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Acronyms

CAS DPOAE: Contralateral acoustic suppression of DPOAEs

dB HL.: Decibel hearing level

dB SPL.: Decibel sound pressure level

DPOAEs: Distortion product otoacoustic emissions

ADPOAEs: [DPOAE:s at the end of the shift — DPOAEs at the beginning of the shift]
DP-gram: DPOAE pattern across frequency

ADP-gram: [DP-gram at the end of the shift — DP-gram at the beginning of the shift]
ER: efferent reflex

AER: [ER threshold at the end of the shift — ER threshold at the beginning of the shift]
INRS: Institut National de Recherche et de Sécurité; French Research and Safety Institute
for the Prevention of Occupational Accidents and Diseases

Lex,8h: equivalent continuous noise level calculated over 8hr

MER: Middle-ear reflex

NIHL: noise-induced hearing loss

PTA: Pure-tone air-conduction audiometry

APTA: [PTA at the end of the shift — PTA at the beginning of the shift]
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Abstract
Noise is one of the most pervasive hazards in the workplace. Despite regulations and
preventive measures, noise-induced hearing loss is common. The current reference test is
pure-tone air-conduction audiometry (PTA), but this test cannot be used to detect early
hearing loss. OBJECTIVE: In this study, we assess one-day auditory fatigue using both PTA
and efferent reflexes (ER) measured using DPOAEs associated with contralateral acoustic
stimulation (CAS DPOAEs). DESIGN: The noise exposure history, PTA, and ER detection
were performed in seven different companies where the Lex g, was 85 dB(A). Hearing was
tested before and at the end of the working day. STUDY SAMPLE: 46 volunteers were
selected to carry out this study. RESULTS: After a single working day, a greater impact of
noise was measured using ER thresholds than PTA or DPOAEs. ER measurements are
objective, easy to perform, and do not require a sound-attenuated booth. CONCLUSIONS:
Screening workers by periodically measuring ER thresholds using CAS DPOAEs helps detect
early changes in hearing status, before the onset of noise-induced hearing loss. These tests can

be readily applied as part of a hearing conservation program.
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Introduction

Despite extensive regulations and preventive approaches, noise-induced hearing loss
(NIHL) remains a major occupational health hazard in industrial environments (Nelson et al.,
2005). In 1996, the NIOSH established the National Occupational Research Agenda (NORA).
This identified NIHL as one of the 21 priority areas requiring improvement in occupational
practices. Hearing loss is not restricted to the civilian workforce; it is also a significant public
and military health problem. From a general point of view, NIHL can be defined as
permanent auditory threshold shifts based on measurements performed using pure-tone air-
conduction audiometry (PTA). Temporary auditory threshold shifts (TTS) also exist, these
can be considered as auditory fatigue. In the current study, we mainly studied the auditory

fatigue to evaluate the risk encountered by workers exposed to moderate-intensity noise.

In most hearing conservation programs, the auditory performances of noise-exposed
workers are tested using PTA. PTA relies on a patient’s ability to detect thresholds of hearing
sensations based on frequency-specific acoustic stimuli, making it a subjective test. In this
kind of test, the central auditory system analyzes each piece of information provided by the
peripheral auditory receptor, and may compensate for subtle ear dysfunctions or metabolic
fatigue to ensure the highest level of performance. Such phenomena are part of the general
concept of plasticity of the auditory function (Syka, 2002; Kaltenbach & Zhang, 2007;
Finlayson & Kaltenbach, 2009; Mulders & Robertson, 2013). Thus, retro-cochlear
compensation mechanisms may lead to underestimation of temporary auditory threshold shifts

(fatigue), and this can postpone the identification of changes in hearing capacity.

