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Noise-induced hearing loss and industrial audiometry
E. T. SOMERVDLLE, M.B., B.S., D.R.C.O.G.
General Practitioner, Wisbech, Cambridgeshire

The harmful effect of noise on hearing has been known for over 250 years and coppersmiths'
deafness was reported as early as 1713. In 1782 Admiral Rodney was rendered temporarily deaf
by 80 broadsides fired from his ship, and a naval officer at the battle of Copenhagen in 1801 was
permanently deafened by a cannonade. In 1886 a Glasgow ear surgeon, Thomas Barr, made a
study of boilermakers reporting a high incidence of deafness. He was able to localise the damage
or, as he put it, the seat of the mischief to the inner ear, and he noted the protection afforded
by wearing india-rubber ear plugs.
However, modern industry has only become noise conscious within the last decade.
This article is based on the Hearing Conservation Programme adopted by the Metal Box
Company Ltd. and on the audiometric screening survey being done at this company's factory at
Wisbech.
At this factory over five million cans are produced per day. The process consists of fashioning
cylinders from large coils of tin plate and producing can-ends. The result is an open top can ready
for dispatch to the cannery. The early cutting and flexing processes making the bodies of the
cans cause some noise, but the jostling and marshalling of these cylinders as they are conveyed
from one part of the factory to another in runways is extremely noisy. Similarly the pressing of
the ends of the cans produces high noise levels. In many areas of the factory the damage risk
criterion' to the ear is thus exceeded.
I am a full-time general practitioner devoting only two or three hours a week to this survey
and my modus operandi is the result of the limited time I have available. However, it shows that a
suitably trained non-specialist can organise such a programme with the help of nursing staff
who have themselves received appropriate training.
"

"

'

*
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Principles of acoustics
Noise has been described as an unwanted sound. Sound itself can be defined as a mechanical
disturbance propagated in an elastic medium capable of exciting the sensation of hearing. It can
perhaps be more easily appreciated as pressure fluctuations or compressions and expansions due
to the vibration of air molecules.
These fluctuations of pressure are in fact variations above and below the normal atmospheric
pressure and they may be quantitatively considered in terms of their frequency and their mag¬
nitude. The sine wave (figure 1) is the simplest representation of a sound wave, and although
it only applies to pure tones it serves to demonstrate the quantitative aspects of sound.
The frequency is simply the number of complete pressure waves (i.e. a compression and an
expansion) in one second, i.e. cycles per second or the preferred term of hertz (Hz).
The magnitude of the wave may be measured in terms of the size of the pressure fluctuations
and the appropriate average fluctuation is the root mean square (figure 1), about 70 per cent of
the maximum fluctuation for a pure sine wave.
The threshold of audibility for a young person with normal hearing corresponds to a root
mean square pressure variation of 2x 10"5Newtons/m2. This is a variation of less than one part
in 1,000,000,000 of normal atmospheric pressure. At the other extreme, the threshold of pain
corresponds to a variation of one part in 1,000 of normal atmospheric pressure, thus demonstrat¬
ing the enormous range of human hearing.
Weber-Fechner law
Partly because of this vast range, but also because of the Weber-Fechner law relating sensation to
stimulus, a logarithmic scale has been employed to describe the magnitude of sound. The Weber-
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Figure 1
Fechner law, which applies to all the senses, states that the level of any sensation is proportional
to the logarithm of the intensity of the stimulus producing it. Thus it has become customary to
describe the magnitude of sound in the form of logarithmic ratios of intensity or pressure relative
to some standard reference value.
In terms of intensity, which is the rate at which energy arrives at the eardrum, a sound of
intensity I differs from the reference intensity I0 according to the equation:

Difference in level of sound intensity=log10
This gives

a

value for sound

.

Jo

intensity in bels (after Alexander Graham Bell), but it is

customary to divide the bel into tenths or decibels (dB). Thus the equation may be rewritten:
Difference in level of sound intensity =10 log10
(decibels)

*o
From a practical point of view sound pressure is the usual quantity measured and as sound
intensity is proportional to the square of the sound pressure the equation becomes:

Difference in level of sound pressure=10 log]io

p2
52"
r

o

(decibels)

where P=the root mean square of the sound pressure and P0 is a reference sound pressure
=20 log10

P

(decibels)
(Squaring being achieved by multiplying logarithms by two)
Throughout this explanation of the derivation of the decibel unit mention has been made of
reference values of intensity and pressure. The reference pressure P0 is taken as 2 x 10"5 N/m2
which as mentioned earlier corresponds to the threshold of audibility for a young person with
normal hearing. Alternatively it may be termed O decibels. With the introduction of a
defined reference value into the equation the result in decibels can be termed the sound pressure
"

level

"
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Figure 2
A typical weighted sound level (dBA).

