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ABSTRACT

This Titerature review sets out the salient features of what
known about hearing threshold measurement, and the documented range
otologically normal hearing and also the expected range of hearing
the general or typical population. By considering the magnitude

is
of
in
of

expected errvors in threshold measurement, it is possible to judge
whether, in a particular case of minimal hearing Toss, the proffered
evidence meets the high standard of proof required in cases of minimal

hearing damage.
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SUMMARY CONCLUSIONS

Listed below are the major conclusions of this literature review. Page
numbers are given so that the reader may refer to individual reviews or

chapter conclusions in the main text.
AUDIOMETRIC METHOD

1. Audiometry must be performed using instruments of such stability
and accuracy as to ensure that thresholds of hearing determined
for an individual will not vary between audiometers, and that

results represent an accurate comparison against audiometric zero.
{p. 5)

2. Certain procedures must be performed preliminary to audiometry.
The ear «canal and drum should be inspected wvisually for
obstructing wax or active ear pathology. The patient must be
questioned about his most recent exposure to noise, to assess the
likelihood of temporary threshold shift being present. Clear
instructions must be given, indicating the sounds the patient will
hear and the response which must be given. (pp. 7,8,11)

3. Manual audiometry 1is the method of choice for assessment of
occupational deafness claims. Self-recording audiometry is better
for industrial monitoring audiometry. (p. 7)

4. Manual audiometry may be performed by an ascending method or a
bracketing method. Performed properly, these iwo methods give
equal results. (pp. 12-14,17)

5. Regardless of audiometric method, air-conduction hearing threshold
levels should be determined for the frequencies 0.5, 1, 2, 3, 4
and 6 kHz. Failure to test at any of these frequencies is bad

practice. (pp. 8,12)

6. A hearing threshold 1level for 8 kHz may provide additional
diagnostic information. {(p. 8)
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Bone-conduction audiometry should be performed by the same method
used to obtain the air-conduction results. Use of different
methods for air- and bone-conduction audiometry is bad practice.

(p. 19)

Bone-conduction thresholds are required for each ear, so the
hearing of the non-test ear must be masked effectively to ensure
that the stimulus tone is heard oniy in the (intended) test ear.

(p. 16)

VARIABILITY OF THRESHOLD MEASUREMENTS

10.

11.

12.

13.

14,

Measurements of hearing sensitivity are subject to both systematic
and random errors. {p. 21)

Systematic or one-way errors in hearing threshold measurement may
be attributed to testing conditions and method. (p. 21)

Systematic errors in threshold measurements may arise from
insufficient attention to audiometer calibration. Instruments
should be subjected to periodic calibration against current
British or International Standards. (p. 21)

Persons involved in hearing testing should be able to produce
current calibration documents for their instruments. (p. 21)

Ambient noise in the audiometric test space may introduce
systematic errors into hearing threshold measurements, always
giving artificially elevated hearing threshold levels,
particularly at low frequencies. (pp. 40,59)

Standards are available which state noise level 1imits to be

satisfied, in relation to the lowest pure-tone levels at various
frequencies which may be tested with confidence. (pp. 52,56,59)
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15.

16.

17.

18.

19.

20.

21.

22.

Air- and bone-conduction hearing threshold measurements must be
conducted 1in a noise-excluding booth or chamber. Hearing
threshold determinations performed without the benefit of an
audiometric booth are to be viewed with suspicion; bad practice
may have resulted in falsely elevated thresholds. (p. 45)

If air- or bone-conduction thresholds are inaccurate due to
ambient noise, malingering may go undetected. This is careless

practice. {pp. 59,75)

Temporary threshold shift, resulting from recent exposure to
noise, may give misleading and systematically elevated hearing
threshold levels. The person being tested should not have been
exposed to noise for at least 16 hours before the hearing tests.
{pp. 59,60)

Unfamiliarity with the process of hearing threshold testing may
result in the subject giving misleadingly elevated thresholds.
Prudent audiometric practice would be to give the subject a brief
‘practice run’ at the listening task, and to obtain multiple
repeat measurements of the first few frequencies tested, in order
to verify that learning effects do not contaminate the final
reported hearing threshold levels. (pp. 12,21,60)

Random errors in hearing threshold measurements are manifested as
different values recorded over a series of repeated tests. (p. 58)

The greater part of the random error is usually attributable to
Judgment variability on the part of the person being tested.
(pp. 61-63)

No way has been found to predict which subjects will give
repeatable thresholds and which will not be able to do so. Repeat
testing is the only way to discover which subjects give reliable
results. (p. 37)

A single determination of hearing threshold level at any frequency
must be recognized as only a guess of unknown accuracy. (p. 61)
- iX -



23.

24 .

25.

26.

27.

28.

29.

30.

Manual techniques exhibit somewhat Targer random error (test-
retest variability) than do self-recording or computer-aided
audiometric techniques. (pp. 47,48,51,52)

The self-recording technique gives hearing threshold levels
generally 3 dB more acute than manually determined thresholds on

the same ear. {p. 61)

Standard deviations of repeated hearing thresholds are smallest
(typically 2-3 dB) for the mid-frequencies 1, 2 and 3 kHz. For
audiometric frequencies above and below this range, the standard
deviation of repeated measurements is ltarger. (p. 62}

Standard deviations of repeated measurements are smallest when the
repeats are performed over short intervals, minutes or hours.
Longer intervals lead to increased unreliability. (p. 63)

Bone-conduction hearing threshold measurements exhibit more
variability on repetition than do air-conduction measurements.
(pp. 70,72)

Audiometer output for bone-conduction testing 1is calibrated
assuming mastoid placement of the bone vibrator. Forehead
ptacement may also be used, but the forehead thresholds determined
must be corrected, using standardized values, to ‘mimic’ mastoid
thresholds. {(pp. 67,69,78)

A conductive hearing Toss is said to exist if the bone-conduction
thresholds indicate more acute hearing than the air-conduction
thresholds. To be a trustworthy indication of conductive hearing
loss, the air-bone gap must be 15 dB or Targer. {p. 75)

If a conductive hearing loss is found to exist, the bone-
conduction thresholds are known to give an over-pessimistic
estimate of +the hearing function of the cochlea behind the
conductive blockage. In such cases, the measured bone-conduction



thresholds may be corrected to account for this Carhart Effect, to
give a more representative estimate of true cochlear function.