For many years, people responsible for noise prevention have been hoping for a rapid,
objective test. Today, clinicians, and some occupational physicians, measure distortion

product otoacoustic emissions (DPOAES) to detect inner-ear dysfunctions due to loud noises
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or presbycusis (Lonsbury-Martin et al., 1991; Oeken et al., 2000; Neely et al., 2009). This
technique has the advantages of assessing the performances of peripheral auditory receptors in
the absence of central influences. When two-tone stimulations at f1 and f2 (primaries) are
emitted simultaneously into the outer ear canal, several DPOAEs can be measured. The most
robust of these is the cubic difference, measured at 2f1-f2. This requires a frequency-selective
compressive nonlinearity in the basilar membrane mechanics for the region where the
primaries overlap (Ruggero et al.,, 1997; Lopez-Poveda & Johannesen, 2009). This
nonlinearity is mainly due to motility of the outer hair cells (Davis, 1983; Dallos, 1992),
which are particularly sensitive to noise-induced damage (Hamernik et al., 1989; Lonsbury-

Martin et al., 1993).

The current study aims to find an appropriate hearing test to monitor auditory fatigue.
This test should better estimate the hearing risks encountered by workers exposed to
moderate-intensity noise during their working day [Lex sh = 85 dB(A)]. The objective was not
to replace PTA, but rather to complement it with a battery of tests including DPOAEs, and
DPOAEs combined with a contralateral acoustic stimulation (CAS DPOAE). In this
experimental context, PTA thresholds were measured to evaluate overall auditory
performance, DPOAESs were used to assess the function of outer hair cells, and CAS DPOAEs
evaluated the efficiency of the efferent reflex (ER). This reflex is considered to be the sum of
the effects induced by the stapedial and olivocochlear reflexes. PTA, DPOAEs and CAS
DPOAES were measured prior to and after a workday. The battery of tests revealed effects on
the outer hair cells, the middle-ear, and the auditory nervous centers (Muller and Jansen,

2008; Wagner et al., 2007; Venet et al., 2011; Marshall et al. 2001).
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2 Study Participants

Subjects were recruited from among 79 employees working for 7 companies across different
economic sectors (Table 1). All participants were volunteers and gave written consent prior to
testing for the inclusion phase. This cross-sectional study was promoted by the ENT
department of the university teaching hospital, Nancy, and INRS; it was approved by the

national ethics committee (CPP 10.0702, Affsaps UEC/AnnR/DA/2010-212).

Initially, subjects were selected based on (1) pure-tone air-conduction audiometry (PTA), (2)
DPOAE measurements, and (3) ER detection. Subjects for whom no ER could be measured,
or those with at least 35 dB HL of hearing loss at any tested audiometer frequency, were
excluded. Anamnesis was also performed by occupational physicians to exclude workers
being treated with ototoxic drugs or those exposed to ototoxic chemicals (Campo et al., 2013).
Three workers were excluded because of poor PTA performances, 11 due to weak acoustic
DPOAEs, 9 because of a high ER threshold (>92 dB) HL), 6 because of their medical

histories, and 4 because of technical problems during noise exposure measurements.

The selected volunteers (n=46) were divided into two groups: a control group of 20 subjects,
exposed to 67.3 £ 4.7 dB(A); and a case group (noise-exposed group), consisting of 26
factory workers exposed to 85 + 2.9 dB(A) (Lex sn, details in Table 1). This is the upper limit
for noise exposure recommended by the European noise legislation (Directive2003/10/EC)
and by the United States legislation (OSHA, 1910/95) before ear protection is required.

The mean ages were 36 + 8.3 years old [23,50], and 38.5 + 11 years old [18,54] for the case

and control groups, respectively.

Insert Table 1 about here
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3 Materials and Methods

Workers were seen individually in a special lorry where INRS personnel were authorized to
carry out medical research (authorization: SGAR No. 2008-389 obtained on 30th October
2008). An occupational physician asked all participants to complete a questionnaire relating

to their acoustic and therapeutic histories.

