smaller excitation change ( E).

This major excitation change occurring in those with hearing impairment
corresponds to an apparently larger sound pressure ehange ( ( P-)1 as drawn
with s dashed line.

The person whose hearing is impaired in this way can therefore perceive
intensity differences better than the person with normal hearing (S1SI test)
and he has therefore better discrimination. As can be seen from Fig. 15, in
the upper intensity range the hearing-impaired person has almost normal
hearing capacity of the non-impaired person (recruitment). This means for a
recruitment-impaired person that un-specific amplification according to the
hearing threshold shift has extremely unpleasant consequences: he hears
markedly louder than the person with normal hearing in the medium to upper
intensity range and possibly suffers from masking. Reference has been made
elsewhere (SPRENG and KEIDEL, 1972) to the consequences associated with
intensity in the hearing-aid adaption.

Other consequences :

Apart from these most important directly harmful effects of aoise on
hearing, for the sake of completeness, the following must still be mentioned :

Pathological hearing fatigue (duration of decay), worsening of the frequency
discrimination (tuning curves in Fig. 13), changes in the low-frequency range
without threshold shifts (Just noticeable differences of frequency and intensity),
intensified sensation of distortion and reduced temporal discrimination.

5. Impairment of speech and communication

It is to be expected and is to. a large extent the case that the direct
noise-induced hearing impairments mentioned, have severe effects on the
ability to comprehend speech in a noise environment and, above all, to
understand it.

The time course of a syllable (ga), as well as the alternating frequency
composition as a function of time is illustrated in the left half of Fig. 15. It can
be discerned firstly that not only an intensity jump occurs between the
consonant (g) and vowel (a) which for the case of recruitment-impaired
persons results in an intensified excitation (instead of 5 dB it is 10 to 20 dB)
from the transition from consonant to vowel. Secondly, the two upper
formants (F 1 and F 2) can have different excitation effects in addition, os
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that different recruitment characteristics are valid for the two frequencies
Thirdly, it is shown above all in this figure that, commencing with the
broad-band consonant noise, transients of different curves turn off to the
two characteristic formants F 1 and F2, within a short time. The transitions
to the upper formant (F 2) are particularly characteristic for the understanding
of this syllable. If the transition runs less steeply, then the syllable (da) is
understood instead of fhe syllable (ga) . If the transition runs from the lower to
higher frequencies increasingly, then the syllable (ba) is heard.

It is exactly in this range that defects quite decisively hamper in hearing
impaired persons the understanding of speech and the adaption of hearing aids.
This is explained with the last two illustrations. For basically, frequency chan-
ges-even at constant sound pressure-resulting from the curvature of equal
loudness contours and from the hearing threshold curve, are associated with
characteristic loudness changes which should also contribute to speech
information processing. In this connection, Fig-16 shows with dashed

lines the familiar equal loudness contours or the hearing threshold curve
(turned through 90°). Below this are drawn, also dashed, two intensity
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functions for the frequency values identified with A and B. Assuming that
corresponding to the approach of equal loudness contours in the higher range,
a somewhat steeper characteristic (B) results, the dashed version therefore
represents the normal behaviour of the ear.

If there is now a transition from B to A (dashed arrow as indicated in the
diagram for the syllable (ga), then this means, according to the equal loud-
ness contours, a transition from the high frequency range (B) to the medium

frequency range (A). Even when the sound pressure level does not change,
this pure frequency change corresponds to a characteristic diagram also as a
dashed arrow and is termed as a normal change in excitation.

If we further assume that a hearing defect, especially at the medium fre-
quency (A), is present with threshold shift and corresponding deformation of
the equal loudness contours (bold line), then this corresponds to a threshold
shift and steep-fronted slope of the characteristic A which is also drawn as a
bold line ia the diagram. The transition from the frequency B to frequency A
at about the same sound pressure level, in this case (weak recruitment] causes a
smaller change in the excitation as indicated by a dashed line in the characte-
ristic diagram. This smaller excitation change would, for instance, also occur
when a smaller frequency change had taken place (from B/1 to A).

Consequently, the hearing processes, identifies the frequency transition
from frequency B to frequency A correctly, i. e. it has at the same time an
excitation change which does not conform to this but could rather belong to a
smaller transition, for example from frequency B/1 to frequency A. This smaller
frequency change corresponds, upon the transition from the noise block to
the second upper formant (F 2), as shown on the right, to the perception of
the syllable (da). Thui, the probability is increased that instead of [ga] the
syllable [da] is understood. This phenomenon is found by the way, also in the
case of selective adaptation which is used frequently in speech perception test
(E1MAS, 1978).

If, because of severe recruitment, an even stronger threshold shift and an
even more pronounced compression of the equal loudness contours exist, an
even steeper characteristic (full drawn) would be present for frequeney AFig-17/-
In this extreme case, the frequency modulation from B to A would produce an
inverse excitation change compared to the normal one which is indicated by
the dashed arrow. It is true that correct frequency decoding nc axesitr at the
transition from B to A, but the excitation behaves as if the transient had been
started from the medium frequency range (for example from the upper formant
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frequency F 2) which without doubt must lead to confusion in the speech-
detection system (SPRENG, 1930) .

Although the acoustic system becomes slowly used in this malfunction-
ing, persons whose hearing is impaired by recruitment, are known to have
great difficulties in understanding speech correctly.