(p. 75)

AUDIOMETRIC ZERO

31.

32.

33.

34,

35.

36.

Audiometric zero is defined as the modal pure-tone threshold of
hearing of otelogicaliy normal young people, aged 18 to 30 years.
(pp. 77,78)

Otological normality is quite simply defined: normal state of
health; no obstructing wax in the ear canal; no signs or symptoms
of ear disease; and no history of undue noise exposure.
{pp. 77,109)

A number of national realizations of audiometric zero have been
combined to give an international consensus. Specified acoustic
outputs over frequency have been defined for a small number of
earphone patterns; these specified sound pressure levels are
deemed to be the threshold of hearing by air-conduction for
young otologically normal ears. (pp. 79,106)

A similar effort has been effected to establish the bone-
conduction audiometric zero for vibratory input to the skull.
(p. 106)

For the audiometric frequencies from 500 Hz to 4 kHz, the
standardized audiometric zero has been found to be a good
representation of the threshold of hearing for young normal ears.
Deviations about zero were found to be both positive and negative,
with magnitude generally less than 1.5 dB. {pp. 107,108)

For 6 kHz, a potentially important frequency for audiologicail
diagnosis, the audiometric zero has been found to be in error by
approximately 5 dB. This inaccuracy is in the direction to
represent even young, normal ears as having a hearing loss of
5 dB. (p. 108)
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OTOLOGICAL NORMALITY

37.

38.

39.

40.

41.

42.

43.

44,

The British and International standard definition of otological
normality allows considerable scope for interpretation in choosing
subjects whose hearing defines audiometric zero. (pp. 87,88)

The otologically normal population exhibits a distribution of
hearing threshold values for each pure-tone frequency;  these
distributions are not symmetrical. (pp. 109-111)

For the young normal population, the distribution of hearing
threshold Tevels about audiometric zero exhibits slightly larger
excursions on the positive side of zero. In other words, the
distribution of normal hearing levels is slightly skewed, with the
Tonger tail of the distribution extending to what might be called
“dutl hearing’. (pp. 109-111)

For the normal population, the dull hearing skewness of the
threshold distribution is exhibited for both males and females.
The positive skewing is slightly larger for males. (p. 111)

For the normal population, positive skewing of hearing thresholds
is observed to become more exireme with increasing age for both
sexes. (pp. 110,111; Appendix)

A small but systematic influence acts in the normal population to
skew the hearing threshold distribution towards dull hearing. A
1ikely explanation is undiscovered pathology. {pp. 111,112)

A large number of conditions, diseases and activities are known to
impair hearing sensitivity although not in all individuals. Few
of these hearing risk factors are specified in the British and
International standard definition of otological normality.

(pp. 112,151-153)

Ideally, the definition of otological normality should be made
more rigorous, to account for known hearing risk factors. (p. 112}
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45.

46.

47.

48.

49.

50.

Competent examination of any individual, seemingly novrmal or
obviously hearing-impaired, should be aimed at discovering and
assessing the action of hearing risk factors in that individual.
{pp. 112,153,154)

One group of risk factors applies locally to the ear. These
contra-indications of normality inciude ear or mastoid surgery,
any sign or symptom of ear dinfection, obvious hearing Toss
{especially fluctuating loss), and persistent tinnitus. (p. 151}

A second group of risk factors may be found in the medical
history. These contra-indications include genetic factors
{(deafness among blood relatives), neonatal disease, trauma to the
head, use of ototoxic drugs, serious viral infection, balance
disorder, and certain diseases of the blood or its circulation.
{pp. 151-152)

A third group of risk factors is found in a person’s activities,
recreations or occupation. Some contra-indications are firearms
use, close proximity to explosions, noisy leisure pursuits (for
example, motor racing or DIY), scuba diving, and exposure to heavy
metals or volatile solvents. {pp. 152,153)

If any hearing risk factor is found to apply to an individual,
that person should not be considered otologically normal (or
perfect). (pp. 112,151)

The chance of any individual being otologically perfect decreases
with age, as hearing risk accumulates. (p. 154)

THE TYPICAL POPULATION

51.

The otologically typical population includes members who are
normal and members with hearing risk factors or actual hearing
toss, but without occupational noise exposure. {(pp. 155,156}
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52.

53.

54.

55.

Data exist which describe the distribution of hearing thresholds
of the typical population, for different pure-tone frequencies as
a function of age and sex. {pp. 156-161)

The typical population exhibits hearing thresholds which are
elevated in comparison to the normal subset. The typical
thresholds are also more disperse than those for the normal
subset. (p. 162)

The typical hearing data describe the expected hearing of members
of the general population, subject to the action of age, disease
and stress of everyday living. (pp. 162,163)

Typical hearing data are suggested as a realistic and fair
baseline for the evaluation of hearing loss due to noise exposure
in an industrial population. Exact specification of the typical
population is still under discussion. {p. 163)

PRESBYACUSIS

56.