3.1. Otoscopy. Otoscopic examination was performed to verify the absence of
infection, that the eardrum had a normal appearance (without scarring or perforation), and to
ensure that the external auditory canal was not occluded with dry or impacted cerumen.

3.2 Conventional audiometry. Hearing acuity was tested by PTA. The audiometer
(Interacoustics AS608) was used with a THD39 headphone equipped with Peltor H7A muffs.
It was calibrated according to the procedure described in EN 60645-1/AINSI S3.6, type 4.
Three audiograms were performed: one for subject selection, one prior to, and one after the
working day. Sound stimuli were presented in the following order: 1000, 2000, 3000, 4000,
6000, 8000, and 500 Hz. The duration of the working day was similar in both case and control
groups, with an average of about 7.5 h (Table 1). Examinations were performed near the
workplace so that hearing tests could be conducted within a few minutes before starting and
after (< 5 min) completing work. PTA was the first test performed in all the series of hearing
tests. Background noise was at or below the level recommended in standard 1SO 8253-

1:2010.

3.3. Tympanometry. Normal (type A) acoustic compliance was checked in each ear
by immittance using a 226 Hz probe tone with a static pressure change in the external ear

canal of 200 daPa/sec varying from 200 to -200 daPa (GSI Tympstar, 2000-97XX).
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3.4. Input/Output DPOAE procedure. The DPOAE probe (Etymotic Research
ER10C) contained 2 transducers, with a bandwidth ranging from 200 Hz to 12 kHz at + 10
dB. The transducers generated two pure tones: f1 and f2, chosen to generate cubic DPOAES
with an f2/f1 ratio of 1.2. The intensities of the primaries were L2 = L1 - 6 dB HL (Gaskill &
Brown, 1990; Whitehead et al., 1995; Neely et al., 2009). Two synthesizers (Pulse, B&K
3610) were connected to the probe to deliver f1 and f2 into the external auditory canal; the
highest intensity was limited to 70 dB HL to avoid activating the ER. The levels of f1 and 2
were emitted in dB HL, whereas the DPOAE levels were measured and expressed in dB SPL.
An Ear Simulator (RA0045 GRAS IEC 711) was used to calibrate the system according to
standards 1SO 389-2 and IEC 60318-4.

These two procedures ensured that f1 and f2 were always emitted at the target
intensities, regardless of the probe used. Moreover, calibration in dB HL makes it easier to
correlate primaries with the intensities used for contralateral noises.

Three couples (f1/f2) of frequencies were tested: (3000/3600), (4000/4800), and
(5440/6528) Hz. DPOAES were elicited in response to stationary stimuli and recorded with a
microphone embedded in the probe. The three transducers were enclosed in the probe, the tip
of which was inserted into the subject’s external auditory canal. A fast Fourier transform
(frequency span 25.6 kHz, 3200 lines, time-weighting Hanning window, overlap 66.7%) was
applied to the acoustic signal. The instantaneous DPOAE was determined from a linear
average of spectra (N = 4), the mean was calculated over 250 ms with a frequency resolution
of 8 Hz. The overall DPOAE level was calculated from 20 instantaneous DPOAEs. For each
frequency couple, DPOAE amplitudes were acquired as a function of f1 and f2 intensities,
which increased from 49 to 70 dB HL in 3-dB steps. The baseline noise level was calculated
by averaging the levels at three neighboring frequencies: the instantaneous DPOAE and the

two frequencies located either side of it. For measurements to be acceptable, the signal-to-
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noise ratio (SNR) had to be greater than 3 dB relative to the average calculated on either side
of the DPOAE. This test was the second carried out in the series of hearing tests.

3.5. DPOAE pattern across frequency: DP-gram.

Following the ear examinations and audiograms, participants were screened for DPOAES
across the 2 frequency, ranging from 1008 to 8064 Hz, with a constant stimulation level:
L1=61dB HL and L2 =55 dB HL. Note that the measurements were expressed in dB HL to
facilitate comparison with PTA. The DP-gram was performed just after the input/output
DPOAE measurements.

