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Field Monitoring of Otoacoustic Emissions
During Noise Exposure: Pilot Study
in Controlled Environment
Vincent Nadon,a Annelies Bockstael,b Dick Botteldooren,b and Jérémie Voixa

Purpose: In spite of all the efforts to implement workplace
hearing conservation programs, noise-induced hearing loss
remains the leading cause of disability for North American
workers. Nonetheless, an individual’s susceptibility to
noise-induced hearing loss can be estimated by monitoring
changes in hearing status in relation to the level of ambient
noise exposure.
The purpose of this study was to validate an approach
that could improve workplace hearing conservation practices.
The approach was developed using a portable and robust
system designed for noisy environments and consisted
of taking continuous measurements with high temporal
resolution of the health status of the inner ear using
otoacoustic emissions (OAEs).

Method: A pilot study was conducted in a laboratory,
exposing human subjects to industrial noise recordings
at realistic levels. In parallel, OAEs were measured
periodically using the designed OAE system as well as
with a commercially available OAE system, used as a
reference.
Results: Variations in OAE levels were analyzed and
discussed along with the limitations of the reference and
designed systems.
Conclusions: This study demonstrates that the monitoring
of an individual’s OAEs could be useful in monitoring
temporary changes in hearing status induced by exposure
to ambient noise and could be considered as a new tool for
effective hearing conservation programs in the workplace.

This special issue contains papers from the 2016 Hearing Across
the Lifespan (HEAL) conference held in Cernobbio, Italy.

audiograms. However, the intervals between each test are
generally too long because between appointments, hearing
damage can gradually increase before it is detected and
before actions can be taken to remediate the situation. Therefore, shorter intervals could be required between audiograms
depending on a worker’s susceptibility to noise exposure.
For practical reasons, however, the shortest measurement
interval is about 8 hr because tonal audiometry is timeconsuming, and audiometry requires a low-noise test environment because it is difficult for subjects to hear the tones
in noisy environments, making it quite disruptive for the
worker’s routine.
In addition, at the moment, there is no way to determine if the maximum noise dose on the basis of an 8-hr
work shift, as is recommended by legislation, is suitable for
a given individual, because of the individual’s own susceptibility to noise-induced hearing loss (NIHL). As a result,
even with the current legislation in Europe and North
America, 18% of workers run the risk of developing NIHL
over the course of their work life (ISO, 2014). The assessment
of the risk of incurring hearing trauma by the current legislation takes into account neither the frequency spectrum
nor the temporal fluctuations in noise exposure for individual workers. Moreover, the passive attenuation provided