57.

58.

59.

Hearing sensitivity is known to deteriorate naturally with age;
the highest frequencies are Tost first. This is the most common
form of hearing loss in adults. The loss occurs earlier in males
than in females, and develops faster. (pp. 179,188; Appendix)

Loss of pure-tone sensitivity is given in British and
International Standards as a function of age and sex for the
"otologically normal population”. {pp. 80,110,160; Appendix)

Data are available for the typical adult population, giving the
loss of pure-tone sensitivity as a function of age and sex.
(p. 160; Appendix)

Loss of hearing sensitivity, particularly in the higher
frequencies, occurs at a faster rate among typical, unscreened
adults than among the highly screened, otologically perfect
population. {p. 160; Appendix)
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60.

6l.

62.

63.

64 .

65.

66.

67.

63.

Regardless of whether an individual 1is otologically normal or
typical, there are no therapeutic measures for presbyacusic

hearing loss. (p. 175}

Age of onset and rate of onset of presbyacusis cannot be predicted
for any individual; once established, it remains as a symmetrical
and progressive sensorineural hearing loss. (pp. 165,188)

In addition to a loss of pure-tone sensitivity, the normal or
typical person must expect some age-related deterioration of
speech reception/discrimination ability. (p. 165)

Age-related speech-hearing difficulties are first noticed as early
as the 40's, with a sharp acceleration of speech-hearing
difficulties occurring in the 60’s. (p. 188)

Age-related speech-hearing difficulties are noticed first in Tess-
than-perfect listening conditions. (pp. 166,181,188)

Presbyacusic discrimination loss is thought to be the result of
two factors. The cochlea exhibits some Tloss of hearing
sensitivity; the central auditory pathways also suffer some age-
related deterioration of form and function. The overall result is
speech discrimination loss due to age. (pp. 181,188)

Age-related hearing Toss occurs in parallel with other hearing
pathology, and also in the absence of other hearing pathology.
{pp. 160,186)

Hearing threshold elevation supposedly due to one cause, noise for
instance, should also be assessed in relation to the presbyacusic
hearing loss expected for the age and sex of the individual being
assessed. If presbyacusis is not taken into account, the hearing
assessment must be considered incomplete. (pp. 160,186)

Speech discrimination difficulties must not be accepted as direct
evidence of hearing damage, without vreference to age-related
speech difficulties which occur naturally. (pp. 188,194}
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ONSET OF IMPAIRMENT OR DISABILITY

69.

70.

71.

72.

73.

74.

75.

Hearing impairment is any loss or abnormality of hearing function.
Impairment exists within the hearing organ, and is customarily and
conveniently measured in terms of elevation of hearing threshold

level for pure tones. (pp. 198,199)

Hearing disability is a restriction or inability to perform some
auditory function in the manner or within the range considered
normal. (p. 198)

Disability may be the consequence of a hearing impaivrment, but not
an automatic consequence. Minor impairment may produce no
discernible Tloss of ability to perceive everyday sounds. (p. 199)

Loss of normal function customarily refers to hearing for speech,
so a hearing disability indicates some difficulty with ’‘everyday’
speech reception, and as such should be directly measurable.
(p. 199)

Speech audiometry, testing in particular the difficult situation
of discriminating speech against a background of noise, would seem
to be the most direct method for assessment of speech-hearing
disability. ({(pp. 199,231}

Speech audiometry is not a standard or standardized practice.
Many different materials {test utterances) are used, presented by
many different methods. Such diversity is unsuited to the
quantitative measurement of hearing disability. (p. 199)

Speech-hearing disability is currently assessed by reference to
pure-tone hearing thresholds. If sufficient hearing impairment is
present, that is, if a ’Tow fence’ threshold value is exceeded,
the impairment is deemed to cause a disability. (pp. 212,215,217)

14
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76.

77.

78.

Various average thresholds involving different frequencies have
been suggested as indicating impairement sufficient to cause
speech-hearing disability. Reputable scientific opinion focuses
on low fence values in the range 15-30 dB HL averaged over several
frequencies {1, 2 and 3 kHz in British practice}. (pp. 208,212,
217, 231)

Low fence values must be considered in relation to the dispersion
of threshold values about audiometric zero. Values less than 15
dB HL imply that a substantial fraction of the otologically normal
population is speech-hearing disabled without any known hearing
pathotogy. The deemed-disabled fraction becomes still Targer if
the typical population is considered. (pp. 217,219)

It is plain that no consensus is to be found among the schemes

intended to quantify, or even indicate the existence of, hearing
disability. (pp. 231,232)
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INTRODUCTION

This Tliterature review examines the accuracy and reliability of
hearing threshold measurement, with special reference to minimal hearing
deficit possibly resulting from occupational noise exposure. In such
cases, the various parties involved may be unsure how te proceed if the
claimed hearing loss is 1ittle different from what is considered to be
normal. The problem comes down to this: Can a minimal hearing loss,
showing only a small difference from audiometric zero, be accepted as
true considering the wide range of hearing considered to be normal or
expected in the general population?

When a claim is made for noise-induced hearing loss as a result of
occupational noise exposure, the complainant is expected to support his
claim by an audiological report documenting the present state of his
hearing. If the claim involves a small hearing loss, not greatly elev-
ated from normal, a special duty falls upon the otologist or audiologist
undertaking the hearing examination. The straight-thinking otologist or
audiologist will realize that small hearing losses are of the same order
of magnitude as the systematic and random errors known to affect hearing
threshold measurements. The straight-thinking otologist or audiologist
will realize that it is his professional responsibility to control and
minimize the known errors of threshold measurement. Only by eliminating
known sources of error will small deviations from zero take on substance
and stand without doubt as measured loss.

