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Introduction
Life is full of manifold activities and events, some pleasant and others
repelling. Hearing is important for everyone, and thus the auditory
system has to be able to adapt to extremely different conditions. Some
people lead a nomadic life in remote areas, sitting in the grass with a
few animals, and are practically not exposed to any technical noise.
Others are visiting discotheques regularly, for decades, and race with
motorbikes, while a classmate works in a library and collects stamps.
Looking into books on ear and hearing the authors invariably
point out how extremely sensitive our sense of hearing is, and this is
certainly correct. However, keeping in mind how many people pay lots
of money to be at the side of the road at automobile races, at the
airport during air shows and stunts, or near the stage in open-air
concerts, it is apparent that the hearing system must have protective
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mechanisms to avoid - or minimize - noise-induced auditory damage.
The ear has to be able to hear and follow the bumble-bee, flying from
flower to flower, Fig. 1, but it must also withstand the acoustic
emission from cut-off grinders, hammer-drills and other popular tools.
To get an understanding of the plasticity and bio-technical finesse of
the functional components involved in hearing, it is useful to see what
solutions some other mammals with a highly effective auditory system
have come up with. Of course, not everything will be presented and
discussed here, but the topics covered may help to understand that our
hearing system is highly regulated and devoted to avoid damages of
various kinds. As a result of its long evolutionary efforts [12], it
appears to be amazingly farsighted and intelligent.
Hearing organ and skull
Nature applies its skills only under conditions where it is really
necessary. As far as the technological level of hearing is concerned,
dolphins are on top from every aspect. It is fascinating to see and
analyze their specialized structures, Fig. 2, but here only a few aspects
shall be discussed. Dolphins have a sophisticated SONAR-system, the
sound being emitted within the melon, near the top of the skull. Just
below is a sandwich-structure - bone-cartilage-bone - that is protecting
the ear (red) from the outgoing sound. The hearing organ itself is very
massive and heavy, not fused to the skull, but suspended by soft
tissues and to a great extent surrounded by air. Such a decoupling of
the hearing organ prevents vibrations of the skull, more or less
effective, from reaching the ear. This is not only excellent for reducing
unwanted noise, but it is the basis for good directionality of hearing.
Human divers without special equipment practically cannot localize
sound underwater, because in man the hearing organs are an integral
part of the skull, and vibrations of the skeleton couple both ears
together, suppressing directionality of hearing. The sound from a
motorboat appears to be located in the middle of the head. The huge
baleene whales are specialized to hear low, and very low frequencies.
To get a decent decoupling from the skull, even for low frequencies,
their peripheral ear can weigh up to several kilograms. Whales and
dolphins have a highly developed acoustic system that depends on
such protective anatomic structures.
Dolphins, by the way, hear frequencies up to more than 100 kHz,
but a membrane of a diameter of about 10 to 15 mm cannot follow
such high frequencies. So the tympanic membrane was stretched -
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- during the evolution - into a tough conical ligament that connects to a
thin ceramic-like plate - the tympanic plate - to the malleus. In other
words, the task to pick up the vibrations from the environment was
changed from the tympanic membrane to the tympanic plate, a thin
ceramic-like bony component, attached to the tympanic membrane. A
few species - such as Kogia - have lost the tympanic membrane
altogether, while stimulating the inner ear in a modified way.
Bats also use an elaborate SONAR-system, and they too have
decoupling of their hearing organs from the skull, although it is much
simpler than in the marine mammals discussed. It may not be that
critical because airborne sound cannot penetrate head and skull as
easily as aquatic sound. Some rodents also show signs of decoupling,
thus reducing the detrimental effects of vibrations caused by gnawing.
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Hearing organs need a good sensitivity for sound, but forces of other
origin should be suppressed as effectively as possible. Again, dolphins
and whales are confronting the toughest situation, and the reason for
this is their remarkable ability to dive. The sperm whale - made
famous by Melville, as „Moby Dick“ - is feeding on giant squids of the
deep sea, fighting with them in total darkness and at temperatures near
the freezing point. In fact, the largest of these legendary creatures are
known from the stomachs of caught specimens of these big toothed
whales. Some have been entangled in deep sea cables and so it is
known that they dive to a depth of about 4 000 m. But regular dolphins
may also routinely be able to dive down to thousand meters and more.
The problem with diving is the fact that the middle ear in whales
and dolphins is filled with air, and thus subject to compression. Of
course, these cetaceans have elaborate systems to equalize the
pressure, mainly by forcing blood into sponge-like structures in the
middle ear. But this inevitably takes a little bit of time and so
comparatively great forces act upon the middle ear while the animal is
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rapidly diving down, or up. To adapt to these situations, (most)
cetaceans developed special malleus-incus-articulations, Fig. 3, in
this case the photos show this articulation in Balaenoptera physalus,
one of the largest mammals thatever lived on earth. The articulating
surfaces of malleus and incus are shown - in the form of a linedrawing - next to the photo. An analysis of the malleus-incusconnection indicates that a rotation within this connection is used for
hearing, while other movements are not likely to stimulate the cochlea.
Apparently this malleus-incus connection has a protective function for
the ear; it is acting somewhat like a clutch. At this point it has to be
emphasized that cetaceans lost their entire hind limbs, but they
maintained and optimized their articulation between malleus and incus,
because they really need it.
In man it is well known that powerful impulses can not only
lacerate the tympanic membrane but also cause damage to the
ossicular chain. Although it is not as impressive or elaborate as in
cetaceans, the malleus-incus-connection in man also has the properties
of an articulation, e.g. a bone-cartilage-bone structure. Undoubtedly
this will absorb some energy when exposed to strong impulses, and
this appears to be the reason that this articulation still exists at all. In
many good-hearing animals living in a quiet, and often semi-desert
like environment - such as Chinchillas - there is a firm fusion between
malleus and incus. However, their environment, as well as their way of
life, does not demand such protective dampening against strong
acoustic impulses. Apparently they occur too seldom to warrant such
an evolutionary effort.
At this point another aspect of the inner ear shall be addressed,
related to compressional bone conduction. In the human labyrinth,
typical for mammals, there is more liquid volume „above“ the basilar
membrane than „below“. This is primarily due to the fact that the
vestibular system is on the same side of the basilar membrane as the
scala vestibuli and cochlear duct, Fig. 4. Compressing the inner ear
( red arrows above and below ) this unequal volume leads to traveling
waves e.g. to disturbing noise. If such situations occur only seldom, as
in man, they are not that important for the hearing organ that
anatomical counter-measures are required. However, this aspect is
important in dolphins and whales, not only because of their
marvelously effective auditory system, but also because acoustic
waves underwater can easily penetrate into the interior of these
animals. While decoupling and acoustic isolation are very helpful,
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some unwanted waves may still reach the inner ear. During the early
evolution of their auditory system [11], ancestral dolphins modified
the inner ear in a way that the volume of inner-ear liquids is about the
same on both sides of the basilar membrane. It is impressive to see that
the size of the vestibular apparatus was being reduced, apparently
to suppress this unwanted source of noise. Semicircular canals in the
huge sperm whale are about of the same size as those in rats.
Cochlea - organ of Corti and spiral laminae
Sound, coming from the environment, is picked up by the tympanic
membrane, transported through the ossicular chain, and stimulating the
organ of Corti. While discussing protective mechanisms, acoustic
impulses have to be addressed, since powerful ones are very harmful.