O

ver 22 million North American workers are exposed daily to noise doses that may induce hearing loss (NIOSH, 2016), and despite efforts for
workplace hearing conservation programs (Canetto, 2009),
occupational hearing loss remains the most reported workrelated disability. In an attempt to solve this problem, current
practices in hearing conservation usually involve the use of
hearing protection devices as an easy solution against highnoise-level exposure and periodic hearing tests to monitor
the workers’ hearing health. On the basis of ambient noise
exposure levels and local noise regulations, the workers’
hearing levels are monitored regularly, usually yearly, with
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by hearing protectors can vary over time and between individuals, resulting in differences in noise exposure levels under
the protector. Therefore, to identify the characteristics of
the kinds of noise that cause hearing loss and quantify the
maximum dose allowed for a given worker’s own susceptibility to ultimately take appropriate actions at the right
time to prevent further damage, it would be of clear benefit to have a system that is able to simultaneously record and
process the noise frequency spectrum to calculate the cumulative dose and also to continuously measure the outer hair
cells’ (OHCs’) response, enabling true prevention of NIHL.
To achieve this type of inner ear health measurement
system, it is possible to use otoacoustic emissions (OAEs).
Excessive noise exposure damages hair cells in the cochlea
and other structures, and OAEs can be an early indicator of
these changes in ear health (Sliwinska-Kowalska & Kotylo,
2001). OAE measurements are an objective, and the fastest
way, to test and assess the health of OHCs, because the
active participation of the worker is not needed. This eliminates issues found in some subjective tests such as classic
audiometry, for instance, in which results can be affected
by the learning process and sensitivity to test conditions,
and are time-consuming. However, as mentioned, the clinical devices available at the moment and the test duration
make it impossible to monitor the cumulated hair cell harm
continuously in an industrial workplace due to the devices’
sensitivity to ambient noise. As a consequence, very few
experiments using available systems (Zare et al., 2015) have
been conducted in a noisy industrial work environment, as
it is difficult to obtain a reliable measurement due to the noise
interference disturbing the recorded signal.
As a solution for the noise interference in OAE measurements, a robust system that is able to evaluate the variations in workers’ OHC health during a daily work shift
was designed. For the proposed approach, this system uses
distortion product OAE (DPOAE) to test the OHCs’ health
status with an adaptive filtering noise rejection algorithm
to reduce the interference of noise. DPOAEs are frequencyspecific, enabling easy comparison with results from other
hearing tests such as audiograms. Continuous DPOAE
measurements eventually will be used, in addition to noise
dose measurements, to establish the relationship between
the changes in OHC activity and the noise dose to which
each individual worker was exposed. This type of dose–
response relationship provides a direct measurement of the
effects of noise on OHCs with high temporal resolution, giving the opportunity to take appropriate action at the right
moment. Moreover, the relationship could provide personalized information on an individual’s susceptibility to noise and
his or her risk of developing NIHL over time. Such a hearing
assessment tool and method to detect early changes in hearing status could definitely benefit translational researchers
and clinicians and could hopefully stimulate new research
and result in greater knowledge about hearing mechanisms.
This study is original compared with previous studies
because the DPOAE signals are processed here with adaptive filtering noise rejection in real time on the system’s
processor to provide faster and more reliable DPOAE

measurements in higher ambient noise levels. Moreover, for
the purpose of this study, DPOAEs were measured in sound
pressure levels of LAeq-4h = 85 dBA, which are noise conditions in which DPOAE measurements have not previously
been reported (Nadon, Bockstael, Botteldooren, Lina, &
Voix, 2015) on the basis of the authors’ present knowledge
of the literature.
The main objective of this study is to validate that
the inner ear health monitoring approach using the recently
designed system is able to detect OHC changes by observing
variations in DPOAE levels during noise exposure. Other
audiological measurements such as pure-tone audiometry
(PTA) and acoustic reflex threshold (ART) tests were also
conducted pre-exposure and post-exposure to acquire reference data about other possible mechanisms involved with
the DPOAE shift.
To make sure the designed DPOAE system was measuring true physiological DPOAE changes, its variability
between consecutive measurements in noisy conditions was
calculated. The designed system was also compared with the
commercial device used here as a reference system using two
metrics: (a) deviation from the pre-exposure measurement
and (b) measurement duration. The deviation from the preexposure, that is, baseline, measurement gives information
on the system’s performance in loud environments for eventual continuous monitoring of OHCs. The measurement
duration to cover the DPOAEs’ frequency range for the
reference system was compared with the designed system,
bearing in mind that measurements with high temporal resolution are needed for early detection and intervention, such
that measurements had to be as short as possible.