So far the term of' decibel' (dB) pure and simple has been used, but it will be noted that
sound pressure levels are often quoted in dBA. This implies that the sound level meter used to
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obtain the measurements was switched to the A-weighting network. Weighting networks are
electronic devices incorporated into precision-grade meters to try and simulate the variation in
sensitivity of the human ear for different frequencies, i.e. the way in which loudness seems to vary
not only with sound pressure, but with pitch as well. The decibel can be seen in perspective
compared with the various sound pressure levels (dBA) in figure 2.
Finally, two further points should be emphasised. First, the logarithmic basis for the decibel
scale means that doubling the intensity results in about a three decibel increase (because 10 log
2=3) or in terms of pressure six dBA. Secondly, the distinction must be drawn between decibels
(sound pressure) and decibels hearing level. The former are always quoted in relation to the
reference value bf 2 X10-5 N/m2, whereas the hearing level is the number of decibels above the
normal threshold of hearing for that particular frequency.
Anatomy and physiology
The precise mechanism of sound perception and analysis is still speculative. Sound waves pass
down the external auditory meatus setting the drum vibrating. The ossicles then transmit the
vibrations across the middle ear and the vibration of the stapes in the oval window results in
displacement of the basilar membrane of the cochlea and stimulation of the receptor cells
arranged along its length (organ of Corti figures 3 and 4). From these cells nerve impulses
originate passing to the auditory cortex and providing the frequency of the sound is between
16 Hz and 20,000 Hz the sensation of hearing results. If below or above these frequencies the
human ear does not appreciate the sound which is termed infrasound or ultrasound respectively.
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Figure 3

Representation of the ossicles and unrolled cochlea.
*

'

The controversy about the mechanism of the perception of sound lies beyond the oval
window. The stapedial vibrations cause displacement of the basilar membrane by disturbance of
cochlear fluids, although the precise hydrodynamics are uncertain.
The behaviour of the basilar membrane has been the subject of many theories, but the
travelling wave theory attributable to Bekesy and the volley theory of Wever seem most
useful (Wever, 1949; Bekesy, 1960; Lawrence, 1960 and 1962; Davis, 1957).
Briefly, the travelling wave theory postulates that a wave begins at the base of the
cochlea proceeding up towards the apex increasing in amplitude until a maximum is reached,
after which it rapidly decays. The region of maximum displacement is frequency related, high
pitched sounds producing short waves soon extinguished in the basal cochlear turn and lower
frequencies resulting in waves with maxima nearer the apex.
Wever elaborates this theory further, incorporating some of the features of the earlier place
theory (Helmholtz) and telephone diaphragm theory (Rutherford). Thus for high fre¬
quencies the place theory probably holds and for low frequencies the firing in the auditory
nerve is synchronous with the signal in hertz. In between, the frequency is probably transmitted
to the brain in coded form involving sequential firing in several fibres (volley theory).
The ability of the ear to discriminate pitch with great accuracy is thought to be related to the
response of the hair cells to various patterns of stress set up by eddy currents in the cochlear
fluids and the inner and outer groups of cells respond differently as well presumably adding to the
"
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"

"
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"
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analytical possibilities.
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Figure 4
Diagram cross section of cochlea.
Loudness is deduced from the number of active fibres.
The mechanical displacements of the basilar membrane and the hair cells are translated into
nerve impulses by changes in electrical potentials within the cochlea. The information about
frequency and loudness is then transmitted to the auditory cortex.
Noise-induced hearing loss
The'term acoustic trauma was formerly used to embrace all forms of hearing damage resulting
from noise exposure. However, nowadays it is reserved for hearing loss resulting from shortterm intense single exposures to very loud noise, e.g. explosions, rifle fire. This type of noise may
perforate the drums and dislocate the ossicles as well as inflict damage on the inner ear.
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Figure 5
Normal audiogram (20 year old male).
In the context of industrial noise involving more prolonged exposures the term noiseinduced hearing loss has been adopted. To use Thomas Barr's phase of 90 years ago, the seat
of mischief is indeed the inner ear.
Histologically it is known that hair cells disappear, particularly from the lower basal turn
of the cochlea, in experimental animals exposed to injurious noise.
The damage is related to:
(a) The frequency,
(b) The duration of the exposure,
(c) The intensity.
Noise-induced hearing loss is probably the commonest cause of sensorineural deafness after
presbyacusis. Indeed one can speculate that in our industrial environment a noise inevitably
contributes to the normal prevalence of presbyacusis (Rosen et al, 1962).
After exposure to a loud noise the hearing level (which is a measured threshold of hearing in
decibels relative to a specified standard of normal hearing) is elevated. After exposure this
alteration in the threshold, known as the temporary threshold shift, tends to recover, but there is
often a small amount of residual damage which with repeated exposures gradually accrues
assuming significance. Assuming there is no other pathological process, and having made an
allowance for presbyacusis depending on age, it is possible to estimate the effect of noise on a
"

