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TESTS FOR THE DETECTION OF NOISE-SUSCEPTIBLE INDIVIDUALS

We reviewed the literature on the availability of auditory tests that determine, prior to being affected by
significant hearing loss, to what extent an individual is susceptible to noise. The predictive power of tests
that determine the acoustic reflex responsivity, and both temporal integration and non-linearities of the
hearing system, may be large, whereas the predictability of tests that determine otoacoustic emissions and
head related transfer functions seems to be small. The validity of the indices, however, can only be
determined in longitudinal studies. To our knowledge, the results of such studies have never been
reported.

1.0 INTRODUCTION

As a result of noisy military systems and the limited applicability of personal hearing protection, there
continues to be a high incidence of noise-induced hearing loss (NIHL) among military personnel. One of
the ways to reduce the adverse effects of noise, such as a decreased hearing acuity and a noticeable
reduction in the ability to understand speech in noisy conditions, might be the selection of persons who are
less susceptible to noise. The Netherlands Ministry of Defense contracted TNO Human Factors to
investigate whether at present reliable auditory tests are available to determine in an early stage, i.e. prior
to being affected by significant hearing losses, to what extent an individual is susceptible to noise.

2.0 DEGREE OF INDIVIDUAL DIFFERENCES

To give an idea of the degree in which the susceptibility to noise varies among individuals, Figure 1
reproduces median hearing thresholds of metal workers of the drop-forging industry and office and
canteen personnel (control) reported in Taylor et al. [1], as a function of the frequency of the test tone. The
metal workers had been exposed to A-weighted equivalent sound levels (T = 8 h) varying from 102 to 112
dB. With the help of vertical lines, the 90" (top) and 10™ (bottom) percentiles are given as well. The data
are shown for five separate groups with ages varying between 15 and 24 years up to between 55 and 64
years. The spread in the thresholds (difference between the thresholds for the 10™ and the 90" percentiles)
is also given in Table 1. Averaged across frequency, the spread increases from about 20 dB for the 15-24-
year-old up to about 40 dB for the 35-44-year-old. For the two higher categories, the spread stabilizes at
45 dB, which must be an artifact caused by the employees with very high hearing losses who prematurely
gave up their jobs. Averaged across the age groups the spread obtained for the lower frequencies of 0.5
and 1 kHz is about 15 dB smaller than that for the higher frequencies of 2 and 4 kHz. As references, Table
1 also shows the spread (10™ - 90™ percentiles) in the hearing thresholds for otologically normal persons
that can be revealed from the data sets given in ISO 7029 [2]. The spread is averaged across males and
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females. For persons older than 34 years, the spread in the thresholds for the highly exposed at frequencies
of 0.5, 1, and 2 kHz is 10 to over 30 dB higher than that for the otologically normal persons.
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Figure 1: Median hearing thresholds of metal workers (industry) and a reference group (control)

reported in Taylor et al. [1], as a function of the frequency of the test tone and for five separate

age-groups. The top and bottom of the vertical lines represent the 90™ and the 10" percentiles,

respectively.

Table 1: Spread (in dB) in the hearing thresholds, expressed as the difference between the
thresholds for the 10" and the 90" percentiles, for various frequencies and for workers in the
drop-forging industry (DF) included in the study of Taylor et al. [1] and for otologically normal

persons (ON) as described in ISO 7029 [2]. The difference between DF and ON is indicated by d;

the mean (M) of these differences averaged across frequency or age is given in the last column

and bottom row, respectively.
500 Hz 1000 Hz 2000 Hz 4000 Hz
Age DF ON d DF ON d DF ON d DF ON d M
15-24 12 14 -2 15 14 1 19 16 3 37 19 18 5
25-34 16 15 1 22 15 7 38 17 21 47 20 27 14
35-44 27 16 11 35 16 19 51 20 31 53 25 28 22
45-54 38 18 20 45 18 27 57 23 34 40 32 8 22
55-64 37 21 16 47 21 26 54 28 26 48 41 7 19
M 9 16 23 18 16
3.0 AUDITORY TESTS

Changes in the hearing acuity that result from high sound exposures are often expressed as a temporary
(TTS) or a permanent (PTS) shift in the hearing threshold. The effective individual sound exposure may
be moderated by the acoustic reflex and anatomical properties of the ear canal and the concha. In addition,
there are various psychoacoustical tests that provide insight in the way in which the hearing organ
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integrates sounds in the time- and frequency domains. Since changes in these last features are observed
earlier than changes as measured by means of the TTS and the PTS, much research focussed on the
predictability of changes in especially the TTS from the results of tests that determine the integrating
properties of the hearing system.