Method
Screening
The study was approved by the Research Ethics Office
of Ghent University, an institutional review board. Convenience sampling was used to find participants for the experiment, that is, an invitation was sent to university students.
The nine test volunteers (six men, three women) went through
a screening test, starting with an otoscopic examination
to make sure that no cerumen could potentially clog the
DPOAE probes and that the molding of the custom-fit ear
tips would not clog the ear canal. A standard DPOAE test
in each ear was recorded with the reference system to verify
that the subject had DPOAEs present for most of the tested
frequencies. If DPOAE levels were detected over 5 dB SPL
for about 80% of the tested frequencies, on the basis of normative data (Keppler, Dhooge, Maes, et al., 2010), the subject was then screened with a classic PTA test in each ear
with a −10 dB/+5 dB step. Subjects were retained for the study
if their hearing thresholds were below 25 dB HL for about
85% of the tested frequencies from 250 to 8000 Hz, bearing in mind that frequencies ≤ 4 kHz are expected to be less
vulnerable to permanent threshold shifts. The ear tested
for continuous DPOAE measurements was randomized unless a problem was detected with one ear during the screening.
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For the subjects tested using the designed system, the
probe tips were custom molded in the subjects’ ears using
the proprietary SonoFit (Sonomax, 2016) automated self-fit
process. The probe tips were then adapted to the DPOAE
probe’s electronics core. The DPOAE probes also served
as hearing protectors during ambient noise exposure in this
study. Therefore, the DPOAE probe passive attenuation was
measured, using the field microphone-in-real-ear (F-MIRE)
method (Voix & Laville, 2009), by sending wideband noise
in front of the subject with the DPOAE probes fitted in
the subject’s ears, and by calculating the transfer function
between the external and internal microphone signals for
both ears. A simplified probe fit test method, on the basis of
the magnitude of the frequency response at low frequencies
(Nadon, Bockstael, Botteldooren, & Voix, 2015), was also
integrated in the designed device. The initial F-MIRE and
probe fit test data were kept for reference for the subsequent
probe fit test in the field using the simplified approach.

Experimental Setup
The pure-tone hearing threshold levels (HTLs) were
measured manually using the Hughson–Westlake method
on a commercial AC5 audiometer (Interacoustics) with
TDH-39 audiometric headphones (Telephonics). The threshold levels were evaluated on seven octave bands: 250, 500,
1000, 2000, 4000, 6000, and 8000 Hz for the screening test;
for daily monitoring, 250 Hz was replaced with the intermediate 3000-Hz octave band, which is better for detecting
changes caused by noise exposure.
To test the stapedial reflex threshold known as the
ART, a Titan (Interacoustics) otoadmittance system was
used. Before each ART measurement, a standard tympanometry was performed automatically by the system to
remove any static pressure on both sides of the eardrum.
The reflex was measured by sending narrowband noise,
centered at three different test frequencies of 1, 2, and 4 kHz,
into the ipsilateral ear. While the noise level was increased
from 70 to 90 dBA, the probe simultaneously measured
changes in ear canal impedance to detect when the change
in acoustic immittance exceeded the deflection criteria of
0.03, set by default with the otoadmittance system, and
then recorded this noise level as the ART.
The reference DPOAE system was an ER-10B+ probe
and amplifier system (Etymotic Research) connected to a
laptop computer with a Fireface 802 soundcard (RME).
The laptop used the EMAV software (Neely & Liu, 1994)
to measure the DPOAEs. The ER-10B+ microphone amplifier was set at a gain of +20 dB. Premolded silicone ear tips
were used on the probe during the experiment, and the contralateral ear was blocked with a disposable foam earplug
during noise exposure. Before conducting the experiment,
the probe system parameters were calibrated in EMAV,
according to the instructions provided in the software’s
manual (Neely & Liu, 1994). The software used a sampling
frequency of 44.1 kHz with a window of 8,192 samples and
used a noise threshold limit (NTL) of 8 mPa as default. The
NTL is used in EMAV to reject a DPOAE sample when
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an artifact is detected, that is, when the calculated noise level
is higher than this threshold. Increasing the NTL therefore
results in a less restrictive artifact rejection, potentially leading to the calculation of the DPOAE level on a recorded
signal with noise interference.
The 22 selected DPOAE frequencies corresponded
to f2 frequencies ranging from 1000 to 6200 Hz with eight
frequencies per octave, with an f2 /f1 ratio of 1.22. Stimuli
levels were set to L1 = 65 and L2 = 55 dB SPL. The DPOAE
signal-to-noise ratio (SNR) criterion was set at 5 dB; therefore, any DPOAE level not respecting this criterion was
not accepted, and the system remeasured that DPOAE frequency until the criterion was met at least twice and then
averaged the two results. To reduce the measurement time
duration, which was already extended in noisy conditions to
fulfill the 5-dB SNR criterion, only one complete scan was
measured when the subjects were exposed to noise, whereas
two complete scans of the 22 DPOAE frequencies were
measured for the screening. To complete the measurements
during noise exposure with this system, the 8-mPa NTL
had to be adjusted at the beginning of each measurement,
resulting in greater disturbance recorded in the DPOAE
measurement, because the level measured in the DPOAE
frequency bin could consist of the sum of the ambient noise
disturbance and the DPOAE itself. This results in an artificial
increase of the DPOAE level. The software calculated the
noise level on adjacent bins, which could be lower than this
DPOAE frequency bin containing artifacts, thereby satisfying
the 5-dB SNR criterion of the software but resulting in a
greater deviation from the baseline measurement. When the
NTL was not adjusted, the EMAV software would not pursue the measurement and would repeat the measurements
on the same frequencies indefinitely.
A DPOAE measurement device designed in a laboratory, consisting of DPOAE probe earpieces and a DPOAE
hardware box (shown in Figure 1), was used in the present
study and is later referred to as the designed system (Nadon,
Figure 1. The distortion product otoacoustic emission measurement
device designed in a laboratory with its electronic hardware box and
its two measurement probes featuring custom-molded ear tips.
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Voix, Bockstael, Botteldooren, & Lina, 2015). Each of the
two DPOAE probe earpieces contained two high-quality
miniature balanced armature receivers (Knowles, FK series)
to send the two pure-tone stimuli without any sound distortion and one miniature microphone to measure the OAE response and physiological noise. A miniature microphone was
placed in the probe earpiece facing outward, that is, pinna
side, to measure the external ambient noise (probe details
can be found in Nadon, Bockstael, Botteldooren, Lina, et al.,
2015). A custom-molded ear tip, fitted to each subject’s ear
canals, was designed, into which could be slid the probe’s
electronic components core. This way, the custom-molded
ear tips could simply be interchanged for each subject while
using the same probe electronics, ensuring consistent electroacoustic responses across all the experiments.
The choice of DPOAE hardware electronics was
based on the Auditory Research Platform (CRITIAS, 2016),
and the components were designed specifically to record
DPOAE levels in noisy conditions. They integrated a signal
conditioner, a digital signal processor (DSP), and a Bluetooth
communication dongle to transmit the calculated DPOAE
levels and background noise levels to a smartphone. An
Android smartphone application, shown in Figure 2, was
Figure 2. Screenshot of the designed Android smartphone
application showing the distortion product otoacoustic emission
(DPOAE) measurement data received over Bluetooth from the
DPOAE device designed in a laboratory.