This review of the Titerature up to 1990 deals with the errors of
hearing threshold measurement, with particular reference to normal or
near-normal hearing and the resulting dispersion which may be expected.
The concepts of audiometric zero and otological normality receive special
attention, as they form the bedrock (not as solid as might be hoped) upon
which hearing measurement and diagnosis are based. The expected effect
of age is considered from several different aspects. The age-related
loss of threshold sensitivity is well known. Much has alsc been written
about age deterioration of speech-hearing ability, which should bear upon
the calculation of disability in cases of occupational hearing loss if
codification of the relation were to be effected. Limits of normal or
expected hearing are examined critically as standards of comparison for
the quantification of noise-damaged hearing.



This Titerature review sets out the salient points of what is known
about the methods and errors of hearing threshold measurements. Also
examined are the documented range of hearing in otologically normal
people, and the range of expected hearing in the general or typical
population. By examining the magnitude of expected errors in threshold
measurement, it is possible to judge whether, in a particular case of
claimed minimal hearing Tloss, the proffered evidence meets the high
standard of proof required to establish the truth of minimal hearing

damage.

Turning now to matters of organization, the contents of this report
are drawn exclusively from readings of the works listed in the biblio-
graphy, and the reviewer’s attempt to assess the state of knowledge up
to 1990. Only English-language sources were consulted. This restriction
is not as serious as it might seem. Important authors, notably German
and Scandinavian, frequently publish in English to reach a wide audience.
Important concepts guickly make an appearance in English, as researchers
and clinicians attempt to replicate or apply research results.

In dealing with any particular topic, a standard approach has been
adopted. A brief introduction is put forward, stating the problem as
this reviewer sees it. Individual research papers, conference contribu-
tions, book chapters, etc., are then reviewed in chronological order,
with an attempt being made to capture the essence of each. After all the
reviews have been presented, an atiempt is made to summarize the present
state of knowledge. Such chapter summaries are a synthesis of the
individual reviews, coloured by the opinions and experiences of the
reviewer, although every effort has been made to treat each individual
report on its own merits.



Considering matters of detail, when a reference in the text is given
in majuscules, this indicates a cross-reference to another review, found
elsewhere in this report as well as in the 1list of references. Citations
in lower case characters are to works listed in the references alone.
Inevitably in works of this sort, a number of technical terms must be
used. These terms, which are required for technical accuracy, quickly
become tedious 1in their full enunciations. Therefore, a number of
abbreviations will be employed throughout this review; a list is given

here.

a-c : air-conduction

ANST : Americal National Standards Institute

BAOL : British Association of Otolaryngologists

b-¢ : bone-conduction

BS : British Standard

BSA : British Society of Audiology

BSI : British Standards Institution

dB : decibel

dB(A) : decibel, unit of A-weighted sound pressure
level

dB HL : decibel hearing lTevel, in relation to audiometric
zero

ETFL : equivalent threshold force level

ETSPL : equivalent threshold sound pressure Tevel

g wt : grams weight force

HL : hearing Tevel

HSE : Health and Safety Executive

HTL : hearing threshold level

IEC : International Electrotechnical Commission

IHR : Institute of Hearing Research (MRC)

150 : International Organization for Standardization

kHz : kilohertz, that is, thousands of cycles per second

MRC : Medical Research Council

N : newton, the unit of force

0AD : obscure auditory dysfunction

RETFL : reference equivalent threshold force level, viz.
the b-c audiometric zero

RETSPL : reference equivalent threshold sound pressure

level, viz. the a-c audiometric zero



SPL : sound pressure level

std.dev. : standard deviation
TTS : temporary threshold shift
WHO : World Health Organization

When such terms as these are necessary for technical accuracy, an effort
has been made to give a definition in text, if only by context.



AUDIOMETRIC METHOD
Introduction

The first step in measuring a person’s hearing function 1is the
determination of hearing threshold levels, in each ear, for a number of
pure tone frequencies. The Hearing Threshold Level is defined as the
lTowest level of a tone which is heard (and acknowledged) on at least one
half of its presentations. Reflection upon this definition will reveal
that hearing sensitivity is based upon the technical aspects of the
signal presentation and the equally important, but Tess well controlled,
response of the Tistener.

Throughout the present work, it will be assumed that determinations
of hearing threshold Tlevels are performed using an audiometer which
fulfils the requirements set out by the International Electrotechnical
Commission (1979) and the British Standards Institution (1980). These
two Standards specify the characteristics and features of audiometers to
ensure:

a) "that tests of hearing, particularly threshold, on a given human ear
performed with different audiometers which comply with this standard
shall give substantially the same results under comparable
conditions;

by that the results obtained shall represent a good comparison between
the hearing of the ear tested and the reference threshold of
hearing."

In other words, audiometers shall be of sufficient quality, in the elec-

tronic and acoustic sense, to allow repeatable threshold measurements

which are accurate in relation to an internationaily agreed audiometric
zero specifying young, normal hearing.

Taking for granted the use of a precision instrument for the
production, control and presentation of audiometric signals at calibrated
levels, the problem of hearing measurement now focuses on the relation
between tester and subject, mediated through the instrument. The tester
must present the test signals, and the subject respond to these signails,
in a defined and systematic manner. Over the years, a number of seem-
ingly different measurement schemes, or audiometric methods, have evolved



through the efforts of workers in hearing measurement for scientific
and medical purposes. These methods have evolved as compromises, offer-
ing some degree of precision, while not requiring measurement times so
lengthy as to fatigue the Tistener (introducing variation to the
measurement).

