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Abstract
Objective: To assess auditory processing in noise-exposed subjects with normal audiograms and compare the
findings with those of non-noise-exposed normal controls.

Methods: Ten noise-exposed Royal Air Force aircrew pilots were compared with 10 Royal Air Force administrators
who had no history of noise exposure. Participants were matched in terms of age and sex. The subjects were assessed in
terms of: pure tone audiometry, transient evoked otoacoustic emissions, suppression of transient evoked otoacoustic
emissions in contralateral noise and auditory processing task performance (i.e. masking, frequency discrimination,
auditory attention and speech-in-noise).

Results: All subjects had normal pure tone audiometry and transient evoked otoacoustic emissions amplitudes in
both ears. The noise-exposed aircrew had similar pure tone audiometry thresholds to controls, but right ear transient
evoked otoacoustic emissions were larger and speech-in-noise thresholds were elevated in the noise-exposed
subjects compared to controls.

Conclusion: The finding of poorer speech-in-noise perception may reflect noise-related impairment of auditory
processing in retrocochlear pathways. Audiometry may not detect early, significant noise-induced hearing
impairment.
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Introduction
Noise-induced hearing loss is a common occupational
disorder worldwide. In the UK, around one million
workers are exposed to damaging levels of noise.1 It
has been estimated that 153 000 men and 26 000
women aged 35–64 years may have severe hearing dif-
ficulties attributable to noise exposure at work.2 Noise-
induced hearing loss is more prevalent in heavy indus-
try, manufacturing and the military. The National
Institutes of Health considers levels above 80 dB SPL
to be hazardous.3 Noise exposure above this level
may, in theory, cause temporary hearing deficits or
even permanent threshold shifts. The sound pressure
level required to cause permanent threshold shifts
varies amongst individuals. Only 5 per cent of those
exposed daily to an equivalent average noise exposure
level of 85 dB(A) throughout an 8-hour day, over a 30-
year period, developed a significant hearing loss.4 The
UK Control of Noise at Work Regulations (2005) have
limited the average noise exposure level over an 8-hour
work day to 80 dB(A); specific actions are to be taken

if noise exceeds this level, with an exposure maximum
set at 87 dB(A) over an 8-hour work day.5

The most prominent histopathological feature of per-
manent threshold shifts in noise-induced hearing loss is
progressive damage to hair cells.6 In addition, intense
noise exposure leads to structural and functional
changes of the tectorial membrane, sensory hair
bundles, tip links, and intracellular organelles of the
cochlear hair cells.7 It also leads to the loss of the cell
bodies of the cochlear afferent neurons within the
spiral ganglion that are in contact with the damaged
hair cells.8 These changes may impact on the structure
and function of the central auditory nervous system.7 A
reduced neural output from the cochlea in response to
noise, reduces nuclear density in the central auditory
nervous system,9 while functionally, after denervation,
the redundant central auditory nervous system begins
to respond to neighbouring frequencies.10 The effects
of noise on the cochlea and hearing nerve after a perma-
nent threshold shift, and the resulting changes in the
central auditory nervous system are well documented.
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However, the effects of noise exposure on the retroco-
chlear pathways that do not lead to permanent threshold
shifts are less well studied.
Royal Air Force (RAF) aircrew are exposed to sig-

nificant levels of noise when flying, both from the air-
frame and in-ear communication devices. Research
indicates that the aircrew are regularly exposed to
noise levels greater than 85 dB(A).11 The RAF pilots
undergo six-monthly medicals; the examinations
include pure tone audiograms, which are conducted
to ensure normal hearing and determine whether the
pilots remain fit to fly. The RAF pilots therefore rep-
resent a unique study group of noise-exposed subjects
with normal audiometry.
This study assessed auditory processing in RAF

Chinook helicopter aircrew using a psychoacoustic
test battery. This population, who had both a quantifi-
able history of noise exposure (data obtained from a
flying log book) and normal audiometry, was com-
pared with RAF administration staff (matched in
terms of sex and age). The RAF administrators had
normal hearing and no history of noise exposure. The
study aimed to examine the potential effects of noise
exposure on the central auditory pathway.