"

person's hearing.
The early damage is centred around the 4,000 Hz or 4 KHz region of the auditory scale and
this can be detected by an audiogram, a plot of hearing levels for different frequencies. The
audiogram thus may show the so-called 4 KHz notch (figure 6).
The reasons for the development of this notch are not entirely understood. Anatomical,
physiological, physical, nutritional, vascular, and even phylogenetic reasons have been postulated.
The operation of the place theory for higher frequencies seems a plausible explanation and
for many years the role of the acoustic reflex was closely linked with the development of noiseinduced hearing loss.
This reflex is the response of the intratympanic muscles to loud noise thus reducing the
mobility of the ossicular chain, clearly serving as a damping mechanism. Research work on this
reflex has produced conflicting results and it now seems unlikely that it is of major importance in
the aetiology of noise-induced deafness. Anatomical features such as the tethering of the basilar
membrane in the four KHz region or weakness of the bony capsule in this area have been con¬
sidered with physiological sensitivity studies and hydrodynamic and resonance investigations,
"

"

but

no

"

definite conclusion has been reached.

"
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Figure 6
Early noise-induced hearing loss.showing 4kH2 notch.
Whatever the mechanism, the development of the four KHz notch is the earliest sign of
damage on the audiogram. As the noise induced hearing loss increases this notch widens (figure
7) to embrace the speech frequencies and only at this stage does the individual become aware
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Figure 7
Advanced noise-induced hearing loss.

of his developing handicap. With the initial hearing loss around 4,000 Hz only hearing for highpitched sounds, e.g. whistles, squeaks, is impaired. Speech appreciation remains intact as it de¬
pends in the main on the 500-2,000 Hz range. However, as the notch widens it includes the higher
speech frequencies and the first sign of auditory handicap is difficulty in distinguishing consonants
which have the higher frequency content. With further deterioration the problem becomes more
severe and words like' hat,'' cat,' and' mat' all tend to sound alike to the person afflicted with
this type of hearing loss, i.e. a jumble of unintelligible lower frequency vowel-type sounds. Total
loudness remains unchanged and it is unusual for frequencies below 1,000 Hz to be severely
affected (figure 8).
Hearing losses due to presbyacusis and other pathology are additive. The terms impair¬
ment," handicap," and disability should be used with circumspection in this context as
they have been defined for medicolegal purposes by the Committee on Hygiene Standards of the
British Occupational Hygiene Society (1971) in a pamphlet entitled Hygiene Standards for wide¬
band noise. Briefly, impairment is synonymous with hearing loss, handicap implies that
"

"
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Figure 8
Middle ear infection on the left, early noise-induced hearing loss on the right.

the damage to hearing has social consequences, and disability is reserved for those cases in
whom the damage leads to difficulties in employment.
When assessing the damage sustained as a result of exposure to noise, allowance must be
made for presbyacusis, the natural deterioration in heating with age. This is primarily high-tone
loss. In 1958 Hinchcliffe published data relating age to hearing level and I use these figures as a
standard when assessing results.
Having considered the results of noise exposure we should first consider what are the noise
levels which represent a danger. It has been suggested that for an eight hour working day in
broad-band steady state noise an acceptable upper limit would be 90 dBA (British Occupational
Hygiene Society, 1971). This level in fact applies to a working lifetime of 30 years, each year
representing 48 working weeks of 40 hours exposure. It is known as the damage risk criterion
and on the basis of 90 dBA it is estimated that no more than one per cent of people so exposed
would develop a social handicap due to noise. This one per cent represents those individuals who
are hypersusceptible' to noise, and for whom there is no reliable means of identification
before exposure.
This criterion is likely to form the basis of legislation which is now being prepared. There
has been much controversy over the figure of 90 dBA, some saying it should be higher and others
lower, and the U.S.A. seems to favour 85 dBA.
In the use of the damage risk criterion it is considered reasonable to adopt the equal energy
principle which permits an increase of three dBA for each halving of the exposure time. However,
the ear should not be exposed to levels above 120 dBA for even the shortest time without
"

"

'

protection.