3.6. Determining the efferent reflex threshold.

A special device specifically designed for CAS DPOAE measurements was used in
different workplaces for these measurements. This device is described in detail in Venet et al.
(2012) and has been patented (utility certificate N°11 51529, publication number 2971931).

Briefly, DPOAEs were measured in the ipsilateral ear with an Etymotic Research
ER10C probe with primaries at (4000/4800) Hz. The previous DPOAE 1/O approach assessed
the linear part of the intensity-magnitude relationship for each subject. The intensities of the
primaries were always chosen in the linear part of the intensity-magnitude curve (Figure 3) so
as to obtain 10 dB SPL DPOAEs amplitudes. Most of the time, the DPOAE amplitudes were
saturated at intensities greater than 65 dB HL (Figure 3). It was therefore important to
determine the level of saturation to avoid overestimating the efferent reflex threshold.

The contralateral acoustic stimulation was delivered through an earphone (Etymotic
Research ER4 B) placed in the outer ear canal. The contralateral noise was a narrow (800 Hz)
band noise centered at 1000, 2000 or 4000 Hz. Each burst was synthesized by a B & K Pulse
3610, lasted up to 2 seconds, and was emitted at intensities ranging from 65 to 95 dB HL.

When determining ER thresholds, a Student’s t-test was run to compare the data

obtained during the 3 s pre-CAS period (12 measurement points), with the 2 s CAS period (8
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measurements). Transition values were rejected. The threshold for significance was set at
p<0.05. The upper intensity limit was fixed at 95 dB HL to avoid effects on workers’ hearing.

CAS DPOAEs were the last measurements performed in the series.

3.7. Checking noise exposure. Workers were tested 15 minutes prior to starting
their job. Then, they were equipped with a noise dosimeter (ACOEM WED) which was also a
sound level meter. The dosimeter was worn by workers throughout their working day, and
was used to determine the amount of noise that the individual was exposed to during the
sampling period. The microphone was placed in the worker’s hearing zone.

3.8.  Statistical analysis.

Statistical tests for pre-work data
Two-way ANOVA (type Ill) was run to compare data collected from both controls and
exposed-subjects before noise exposure. These statistical results are expressed as follows:
F(dfb, dfr)=F-ratio; p= p value), in which dfb is the number of degrees of freedom between
groups and dfr the residual degrees of freedom. Between-group degrees always corresponded
to the number of groups (case/control) -1.
The F-ratio is the mean square value between groups divided by the mean square value within
a group. Post hoc analysis of statistical significance was performed using the Bonferroni
method.
Statistical tests to analyze the noise effects
The relationships between a one-day noise exposure (Lex sn) and the variations in (1) DPOAE
amplitudes (ADPOAES), (2) ER thresholds (AER), and (3) PTA thresholds (APTA) were
evaluated by applying a standard t-test of differences between controls and noise-exposed

subjects. The variables were: [ADPOAEs = DPOAE amplitude measured at the end of the

shift - DPOAE amplitude measured at the beginning of the shift], AER = [ER threshold at the
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4. Results

4.1. Pre-work hearing tests.

4.1.1. Pre-work pure-tone air-conduction audiometry
The audiometric curves obtained for both groups before starting work are shown in Figure 1.
The workers in the case group were not exposed to any occupational noise over the preceding
16 hours. Two-way ANOVA indicated there was a significant difference between the case
and control groups ([F(1,195)=4.18; p=0.04], but Bonferroni post hoc tests were not
significant (contrast difference = 2.04 with xlimits = 2.25). The notch observed at 6000 Hz in
both groups was probably due to the noise exposure history of the volunteers.

Insert Figure 1 about here

4.1.2. Pre-work DP-gram
The DPOAE levels obtained at 61 dB HL across frequencies before starting work (Figure 2)
showed a similar significant difference between the case and control groups [F(1,202)=6.45;
p=0.01]. In this case, Bonferroni post hoc tests were also significant (contrast difference = -
1.75 with xlimits = 1.55).