Materials and methods

Ethical considerations

This study was approved by the Ministry of Defence
Ethics Committee. Informed consent was obtained
from all study participants. Testing was conducted at
the RAF Odiham Medical Centre, UK.

Subjects

Case subjects. The case subjects comprised 10 male,
otologically normal RAF pilots who were attending
their biannual aircrew medical (mean age was 31.2
years, standard deviation (SD) 5.1, median 28.4,
range 24.1–38.3 years). Aircrew were included if
they had a minimum of 500 flying hours and normal
hearing thresholds in their last audiogram, (i.e. no
threshold greater than 20 dBHL in either ear between
500 Hz and 4000 Hz). The aircrew subjects had a
mean average of 1438 flying hours (median 1650,
SD 627, range 680–2200 hours).

Control subjects. Ten male, otologically normal RAF
administrators (mean age 30.4, SD 5.6, median 32.0,
range 24.8–39.1 years) were recruited as controls.
These subjects had no history of noise exposure and
all had normal hearing thresholds.
Females were excluded from the study in order to

decrease experimental variation. Age was not signifi-
cantly different between the two groups (p= 0.796).

Test procedures

Baseline tests. These included otoscopy followed by
wax removal if required, and pure tone audiometry,
which was conducted as per standard guidelines

using a GSI 61 audiometer with TDH-49 earphones
(Guymark UK, Brierley Hill, UK) in a sound-attenu-
ated room. The average hearing level for four frequen-
cies (0.5, 1, 2 and 4 KHz) was calculated (in dBHL) for
each ear.
Transient evoked otoacoustic emissions (TEOAEs)

were used to assess outer hair cell and inner ear func-
tion. This test was conducted in both ears using a
dual-channel Otodynamic ILO88/92 Analyser
(Otodynamics, Hatfield, UK). A standard default
setup was used,12 with an 80-μs click stimulus of
80 dB; the response amplitude (in dB) was averaged
over 260, 20-ms sweeps. Normal TEOAEs in the 2.5
to 20 ms post-stimulus period (across 500–4000 Hz)
were defined as an overall response amplitude signal-
to-noise ratio of at least 6 dB and waveform reproduci-
bility of more than 70 per cent in at least 3 adjacent
octave bands.13 The overall TEOAE amplitude and
reproducibility was recorded for each ear.
Suppression of otoacoustic emissions was tested

using contralateral noise (TEOAE plus suppression).
This was done in both ears using the same dual
channel analyser as for TEOAE. The amplitudes of
TEOAE are reduced with contralateral ear sound stimu-
lation.14 This is mediated by the efferent medial olivo-
cochlear bundle that is excited at the brainstem level via
the afferent auditory pathways,15 which may enhance
speech intelligibility in background noise.16 The
TEOAEs suppression test was carried out using one
channel for ipsilateral and the other for contralateral
acoustic stimulation. A linear click of 60 dB SPL was
applied for ipsilateral stimulation and a broad band
noise (0.50–6 kHz) of 40 dB SPL sensation level was
used for contralateral stimulation. Average responses
over 600 sweeps were computed. Suppression was
determined by subtracting the TEOAE with noise
average amplitude from the TEOAE without noise
average amplitude; values greater than or equal to
1 dB were considered normal.16

Auditory processing tests. The Institute of Hearing
Research Multicentre study of Auditory Processing
(‘IMAP’) test battery17 includes tests of: temporal pro-
cessing (backward masking tests with no gap or with a
50 ms gap), spectral processing (simultaneous masking
tests with a delay or with a delayed notch), frequency
discrimination, auditory attention, and recognition of
speech-in-noise (vowel-consonant-vowel test in
International Collegium for Rehabilitative Audiology
(ICRA) noise).
All tests were conducted binaurally and presented as