designed to display the DPOAE data received from the
device and to transmit various commands to the device, such
as to switch frequencies. The box of the designed system
measures approximately 8.0 × 7.5 × 4.0 cm and is therefore
small enough to be worn by a worker, for instance, clipped
on his or her belt, during the entire work shift. The system’s
two custom-molded DPOAE probes, required to extract the
DPOAE signal using an adaptive filtering algorithm proposed
earlier by the authors (Nadon, Bockstael, Botteldooren,
Lina, & Voix, 2017), also served as custom-molded hearing
protectors, as they provide high passive acoustic attenuation of the ambient noise.
The adaptive filtering noise rejection algorithm previously developed (Nadon, Bockstael, Botteldooren, Lina,
et al., 2015) was implemented in the DSP together with the
DPOAE and the noise level extraction algorithm previously
developed (Nadon, Voix, Bockstael, & Botteldooren, 2014).
While the ability of the system’s algorithms to extract
DPOAE levels in noisy conditions was already validated
(Nadon, Bockstael, Botteldooren, Lina, et al., 2015), it was
previously tested in noise levels lower than those here, which
exceeded 85 dBA. The performance of the noise rejection
algorithm assessed in previous works (Nadon, Bockstael,
Botteldooren, Lina, et al., 2015; Nadon et al., 2017) showed
that the measured noise levels remained below the DPOAE
levels, respecting the SNR criterion, when noise rejection
is activated for moderate noise exposure levels, but a slight
artificial increase in absolute DPOAE levels can result from
the artifacts of the algorithms for higher noise exposure
levels. Because an artificial increase in DPOAE levels can
occur, especially for the higher noise exposure levels tested
here, the evaluation of the designed and reference system
performance is based on the deviation from the baseline
DPOAE measurement.
In the present study, most of the algorithms ran in real
time as opposed to off-line, and the DPOAE level output
was processed, displayed, and saved “live” during the measurement, making it possible to repeat a measurement when
necessary. To maintain a level of consistency across the
two DPOAE devices tested, the f2 frequency range was set
at 1000–6169 Hz with eight tested frequencies per octave
band for a total of 22 frequencies. The primary-tone frequency ratio f2 /f1 was kept at 1.22. Stimuli levels were set at
L1 = 65 dB and L2 = 55 dB. Each frequency was tested for
approximately 2 s, during which the samples were averaged,
for a total of 45 s for a complete scan of the 22 frequencies.
This sequence was repeated at least twice, and usually three
times, when the measurement was disturbed by unpredicted
events, such as coughing.