3.1 Acoustical Tests

Intense acoustic stimulation causes reflexive contraction of the middle-ear muscles. As long as the
muscles are contracted, the transmission of sound energy is reduced. It is believed that the reduction
protects the inner ear from intense sound. The literature is not quite consistent with respect to the relation
between the magnitude of the acoustic reflex and the size of the TTS after sound exposure. Gerhardt and
Hepler [3], for example, found a significant negative correlation between these two measures for tone
bursts with a frequency of 1.4 kHz, but not for tone bursts with frequencies of 0.5 and 2 kHz. The
interpretation about the cause-effect relationships is hampered by their observations that the magnitude of
the acoustic reflex is reduced by the noise exposure itself. From a large-scale study on the relevance of
various features of the acoustic reflex, comprising also measures such as the latency, rise and decay times
of the reflex, Colletti and Sittoni [4] concluded that the stapedius reflex may play an important role in the
protection against noise. In general however, it is felt that for a complete understanding of the cause-effect
relationships, longitudinal studies are required.

As a result of individual differences in the shape of the ear canal entrance, the length of the ear canal, the
cross-section area along the canal and the acoustic impedance of the tympani membrane, the effectivity of
the sound transmission (HRTF) may differ from person to person. Hellstrom [5] determined the degree of
TTS after exposure to noise for 36 subjects who were assigned to one of three groups depending on their
mean sound transfer function for frequencies between about 3 and 6 kHz: low, middle, or high. The mean
differences between the groups with a low and a high effectivity ranged between about 6 to 9 dB. The
differences between the TTS as determined for either 2- or 4-kHz narrow-bandpass filtered white noise
was about 5 dB at most. For the assessment of the practical relevance of these mainly anatomical
differences, the test should be extended for lower frequencies of, for example, 250, 500 and 1000 Hz.
Since for these lower frequencies the differences among the individual HRTFs are small, the overall effect
on the TTS must be smaller as well. A related aspect, of course, is the shape of the concha and how far the
ears project from the head. Ward [6] reported that there was a positive correlation between the TTS after
exposure to noise and the magnitude of the ear projection.

Otoacoustic emissions (OAEs) are sounds in the ear canal that result from activity of the outer hair cells.
When OAE is evoked by long series of pulse- or click trains, it is called a transient-evoked OAE
(TEOAE). An OAE that occurs as a result of distortion is called a distortion product OAE (DPOAE). An
OAE can also be produced spontaneously (SOAE), without deliberate sound stimulation. In several
studies, the magnitude of TEOAE has been related to the hearing thresholds of groups of subjects with
various degrees of hearing loss. By and large the results showed that for subjects with clearly measurable
TEOAE:S the hearing loss was generally small. Absence of TEOAES, or a low reproduceability of specific
components of them, however, were no reliable indicators of significant hearing losses: they could be
found both in subjects with normal hearing and in subjects with deviating hearing thresholds (e.g., see
Attias et al.[7]; Engdahl and Tambs [8]; Tognola et al. [9]). As a result, the TEOAE cannot be used in
determining an individual’s risk of hearing loss. This conclusion also holds for the DPOAE. The present
author is unaware of reports about the relation between SOAE and hearing loss.

3.2 Psychoacoustical Tests

In various studies reported by Humes and colleagues (e.g., see Humes [10]; Humes and Bess [11]), the
threshold of distortion is arbitrarily defined as the total sound level of two interfering tones at which the
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beats are just no longer audible. For frequencies higher than 1 kHz, it has been found that the TTS
decreases with increasing threshold of distortion. This threshold has never been related to PTS.

The loudness discrimination test proposed by Bienvenue et al. [12] determines the ability to detect small
changes in the level of various sounds. People with a certain degree of noise induced hearing loss are able
to detect smaller changes in sound level (loudness recruitment) than normal hearing subjects. Bienvenue et
al. concluded that this discrimination test was an early and sensitive indicator of TTS. Without separate
data on the TTS, however, this conclusion seems to be premature. In a study with naval aviators
categorized as having either normal hearing or hearing threshold levels greater than 40 dB at frequencies
between 4 and 8 kHz, Thomas and Williams [13] found that for frequencies of 2 and 4 kHz, the aviators
with the hearing loss had deviating scores on a comparable discrimination task. Especially surprising was
the result obtained for the frequency of 2 kHz: although the hearing threshold of the noise-susceptible
subjects was still normal at this frequency, the result of the discrimination test already implicitly indicated
the occurrence of loudness recruitment. This suggested that the test might serve as an “early warning” of
noise-induced damage.