Insert Figure 2 about here

4.1.3. Pre-work DPOAE input/output
Only data obtained at (3000/3600 Hz) with the DPOAE input/output procedure was
significantly different between case and control groups [F(1,366)=13.04; p<0.001];
Bonferroni post hoc tests also showed this difference to be significant (contrast difference = -
2.62 with £limits = 1.64) (Figure 3a).
In contrast, at (4000/4800) and (5440/6528) the two groups were not significantly different
(Figure 3b,c). The intensity-magnitude DPOAE relationships were approximately linear up to
61 dB HL, with a maximum amplitude of 11 + 2.5 dB SPL for (4000/4800). Overall, DPOAE

amplitudes started saturating from 61 dB HL, particularly at (5440/6528) Hz.
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Insert Figure 3 about here
4.1.4. ER thresholds
The average values capable of triggering the ER in both groups prior to exposure are shown in
Figure 4. Although the thresholds were only slightly lower in the control group compared to
the case group, the differences were almost significant [F(1,127)=3.82; p=0.053]. Bonferroni

post hoc tests was not significant either (contrast difference = 2.93 with xlimits = 3.39).

Insert Figure 4 about here

4.2. Auditory fatigue induced by a working day

4.2.1. Pure-tone air-conduction audiometry variations
The PTA shifts (APTA), i.e., the difference in PTA thresholds obtained before and after work
are shown in Figure 5 for workers exposed to a Lgx g, of 85 dB(A). The differences were
maximal at 3 and 4 kHz (4.5 and 3.5 dB, respectively). This was not surprising given the
broad noise spectrum involved.
The probability that APTA is significantly different as a function of the group (case vs.
control) was determined by applying a t-test. The test revealed a significant (p<0.01) noise
effect at both 3 kHz (APTA =5.97 dB + 1.87 p = 0.004) and 4 kHz (APTA =4.95dB + 1.51 p
=0.003).

Insert Figure 5 about here

4.2.2. DP-gram variations
The DP-gram variations (ADP-gram) obtained after a single working day are shown in Figure
6. The differences in values were less than 1 dB.
The probability that a ADP-gram is significantly different depending on frequency was as

follows: at 1 kHz (ADP-gram = -1.29 dB + 0.55 p = 0.02), 3.6 kHz (ADP-gram = -0.97 dB *
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0.42 p = 0.02) and 6.5 kHz (ADP-gram = -0.71 dB + 0.0.36 p = 0.05). The DP-gram
variations at 4 and 4.8 kHz were also close to the significance threshold. The trend was clear
but the intra-group variations were too large to reach the 95% significance level. Although the
variation amplitude was lower than that obtained with PTA, the noise-sensitive frequency
range was broader, ranging from 1008 to 6528 Hz.

Insert Figure 6 about here

4.2.3. DPOAEs input/output.
The intensity-magnitude DPOAE relationships are shown for (3000/3600), (4000/4800), and
for (5440/6528) in Figure 7a,b,c. The variations in amplitudes of the DPOAESs measured were
systematically lower in noise-exposed workers than in controls, except at 67 dB HL and only
for the 6528 Hz frequency (Figure 7c). However, at this intensity, the intensity-magnitude
DPOAE relationship was no longer linear (Figure 3c). Because of this, only the data obtained
with intensities from 52 to 61 dB HL were statistically analyzed. The t-test revealed a
significant (p = 0.04) noise effect at 61 dB HL for primaries (3000/3600 Hz); it did not find
any significant differences between the case and control groups for primaries (4000/4800 Hz).
In contrast, an overall noise effect was detected between 55 and 61 dB HL at (5440/6528 Hz).
For instance, the amplitude of variations in DPOAE were (-1.28 dB = 0.56 p = 0.03) at 55 dB
HL, (-1.24 dB + 0.47 p = 0.01) at 58 dB HL, (-1.25 dB + 0.42 p = 0.004) at 61 dB HL. The
latter couple of primaries was therefore the most sensitive. Based on these results, DPOAEs
can be considered to be a frequency-specific analyzer of cochlear dysfunction, with the most
sensitive frequency located at around 6 kHz.