If there are significant pure tone or narrow band components in the noise then this criterion
needs reducing by 5-10 dBA.
To simplify a noise is dangerous if as a result of exposure one develops tinnitus or temporary
muffling of hearing or if it is impossible to communicate with a person standing beside you
without raising your voice.
The basis of hearing conservation is thus:
(1) The measurement of noise to identify hazardous areas,
(2) Reduction of the noise either at source or in its transmission or both, i.e. quieter

machines, insulation,
(3) The provision of ear defenders and the expert fitting of them,
(4) The use of monitoring audiometry.
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Having detailed the practical aspects of monitoring audiometry as used at the Wisbech
factory of the Metal Box Co. Ltd., I will give my reasons for believing audiometry to be an
essential part of any hearing conservation programme.
Audiometry
The routine operation of the programme is delegated to the nursing staff. The medical officer's
role is one of reading audiograms and scrutinising the otological questionnaires. I also examined
those employees with abnormal histories or audiograms and give explanatory and propaganda
talks on the subject of hearing conservation.
Each employee is asked to complete a questionnaire which is included on the audiometric
record card. The questions are as unambiguous as possible:
Have you ever experienced any of the following:
(a) Deafness other than due to wax or a cold,

(b) Discharging or running ears,
(c) Itching or irritation of the ears,
(d) Buzzing or ringing in the ears,
(e) Recurrent dizziness,
(f) Head injury in which you were unconscious,
(g) Had any operation on the ears or seen a specialist about the ears?
Having completed the questionnaire the nurse then checks the external meati for wax,
syringing if necessary. If the canals are clear she proceeds to the audiogram delaying the record¬
ing for 24 hours if syringing has been necessary.
We use the Bekesy automatic recording technique using a Rudmose ARJ4 audiometer.
This is housed in a sound-proofed booth itself located in a quiet room off the main surgery thus
meeting the criteria for background noise. The automatic method tests six frequencies in turn in
each ear.500, 1,000, 2,000, 3,000, 4,000 and 6,000 Hz.automatically changing frequency.
The tone at each frequency is maintained for about 30 seconds so the complete audiogram takes
about six minutes. The employee being tested in the booth is given a handset on which there is a
button and this button controls the intensity of the tone delivered to the earphones. The button
controls an attenuator which is moved by an electric motor so that on pressing it the tone
becomes weaker and on releasing it the motor reverses gradually increasing the intensity of the
tone again. The individual is told to press the button as soon as the sound is audible, releasing
it only when the tone can no longer he heard. This produces a movement of the attenuator which
is linked to a pen which reproduces the zig-zag excursions on the card (figure 5). The mean of
these excursions, provided they are not greater than 10 decibels, is taken as the auditory threshold
or hearing level for that particular frequency.
This technique is perfectly satisfactory for the vast majority of employees, but about one
or two per cent of those tested are unable to provide a readable audiogram either owing to
inability to manipulate the machine or follow the instructions, or simply owing to claustrophobia
in the booth. These individuals are either manually tested at certain key frequencies, e.g. 2,000
and 4,000 Hz, or if this fails are referred to the hospital service for full manual audiometry by a
trained technician. (The automatic machine can be adapted to a limited form of manual testing).
Using the Bekesy type of audiometry there is up to a five decibel error in the lower frequencies
approaching ten decibel at 6,000 Hz, but these figures are quite acceptable for industrial screening
purposes.