Rather than report audiometric methods as devised by their origin-
ators, the present review will deal with later versions, as recommended
by authoritative bodies. In addition to signal presentation methods,
aspects of subject preparation (e.g. instructions, earphone placement)
are also mentioned as they bear upon measurement precision.

British and International Standards apply in this country, but only
as statements of voluntary consensus; an American Standard has been
included, not because it has any force in the United Kingdom, but rather
to show the agreement found across national boundaries. Recommendations
by professional societies carry special weight for those practitioners
claiming allegiance to the particular profession. Several such recom-
mendations are given, to show the efforts being made to regularize and
uphold competent practice throughout British audiology. Also included
here are recommendations by the Health and Safety Executive, setting out
that regulatory body’s view of best, prudent audiometric practice (with
an undertone of quasi-legal requirement).

It will be noted that authoritative recommendations on audiometric
methods first appeared in the late 1970’s. Before then, audiometric
methods were weighted by the scientific/professional reputations of the
originators, even to the extent of being known by the scientist’s name.
The individual methods have now been adopted by individual authoritative
bodies, to be weighted by the power of the body rather than the power of
the audiometric method espoused.

The Reviews
HEALTH AND SAFETY EXECUTIVE WORKING GROUP ON AUDIOMETRY (1978)

In its discussion document Audiometry in Industry, the HSE stated



that the main purpose of industrial audiometry is to monitor quantita-
tively the hearing status of an individual throughout his or her period
of employment, in order to control the risk of occupational hearing loss.
This document gives guidance on suitable audiometric techniques, based
upon the self-recording method being the technique of choice; the manual
method may be used as an alternative.

Self-recording audiometry is a shorthand term for discrete-
frequency, pulsed-tone, automatic-recording, air-conduction audiometry
performed so that the subject’s response to the test signal controls the
signal presentation level. This method has a number of advantages. As
each subject works to the same simple instructions, audiometrician bias
is eliminated. The subject’s task involves an unambiguous response which
is permanently recorded; the automatic print-out of results, usually in
the form of an audiogram, with each response recorded, gives a visible
indication of the quality of the subject’s test performance. This method
of audiometry is sometimes mistakenly called 'automatic audiometry’; this
term should not be used. The recording of thresholds is performed auto-
matically by the instrument; the course of the test requires interven-
tion and monitoring by the audiometrician.

Whichever audiometric method is used, self-recording or manual, a
number of test preliminaries are recommended. Audiometry is ideally
preceded by otoscopic inspection of the ear canals, to detect occlusion
by wax or overt pathology of the canal, drum or middle ear. The most
recent exposure to loud noise of either occupational or non-occupational
nature should be determined by questioning; temporary elevation of
threshold will be effectively minimized if the interval between loud
noise and audiometric testing is forty-eight hours, although an overnight
rest from noise is an acceptable minimum. It is recommended that the
test instructions be presented in written form, care being taken to
provide a faithful translation for subjects whose first language is not
English. If the written form of instructions is not understood
completely, verbal instructions should be given. Before fitting the
headphones, ear plugs, spectacles, hearing aids, head ornaments, etc.,
should be removed; the headphones should then be fitted on the subject



to ensure proper sealing of the cushions, and to allow the subject
reasonable comfort throughout the duration of the test. The subject
should be cautioned not to touch the headphones during the test.

The self-recording test begins with pulsed tones presented to the
left ear. The recommended order of tone frequencies, in kHz, is: (Teft)
0.5, 1, 2, 3, 4, 6; (right) 0.5, 1, 2, 3, 4, 6; followed by (Teft repeat)
0.5, 1, 2, 3, 4, 6. If it is evident that the first two frequencies for
the left repeat give results identical to the initial determination, then
the repeat series may be terminated; otherwise, the repeat series should
be continued as appropriate. During the 30 second period allotted to
each test frequency, a record is made of the subject’s performance,
usually taking the form of a threshold tracing indicating the hearing
level associated with each subject response, either ’‘yes, heard’ or no,
not heard’. Detailed rules are given to determine first if the tracing
is valid, and second to evaluate the hearing threshold level from the
ascending- and descending-Tevel traces.

If manual audiometry is employed, a rigorous procedure is
recommended. The order of frequencies is 1, 2, 3, 4, 6, 0.5, and 1 kHz
to be presented first to the left ear, then the right. Additional
frequencies, e.g. 8 kHz, may be used as appropriate. A plainly audible
signal is presented, at about 40 dB above the subject’s threshold; an
immediate response should result. Presentations are made at intervais
10 dB quieter until no response is given. At the level last heard, a
series of 4 short bursts is made, seeking 2, 3 or 4 ‘yes’ responses. If
the tone bursts were heard, the level is reduced by 5 dB, for another
series of 4 bursts. The descending thresholds is the lowest level giving
2 or more responses for 4 presentations. From a Tow level plainly ’not
heard’, series of 4 tone bursts are given, with level increased by 5 dB
for each series until an ascending threshold is indicated by at least 2
bursts acknowledged out of a group of 4. The hearing threshold level to
be recorded is the average, rounded to the nearest whole number, of the
descending and ascending thresholds determined above.



It might be argued that these HSE recommended methods of audiometry
set standards of best, prudent practice for industrial monitoring audio-
metry throughout Britain. Although not embodied as regulation in the
U.K., Audiometry in Industry formed the basis for the standards IS0 6189-
1983 and BS 6655:1986, describing the recommended procedures appropriate
to air-conduction audiometry for hearing conservation purposes.

AMERICAN NATIONAL STANDARDS INSTITUTE (1978)

This American Standard (ANSI $3.21-1978) specifies procedures to be
followed in the assessment of an individual’s hearing by manual pure-tone
audiometry. The Standard applies to both air- and bone-conduction; the
possibility is acknowledged that masking might be required.