a computer game. The outcome measures for the back-
ward and simultaneous masking tasks were threshold
measurements, calculated as the mean of the last
three trials of each track (expressed as dB SPL). The
outcomes for the frequency discrimination tests
(expressed as percentage difference) were established
using an adaptive, three-interval, three alternative
(odd one out) forced-choice paradigm. Specifically,
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three auditory stimuli were presented to the subject via
headphones and reinforced with three corresponding
visual choices on the computer screen; subjects were
required to identify the target or ‘odd one out’ using
a purpose-built button box. Threshold measurements
were also attained (in dB SPL) for the adaptive staircase
vowel-consonant-vowel test in International Collegium
for Rehabilitative Audiology noise, which required
subjects to repeat the vowel-consonant-vowel. The
outcome measure for the auditory attention test was
reaction time (for the cued and non-cued conditions,
and the difference between the two).

Analysis

The test results were summarised using the mean, SD,
mean difference and confidence intervals of the differ-
ence. Taking into consideration the small sample size,
Mann–Whitney U tests were conducted to explore the
statistical significance of differences in test results
between the two groups. A p-value less than 0.05 was
considered to be indicative of statistical significance.

Results

Baseline tests

Pure tone averages demonstrated normal hearing
thresholds in both groups, with no statistically signifi-
cant difference between the two groups for any fre-
quency in either ear. The pure tone average tended to
be slightly better in both ears (by 2 dB) for the
control group, but this was not statistically significant
(Table I).
All noise-exposed subjects and non-noise-exposed

controls had normal transient evoked otoacoustic emis-
sions (TEOAEs). The aircrew subjects tended to have
larger TEOAE amplitudes than controls in both ears,
but only the right ear differences (of 4 dB) were statisti-
cally significant (p= 0.043, Table II). Suppression
values did not differ between the two groups (Table II).

Auditory processing tests

Auditory processing was assessed using the Institute of
Hearing Research Multicentre study of Auditory
Processing test battery. The results revealed that noise-
exposed aircrew subjects had worse thresholds than
controls in the vowel-consonant-vowel test by 3.9 dB
(mean 49.7 dB SPL in subjects vs 45.8 dB SPL in

controls; p= 0.019). Backward and simultaneous
masking tests were associated with similar thresholds in
the two groups (Table III). In the frequency discrimi-
nation test, the results tended to be worse for aircrew sub-
jects (mean 4.62 per cent, SD 9.53) than for controls
(mean 1.5 per cent, SD 1.55), but the difference was
not significant (Table III). The aircrew subjects had six
times more variability in performance. The auditory
attention test indicated better reaction times for the
aircrew versus the controls, but there was no significant
difference (Table IV).

Discussion
This study compared cochlear function and auditory
processing in a noise-exposed versus a non-noise-
exposed, age-matched male population. The most pro-
minent difference between the two groups was the
speech-in-noise test performance, which was almost
4 dB worse in the noise-exposed RAF aircrew com-
pared with the non-noise-exposed RAF administrators
(p= 0.019). By selecting controls who worked for
the RAF, the effect of potentially confounding factors
such as higher order effects of intelligence on speech
recognition was minimised. Furthermore, the auditory
attention test did not identify any significant differ-
ences between the two groups that could account for
these findings.
The two groups had similar pure tone audiometry

results, indicating that the worse speech-in-noise per-
formance for the aircrew could not be accounted for
by a difference in hearing levels. Transient evoked
otoacoustic emissions (TEOAEs) may be lost before
audiometric thresholds change in up to 56 per cent of
noise-exposed subjects.18 However, TEOAE average
responses were normal in both study groups, with a cri-
terion of normal responses in at least three adjacent fre-
quency bands between 1 and 4 kHz. In addition,
TEOAE overall amplitude was significantly larger in
the noise-exposed aircrew versus the controls in the
right ear (p= 0.043), indicating enhanced cochlear
sensitivity across the three frequency bands within the
speech frequency range.
Long-term moderate noise exposure in guinea pigs

can increase distortion product otoacoustic emission
amplitudes at low frequencies (1.0 to 3.0 kHz),19

which is probably a result of conditioning. This is con-
sistent with the results of the present study. That study
also found decreased olivocochlear efferent suppres-
sion at the same frequencies. In our study, overall sup-
pression values were not different between the two
groups, but we cannot exclude the possibility that
reduced suppression in specific frequency bands
adversely affected speech-in-noise perception, as
reported by Mukari and Mamat (2008).20 Other
studies have reported reduced suppression in noise-
exposed humans with normal hearing thresholds.21