Insert Figure 7 about here
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4.3.4. ER threshold variations.
Figure 8 shows the ER variations (AER) obtained for both groups. Larger variations in
ER thresholds were measured in noise-exposed workers than in controls at the three
frequencies tested. According to the t-test, the noise effect was highly significant for all three
frequencies: at 2000 Hz (4.83 dB + 1.46 p = 0.001), 4000 Hz (5.30 dB + 1.69 p = 0.002) and
1000 Hz (7.26 dB + 1.64 p < 0.001).

Insert Figure 8 about here
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5. Discussion
5.1 Hearing performance in study and control groups before work

When the audiometric data from the case and control groups before noise exposure are
compared, the curves of PTA thresholds across audiometer frequencies are seen to have
different values, although patterns are similar for both groups. A decline in PTA values,
varying from 1 to 5 dB, was observed for the subjects in the case group. In addition, the two
curves in Figure 1 display a V-shaped notch at 6 kHz. Frequencies in the vicinity of 4 - 6 kHz
are the most sensitive to noise in humans. Because this study was not carried out with selected
young normal-hearing individuals, but with a cohort of workers from various factories, most
of the subjects, including controls, had probably been exposed to broadband noise, at some
point in their career (McBride and Williams, 2013). Although the differences between groups
were significant, the amplitude variations between groups were quite small (<5 dB at 3000
Hz). Overall, the PTA values at 1000, 2000 and 4000 Hz (ER frequencies test) before
commencing work were comparable between groups.

As far as the DPOAEs are concerned, DPOAE input/output curves were significantly
different at (3000/3600 Hz). In the same manner, DP-gram amplitudes measured at 61 dB HL
were lower for the case group than for the control group, specifically at 2000, 3000 and
4000 Hz (Figure 2). The differences measured between groups for PTA and ER values are at
the limit of significance (p=0.042 and p=0.053, respectively), whereas they are clearly
different for DPOAE measurements (significance threshold at 99% and 99.9%). These
differences in significance between DPOAEs and PTA/ER thresholds could be explained by a
central auditory control of peripheral input (Syka, 2002; Kaltenbach & Zhang, 2007;
Finlayson & Kaltenbach, 2009; Mulders & Robertson, 2013). PTA and ER thresholds are
dependent on central control, whereas DPOAEs reflect only the function of the peripheral

receptors (Avan & Bonfils, 1993).
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5.2 Hearing performance in control and study groups after the working day
Although subjects were only exposed to moderate industrial noise: Lexgh= 85 dB(A),
DPOAEs and PTA thresholds were sensitive enough to detect slight changes in hearing
performance. The differences [APTAnoise — APTAcontrol] at 3 kHz (5.97 dB) and 4 kHz
(4.96 dB) were large enough to reach a significance level of 99% (Figure 5). At 6 kHz, the dip
on the audiometric curve could have masked the effects of auditory fatigue. Thus, it would be
easier to assess auditory fatigue in subjects with preserved hearing; and conversely, when the
frequencies are extensively damaged, auditory fatigue would be difficult to assess at these
particular frequencies.

After a workday, variations obtained with both DP-gram and PTA procedures were
significant (p<0.05 and p<0.01, respectively). However, the DPOAE procedure assessed a
wider noise-sensitive frequency range [1008, 3600 and 6528 Hz] than the PTA [3000 and
4000 Hz].