A number of general vrequirements are set out for competent
audiometry. The external ear canal must be inspected for possible
blockage, and recognition of canals which might collapse under the
pressure of audiometric earphones. The earphone should be centred over
the ear; position of the earphone should be adjusted by the test subject
for most comfortable Tistening or loudest sensation for a 250 Hz tone.
The space under the earphone should be free of long hair, spectacle arms
or other obstacles.

The dinstructions should be phrased in Tlanguage appropriate to the
subject, and should note the following points.

1. Indicate that the purpose of the test is to determine the faintest
sound which can be heard.

2. The subject must respond whenever the test tone is heard, no matter
how faintly.

3. The subject should respond as socon as the tone comes on, and as soon
as the tone goes off.

4. Indicate that each ear will be tested separately.

Examples are given of commonly-used responses to indicate ’signal on’ and
"signal off’: vraising and lowering a finger, hand or arm; and pressing
and releasing an indicator-light switch. It 1is recognized that the
latency of response varies with signal presentation level. When the tone



is clearly audible, the ‘on-off’ response should be given without
hesitation; close to threshold, the response may be hesitant or delayed

with respect to the signal.

When testing for air-conduction thresholds, the subject’s better ear
is tested first with a tone of 1 kHz. Higher frequencies, at octave
intervals, and at intermediate frequencies if required, are tested in
ascending order. After 8 kHz has been tested, the lower freguencies 0.5
and 0.25 kHz are tested. The initial frequency, 1 kHz, is retested to
check the validity of the first threshold, and to indicate the necessity
of further retests at higher frequencies.

For each test series, rules are set out to determine a plainly
audible starting level for the frequency under test. From the starting
presentation which is acknowledged by a positive response, the level is
reduced in 10 dB steps until no response 1is given. The Tevel s
increased by 5 dB steps until a ‘yes’ response is given; the tone is
reduced by 10 dB. This sequence of ’‘softer by 10, Tlouder by 5’ is
repeated until a threshold is evident from the ascending level present-
ations. Threshold is defined as the Towest hearing Tevel which produces
positive responses for at least half of a series of ascending trials; a
minimum of 2 responses for 3 presentations is required to define thres-
hold.

For bone-conduction audiometry, the bone vibrator may be placed on
the mastoid or forehead, depending on how the instrument has been calib-
rated. No advice 1is given regarding which mastoid should receive the
vibrator. The order of test frequencies is similar to that for air-
conduction, but restricted to the range 0.25 to 4 kHz. (International
Standards on calibration for b-c¢ audiometry, published subsequent to 1978
provide reference levels for frequencies up to 8 kHz.)

The method of recording audiometric results is also specified. A

standard audiogram is recommended, with distinct symbols given for
different test results determined for each ear.
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ANON. (1981)

Procedures are recommended for pure-tone manual audiometry. The
procedures, described as accepted by the British Society of Audiology
and the British Association of Otolaryngologists, are intended to
encourage uniformity throughout British practice.

Two threshold determination methods are described, each built upon
a number of basic principles and/or definitions. The threshold of
hearing for a pure tone is defined as the lowest level at which the
tone is heard for at least half of a Timited number of presentations;
in practice, this means at least two positive responses for three or
four presentations (made by audiometric headphone, bone vibrator or
calibrated free-field sound). A tone presentation should be Tonger
than 0.5 seconds; durations of 1 to 3 seconds are recommended, with
silent intervals randomly varied. If the signal is heard, a positive
response is given by raising the finger, or pressing a button operating
an indicator lamp on the audiometer. The response should indicate the
entire duration of signal heard by the 1listener; this following of
signal-on-signal-off aids the tester’s identification of wvalid
responses, especially very near threshold.

Instructions to the subject are very important in establishing the
accuracy and vreliability of the thresholds to be determined. A
particular wording is recommended:

"I am now going to test your hearing by measuring
the faintest sounds that you can just hear. As
soon as you hear a sound, press the switch button
(or raise your finger). Keep it pressed (or
raised) as long as you hear the sound, no matter
which ear you hear it in. Release the button (or
lower your finger) as soon as you think you no
longer hear the sound. No matter how faint the
sound, press the button {or raise your finger) when
you think you hear it, and release it (or lower it)
when you think you do not hear it."

Alternative wordings are considered acceptable providing the same
points of instruction are covered.
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The test is performed first in the better-hearing ear, as indic-
ated by the subject. The first tone should be 1 kHz. (This choice of
frequency gives the subject every opportunity to perform satisfactorily
early in the test: hearing at this frequency is unlikely to be greatly
deranged; a 1 kHz tone is easily recognized as artificial, being
unlike room noise or bodily noises, including the majority of tinni-
tus.) After the threshold has been determined at 1 kHz, the test
proceeds to 2 kHz, then 4 and 8 kHz, then followed by 0.5 and 0.25 kHz.
If needed, intermediate frequencies such as 3 and 6 kHz are tested in
their proper place in the sequence. Finally, the threshold at 1 kHz is
re-determined as an indicator of learning effects and response valid-
jty. The more acute threshold at 1 kHz is accepted; large retest
errors indicate the necessity of further retests at higher frequencies.

Alternative audiometric methods are recommended, both based upon
signals heard during series of ascending hearing level (or increasing
loudness). Both methods start with a presentation of such hearing
level as to be plainly audible.