In Fig. 5 a typical impulse is shown, caused by a hammer blow on a
wood panel. When this impulse arrives in the cochlea, two main
structures are affected : the basilar membrane with the organ of Corti,
and the spiral lamina that supports the basilar membrane. Because the
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inner ear has to withstand the „normal“ load as well as „peaks“,
occurring only occasionally. The membrane of Reissner is very pliable
and only serves to separate endolymph from perilymph, so that it does
not have a mechanical function.
In the cochlea, deformation of the basilar membrane causes a
shearing motion between the upper end of the hair-cells and the
tectorial membrane, Fig. 6. Because of the orientation of the hair-cells
( hearing-cells ) this leads either to depolarization or hyperpolarization
of the sensory cells. However, only depolarization is used in hearing.
The orientation of the hair cells in this way can be seen as strategically
as very farsighted. - Lately it is becoming clear that strong impulses
are much more harmful to the ear than loud continuous noise. And,
furthermore, in most impulses the maximal peak pressure is at or near
the beginning and its positive value is higher than the following
negative pressure peak. The pressure-time-history in Fig. 5 is a typical
example. In other words, the cochlea behaves similar to a successful
boxer who dodges the first massive blow of an attack. - As far as
loud continuous noise is concerned the ear follows other strategies, as
will be discussed.
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Vibrations of the basilar membrane are a key to understanding the
sense of hearing. On one side - towards the axis of the cochlea - the
basilar membrane is anchored at the primary spiral lamina. This
structure is often simply called the bony shelf, and it has been
neglected to a large extent. Looking at Fig. 5 the question appears
automatically : Is the primary spiral lamina built to be rigid and
immobile, or does it have some resilience, related to special
functions ? The cochlea, after all, is a very sophisticated device.
From a comparative study of spiral laminae - decades ago - the
one of the bottlenose dolphin ( of „Flipper“ fame ) is shown in Fig. 7.
On the left side in sections, and on the right in the form of schematic
three-dimensional drawing, along with the basilar membrane and the
secondary spiral lamina that is anchoring the external side of the
basilar membrane. Even at first glance it is apparent that the primary
spiral lamina is a much weaker structure apical in the cochlea than in
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the basal part. Undoubtedly the spiral lamina is not built to be
immobile at all, and hence, it is a structure that has a certain resilience.
This is certainly useful, because in the event of a powerful impulse the
primary spiral lamina can absorb some of the unwanted energy by
yielding somewhat. In the upper part of the cochlea, where the lower
frequencies cause the biggest deformations of the basilar membrane,
the demands for mechanical stiffness of the spiral lamina are much
less. Anatomical details reveal that the spiral lamina is much weaker in
the apical part of the cochlea, compared to the same structure in the
basal part. Obviously, the spiral lamina is somewhat pliable, in the
basal as well as in the apical part of the cochlea. Apparently it is a
safety device in the fight against damages, caused by strong impulses.
In dolphins it cannot be argued that the spiral lamina has to be light, in
order to save mass, because the entire hearing organ is very massive,
to increase its inertia, that in turn is the basis for the effective
decoupling from the skull.
The spiral lamina in this dolphin, Fig. 7, is a sandwichconstruction that somewhat resembles the structure of an aircraft-wing.
Functionally both units are also similar. The aircraft-wing has to yield
somewhat during turbulences, but resonances have to be suppressed at
any cost. Needless to say that the spiral lamina also has to suppress
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resonances, after yielding somewhat to a strong impulse. The photo of
a the spiral lamina from the basal part of this cochlea, taken with the
scanning electron microscope, Fig. 8, reveals more details. Hard
structures consist of a bony mesh, and in the spaces in between there
are cells and soft tissues, that physically behave more or less like a
liquid. Therefore the spiral lamina has a very high level of internal
dampening. Many years ago the author showed such preparations to
experts on aircraft wings, and they were impressed about this type of
fighting resonance, but they emphasized that this would be way too
expensive and cumbersome to manufacture for aircraft-wings.
Spiral laminae in man are similar to those in dolphins, but they
are not as stable because our hearing organ is not adapted to hearing
far into the ultrasonic range, as dolphins do. But in man the spiral
lamina is also much weaker in the apical part, compared to the basis of
the cochlea. Everything indicates that the spiral laminae have a
protective function in the fight against strong impulses. - Overall the
structural details of the spiral lamina among mammals vary to a great
extent, and there may be more functional specializations of these parts.
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Some bats have very special laminae, but more may be learned after
further studies.
Some children celebrate a birthday together, complete with cake,
cream, games, music and a pillow fight. At this point we have to
admire the basic construction of the human ear, because thanks to its
forward-looking design such a pleasant day does not end in tragedy.
Events like pillow fights - or slaps on the ear - are associated with
massive acoustic events of very low frequencies, that might cause
severe damages. However, nature somehow anticipated such a lowfrequency onslaught, and took preventive measures. The result is the
helicotrema, a narrow connection between the scala vestibuli and the
scala tympani, at the apex of the cochlea, Fig. 9, discovered centuries
ago. Its cross-sectional area is only a small fraction of the area of the
footplate of the stapes. At extremely low frequencies no pressure
difference across the helicotrema can exist because of this shunt. But
as the frequency rises, the friction at the helicotrema increases
enormously, with the result that for all but the very low frequencies the
helicotrema is functionally sealed. Hence, at higher frequencies there
is a pressure difference across the helicotrema, leading to the traveling
waves, and other effects related to hearing. The frequency range
discussed here, with the protective effects of the helicotrema, is near
the lower frequency limit of hearing. It is fading away with rising
frequency, and there may be no such protection above about 100 Hz.
The protective function of the helicotrema against very low
frequencies is no child's play. We depend on it for events and
activities involving very low frequencies, including infrasound :
thunderstorms, as well as traveling in cars, buses, trains and aircraft.
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Furthermore, the often performed middle-ear surgery depends on this
protective mechanism, because manual manipulation of the sound
conducting apparatus would otherwise undoubtedly ruin the inner ear.
Examining the auditory threshold of persons who are exposed to
massive noise, it can be seen that they do have noise-induced auditory
damages. However, keeping in mind the severity of the acoustic
onslaught, it is often really surprising how little damage there is.
Comparing this performance to what is expected from the standard
ISO1999 [20], there is quite often a glaring discrepancy. Traditional
riveting at a shipyard is such an activity associated with exposure to
continuous noise of Lex of around 120 dB(A), in many cases for
decades, and without any protection of the ear [18]. Such work was
quite common at the time when parts of ships were joint together by
myriads of steel rivets. These rivets were heated up and inserted by
teams of two workers. One was hammering on the „head“ of the rivet,
mostly by means of a hand-held hammer, driven by pressurized air,
while his colleague pressed an anvil against the other end of the rivet,
until this end gradually developed the form of the head of a mushroom.
Persons exposed to such barbaric acoustic conditions show that the
ear somehow has to be able to muster some sort of protection.
Based on observations of these and similar conditions, it must be
assumed that there is a „survival mode“ of cochlear function that is
devoted to protect the ear and and to keep damages to a minimum.
Under such conditions avoidance of injury is certainly the only
priority, and high-fidelity of perception is neglected.
The basilar membrane is anchored at three points, the primary
spiral lamina, the secondary spiral lamina and a zone at the wall of the
scala vestibuli, Fig. 10, [10]. Its mechanical properties are relevant for
hearing. On the outside is the stria vascularis, and the beautiful casts
of the team of Miodonski [22] show that the fine structure of the blood
vessels is such that the blood flow can be regulated, even for small
sections of the cochlea. Such local regulation of the blood flow is well
known and widespread in other organs, especially in the brain.