For short tone bursts the hearing threshold depends on both the frequency and the duration of the tones.
For subjects with normal hearing, the trade-off between level and time is equal to —10 dB for a tenfold
increase in tone duration. In a study reported by Lawton and Robinson [14] the mean slopes for a group of
young and a group of older men were equal to —9.3 and —7.5 dB, respectively. For both groups the mean
integration time was equal to about 150 ms. A portion of the variance in the hearing threshold at 4 kHz
could be accounted for by the slope and the product of the slope and the logarithm of the integration time.
For the younger and older groups the explained variance was equal to 28% and 60%, respectively. Lawton
and Robinson [14] concluded that brief-tone audiometry might be a promising tool that should be included
in future research on the detection of noise-susceptible subjects. The latter conclusion was confirmed in a
subsequent study with soldiers who had experienced very heavy exposure to shooting noise whilst
retaining substantially normal hearing sensitivity (Lawton and Robinson [15]).

The threshold for octave masking is a measure for cochlear distortion. Humes et al. [16] obtained a
negative correlation between the masking threshold and the TTS: normal hearing subjects with a high
threshold had a lower TTS. In the study reported by Lawton and Robinson [14] the slope of the masking
threshold was significantly correlated with the hearing threshold level at 4 kHz. Especially for the group of
older men the variance in the hearing thresholds accounted for by this slope was as large as 50%. After
various analyses, Lawton and Robinson [15] concluded that resistance to hearing loss is associated with a
steep slope of the octave masking threshold.

Bergman et al. [17] used the notched-noise procedure to determine changes in auditory frequency
selectivity in noise-exposed industrial workers. The frequency selectivity was defined as the difference
between the threshold of a test tone in broadband noise and the threshold of a test tone in noise with a
spectral notch. A clear negative correlation between frequency selectivity and the hearing threshold level
at 4 kHz was obtained. Since even for subjects with normal hearing there exists considerable variance in
the frequency selectivity, this test might be a predictor for individual susceptibility to noise at the long
term.

Speech reception thresholds and tone thresholds are clearly correlated. For the thresholds measured in 200
individuals with noise-induced hearing loss, Smoorenburg [18] found that the speech reception threshold
in noise could be adequately predicted (r = 0.72) from the pure-tone average at 2 and 4 kHz. From the
statistical association obtained in a typical cross-sectional study it cannot be inferred that hearing loss is a
predictor for individual susceptibility to noise. Humes [10], however, referred to a study in which for the
normal hearing subjects a significant positive correlation was found between the threshold of distortion
and the discrimination scores for speech in noise at signal-to-noise ratios of 0 and 6 dB. Since a positive
relation was found also between the threshold of distortion and the TTS, Humes’s hypothesis that speech
reception might be a predictor for individual susceptibility to noise is plausible.
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4.0 NONACOUSTIC FACTORS

The literature suggests that eye color is a predictor of individual susceptibility to noise: people with blue
eyes might be more sensitive to noise than people with brown eyes (e.g., see Thomas and Williams [13]).
A small effect of gender is reported also, with females being less sensitive than males. Nicotine intake
might slightly enhance the prevalence of hearing loss (Henderson et al. [19]).

5.0 DISCUSSION

We reviewed the literature on indices of susceptibility to NIHL. In the literature various auditory tests are
proposed that measure items such as loudness discrimination, octave masking, frequency selectivity,
temporal integration, and the acoustic reflex responsivity. The main objective in the pertinent studies was
to determine the correlation between the test results and the noise-induced TTS. Unfortunately, this
approach has several weaknesses. Firstly, at present there are no convincing data showing that at an
individual level, PTS can be predicted from TTS. Secondly, correlations between auditory test results and
the TTS do not yield sufficient knowledge about real causal relationships. The difference in the effectivity
of the sound transmission that results from anatomical differences among ears, is an example of a simple
causal relationship. Especially the last ten years, much research has been devoted also to the relationship
between various kinds of otoacoustic emissions and the hearing threshold. For subjects with measurable
emissions, the hearing loss is generally small. Absence of emissions, however, is no reliable indicator of
significant hearing losses.

We may conclude that the validity of the various indices of the individual susceptibility to NIHL can only
be determined in longitudinal studies. In such studies, the promising auditory tests have to be administered
to the participants at an early age before being affected by hearing losses. In our view the test battery
should include acoustic reflex measurements, the determination of non-linearities of the hearing system
(threshold of octave masking or threshold of distortion) and brief-tone audiometry. One might also
consider including a test for speech reception in noise. The results obtained in the present literature study
suggested that the measurement of otoacoustic emissions had a low priority. The disappointing results
obtained in the cross-sectional studies, however, do not necessarily imply that individual changes in the
otoacoustic emission observed in a lapse of many years cannot be used in the early detection of noise-
susceptibility. This notion, and given that the measurement of otoacoustic emissions is neither time-
consuming nor a burden to the subject, may justify inclusion of such a test also. After 10, 20, and possibly
even after 30 years, the test results should then be related to the PTS that each participant may have
suffered. In the literature, the need for such longitudinal studies has been frequently emphasized. To our
knowledge, however, the results of such comprehensive studies have never been reported.
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