For Method A

1. Reduce the level in 10 dB steps until no response is given.

2. After no response, the signal level is increased in 5 dB steps,
until a positive response is given.

3. After a ’yes’ response, reduce the level by 10 dB, to begin
another ascending series,

4. Repeat the procedure of ‘softer by 10, louder by 5’ until the
threshold becomes evident, that is the lowest level which produces
a positive response in at least half of the ascending level
presentations.

For Method B

1. Reduce the level in 10 dB steps until no response is given.

2. Confirm that the Tast Tevel is truly below threshold by giving 2
or 3 further presentations. If no more than one burst is
acknowledged, this level deemed to be ‘not heard’.

3. Raise the level by 5 dB. Present as many as 4 tone bursts, to
expect at least 2 valid responses.
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4. If still ‘not heard’, raise the level by a further 5 dB step, with
a further 4 presentations for at least 2 responses. Give further
signal Tevel increases until the threshold is established.

It should be noted that both methods determine the hearing threshold by

ascending level presentations. Method A requires multiple ascending

series, each ending in a positive response. This method has been seen

above in  AMERICAN NATIONAL STANDARDS INSTITUTE (1978). Method B

specifies a single ascent, with multiple presentations at each Tlevel,

resulting in an acceptable number of positive responses.

Set out in the articie are a list of grounds for the choice of
basic procedures and audiometric methods.

1. The recommended methods are known to yield thresholds in close
agreement with those obtained by most other valid methods. (It
must be presumed that Methods A and B yield identical results.)

2. Either test can be performed with reasonable economy of time. (In
busy clinical practice, superfluous signal presentations mount up
over the testing day, resulting in fewer audiograms per day.)

3. Thresholds are measured with a signal-level step size which
reflects the expected variability of the threshold, that is, a
5 dB attenuator step.

4. Either test method can be Tearned without difficulty, by all
grades of testers required to perform audiometry.

These grounds for choice speak for themselves.

INTERNATIONAL ORGANIZATION FOR STANDARDIZATION (1983b)

This International Standard (ISO 6189-1983) lays down requirements
and procedures for conducting pure-tone air-conduction audiometry
appropriate to monitor the hearing of persons exposed to noise at work.
Since hearing conservation concerns normal hearing as well as impaired
hearing, requirements are presented for measuring hearing sensitivity
down to levels more acute than audiometric zero, that is, to negative
hearing levels. Techniques are given for self-recording and manual
air-conduction, pure-tone audiometry.
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Requirements preliminary to testing are much the same as seen
before in AMERICAN NATIONAL STANDARDS INSTITUTE (1978), HEALTH AND
SAFETY EXECUTIVE (1978), and ANON. (1981). Otoscopy 1is required;
instructions to the subject are explained; proper placement of the
headphones should be achieved.

A slight variation on self-recording audiometry is specified. To
start the test, a practice run of 20 to 30 seconds is given; the
subject’s performance will indicate whether the instructions have been
understood. If so, the test is started; both ears are tested by the
programme involving a set order of tone frequencies. When both ears
have been completed, the subject is given a one minute rest, without
disturbing the headphone placement. The first one or two frequencies
are retested in the first ear, as a vaTidity check. If the initial and
repeat thresholds are in specified agreement, the repeat series may be
discontinued. Detailed rules are given to determine if each threshold
tracing is valid, and to evaluate the hearing threshold level from the
ascending and descending traces; the rules are identical to those
given by the HSE.

Two alternative methods are specified for conducting a manual
audiometric test: an ascending method; and a bracketing method. Both
require an initial familiarization. The first tone, 1 kHz, is pres-
ented at a plainly audible level, in order to elicit a prompt positive
response. Then, from a minimum presentation Tevel (inaudible}, the
level is increased until a response is given; this familiarization
response estimates the ascending threshold.

For the ascending method, the level is reduced by 10 dB from the
familiarization response Tevel. Presentations are made at levels
increased by 5 dB until a ‘yes’ is given; the level is reduced by 10
dB, for another ascending series. This "louder by 5, softer by 10’
sequence is repeated until three responses out of a maximum of five
trials occur at a single level; this is the threshold. The next
frequency is then tested.
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For the bracketing method, the level is increased 5 dB from that
for the familiarization. From this audible Tlevel, presentations are
made at descending 5 dB intervals. When no response is given, an
‘overshoot’ is made with a further 5 dB reduction. From this inaudible
level, presentations are made at increasing 5 dB intervals. When a
'yes’ is given, a further 5 dB positive overshoot is made. In all,
three ascents and three descents are made. Threshold is determined
from the six lowest levels acknowledged as heard, averaged and rounded
to an integer value. The next frequency is then tested.

Both methods may be abridged in a specified manner. For the
ascending method, testing need continue only until two positive
responses have been obtained from three trials. The bracketing method
may be shortened by eliminating the 5 dB overshoot intervals specified
after a positive or negative response is given during an ascending or
descending presentation series. For either full or abridged methods,
it should be noted that the ascending method determines threshold from
ascending level tone presentation series. For the bracketing method,
both ascending and descending series are used to determine threshold.
The two methods of manual audiometry have been demonstrated to give
identical results, see ARLINGER (1979).  Self-recorded thresholds,
however, are known to be 3 dB more acute than would be determined by
any of the interchangabie manual techniques.

{(Note: This International Standard, ISO 6189-1983, has also been
published as BS 6655:1986.)

BRITISH SOCIETY OF AUDIOLOGY (1985)

This technical note sets out procedures for pure-tone bone-con-
duction audiometry without masking. The recommendations are
intended as an extension to the procedures set out in ANON. (1981).
The criterion of threshold test stimuli and subject response methods
remain unchanged from the earlier document. Instructions to the
subject should be slightly modified, to emphasize that a response
should be given whenever a signal is heard, no matter which side.