Furthermore there is observational evidence from studying impulses
that this system can respond very rapidly, within a fraction of a
second. The inner ear does not need to modify the hair cells
themselves, but it may act upon the supporting mechanical system.
Readers who assume that such a mechanism would be way too
complicated for the ear are reminded of the phenomenon of otoacoustic emissions [30, 31]. Outer hair cells respond to moderately
loud sound signals rapidly and very actively in a way that improves the
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perception. It is also well known, since a long time, that there are
about as many nervous fibers connecting the inner ear to the central
nervous system, as fibers going back to the inner ear. Some of them
may be involved in controlling the basilar membrane via the stria
vascularis. - Whatever the details, experience strongly indicates that
the cochlea is able to reduce its sensitivity quite rapidly.
Persons who have been exposed to extreme sound levels during
traditional riveting work at shipyards are an example for the
existence of such a “survival mode”. These workers have been
working without any auditory protection, at Lex(8h) = 120 dB(A),
every workday, for a decade or longer, yet they are by no means deaf.
Considering this barbaric exposure, their auditory damages are much
less than would be expected. There is no doubt that the ear is
effectively fighting to reduce injury to hearing. - Another interesting
group of persons are referees for soccer, football, handball, etc. Their
whistles are extremely loud, measured at the ear, so that injury to
89

REFLECTIONS ON SOUND

hearing would be expected. And yet, these persons hear very well,
even after using such whistles regularly, and very often, for about a
decade. One reason for this effect can be caused by the fact that the
referee - and his auditory system - knows when the whistle will be
blown. It can therefore take protective action. This assumption is
supported by the finding that a whistle that is less loud caused damage,
because it was blown unexpectedly near the ear. - At this point it can
also be pointed out that two out of three orchestra percussionists hear
better than normal.
A well known observation, involving the brain, points to a similar
type of reaction. After hard work and long hours of driving on a
highway in a remote part of the country, the driver's attention is
reduced more and more, and he is in danger of falling asleep. When
the car is slowly veering off the road, the tires hit the rough terrain
besides the asphalt, the driver not only “wakes up” momentarily, but,
furthermore, he is fully alert, instantly. This is literally a survival
mode for the brain, based on momentarily increasing blood flow.
Observational evidence makes it very likely that the tiny little cochlea
has similar capabilities.
Middle-ear muscles : auditory accommodation
About half a century ago, the concept to protect the ear against damage
and destruction by noise gradually evolved, and became generally
accepted. At that time the middle-ear muscles became interesting, and
it was automatically assumed that they have a protective function for
the sense of hearing. Experiments showed that these tiny muscles, that
act upon the ossicular chain, can reduce the amplitude of vibrations of
the sound transmitting system. Unfortunately there are some facts that
do not fit into this model. All over the world noise-induced damage to
hearing is the most widespread occupational disease, even nowadays
when machines are becoming less and less noisy. The middle-ear
muscles themselves have properties that are not useful for protecting
the ear. They fatigue rapidly, so that they are not adapted for longlasting loud noise. For impulses they come too late, because of their
latency. - While middle-ear muscles are very well developed in bats, or
cats, or dolphins, they are rather rudimentary in man. This is
remarkable, considering the fact that especially man is living in a loud
environment, characterized by technical noise.
While the idea of a protective function of the middle-ear muscles
survives in some textbooks, the question about their function persists.
To get an answer, we have to go back to basics, considering the
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properties of high and low frequencies for acoustical
communication, Fig. 11. Low frequencies - here emitted by a truck can cover large distances, but they carry only a small amount of
information. And their origin cannot be located accurately by the ear.
High frequencies, on the other hand - here produced by a bird - can
carry a lot of information, and the sound source can be located
accurately. But because of a high degree of attenuation during sound
propagation, such high frequencies fade away rapidly, so they can be
heard only in the vicinity.
Quite often low and high frequencies appear simultaneously, such
as in music, or noise. Under these conditions, Fig. 12, the ear is
applying masking, [9]. Basically the low frequencies suppress the
perception of high frequencies. Keeping in mind that high frequencies
carry much more information and can be located much more
accurately, masking is really detrimental for auditory control of the
environment. Fortunately, masking depends upon the level of the
masking tone(s). If their level is lower, their masking effect is reduced,
or even vanishes.
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It is known that contraction of the middle-ear muscles suppresses
low frequencies, while not affecting the perception of high frequencies
[28]. In man the suppression is best at frequencies of a few hundred
Hz, and this diminishing effect disappears with rising frequencies,
becoming practically zero at about 1 kHz. - What does all that mean
for a cat on the meadow that is hungry and wants to catch a mouse ?
Well, it is important to realize that even out in the open landscape
there can be strong low frequencies, caused by wind, running water,
technical machinery, etc. While such low frequencies are not harmful
for the ear at all, they are masking the high frequencies that the cat
needs to locate and to catch the mouse. Thanks to their well developed
middle-ear muscles, cats are able to suppress such low frequencies,
along with their unwanted masking effects. By contracting the middleear muscles, the auditory system is focusing on high frequencies, that
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are extremely relevant during such activities, and this is certainly no
protective function.
We can look at the function of the middle-ear muscles in more
general terms, Fig. 13. While the middle-ear is relaxed, low
frequencies are perceived undisturbed, and because they can come
from afar, the ear is controlling primarily the distant parts of the
environment. However, if an object of interest appears nearby, it is
highly useful to suppress the low frequencies and their masking
effects, in order to focus on the high frequencies of the object of
interest. In other words, without muscle activity the ear is focused on
distant objects or events, but with contraction of the middle-ear
muscles the auditory system is focusing on objects nearby. We have a
similar mechanism in the visual system. If the ciliary muscle in the
eyeball is relaxed, the eye is focused on distant objects. But if we want
to look at objects nearby, the contraction of the ciliary muscle leads to
an increase of the refracting power of the lens, focusing vision on
objects close to the eye. This process is called accommodation in the
visual system. And therefore the similar activity of the middle-ear
muscles can be called auditory accommodation.
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The ear at work and during play - risks and damages
It is certainly known for more than a century that the distance
between a sound source and the ear is important, if damage to the
ear is concerned. The smaller the distance between ear and sound
source, the more dangerous is the acoustic event, assuming the same
acoustic emission. Unfortunately this basic knowledge is often ignored
at the workplace, and in situations related to hobbies and play.
Measurements of events are typically made in a standard distance
from the sound source. Needless to say that the real distance between
sound source and ear is relevant for auditory damage, regardless of any
standard measuring procedure.
There is another, serious shortcoming of usual techniques. If a
sound source is close to the ear - within arm's length, or less - the head
of the affected person is an acoustic obstacle, that is all the more
relevant, the closer the sound source is to the ear. On the side of the
sound source the sound level is much higher than under usual freefield conditions. Furthermore, because of resonances of the outer ear,
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and the outer acoustic meatus, the peak level at the eardrum is much
higher than under free-field conditions at standard distance, Fig. 14.
Free-field measurements close to the ear show unrealistic minimal
exposure. Reality can be measured using dummies, specialized for
these purposes. An example : one boy is shooting another youngster
right into the ear with a toy pistol. This situation - as well as related
ones at the workplace - can be re-enacted by using an impulsedummy. Unfortunately there are massive efforts against
standardization and application of such dummies. Standard procedures,
although outdated for such purposes, appear to be much more popular
than getting a hold of reality.