Thus the recording is the responsibility of the nurse. She also questions the employees about
symptoms e.g. coryza, catarrh, postponing the tests if necessary
for one month. Having completed the audiogram she fits ear protectors or checks existing ear
defenders.
I review the tracings and the questionnaires and if both are normal I enter the results on the
card with a recommendation for the timing of the next test. This is entered into a diary by the
nurse for the purposes of recall. New employees or those with advanced hearing losses, whether
noise-induced or the result of other pathology, are retested every six months. Otherwise we
recall once a year.
current upper respiratory tract
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I call for clinical examination those employees whose tracings or history are abnormal.
Space is provided on the audiometric record card for recording a more detailed history and the
results of an otoscopic examination, tuning fork tests (Rinne and Weber tests and absolute bone
conduction) and the corneal reflex. The latter test is particularly important in cases of sensorineural hearing loss and its absence may be an early sign in acoustic neuroma.
In the history, previous noise exposure both at work (including military service) and at
leisure is sought. Past infections such as meningitis, mumps, and measles, as well as recurrent
otitis media, are recorded. Past or current medication may be of significance if potentially
ototoxic; e.g. streptomycin, quinine, and salicylates.
Finally, I turn to the social history; for example, does the subject need the television or
radio turned up louder than his relatives, or does he experience difficulty hearing against a lot of
background noise, or when he is unable to see the speaker's lips moving? Distortion of louder
sounds, a feature of this type of perceptive hearing loss, may also be elicited from the history.
During the history one can assess the employee's ability to hear the normal conversational voice
and by denying him a sight of moving lips from time to time ensure that he is not relying on
lip-reading. I then proceed to the clinical examination as outlined above.
The interview is concluded by explaining the clinical and audiometric findings and the
implications bearing in mind the employee's job and the prevailing noise levels. Hearing pro¬
tection is checked or changed. In the noise levels with which we have to contend either plugs or
muffs are acceptable and the choice depends partly on individual preference, partly on the medical
history (e.g. plugs are not used in the presence of ear infection or perforation) and partly on the
particular process on which the employee is engaged (e.g. plugs are not issued, unless tethered,
in areas where they may get lost in machinery or completed cans. In the event of a deterioration
in spite of apparently adequate protection I recommend to the personnel department that the
employee be moved to a low noise area.
Audiograms are repeated every six to twelve months. I prefer testing before shifts so that
there has been a minimum of 16 hours since the previous shift ended. This helps to minimise
temporary threshold changes in those not wearing protection or in those with inadequate
protection so the audiograms are a relatively accurate reflection of the hearing level.
Testing after an ear-protected shift is liable to inaccuracies and is unpopular with employees
and testing during an ear-protected shift is unpopular with employers as it disrupts production.
Pre-shift testing can cope with three employees per shift involving at the most 20 minutes of lost
time from the shop-floor. For a three-shift day this allows about 2,000 audiograms a year to be
'

'

done.

Changes in an audiogram may or may not be of significance. For several weeks after a cold
middle ear infection (figure 9) one may continue to record a raised hearing threshold which
ultimately reverts to its former level. The nurse's screening may not eliminate this type of case.
Thus unless there is an apparently catastrophic change or the employee is complaining of
symptoms I usually recommend retesting in a month's time.
If the second tracing is still abnormal a clinical examination is made. Should any remediable
condition be found the employee is referred to his own doctor. In the absence of any other
pathology and if the configuration of the hearing loss suggests noise is the cause, protection is
checked and relocation considered. Those who persistently refuse to wear protection are told of
the deterioration and persuaded to try protection again. If they continue to default then the fact
is recorded for medicolegal purposes.
The audiometer is biologically recalibrated weekly by the same member of the staff checking
her own hearing. This is a crude method, but adequate for our purposes.
Finally, what is the justification for the use of an audiometer in a hearing conservation
programme ? I feel it can be summed up as follows:
(1) Propaganda. Keeping the need for protection fresh in people's minds,
(2) Detection. For those not wearing protection,
or

(3) Legal requirement,
(4) More controversially.to detect hypersusceptibles for whom the' damage risk criterion
may not be stringent enough. Suitability for employment and job location also falls into this
'

category.
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THE ORIGIN OF INFLUENZA PANDEMIC
Some avian strains of influenzavirus A cause pfactically 100 per cent mortality in
chickens. It is conceivable that a strain even more virulent than the 1918 human pandemic
strain could arise and cause a greater plague than any that has yet afflicted the human
race. Influenza is a disease with a unique and unpredictable epidemiology; it is a
global disease and calls for worldwide collaborative research into the origin of pandemics
on a scale far greater than has hitherto been possible. As most pandemics appear to
have started in Asia it is particularly important to undertake more field studies there.
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LATE COMPLICATIONS OF STERILISATION
BY LAPAROSCOPY AND TUBAL LIGATION
A controlled study
THE frequency of late sequelae in 454 patients sterilised by laparoscopy and diathermy or by abdominal tubal ligation was compared with that in 154 controls
whose husbands had had a vasectomy. Results showed an increase in menstrual loss
and pain with menstruation in the sterilised groups, especially if this had been done by
diathermy and division under laparoscopic control.
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