Physical Experimental Test Setup
For optimal isolation from ambient noise disturbances,
the measurements for screening, pre-exposure, and postexposure were all conducted in a semianechoic room separated from the noisy environment. For a more diffused and
louder sound field, DPOAE measurements during noise
exposure were carried out in a semireverberant room. The

Nadon et al.: Otoacoustic Emissions During Noise Exposure

355

Complimentary Author PDF: Not for Broad Dissemination

sound system used to simulate a noisy environment using
noise recordings consisted of an amplifier connected to a
laptop computer playing back industrial noise from the
NOISEX-92 database (Carnegie Mellon University, 1992)
and pink noise recordings. Two loudspeakers were positioned
at a distance of 2.4 m from the test subjects, one on the left
and one on the right, as seen in Figure 3. Noise levels were
calibrated using the pink noise recordings at 87 dBA in
the room with the SVAN 959 sound level meter (Svantek)
placed approximately at the height of the subject’s ears
and in the middle, between the two seats, approximately
50 cm from the seats, without the subjects being present.
Industrial and pink noise recordings were created at a
high noise level of 87 dBA and were emitted at a constant
level for the first 20 min, followed by a reduced level at
67 dBA and then held at a constant level for the next 10 min.
These levels were determined in such a way as to take into
account the passive attenuation of the ear tips and earplugs,
so that the residual sound pressure level in the occluded ear
canal would not trigger the acoustic reflex, at least during
the 67-dBA exposure, when the DPOAE measurements
were less disturbed by the high ambient noise levels, given
that the noise levels usually required to trigger the acoustic
reflex range from 70 to 100 dB SPL, with the average being
at 85 dB SPL according to Sun (2008). As seen in detail in
Figure 4 and at the top of Figure 5, this sequence was looped
for 4 hr for the daily noise exposure with an LAeq-4h of
approximately 85 dBA. To obtain the reference for quiet
conditions, no noise recording was played through the
loudspeakers during the 4 hr of the experiment.

Pre-Exposure Tests
Once the subjects were retained for the experiment,
they were exposed on three different days to the following
noise conditions: industrial noise, pink noise, and no noise.
This last condition, referred to as quiet, corresponds to
background noise of approximately 45 dBA. On the day
of the DPOAE monitoring measurements, the subjects
first went through the pre-exposure tests, shown as block
“A” in Figure 4, which consist of a manual PTA test and
stapedial reflex measurement with tympanometry. Prior
to the DPOAE measurements with the designed DPOAE
monitoring system, the probe fit test (Nadon, Bockstael,
Botteldooren, & Voix, 2015) was executed, and the result
shown on the smartphone was saved. The probe was
refitted if the measured RA/D ratio (Nadon, Bockstael,
Botteldooren, & Voix, 2015) differed by more than two
times the reference value measured after the first fit. Afterward, the DPOAE primary-tone stimuli were calibrated
for proper DPOAE recording. As a final note, adaptation
was switched on, so that the adaptive filters could reject
the ambient noise from the DPOAE measurements, and a
pre-exposure DPOAE measurement was recorded. The
adaptation feature stayed on for all noise conditions, including quiet conditions.
To save time, two subjects were tested simultaneously:
Subject A was tested with the designed system, whereas
subject B was tested with the reference DPOAE system,
as seen in Figure 3. A total of five subjects were tested with
the designed system and four with the reference system.