To demonstrate that such relations are not purely theoretical, two
drastically different impulses shall be presented, Fig. 15. Shown are
the pressure-time-histories of two impulses, presented in the same
diagram. One is caused by a toy pistol, costing less than one Euro, the
other is caused by the shot of a battle tank. The objects causing these
impulses are very different, but so is the distance to the affected ear.
As shown in Fig. 15 the peak pressure caused by the toy pistol is
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higher than the one caused by the tank, because the toy pistol was very
close to the ear, while the tank was about 25 m away. In general, the
distance between impulse and affected ear(s) is usually the most
important parameter. Keeping that in mind it may be desirable to
indicate the distance first, and the noisy object second : Two ears were
exposed to acoustic impulses, in one case at a distance of 5 cm ( toy
pistol ) and in the second case at a distance of 25 m ( cannon of a
tank ).
Auditory damages caused by such impulses are drastically
different, because responsible is the pressure-time-history and not
simply the peak pressure. Here we have to remind ourselves that,
stimulating a complex vibrating system such as the ear, it is most
relevant how energy is fed into such a system. Peak pressure is
relevant, but not that critical. - Determining only the peak pressure of a
dangerous acoustic situation reduces the complex event to just one
measured value. Recording the pressure-time-history is a document of
the entire event, containing normally tens of thousands of measured
values. While it is certainly much more complex, than the simple peak
value, it also offers immensely more opportunities for analysis and
understanding. Using the two impulses in Fig. 15 the potential to harm
the sense of hearing is quite different : The very short impulse of the
toy pistol does not lead to rupturing of the ear drum, but the shot of the
heavy weapon can cause lacerations. To “blow up” the tympanic
membrane takes some time, and therefore the impulse must have a
high overpressure for a few milli-seconds in order to rupture the
tympanic membrane. This effect has been discovered long ago [33],
and it is supported by recent observations. The impulse of the toy
pistol is too short to damage the ear drum, but it is causing permanent
auditory damage to the cochlea [13].
Exposure to excessive noise is damaging the sense of hearing, and
this knowledge goes back to the earliest days of scientific work related
to the ear. The question is : What sort of noise is harmful ? After
World War II work on damaging noise became widespread and
popular, and an enormous multitude of experimental studies has been
published since then, [1, 6], to indicate just two volumes. In the early
days techniques of measuring noise exposure varied enormously,
making it more or less impossible to compare the results of these many
studies accurately and convincingly. To solve this problem it was
agreed, long ago, that the acoustic energy perceived by the ear averaged over long periods - is the measure of choice to determine the

96

STRATEGIES OF THE HEARING SYSTEM

auditory risk presented by noise. This is still basically the theoretical
framework of regulations to protect the ear against such damages.
Our division collected data on about 11 000 persons : age, gender,
auditory threshold, exposure to noise in general, exposure to impulses,
occupation, hobbies, status of the ear, etc. These data were collected in
two ways. One way is to study special groups of persons, without
any selection, and as complete as possible. Examples : professional
firefighters, office personnel, Tibetan monks, pupils of elementary
schools, and many others. The second pillar of data collection is the
acoustic impulses archive. We collect data on accidents, mishaps, etc.
that resulted in injury to hearing, caused by impulses. Again, many
data on these voluntary participating persons affected are recorded,
along with the information on the impulses. If it is at all possible, the
harmful situation is re-enacted meticulously, and measurements of the
acoustic events are performed.
Analysis of both types of data collection reveals clearly that there
are, in fact, two separate mechanisms that are causing injury to
hearing, Fig. 16. It can also be concluded that acute effects, caused by
strong impulses, are causing much more harm than continuous noise.
Of course, the official policies for protecting the ear at the workplace
assume that long-lasting continuous noise is nearly always responsible
for damages. There are two reasons for this discrepancy : Data
collection these days is done under the assumption that only loud
continuous noise is relevant, so different aspects are routinely ignored.
The other cause is the widespread certainty that our auditory system is
always running on the acoustic-energy rail, without any ability to adapt
to the acoustic environment. In other words, most experts assume that
the auditory system is functioning with the intelligence of a grindstone.
Auditory training in man
Human communication is based on an enormous variety of different
languages. All have to be learned, and all require a good hearing
capability. Babies and young children do not yet hear well, because the
capabilities of the sense of hearing are developing gradually until a
good auditory performance is achieved. But it is nevertheless very
important, and helpful, to control if the sense of hearing in young
children is properly functioning or has deficiencies [23]. If children
with inner ear dysfunction have been identified early, they can be
treated e.g. with cochlear implants, and appropriate training. Due to
such technical and didactic help their auditory system can develop
further and gradually improve its performance.
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In children with normal hearing, the same principles apply.
Hearing is improving under proper and adequate environmental
conditions, Fig. 17. Our studies in Germany, regarding the pure-tone
auditory threshold, from the age of 6 years to 25 years, showed a
steady improvement of the threshold, up to the age of about 22 years.
In countries with good auditory protection, and thorough control of
auditory performance, related to military service, there is a curious
effect. Draftees hear better when they leave military service, than
when they started as recruits. There are two reasons for this
phenomenon. One reason is that the first audiometry ever is not really
good, but the next one is normally better. Solders who leave the
military got at least their second audiometric test, and that tends to be
better than the first. But there is another reason. At the end of military
service soldiers are a year or so older, at an age when the auditory
threshold is still improving its performance. - Because the first
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audiogram is not really good, in all our studies we never use a firstever audiograms. Instead, persons without audiometric experience get
a short training in this technique, so that we can avoid first-time
audiograms.
This improvement of hearing during childhood, however, depends
upon the acoustic environment. Our team studied the auditory
performance of persons in remote parts of China, in cooperation with a
team from FMM-University in Xian. It turned out that nomadic
people, sitting in the grass with a few animals, and practically not
exposed to any technical noise whatever, do not hear well, [14], and
their children's auditory threshold is developing less than in loud
Central Europe. These nomadic people suffer from auditory
deprivation. The sense of hearing cannot develop properly for lack of
training, in those areas without machinery, without trees or birds. How
shall they learn that there can be different sound sources, moving
simultaneously at different speeds in various directions ? A multitude
of similar situations is associated with modern life in an often loud,
technical environment, and that is automatically exercise for the
hearing system.
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Everyone can recognize that the ear is aging, the grandfather
normally does not hear crickets anymore. To get a hold of aging, it is
necessary to have procedures to determine such effects. As a basis, our
team determined normal aging in Germany by determining the
auditory threshold in 4 400 males, at an age between 18 and 70 years.
Persons with clear noise-induced damages were not included. From
these data so-called age-lines were developed, representing normal
aging, Fig. 18, [16]. These lines were a little bit smoothed, and by
interpolation they are available on a yearly basis, from age 18, up to
age 70 years.
With such data it is possible - and very helpful - to compare the
individual audiogram not to the threshold of young adults, as usual,
but to the age-line, representing normal aging for persons of the same
age. In this way it is possible to see whether the ear of an individual is
aging more rapidly as usual, or more slowly. Furthermore, it is
possible to study entire groups, and compare them directly,
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independent from the age of the individual members. Comparison
between entire groups reveals positive training, as well as auditory
damage.