However, these findings may not be directly compar-
able to ours, as their noise-exposed study group had
significantly higher (albeit within the normal range)

TABLE I

PURE TONE AUDIOGRAM AVERAGES∗

Ear Subjects
(mean (SD);

dB)

Controls
(mean (SD);

dB)

Mean difference
(95% CI)

p

Right 5.6 (3.5) 3.1 (3.0) 2.4 (−0.6–5.5) 0.143
Left 5.9 (4.1) 3.7 (3.8) 2.2 (−1.4–5.9 ) 0.218

∗Average hearing level for four frequencies (0.5, 1, 2 and 4 KHz)
in noise-exposed subjects and non-noise-exposed controls. SD=
standard deviation; CI= confidence interval

SPEECH-IN-NOISE PERCEPTION AFTER CHRONIC NOISE EXPOSURE 235

https://doi.org/10.1017/S002221511200299X Published online by Cambridge University Press

https://doi.org/10.1017/S002221511200299X


high frequency thresholds, and there was a tendency for
TEOAE amplitude to be lower than in controls, which
is in contrast to the findings of Mukari and Mamat’s
study wherein suppression was reduced in high
frequencies.
Animal studies indicate that noise exposure leads to

damage and reorganisation of the auditory pathways
from the level of the auditory nerve up to the cortex,
in the presence of normal or abnormal audiometric
thresholds. Extensive permanent noise was shown to
provoke the loss of afferent nerve terminals, and the
delayed degeneration of the cochlear nerve was
reported following exposure to noise that caused a tem-
porary threshold shift, with complete threshold recov-
ery and normal hair cell function.22 The authors of
that study suggested that the consequences of primary
neuronal loss on the auditory processing of suprathres-
hold sounds are likely to be dramatic, despite a
threshold recovery.
Reduced speech-in-noise perception is common in

patients with auditory neuropathy, some of whom
may have normal audiometric thresholds.23 We did
not assess auditory nerve function using auditory brain-
stem evoked responses; however, the Institute of
Hearing Research Multicentre study of Auditory
Processing test battery results may offer some insight.
Patients with auditory neuropathy are reported to have
reduced frequency discrimination at frequencies
below 4 kHz compared with normal controls.24 This
is to some degree consistent with our finding of more
variable frequency discrimination performance in
noise-exposed aircrew pilots. However, auditory

neuropathy patients also show prominent deficits in
temporal tasks, including masking.24 This was not the
case for the aircrew subjects in our study, whose per-
formance in the masking tests was similar to that of
normal controls. An auditory nerve lesion in the
aircrew pilots is thus unlikely, but cannot be excluded
altogether.
Previous studies have reported the effects of noise

exposure on auditory cortex function in humans. For
instance, chronic low level background noise exposure
in otherwise healthy individuals seems to alter the
normal left hemisphere dominant speech-induced
activity to right hemisphere dominance for speech pro-
cessing.25 Kujala et al. assessed speech sound discrimi-
nation in noise-exposed shipyard workers (aged less
than 35 years old) with normal pure tone audiometry.26

They compared the results of behavioural and electro-
physiological tests (the auditory-evoked N1/P2 and
mismatch negativity components) with non-exposed
normal controls. The authors found there was impaired
speech discrimination in the noise-exposed subjects,
consistent with the findings of the present study,
which was attributed to an early cortical sound dis-
crimination dysfunction. Novel sounds presented in
noise distracted the noise-exposed subjects signifi-
cantly more than controls, indicating reduced attention
control. There was no effect on attention in our study;
however, this may be due to the use of reaction times
as an outcome measure.
Our study found no further evidence for impaired

auditory cortical processing on the basis of the non-
speech test results. However, the frequency