- 15 -



The bone vibrator should be placed on the mastoid prominence
behind the worse-hearing ear, as determined by the average a-c
threshold for the frequencies 0.25 to 4 kHz. Hair, spectacles, ear-
rings, etc. should be removed from the vicinity of the vibrator; the
vibrator must not touch the outer ear during the test.

The order of test is the same as for air conduction, that is,
start at 1 kHz, then proceed to successively higher frequencies; after
the highest frequency, test 0.5 kHz, then 0.25 kHz. Either Method A or
Method B from the 1981 procedures may be used. An important note is
offered: without the use of masking, it is not possible to determine
without doubt which cochlea (left or right) is responsible for the
detection of the bone-conducted signal. 1In clinical practice, unless
the b-c and a-c thresholds are in close agreement, masking must be used
to determine the auditory function of each cochlea.

BRITISH SOCIETY OF AUDIOLOGY (1986)

Recommendations are offered on the method for masking in pure-tone
audiometry. The intent was to extend the scope of previous recommend-
ations, ANON. (1981) and BRITISH SOCIETY OF AUDIOLOGY (1985) dealing
with audiometry by air- and bone-conduction.

Masking is used to prevent the unintended hearing of test signals
in the non-test ear, which may happen for either air- or bone-con-
duction. Three rules are offered, to indicate the requirement for
masking.

1. For a-c¢, masking is needed at any frequency at which the differ-
ence between left and right thresholds is 40 dB or more. The
worse ear would be the test ear, with masking to be applied to the
better, non-test ear.

2. For b-c, masking is needed at any frequency at which the not-
masked b-c threshold is more acute than the worse a-c threshold by
10 dB or more. The worse {a-c) ear would be the test ear, with
better ear being the masked, non-test ear.

3. For a-c, masking may be needed when Rule 1 is not in force, but
when the not-masked b-c¢ threshold is more acute than the worse ear
a-c threshold, by 40 dB or more.

- 16 -



Rules 1 and 3 suggest air-conduction thresholds which are con-
siderably elevated from normal and thus need not be of concern in the
present review. In the case of rule 2, no abnormal thresholds are
supposed, only a small difference between b-c and a-c thresholds.
Here, the problem lies in determining whether the worse-hearing ear
(by a-c) suffers from conductive blockage. The better-hearing ear (by
a-c) is removed from the situation by giving it something to listen to,
a masking noise to prevent cross-hearing of the b-c signal applied to
the other side of the head. This masking noise should be a narrow
band, of one-third or one-half octave bandwidth, with centre frequency
equal to that of the test tone. The masker may be applied by
audiometric earphone or ear insert phone.

No matter which of the three rules (see above) is in force, the
procedure is the same: the masking function is determined, seeking the
plateau which indicates the true threshold in the test ear. The
apparent tone threshold value, T, is known from the original audiogram;
the masker threshold, M, is determined for the non-test ear. The
masker is then presented continuously, at a level of M + 10 dB, and the
tone threshold is measured again; if the tone threshold increases,
some degree of cross-hearing has been in operation. The masking
level is increased in further 10 dB steps, until three consecutive
increases yield the same tone threshold in the test ear. This final
value is the true masked threshold, by air- or bone-conduction as
appropriate, for the test ear,

An important principle is offered in the procedures, worth
repeating here: "It is far more important to mask properly at two or
three frequencies than to mask incorrectly or hurriedly at ail
frequencies on an audiogram."

INTERNATIONAL ORGANIZATION FOR STANDARDIZATION (1989)

This  International Standard (IS0  8253-1:1989) specifies
requirements and procedures for air- and bone-conduction audiometry.
Throughout the standard, it is assumed that all tests will be carried
out by, or under the supervision of, a qualified person, that is,
someone who has followed an appropriate course of instruction in the
theory and practice of audiometric testing.
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A number of general conditions and requirements are set out for
audiometric testing; most have been seen before in HEALTH AND SAFETY
EXECUTIVE (1978), AMERICAN NATIONAL STANDARDS INSTITUTE (1978), ANON.
(1981) and INTERNATIONAL ORGANIZATION FOR STANDARDIZATION (1983b).

For manual a-c audiometry without masking, two alternative methods
are outlined. These two, the ascending method and bracketing method,
are identical to the methods found in ISO {1983b), even to the abridge-
ment techniques specified for each.

If masking is required to avoid the test tone being heard in the
non-test ear, a procedure is set out. The wording of the standard
would appear to suggest the procedure, rather than require it; exper-
jence and clinical judgement take priority over the specified standard
method. In any case, the recommended method is what might be called a
masking-function-following procedure. Starting from the threshold
level for both test tone and masker noise, the masker level is
increased by 5 dB. If the tone is now inaudible in the presence of the
noise, the tone level is increased to audibility. The noise level is
further increased, and the tone tested for audibility. It will be seen
that the method follows the masking function by a ‘sawtooth’ procedure.
The masked threshold is determined to be that tone Jlevel not made
inaudible by further increases of the masker level.

For self-recording or automatic-recording audiometry, a procedure
is outlined which 1is identical to that of the ISO (1983b) standard
specifying audiometry for hearing conservation purposes. The assess-
ment of threshold tracings for validity, and the determination ofr
hearing thresholds follow exactly procedures and rules set out by HSE
(1978). Procedures are also set out for self-recording audiometry
using sweep-freguency stimuli; this Bekesy method 1is relatively
uncommon, being largely supplanted by fixed-frequency self-recording
audiometry.

Procedures for bone-conduction audiometry are also set out;
masking of the non-test ear is required to ensure accurate measurement
of test e