Analysis of the auditory threshold of entire groups is being done
by computer program, Fig. 19. Currently auditory damage is defined as
one - or several - audiometric value(s) that are more than 20 dB below
the corresponding age-line. To be more flexible, the program is
currently being automated and modified, so that the definition of
“auditory damage” is variable, depending on the decision of the
experts that are analyzing their database. So it is possible to make the
criterion more tough - auditory damage can be set to one or several
audiometric values of only, say, 16.5 dB below the age-line. Or more
generous, setting the threshold to 22.0 dB below the age-line.
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As shown in Fig. 19 this sort of analysis automatically separates
every group into two sub-groups. One comprised of ears without
auditory damage, and the other containing ears with auditory damage,
as defined. Hence, both sub-groups are automatically separated, and
can be analyzed further, focusing on various aspects.
Such an analysis of entire groups results in Auditory Group
Curves, two of which are presented in Fig. 20. The groups are
professional orchestra musicians ( top ), and construction workers
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( bottom ), both from Germany. According to this analysis, 17% of the
187 musicians show auditory damage, but 54% of the 201 construction
workers. In both groups the upper (green) line represents those persons
who hear well - no audiometric value is more than 20 dB below the
corresponding age line. Normal aging is represented by the horizontal
0-dB line, here marked by the blue triangle. In order to understand
these Group Curves in Fig. 20, we want to concentrate at the frequency
of 4 kHz. The 156 orchestra musicians without damage ( green line )
hear at 4 kHz on average 3 dB better than persons with normal aging.
This value is above the blue line, indicating that these ears have been
aging less than normal. The 31 musicians with auditory damage according to this procedure - ( red line ) hear at 4 kHz on average
17.5 dB below normal aging.
Looking at the entire curve of good-hearing musicians, it is
apparent that - except for 125 Hz - the entire curve is above the blue 0dB line, indicating that these orchestra musicians examined hear better
than normal, because their sense of hearing is aging less than usual.
Those musicians with damage show that they hear worse than normal,
and it is immediately apparent that the deviation from normal hearing
is greatest for the frequency range from 4 kHz to 10 kHz.
Now to the 201 construction workers, Fig. 20, bottom. Even
those without any audiometric value more than 20 dB below the ageline - the 93 workers with good hearing ( green line ) - do not hear as
good as persons with normal aging of hearing. At 4 kHz they are on
average 5 dB below normal aging. Of interest, and obvious, is a trough
with the bottom at 250 to 500 Hz, and we know from individual cases
of accidents that this is caused by massive low-frequency impulses. It
can be caused e.g. by an excavator that inadvertently hit an empty
container on a truck while the victim was located nearby. The Group
Curve for the 108 workers with auditory damage shows the same
overall damage, but it is below the green line. The difference between
both sub-groups is greatest at frequencies between 4 kHz and 10 kHz.
To summarize we can say that orchestra musicians as a group are
primarily hearing better than normal, while construction workers are
hearing worse than normal. These construction workers are an
example of a group whose hearing is characterized by auditory
damage.
Such Auditory Group Curves are fine tools that reveal many
interesting details of the groups examined. However, here it is
desirable to get a quick overview, concerning many groups, without
discussing the minute differences that are of interest only to very few
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experts. In order to do so, the persons of each group without damage
have been selected, and its deviation from normal aging is combined
into a numerical value, Fig. 21. At the beginning of such comparative
studies of entire groups, only orchestra musicians, sound designers and
airline pilots were examined and found to be hearing better than
normal. While presenting and discussing these results, a few years ago,
the opinion was expressed that this high quality of hearing is not the
result of training, but caused by the individuals' choosing of their
careers. Because these persons are hearing so well, it was argued, that
they chose their career accordingly. Furthermore, the hearing
performance of airline pilots, as well as musicians and sound
designers, is examined at the beginning of their activity, regarding the
quality of their sense of hearing.
Later many more groups were examined, and it is interesting to
see in Fig. 21 that police officers on the beat hear exceptionally well,
and so do firefighters. However, nobody suggested that persons who
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hear exceptionally well are particularly attracted to the fire department.
In order to totally avoid the influence of career-related decisions, a
group of those hapless persons were examined who were born blind,
and this was a real eye-opener. It is known for centuries that blind
persons hear exceptionally well, and this can really be confirmed.
Blind persons depend upon their hearing when navigating through a
modern city with its traffic, and they highly cherish their hearing
capability, because they know that their safety, lifestyle and well-being
depend on it. They report impressive details about what they hear, just
walking through the city, and audiometry reveals a really magnificent
capability of hearing. Since these unlucky persons depend on excellent
hearing they generally avoid loud noise, so that it can be assumed that
their exposure to acoustic energy is less than their seeing compatriots
in the same city or town.
With this experience it is understandable why firefighters are
hearing so excellent. They have to orient themselves and their
colleagues in an unknown environment, they have to hear the baby
they want to save, and they have to hear and interpret the cracking
sounds of the building, so that they can get out in time. In short,
firefighters have similar problems as blind persons, and they hear
similarly well. - Auditory development in blind children is much more
rapid than in normally seeing ones.
From the groups examined, the organ tuners hear best of all.
These rare experts tune old church organs every spring. This tuning is
being done at full loudness of the organ, and normal persons
experience pain in the ear, if they attend such a session. Organ tuners
show better results than blind persons, probably because pure-tone
audiometry is closer to their occupational activities. Blind persons
depend on acoustic pattern recognition related to orientation, and that
ability is not closely associated to pure-tone audiometry that
specifically carries no general acoustic information.
Fig. 21 also shows that construction workers hear worse than
normal, and nomadic people - from Qing Hai Province of China - also
hear not well at all. Current concepts correlate auditory damage with
long-lasting high sound levels, and so the illustration indicates this
criteria - Lex - at the right margin. Obviously there is no clear
relation between the performance of hearing and the long-term
acoustic level. Furthermore, the only group living in a really quiet
environment - nomadic people - has the worst auditory performance. It
was indicated above that this appears to be related to auditory
deprivation. - Without going into details, it shall be mentioned that
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Group Curves also reveal that persons who work and live in a loud
environment have less severe damages than those persons who are
working in an environment of low sound levels. Somehow the ear gets
used to a higher sound level.
Here the question arises : What is causing these large
differences in hearing sensitivity ? From this aspect we want to look
again at Fig. 21. Organ tuners live and work for the splendid sound of
organs, and they also play the organ as a hobby. Their life is devoted
to excellent sound, but the same holds true for sound designers and
orchestra musicians. Blind persons depend on detailed acoustic
information for their elementary safety, but they are not alone.
Firefighters and police, out in the dangerous world, especially at night,
also need good hearing for their own safety. Somebody working in the
office, shuffling paper, does not need good hearing, and consequently
the hearing system is not motivated to train hard in order to hear really
well. Or a nomadic person is sitting in the grass, surrounded by his
sheep, in an area where there are neither trees, nor shrubs, nor birds. Its
hearing system is not playing an important role, and so there is no
pressure for optimal performance.
Apparently, the importance of good hearing is causing the
auditory system to improve its performance. For other activities this is
well known and accepted by everyone. Jugglers e.g. train the
locomotor system to function precisely, and the need to coordinate the
timing of its activity meticulously, there is a great pressure to also
develop excellent performance of the equilibrium and the visual
system. Our body is generally working hard to improve its
performance - by means of training - if it is really necessary, and if the
better performance brings an advantage. Clear and rapid handwriting,
or playing the piano, are the result of long and tedious training
sessions. From this aspect the hearing system is following the same
principles, as the special mobility of our hands, or the cardiovascular
system, the brain, and other parts of our body. Good hearing is subject
to training.