Figure 3. Physical setup used for the tests during the ambient noise exposure. The schematic shows the sound level meter in the middle
between the test subjects to record the ambient noise sound pressure levels, with subject A tested by the designed system and subject B
tested by the reference system. Both subjects were sitting still in one spot, facing each other, for the entire testing session. They were
allowed to move out of the room only during the planned breaks and for emergencies after raising their hand. The subjects were allowed to
read and to bring their laptops to work on during the experiment. The loudspeakers used for the ambient noise exposure are shown on each
side of the tables. The portable audio recorder records the ipsilateral in-ear microphone (IEM-I), ipsilateral outer ear microphone (OEM-I),
contralateral IEM (IEM-C), and contralateral OEM (OEM-C) signals of the designed system. DPOAE = distortion product otoacoustic emission.
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Figure 4. Timeline of the experiment protocol for subjects A and B, periodically tested using two otoacoustic emission systems, the designed
system and the reference system, while continuously exposed to noise. PTA = pure-tone audiometry. OAE = otoacoustic emission.

Tests During Exposure
After the calibration of the DPOAE stimuli signals
and probe fit measurement (block “B” in Figure 4), the
noise exposure started, and every 15 min, a new DPOAE
measurement (block “C”) was performed at least twice
with the designed system, with a complete measurement
of the DPOAE frequency range, approximately fdp = 600–
4000 Hz, corresponding to f2 = 1000–6169 Hz.
During the ambient noise exposure, one complete scan
was recorded with the reference system on test subject B,
while the software averaged at discrete DPOAE frequencies
on the basis of two consecutive measurements passing the
5-dB criterion. To perform an average on a similar number
of consecutive measurements with the designed system, at
least two complete scans were recorded, because each discrete
DPOAE frequency was only repeated once per scan with
this system, compared with at least twice per scan with the
reference system.
Noise exposure was monitored and recorded during
the experiment with the sound level meter positioned in the
room, as shown in Figure 3. Subject A was protected from
the noise exposure with the passive attenuation of the two
DPOAE probes necessary for the measurements, whereas
subject B was protected with the DPOAE probe on one side
and by a disposable foam earplug on the other. Raw signals
from the designed system’s external and internal microphones were recorded via an analog audio output of the
DPOAE system with a Zoom H5 (Zoom) portable audio
recorder equipped with an EXH-6 TRS capsule (Zoom,
2016) to record the four audio outputs simultaneously.

These raw signals could be used later to calculate the in-ear
noise exposure, the outer ear exposure, the hearing protection provided by the probe, and postprocess DPOAE signals if necessary.
After about 2 hr of noise exposure, a break of 30 min
to 1 hr was allowed for subjects to rest and eat. This break
occurred at the same time for both test subjects, as shown in
Figure 4, so that the probes could be refitted and calibrated
before exposing the subjects to noise once again.

Post-Exposure Tests
After being exposed to 4 hr of noise, the subjects
went through the post-exposure tests, which are similar to
the pre-exposure tests (“A” in Figure 4), except that the
post-exposure test sequence begins with a DPOAE test once
the noise exposure has stopped. Therefore, DPOAEs were
measured twice in post-exposure, once immediately after
the noise exposure, and once at the very end of the postexposure tests. The post-exposure tests will make it possible
to evaluate whether the noise exposure had an effect on the
pure-tone auditory thresholds and to observe the recovery
mechanisms of the inner ear by comparing the first postexposure DPOAE measurements with the very last postexposure measurements.