In addition, the DPOAE input/output measurements performed at (5440/6528 Hz)
showed a decrease in amplitude at all intensity levels. In fact, this pair of primaries seems to
be the most sensitive to the noise exposure during a single working day. This effect is not
revealed by PTA thresholds. The different experimental approaches (PTA, DP-grams and
DPOAES) could assess shifts in hearing performance, but none was strikingly more sensitive.
PTA and DPOAEs could be complementary in a test battery.

The present results indicate that the relevance of the hearing test depend on the hearing
status of the cohort studied prior to measurements. For these reasons, in contrast with Job et
al. (2009) and Seixas et al. (2013), who studied young normal-hearing subjects, due to the
variations in hearing performance with age and exposure, we are wary of recommending
DPOAEs to detect TTS for workers. The differences between the tests observed here and the

results described elsewhere could have various explanations.
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First, PTA is the result of suggestive perceptions. Each component of the auditory
system (from receptor to cortex) is partly responsible for the threshold shifts. This mainly
concerns the inner hair cells, the function of synapses along the auditory pathways, and the
retro-cochlear mechanisms involved in the overall hearing process. In contrast, DPOAES
mainly reflect the function of the outer hair cells, and thereby of the cochlear amplifier
(Dallos, 1992). Thus, by measuring DPOAEsS, only the effects on the cochlea are assessed.

Second, in our study PTAs were always performed prior to DPOAES in a quiet room.
The period during which the PTA measurements were performed (approximately 5 min)
could be considered as a recovery time. Since recovery after exposure to noise displays a
logarithmic function (Laroche et al., 1989), even 5 min can make a significant difference.
DPOAE measurements were therefore measured in subjects who had partly recovered from
exposure to noise. This, in addition to the differing age-profiles, could explain why our data
do not concur with those reported by [Job et al. (2009) and Seixas et al. (2013)].

Finally, DPOAE recordings require a probe to be inserted into the external auditory
canal. When conducting experiments with follow-up measurements, the probe position may
vary slightly, despite the good reproducibility of our measurements: at 3600 Hz, 0.71 dB and
at 4800 Hz, 0.77 dB (Venet et al., 2012). The approach could therefore be improved by
developing a method allowing the ear probe's position to be maintained constant during

subsequent measurements (Muller and Janssen, 2008).

5.3. Hearing performance evaluated by ER thresholds

The most striking findings in this study were the shifts in the ER thresholds after a
noise exposure at a Lex g, of 85 dB(A) (Figure 8). This is not the result of a decreased DPOAE
due to the inter-aural acoustic stimulations (CAS) since several subjects with unilateral
deafness did not show contralateral suppressions of the DPOAEs. This observation argues

against transcranial transmission of the contralateral stimulus.
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Exposure to noise during a working day can provoke sensory (organ of Corti) and
neural fatigue (afferent and efferent pathways) associated with fatigue of the middle-ear
muscles. While the PTA highlights dysfunctions of the inner hair cells and afferent pathways,
and DPOAEs assess outer hair cell motility, the ER measured with CAS DPOAEs gathers all
these effects into a single series of measurements. Because of this characteristic, the
measurement of the ER with CAS DPOAEs appears to efficiently evaluate the auditory
fatigue after a workday. This might be due, at least partly, to the physiological and anatomic
support of the ER. Indeed, the ER can be triggered by stimulation of the medial olivocochlear
bundle, which can modify either the micro-mechanical parameters of the outer hair cells, or
contraction of the MER, or a combination of the two. Due to the shape of the depressive
effects (data not shown), and the frequency (1 kHz) at which these effects were best observed,
the MER might be the major contribution to the suppressive effect, although a medial
olivocochlear effect could not be ruled out. Whatever the nature of the ER, the variations
observed were large and significant, varying from 4.82 dB at 2000 Hz (p=0.001) to 7.25 dB at
1000 Hz (p<0.001). Consequently, CAS DPOAEs can readily be used to assess auditory

fatigue after a single working day.