Working with the ear, it is fundamentally important to separate
between messenger and message, Fig. 22. In other words, important
is the letter and not the mailman. An example : Two persons have to
cross a congested road, with traffic in a stop-and-go mode, and of
course, they stop talking, and focus their interest on the vehicles. In
order to safely cross the road, acoustic signals from cars, buses and
trucks are the message they want to hear. After crossing the street they
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come to a pedestrian mall, and now communication is the priority, and
the slowly decreasing signals from the road is considered noise, to be
ignored as good as possible. Everyone knows that topics of interest for
the auditory system depend on the entire situation, and they can easily
change.
A well-known situation, and its exploitation, even got its own
name, being called the party effect. There are snacks and drinks, and
a number of peoples mingle, and talk to each other about colleagues,
company, sports, and the state of the world. While three or four people
stand together, engaged in conversation, it is possible that someone is
focusing his or her attention to a few other people who are right
behind, talking about some topic of interest. Certainly, this is not a
socially honored behavior, but nevertheless the auditory system is able
to adapt to the speakers behind, and their pattern of vocalization.
However, only persons with good auditory performance are capable of
doing this. Reason for this appears to be the fact that most information
about individual speakers is contained in high frequencies. In most
cases auditory damage affects primarily the perception of high
107

REFLECTIONS ON SOUND

frequencies, so that persons with such injury are not good at this
auditory type of “espionage”.
Everyday life is full of similar experience. A child got a new
squeaking toy, and regardless of the noise at the birthday celebration, it
is trying to find out how it sounds under various conditions. Or a new
musician is participating for the first time at a practice session of an
orchestra. Everyone, conductor as well as other musicians, are
listening specifically to the new member of the orchestra, to learn
more about his or her skills. During such situations the auditory system
clearly separates between messenger ( sound ) and the message it
carries. Persons with a good sense of hearing can detect and
understand language at sound levels somewhat below the level of the
environmental noise.
Such capabilities are also apparent in persons who work at high
noise levels, but nevertheless depend on precise control the acoustic
signals at their workplace. Organ tuners and their marvelous hearing
capability have been mentioned already. In remote parts of China we
were lucky to examine the auditory threshold of about two dozen
airline pilots. Many of them flew the very old and extremely noisy
aircraft, some of them built before World War II. Nevertheless, they
hear better than normal. Because of insufficient maintenance during
these bygone days, the life of the pilots - and their passengers or
freight - depended on good hearing by the pilots. They have to hear if
the aircraft develops technical trouble and avoid starting to fly, or
bring the aircraft down to earth as soon as possible. We heard
interesting, and fascinating reports about this topic. The message was
important for these pilots, and not the high noise level, the big
messenger.
Similar situations are not unknown today in Europe. While
examining some professional test drivers of cars, it was found that a
few had some damage, but others are hearing excellently. One shall be
mentioned here. He was testing race cars for nearly two decades, and
he is hearing a little bit better than normal. During testing he has to
hear precisely how the components of the car are performing, so
hearing is important to him. Obviously his hearing organ is modifying
its function in a way that it avoids injury by the the dangerous sound
level, but still maintains the ability to thoroughly control incoming
auditory information. This tester of race cars is hearing excellent, and
he is playing the violin in a well known big orchestra. - At this point a
few words on orchestra violinists. We examined 70 orchestra
violinists from famous orchestras, and found that they are hearing
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excellently, better than normal. And there is no notch in the audiogram
at 4 kHz, as postulated by official regulations. However, this does not
mean that no violinist with auditory damage on the left side can be
found, and its audiogram presented at conferences, to demonstrate the
“danger” emanating from the violin. A literature survey on hearing in
musicians [2] resulted in similar findings.
After these theoretical discussions it may be helpful to look at the
audiograms of two different persons, in order to get an overview of the
aspects discussed here, Fig. 23. The sound designer was working for
two decades in an acoustic environment of about somewhat more than
85 dB(A). He really is devoted to good sound, he depends on it for his
professional self-esteem, for his income, and for his career. So his
hearing system is working hard to give an excellent performance.
Experience shows that experts with this sort of profession do not go
hunting for moose or buffalo, and they also avoid being near shooting
tanks, or other massive impulses. On the job they know if loud
passages are coming and the hearing system is able to react in time,
either by making the ear less sensitive, or by avoiding the impulse
altogether.
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The student had a drastically different experience and exposure.
During a festival he was attacked by a drunk and shot into the face
with a blank pistol at close range. We could re-enact the situation,
using the same weapon and circumstances. The impulse lasted barely
2 msec, and its energy, supplied to the ear of the student, was Lex(8h)
= 79 dB(A). Comparing the two persons from Fig. 23 gives surprising
insight. The sound designer was exposed to higher Lex-values for two
decades, and his hearing is better than normal. The student, on the
other hand, was exposed to one single impulse with an Lex(8h) in a
harmless range, but his ear is ruined for life. These examples
demonstrate that stimulating a complex vibrating system, such as the
ear, the overall energy is less critical than the way the energy is
applied. In other words, pressure-time-history of the impulse is what
makes the shot so extremely harmful. - Experience shows that
extremely short impulses are much more harmful than longer impulses
of similar energy.
At this point, the special conditions related to music and concert
halls have to be addressed briefly. Acoustics is very important in this
field because it is being applied to create an environment that is as
perfect as possible for the reception of music and language, [3].
Stimulated by sound, every room is characterized by acoustic effects
that can be charming or disturbing to hearing. Much knowledge and
technology have been developed to create a pleasant atmosphere for
listening to music, undisturbed - or favored - by properties of the
concert hall, or similar architectural designs. This task is complicated
since such auditoriums are mostly of very complex shape, containing
many different surfaces the influence of which is of critical
importance. But our soul, and emotional pleasure, has an intimate
relationship to music, and therefore this branch of acoustics is an
impressive highlight. Here the messenger is cooperating with the
message. Among the world´s most famous auditoriums are Carnegie
Hall ( New York ), Musikvereins-Saal ( Vienna ), Olavshallen
( Trondheim ), Concert Hall of the Sydney Opera House ( Sydney ).
The magnificent sound of Olavshallen [21] is a lasting document of
Asbjørn Krokstad's expertise.
Temporary threshold shift ( TTS ), threshold of pain, and
tinnitus
It is not easy to determine which acoustic exposure is harmful for
hearing, and therefore indirect methods were - and are - being used,
that do not result in permanent damage. For decades it is well known
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that after exposure to loud sound the subjects affected hear no longer
as good as before that event, or activity. However, after some time the
original sensitivity of hearing returns, and so this phenomenon has
been called Temporary Threshold Shift ( TTS ), Fig. 24. Classic
example for demonstrating and studying this effect is the visit to a
discotheque. Before the mostly young persons go to this battlefield of
loud music, the sensitivity of their sense of hearing is normal. But
when they go home, usually three to five hours later, their auditory
sensitivity is reduced, because of TTS. Not only such a continuous sort
of loud sound is causing this effect, but also short events like impulses
or shots. According to current opinion this temporary threshold shift is
recovering less and less, until, finally, a Permanent Threshold Shift
( PTS ) results. Hence, TTS is seen as a bad, negative phenomenon.
However, it has never been demonstrated that those subjects, showing
a high degree of TTS after such an exposure, are the ones who later
suffer from a high degree of permanent threshold shift.