Postprocessing on the OAE Data
Audio artifacts, such as those resulting from the subject coughing, sneezing, and talking, and probe fit changes
could lead to DPOAE measurement outliers. These outliers
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Figure 5. Typical timeline of exposure noise level (top) synchronized with distortion product otoacoustic emission variations (DPOAE) at
five test frequencies during the experiment on a subject (bottom). Blank data points for certain frequencies result from the postprocessing
threshold method removing outliers.

were rejected in postprocessing using a thresholding method.
The threshold was based on the accepted tolerance on repeated DPOAE measurements (Keppler, Dhooge, Corthals,
et al., 2010) and was set to 7 dB, corresponding to double
the 3-dB tolerance plus 1 dB. Any DPOAE measurement
greater by 7 dB from the previous one was rejected. Such
outlier rejection was applied in postprocessing but could
eventually be included in the real-time processing of the
data.
When audio artifacts interfered with the measurement,
the measurement on the 22 DPOAE frequencies was still
saved, and a following attempt was started. All consecutive
measurements within a 5-min interval were then averaged
in postprocessing after passing through the thresholding
procedure.

Statistical Analysis
To verify if the changes in PTA HTLs and ART
between pre-exposure and post-exposure were statistically
significant, a paired t test or a nonparametric paired
Wilcoxon test was used, on the basis of the Shapiro test
and Q-Q plots. The paired t tests, or Wilcoxon tests, were
calculated per frequency point and per noise condition.
The output of interest was the mean of differences, and
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p values indicated if the results were statistically significant. A significance level of α = 0.05 was chosen for these
tests.
A multilevel analysis of variance (ANOVA) was conducted separately on the designed system’s DPOAE data
and the reference system’s DPOAE data. It used the participants as a random variable and the test frequency, time
of measurement, and noise levels as fixed factors. To satisfy
the model assumptions for the ANOVA, the linear model
needed normally distributed residuals for both systems
on the basis of a one-sample Kolmogorov–Smirnov test.
Therefore, residuals were discarded from the full data set,
that is, without the 7-dB DPOAE variation threshold postprocessing. For both systems, these residuals consisted
mostly of extreme DPOAE values at either approximately
+35 dB for the upper range or −20 dB SPL for the lower
range. Removing these residuals, 324 observations out of
1,265 for the designed system, did not notably alter the
coefficients obtained for the model.

Results
PTA
The PTA tests were conducted to screen the participants and to monitor hearing status. In the latter case,
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PTA was conducted for pre-exposure and post-exposure
measurements. To calculate the differences in HTLs, the
results for post-exposure were subtracted from the preexposure results. Therefore, positive values indicate lower
thresholds, that is, better hearing, in post-exposure results.
According to the paired data Wilcoxon signed-ranks test
with continuity correction, only a positive HTL change
was statistically significant ( p = .05) at 3 kHz with a mean
of differences of 4.4 dB HL for industrial noise conditions.
Therefore, HTLs did not seem affected by the noise because,
in general, subjects had slightly better auditory thresholds
after the noise exposure.

ARTs
The ART tests, also known as stapedial reflex thresholds, were conducted to monitor hearing status with the
pre-exposure measurements at the beginning of the day and
post-exposure at the end of the day. Positive values indicate
lower thresholds in pre-exposure results; therefore, a positive
difference might indicate an effect due to the noise exposure. The changes detected are relatively small, within a
measurement step of 5 dB of the otoadmittance system, and
are not statistically significant between post-exposure and
pre-exposure within the same test conditions. However, by
evaluating the statistical difference across the test conditions,
industrial and pink noise conditions each paired with quiet
conditions, a statistically significant ( p < .05) increase in
ART was observed at 4 kHz for both industrial and pink
noise conditions with the mean of differences of 0.0 and
1.1 dB SPL, respectively, versus a mean of difference of
−3.1 dB SPL for the quiet conditions.

DPOAEs
Noise exposure levels captured from the sound level
meter were synchronized with DPOAE level measurements
to facilitate analysis. An example of the noise exposure
and DPOAE levels is presented for one subject in Figure 5.
Results were analyzed per DPOAE frequency for each of
the participants for the variations from their baseline measurement (t = 0 min) in Figures 6 and 7. This way, effects
of noise exposure on DPOAE responses can be observed by
comparing the progression of the DPOAE changes during
noise exposure with the baseline. The first measurement,
pre-exposure, is the baseline followed by measurements during noise exposure. The markers in Figure 6 that are fully
filled, as opposed to the other lighter markers, indicate the
last measurement taken during the noise exposure, followed
by two DPOAE measurements taken after the noise exposure. The DPOAE level recovery between the last two
measurements conducted in approximately 45 dBA could
indicate potential effects of noise exposure on OHC. The
measurements are displayed aligned with their time, in
minutes, relative to their respective baseline. The figures
are aligned for easy comparison of the effects of the various
noise conditions, and the least changes are expected for the
measurements in quiet conditions.