6. Conclusions
Since it is impossible for individuals to detect their own early noise-induced hearing loss,
tests must be performed. Among the tests available: PTA tests are time-consuming to
perform, subjective, and require specific acoustic conditions. Although DPOAEs can be
measured in less demanding acoustic conditions, they are no more sensitive than PTA,
especially when used for the follow-up of a population of workers who have already had a
lengthy career. CAS DPOAEs can be used to test the inner/outer hair cells and the ER,
providing objective measurements that do not require subject participation. This test is quick

and noninvasive and can be carried out in a quiet room (nurse's station or meeting room). For
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all these reasons, occupational physicians could easily use CAS DPOAEs to monitor the
hearing of an at-risk population in the workplace. Longitudinal follow-up will be required to
clarify the advantages of CAS DPOAEs in terms of sensitivity to early manifestations of noise

insults, or their utility in predicting future hearing loss.
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Figure legends

Figure 1: Pure-tone air-conduction hearing thresholds. Measurements were performed for
both groups (noise-exposed vs. control) prior to exposure, i.e., prior to work. Error bars

represent the 95% confidence intervals (Bonferroni).

Figure 2: Distortion product otoacoustic emissions obtained at L1= 61 dB HL. Measurements
were performed for both groups (noise-exposed vs. control) prior to exposure, i.e., before

starting work. DP-gram by group. Error bars represent 95% confidence intervals (Bonferroni).

Figure 3: DPOAE amplitude vs. L1 intensity. (a) DPOAEinput/output curve obtained for
primaries with f2 = 3600Hz; (b) DPOAEinput/output curve obtained for primaries with f2 =
4800Hz; (c) DPOAEinput/output curve obtained for primaries with f2 = 6528Hz.
Measurements for both groups (noise-exposed vs. control) were gathered prior to exposure,

i.e., before starting work. Error bars represent 95% confidence intervals (Bonferroni).

Figure 4. Efferent reflex trigger thresholds at 1000, 2000 and 4000 Hz. DPOAEs were
measured in the ipsilateral ear, whereas the suppression noise was delivered through the
contralateral ear. Measurements for both groups (noise-exposed vs. control) were performed
prior to exposure, i.e., before starting work. Error bars represent 95% confidence intervals

(Bonferroni).

Figure 5: Variations in pure-tone air-conduction hearing thresholds. For noise-exposed and
control subjects, the variation was the difference between thresholds measured before and at
the end of a workday with a Lex gn=85 dB(A). Error bars represent 95% confidence intervals

(Bonferroni). * p <0.05, ** p < 0.01, *** p < 0.001.
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Figure 6: Variations in DP-grams. For noise-exposed and control subjects, the difference was
calculated between the thresholds measured before and at the end of a workday with a
Lex sn=85 dB(A). Error bars represent 95% confidence intervals (Bonferroni). * p <0.05, ** p

<0.01, *** p<0.001.

Figure 7: Variations in DPOAE amplitudes. Differences were calculated for measurements
performed before and after a working day with a Lex g,=85 dB(A). (2) DPOAEinput/output
variations calculated at f2=3600Hz; (b) DPOAEinput/output variations calculated at
f2=4800Hz; (c) DPOAEinput/output variations calculated at f2=6528Hz. Error bars represent

95% confidence intervals (Bonferroni). * p <0.05, ** p <0.01, *** p < 0.001.

Figure 8: Variation in efferent reflex trigger thresholds at 1000, 2000 and 4000 Hz. DPOAES
were measured in the ipsilateral ear, the suppression noise was delivered through the
contralateral ear. The differences were calculated for measurements performed before and
after a working day with a Lgx gh=85 dB(A). Error bars represent 95% confidence intervals

Bonferroni). * p <0.05, ** p <0.01, *** p <0.001.
p p
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Table Legends
Table 1
Cohort of noise-exposed workers. Leq dB(A): equivalent continuous noise level measured

using the A weighting; Lex sn, dB(A): Leq calculated over 8 hours.