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Now lets look at this situation from the aspect of the auditory
system, that certainly does not want to suffer damage. During the stay
in a discotheque it recognizes immediately the high level of sound that
may threaten the integrity of the ear. The intelligent ear reduces its
sensitivity, and this is certainly not a bad response. After the person
left the discotheque the hearing apparatus is careful and waits for a
while before gradually increasing the sensitivity to the previous level.
Hence, TTS is good, and it is a sign for a wise strategy to keep the ear
intact. According to this understanding, persons showing a high degree
of TTS are the ones that are not at particular risk to develop permanent
damage to hearing. This approach, although likely, has also not been
tested so far. - To summarize, the overall evidence clearly points to the
temporary threshold shift as an excellent strategy against auditory
damage.
Another topic of special interest is the threshold of pain. Usually
it is only briefly mentioned, and it is explained that loud sound is
tearing at nerve-endings that signal the impression of pain. Such nerveendings are said to be in the tympanic membrane, as well as in the
joints and ligaments of the middle ear. Threshold of pain, according to
this concept, is the result of mechanical wear and tear within the
middle ear. From the data in our archive of acoustic impulses, and
their effects, another picture emerges. Straining of middle-ear
structures is certainly greatest during powerful, short impulses. But it
turns out that victims, suffering damage from such impulses, did not
feel pain, despite the fact that the peak pressure is very much higher
than the typical threshold of pain. On the other hand, if a loud acoustic
signal lasts relatively long - about a second or more - such as the
screeching noise from old railway brakes, people feel pain in the ear.
In such cases the sound pressure is only a small fraction of that of a
short damaging impulse. Experience shows that loud signals must be
relatively long before pain is being felt. Hence, it is likely that the
auditory system is analyzing the incoming signals, and that takes a
little bit of time. In case the signal is considered potentially dangerous,
the person is being warned by the feeling of pain. The threshold of
pain would thus not originate from strain receptors in the middle ear,
but be the result of signal processing within the brain stem, a warning
based on analysis by the auditory system.
This opinion is supported by reports from persons who suffered
noise-induced auditory damage. It is typical that after this event they
feel pain in the ear at sound levels that are being tolerated by other
people, Fig. 25. They suffer from what is often called hyperacusis. In
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other words, as a result of a damaging event the auditory system is
apparently intent to warn the person if the sound level is again getting
high. From this aspect it is wise to lower the threshold for such a
warning signal. - On the other hand, persons that are quite often
exposed to very loud signals, do not report such pain. Organ tuners, or
referees blowing their whistle during games of football, soccer, or
handball indicate that the ear can get used to these very loud impulses.
And it is clear that members of such groups do not suffer negative
effects from these acoustic events. Though not all the details are clear
yet, it is apparent that the threshold of pain is also depending on the
acoustic environment, as well as on the individual experience of the
person involved. The threshold of pain, as indicated by observations,
can be seen as a warning signal of the central part of the auditory
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system. It is modified according to the environment and the individual
experience of the person.
The phenomenon of tinnitus shall also briefly be mentioned.
About a third of the cases of tinnitus appears to be caused by noiseinduced auditory damage, while the others seem to be brought about
by medical problems within head and neck, as well as by primarily
psychological problems. Tinnitus, related to excessive noise, seems to
be caused by hair cells that have not been killed, but seriously
damaged. It is well known that tinnitus is getting worse under stress
and pressure. There are observations how this phenomenon is
responding to anticipated noise, from a study of auditory effects of
new year festivities - including the Millennium Celebrations [15].
Some persons had suffered damages, caused by impulses of such
celebrations, one or a few years earlier. They report that their tinnitus
became all the more worse as the turn of the year approached. In one
case the tinnitus became so strong - without any exposure to noise that the person went to an ENT hospital. After the turn of the year the
tinnitus in those sufferers returned to what they considered to be
normal. In these cases the tinnitus seems to have a warning function.
Regulations and their underlying philosophy
Permanent reduction in the sensitivity of the ear, caused by noise, is
the most common occupational disease, practically all over the world.
And such injury is by no means restricted to the workplace, because it
also effects children, as well as persons devoted to a great variety of
hobbies. Therefore it is normal that governments and various
institutions created regulations and standards to protect the ear against
noise-related injury. The world-wide known standard ISO1999 [20] is
claiming to show the relation between exposure to noise and the
resulting auditory damage. It is focusing on the effects loud
continuous noise, lasting for a very long time. Officials and managers
feel obligated to apply the listed results. Underneath the multitude of
formalities, ISO1999 represents what can be called the grindstone
model, Fig. 26. The ear is equivalent to a grindstone, and steel
corresponds to sound. The more steel has to be sharpened, the more
rapid the grindstone diminishes in size, and finally disappears. Hence,
the best you can do for the ear is - according to this philosophy - to
protect it against sound as good as possible.
Reality, however, differs drastically from this oversimplified
concept, as has been shown in relation to Figs. 16, 21, and 23. As all
other functional components of our body, the hearing system needs
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exercise and training to develop its full potential, and to stay in good
shape over the years and decades. A well trained hearing system is
therefore aging less than normal. Short powerful acoustic impulses,
close to the ear, are causing much more damage to hearing than typical
continuous noise of long duration. This fact remained obscure for so
long, because impulses were considered atypical, and ignored, in the
very few instances they were encountered. Studying powerful
impulses, and their effects on hearing, reveals a clear pattern between
the pressure-time-history of the impulse and the resulting damage, as
documented in the audiogram. In other words : powerful impulses
leave “footprints” in the form of the resulting damage-pattern in the
audiogram. At loud workplaces it is easy to attribute any damage to
continuous noise, but in an environment of low sound levels, the
importance of impulses is immediately apparent. Children, and persons
like nomads, demonstrate that impulses are a form of injury to hearing,
separate from continuous noise. Such conditions clearly reveal that one
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single short impulse, impinging on the ear, can cause permanent
damage, in the absence of any continuous noise.
Since permanent noise-induced damage to hearing does not go
away, the audiogram is a documentation of the sum of all previous
damages. It is very important to realize that strong impulses close to
the ear can be very seldom - years apart - and still cause all or most of
the damage observed. Furthermore, studies on harmful acoustic events
show that the impulses are often not more loud than usual, but because
of special, unusual conditions, the ear was very near to the impulse. At
most workplaces there is - unfortunately - not the necessary awareness
regarding the distance between ear and impulse. Information about this
most relevant distance is extremely important, because about 90% of
such impulses can be anticipated, and so they can mostly be avoided.
The philosophy based on ISO1999, to focus practically
exclusively on continuous noise, is no problem for workers at loud
workplaces, because their auditory damage - if it occurs - is attributed
to the high sound level on the job. However, if someone working in a
moderately loud workplace, gets damaged by the same event, a rare
impulse near the ear, this incident is very likely to be declared
irrelevant for causing injury to hearing, because of the moderate level
of continuous noise. Such a sensitive legal background is making the
discussion very uptight in some quarters.
There is another interesting, negative aspect of ISO1999. When
the health of people has to be protected, and the causes of injury and
disease are being analyzed, modern techniques and methods are being
used. Of course, such techniques are continuously improved and
upgraded. This is the common approach for most medical problems,
but not if the ear is concerned. For the protection of ear and hearing
only a few frequencies shall be used, resulting in a form of “blurred
vision” on the auditory threshold. As mentioned, the audiogram is
sort of a “footprint” of the acoustic event(s) that caused the damage.