TABLE II

MEAN TEOAE AND TEOAE SUPPRESSION RESPONSES∗

Parameter Subjects (mean (SD); dB) Controls (mean (SD); dB) Mean difference (95% CI) p

R ear TEOAE 15.9 (3.2) 11.9 (3.9) 4 (0.7–7.4) 0.043
L ear TEOAE 14.3 (2.3) 12.6 (4) 1.7 (−1.4–4.7) 0.529
R ear TEOAE suppression 1.04 (0.7) 1.09 (0.6) −0.05 (−0.7–0.6) 0.739
L ear TEOAE suppression 0.39 (2.7) 1.33 (0.6) −0.94 (−2.9–1) 0.579

∗For noise-exposed subjects and non-noise-exposed controls. SD= standard deviation; CI= confidence interval; R= right; TEOAE= tran-
sient evoked otoacoustic emissions; L= left

TABLE III

MEAN AUDITORY PROCESSING TASK THRESHOLDS∗

Test (units) Subjects mean threshold
(SD)

Controls mean threshold
(SD)

Mean difference (95% CI) p

Speech-in-noise (dB SPL) 49.7 (3.3) 45.8 (3.65) 3.8 (0.6–7.12) 0.019
Simultaneous masking (dB SPL)
– Delay 64.3 (5.5) 66.5 (2.2) −2.2 (−6.2–9.1) 0.393
– Delayed notch 42.3 (3.8) 42.6 (4.4) −0.3 (−4.1–3.6) 0.853
Backward masking (dB SPL)
– No gap 35.4 (6.2) 35.6 (12.5) −0.2 (−9.7–9.3) 0.436
– 50 ms gap 28.53 (3.7) 28.57 (5.5) −0.04 (−4.4–4.3) 0.912
Frequency discrimination

(% difference)
4.62 (9.53) 1.5 (1.55) 3.1 (−3.8–9.9) 0.436

∗For noise-exposed subjects and non-noise-exposed controls, using the Institute of Hearing Research Multicentre study of Auditory
Processing test battery. SD= standard deviation; CI= confidence interval
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discrimination results were better for controls (at 1.52
per cent) and worse for subjects (at 4.62 per cent) com-
pared with adult normative data of 2.5 per cent.27 In
addition, performance was more variable in the noise-
exposed group; the lack of a significant difference
between the noise-exposed subjects and non-noise-
exposed controls may have been due to the low
power of the study. This potential difference needs to
be explored further using a larger sample, as the
primary auditory cortex and surrounding region play
a critical role in perceptual pitch discrimination.28

• This study assessed auditory processing in
noise-exposed versus non-noise-exposed
subjects; all had normal audiograms and
cochlear function

• Noise-exposed subjects showed impaired
speech-in-noise perception

• This effect may be due to abnormal
processing of sound within retrocochlear
pathways

• Audiometry may not detect early, significant
noise-induced hearing impairment

In conclusion, this study found a clinically important
and significant (p= 0.019) reduction of speech-in-
noise perception in noise-exposed pilots versus non-
exposed controls, despite both groups having normal
TEOAE amplitudes and hearing thresholds. The
region responsible for this impairment was likely to
be posterior to the cochlea at the auditory cortex
level, as described in other studies. The risk of auditory
symptoms has been shown to increase with the number
of years of occupational noise exposure, and the use of
hearing aids rises as the symptoms become more
severe.2 However, average thresholds may not correlate
with the degree of reported auditory symptoms.29 Our
findings, together with those of other authors, indicate
that audiometry, which forms the cornerstone of detec-
tion in occupational hearing conservation schemes, is
not sufficient to detect significant noise-induced
hearing impairment. Such impairments include
reduced speech-in-noise recognition, which may have
significant effects on performance or productivity,
and on safety, which is particularly important in mili-
tary professions. Further research is required to eluci-
date the anatomical level(s) of lesions that underpin

these findings, and to investigate auditory processing
in this population in more detail.
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