If, after a long process of becoming acustomed to this malfunction, a
hearing aid which perhaps compensate s for only the threshold shift of the
steepened characteristic is offered, then the user cannot expect that normal
hearing is enjoyed immediately. Under certain circumstances, the confusion
in the speech decoding system can be even magnified and initially the possi-
bility of understanding speech can even be worsened. It is not only the
masking effects which hamper identification of speech with additional ampli-
fication by hearing aids, but also without doubt discrepancies of the type
described, which unfortunately induce many hard-of-hearing people to put
away their hearing aid after a short time and to give up the hope of ever
being able to participate successfully in a conversation with several people.
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Careful analysis and, in particular, extensive hearing training are re-
quired, quite apart from the fact, that the ideal hearing aid for recruitment
cases still has to be developed and built.

The direct consequences of the hearing defects mentioned in the preceding
section, in addition to recruitment, not only handicap the understanding of
speech but also adversely affect the ability to discriminate direction and
distance (reduced ability of orientation).

It is obvious that not only the psychic a.nd social well-being of the person
concerned suffer from such defects but also his feeling of security-above all
in road traffic

The fight against the budding feeling of isolation places extremely high
demands on the powers of accociation of the hard-of-hearing person. He
is overtaxed acoustically and also optically by constant visual contact. The
slightest additional stress not unfrequently leads to extreme nervousness, in
persons with noise-induced hearing loss.

The person afflicted in this way needs not only our sympathy, which,
in contrast to blind persons, unfortunately is not normally given, but also
our help such as can be provided by careful otological examination, sen-
sitive hearing-aid adaption, intensive hearing training and generally
dedicated care.

Beyond this, all those familiar with the effects of noise on hearing should
exert themselves more intensively not only to prevent hearing defects by
disseminating information, awakening individual responsibilty, but also by
eliminating, reducing and preventing noise.
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Legends:

Fig. 1 Under the approximative assumption that noise-induced damage
is proportional to the sound energy absorbed (sound power or
intensity times time), noise-dose limits can be specified (differing
from country to country). CHRISTENSEN, 1974
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Fig. 2a Moderate hearing loss induced by noise (50% mean value) after
10 years, as a function of the noise exposure.
PASSCHIER-VERMEER, 1968

Fig. 2b Dependence of the risk of hearing damage upon the duration and
intensity of the noise exposure (according to ISO R 1999)

Fig. 3 Schematic diagram of the progressive change in the audiogram
curve (threshold lowering) by noise expesure

Fig. 4 Behaviour of the sensory excitation released by 20 dB fluctuations
of differing rise times (left part) and a diagram of the varying
loading (adaptation area) with impulse sound having different rise
times, duration and amplitude but with the same average level
(right part) SPRENG, 1980 a

Fig. 5 Impulses without (C) and with (D) after-oscillations or reflections
(upper half of figure) produce markedly different threshold shifts
with chinchillas (lower half of figure). HAMERNIK et al., 1980

Fig. 6 Percentage hair-cell loss after exposure to continuous and impulse
sound of the same energy, with guinea-pigs. BUCK et al., 1980

Fig. 7 Threshold shifts after exposure to continuous and impulse sound
of the same energy (Fig. 6) measured with reference to the compound
action potential of the acoustic nerve of guinea-pigs after 2, 7 and
30 days. BUCK and VASSOUT, 1981

Fig. 8 Average hearing loss as a function of the employment period of
drop-forge workers (dashed : the hearing loss to be expected when
using the equal energy rule). SULKOWSKI, 1980

Fig 9 Influence of additive spare-time exposure. Increased hearing
damage of a 21-year old fitter who was exposed for eight years
to an assessment level of 85 to 100 dB (A) and in the evening
played the trumpet regularly in a jazzband, WETDAUER, 1980

Fig. 10 Average threshold recovery in chinchillas exposed to different
combinations of continuous noise and impulse noise.
HAMERNIK et al., 1980
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Fig. 11 Average permanent threshold shift in chinchillas caused by vib-
ration (dash and dotted line), impulse sound (dashed) and by a
combination of both (continuous line). HAMERNIK et al., 1980

Fig. 12 Summary of noise induced damage in the morphological and
functional area of the inner ear

Fig. 13 The left half of the figure shows in the lower part the threshold
shift measured with the compound action potential (N1)of the
auditory nerves and in the upper part the loss of outer (OHC) and
inner (IHC) hair-cells. Four tuning curvee of individual nerves
are reproduced in the right part of the figure, originating roughly
from the areas of the basal turn of the cochlea, designated with
corresponding numbers on the left threshold curve. CODY and
JOHNSTONE, 1980

Fig. 14 With complete loss of a certain basilar membrane area, the sen-
sation for the appertaining frequencies is practically lost : paracusis.
With monaural loss a different frequency sensitivity between the
right and left ear can be measured : diplacusis

Fig. 15 Because of he steepened characteristic arising from the raised
threshold (right below) increased excitation values ( E/1) compared
with those of normal hearing ( E/1) at the same sound-pressure
change ( p)are found in the case of recruitment; e.g. with the
transition from loud consonant to soft vowel (left above), the
sonogram of which is also displayed (left below)

Fig. 16 Change in the transient perception with weak recruitment and
false understanding of syllables caused by this

Fig. 17 Change in the transient perception with severe recruitment and
extreme discrepancy between frequency decoding caused by it and
associated excitation change with possible failure of the speech
identification system
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