However, by using only a small number of frequencies, the details of
the damage remain vague, and modern analytical methods, such as
pattern recognition, can practically not be applied. The important
relation between pressure-time-history of impulses and the resulting
pattern of damage cannot be determined in this way. According to
some skeptics, ISO1999 is better in supporting outdated methods and
procedures, than in helping to protect the ear. - Good hearing is so
important that procedures should be used, that can clearly separate the
two drastically different conditions shown in Fig. 23. The intelligent
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auditory system deserves modern and effective tools for protecting its
health and integrity.
A number of studies on the effects of discotheques on hearing
have been performed, focusing on continuous noise. Someone who
visited discotheques for many years regularly, and shows auditory
damage, is normally declared an example of the exposure to high noise
level. In order to be sure about such a statement, it has to be
demonstrated that within these many years the person was not exposed
to one or a few strong impulses that damaged his or her hearing.
Auditory Group Curves are a powerful tool to analyze the cause of
noise-induced injury to hearing. Based on a sample of roughly 2 500
young adults, not exposed to occupational noise, there is no significant
difference in the audiograms between those who go to discotheques
regularly, compared to those who have never been to such
establishments. But roughly 10% of both groups of men show auditory
damage, apparently caused by isolated impulses, unrelated to
discotheques.
In the European Union the Directive 2003/10/EG, [8], concerns
noise at the workplace. While the directive is refreshingly short, it can
also be seen as an example of the application of the “grindstone
concept”, Fig. 26. Impulses are being addressed, by setting upper
limits for the peak sound pressure. But this topic is addressed so
superficial, and so far from the complexities of reality, that many
activities will come to a halt, if this regulation is strictly applied [4].
The notes on impulses gives the impression of an alibi, and not of the
result of detailed studies on the topic. This EU-Directive specifically
states that it is based on ISO1999, and acoustic measurements at the
workplace. Measurements shall determine the sound immission at the
ear, but without the person involved being present. Since head and
outer ear influence the sound field, this requirement implicitly
demands the use of impulse-dummies, discussed in relation to Fig. 14.
But, as stated earlier, the use of such dummies at the workplace
somehow is taboo. - According to this directive, workers are not
involved, assuming that injury to hearing is a purely acoustic problem,
but this is simply wrong. Auditory damage is not most widespread
where the noise level is highest. Instead, such damages are most
frequent, and severe, at noisy workplaces where the persons
involved are most ignorant about the problem.
An effective fight against noise-induced damages requires
information and motivation of everyone involved. Most cases of
auditory damage are caused by rare and unusual events, something that
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happens maybe once a year, or even more seldom. Measuring the
acoustic conditions at the workplace is good, but those untypical and
rare events, that are really harmful, will not be found in this way.
Injury to hearing results very often from relatively “normal” impulses,
but - due to unfortunate coincidence - the victims ear(s) was
exceptionally close to the source of the impulse. A strong hammer
blow against a steel girder is an example. The girder is held by a
worker on the shoulder, because - only today - there was simply not
enough space to keep away from it. The distance from the girder to the
ear can be only 2 cm, and one such impulse can cause massive
damage, depending on the circumstances..
In such damaging events the sound source is nearly always close
to the ear, and thus it would be extremely helpful if everyone would be
aware of this danger, Fig. 27. Acoustic events within the reach of
hands are dangerous, if they are loud, but getting closer to the
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ear, the risk increases dramatically. Persons who know about this
relation can avoid such injury to hearing. From studies to determine
hearing in pupils of elementary school, we know that these pupils
understand the principle easily, and they are eager to apply this
knowledge. - Talking to hundreds of adult victims of noise-induced
auditory damage, the overwhelming majority immediately pointed to
one - or a few - massive acoustic events relating to their injury. And
practically all indicated that they could have - and would have avoided these harmful events, if they had been aware of the
consequences.
Hence, effective measures to fight damage to hearing requires that
the addressees are personally involved. They have to be informed of
the damage done by strong impulses near the ears, Fig. 27, and
motivated to avoid such situations. After all, injury caused by noise
remains for life. Persons informed and motivated can also avoid
damages at home and during hobbies, and they can give this
knowledge to other family members, neighbors, etc.
In Europe, CEN ( European Committee for Standardization ) is in
charge of the safety of toys, and a committee created EN71-1, [5], a
voluminous regulation that is hard to read. Of interest are toy pistols,
etc., the noise of which is known to cause permanent damage to the
auditory system of children. To determine whether the device is
harmful, according to EN71-1, six microphones are placed around the
toy, at a distance of 50 cm, and all measure the peak sound pressure of
a shot, simultaneously, and the average of these values is declared
relevant. Apparently the committee believes that an impulse, hitting
the ear of a child, is harmless if measuring points - away from the ear
of the victim -show lower peak values. Marvelous. - In order to protect
the health of children, such a situation should be measured with an
impulse-dummy, using the worst case condition, and the entire
signal should be recorded and evaluated, not only the peak pressure at
a distance of 50 cm.
Some of the cute yellow little squeaking ducklets are very
harmful, if activated directly at the ear, or very close to it. Such
impulses are forbidden at the workplace, but apparently permitted for
young children. Furthermore, the energy of these squeaks is
concentrated around 4 kHz, just that very frequency range where the
human ear is most vulnerable. If the ear of a toddler is damaged by
these or other toys, nobody will notice it. Later, as teenagers, such
damage may be diagnosed, but in that case ENT experts have no
explanation how this might have happened. At least some of such
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permanent injury has likely been caused by harmful toys. The EUregulations for toys apparently do not care about such dangerous
devices, and it is OK with them to focus the acoustic energy precisely
at the frequency range where the ear is most susceptible to damage. Everybody who wants to test such toys at his or her own ears, shall be
warned : Be careful, and start at some distance from the ear.
Conclusion
Our hearing system is impressively sensitive, and therefore it
developed a number of strategies to avoid damages. They focus on
anatomical structures ( hardware ), as well as on elaborate mechanisms
of neural control ( software ). - From the time before birth, to
adulthood, the auditory system is improving its performance,
depending upon the interactivity with the acoustic environment.
Thereafter the ear is aging, a process also subject to strong training
effects. Hearing follows the same principles as other functional
systems of the body : practice makes perfect. Well-trained hearing
systems are aging much slower than normal.
The cochlea can amplify the result of moderate sound levels,
using effects related to oto-acoustic emissions. It can apparently also
reduce the sensitivity, up to what can be called the “survival mode”.
After the cochlea suffered permanent damage, due to excessive sound,
the hearing system can - and does often - reduce the threshold of
pain, thus warning the person to avoid exposure to harmful acoustic
events. The function of the middle-ear muscles is to suppress low
frequencies and their masking effects, thus applying auditory
accommodation.
Hearing is primarily interested in the message that is transported
by sound, Fig. 28, and it is capable - if necessary - of separating
between message and messenger.
Sensitivity and health of the hearing system depends on its
development within the first two decades of life, on the importance of
the sense of hearing, as well as on various training effects. Theoretical
models, regarding the relation between exposure to sound and auditory
damage, have to incorporate such individual parameters, in order to be
realistic. Imagine a model - valid for everyone - specifying exactly
how much walking and running is harmful. There is no general
formula that realistically applies to everybody, neither in jogging, nor
in hearing. - Focusing efforts to protect the ear, on the level of
continuous noise, is barking up the wrong tree, since most of damages
are caused by rare, but powerful impulses close to the ear. Hence, the
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enormous influence of the distance between ear and sound source of
impulses has to be recognized, and incorporated in regulations.
Protecting the ear effectively requires informing and motivating
everyone involved, starting with young school children.
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