Results are then displayed in comparison with other
subjects measured with the reference DPOAE system in
Figure 7 to verify the consistency, or lack thereof, across
the two systems and to observe the possible effects of noise
on DPOAE levels on more subjects overall.
To validate that the designed system was able to detect
OHC changes by observing variations in DPOAE levels
during noise exposure (> 65 dBA), data points slightly
before and after the fully filled markers are expected below
the 0-dB normalized baseline for the noisy test conditions.
The last DPOAE levels measured are expected to increase,
because they are recorded during the recovery phase, that
is, post-exposure. For most subjects using the designed system, results in industrial and pink noise do correspond to
this trend (see Figure 6). On the other hand, the results are
more scattered with the reference system (see Figure 7). For
both the reference and designed systems, it is possible that
data points were affected by the ambient noise disturbance
as is the case for subjects 5 and 6 in Figures 7(c) and 7(d),
for example, when the ambient noise level measured with
the sound level meter was approximately 87 dBA. This disturbance could potentially mask true changes in DPOAEs.
The two last data points in the plots (see Figures 6 and 7)
helped visualize whether OHC changes did occur during
noise exposure, by observing the recovery curve.

Simulation of DPOAE Shifts Using
the Obtained Linear Model
The multilevel ANOVA conducted on the data sets
showed that the effects of the test frequency and the interaction between the noise level and the time of the measurement were statistically significant ( p < .001). To observe
the fixed effects on the DPOAE levels without the effects
of random variables, the linear model for the designed
system was tested with values generated at similar noise
levels as the ones used during the experiment with corresponding measurement times. According to the simulated
data from the linear model shown in Figure 8, increasing
the test frequency decreased the absolute DPOAE level,
whereas the interaction of the measurement time with
an increase in the noise level outside the ear also reduced
the DPOAE level. Upper and lower confidence intervals
are plotted in Figure 8 with error bars, above and below
the average modeled response, to illustrate the possible
range of DPOAE variation expected on individual test
subjects. However, possibly due to the ambient noise
disturbance with the reference system, positive DPOAE
shifts are observed with the reference system’s model
fixed-effect coefficients for the interaction of the time
of measurement and the noise level as shown in Table 1.
The effect of the test frequency still decreased the absolute DPOAE level. To improve the fit of the model with
experimental data, especially for the recovery period and
the quiet conditions effects, a nonlinear model could have
been used; however, modeling was not the main objective
of the study.
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Figure 6. Comparison of distortion product otoacoustic emission (DPOAE) variations over time for the designed system between the three
types of noise conditions; variations are normalized with the baseline (at t = 0 min) DPOAE level. The first point represents the baseline
recorded pre-exposure; the following data points are during the noise exposure (67–87 dBA). The filled marker indicates the last measurement
during noise exposure, which is followed by the two last DPOAE measurements measured after the noise exposure. The first post-exposure
data points are usually below the baseline for industrial and pink noise conditions, indicating possible effects of noise exposure on outer hair
cells. The last data point is usually closer to or above the baseline, possibly indicating that the inner ear status is back to normal.
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Figure 7. Comparison of distortion product otoacoustic emission (DPOAE) variations over time for the designed and reference systems;
variations are normalized with the baseline DPOAE level at t = 0 min. The first point represents the baseline recorded pre-exposure, the
following data points are during the noise exposure (67–87 dBA), and the last two points on the right are post-exposure measurements.
Results with the reference system are more scattered than with the designed system, indicating that the reference system is probably less
robust to test for DPOAE changes in high ambient noise levels.
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Figure 7. Continued.

Performance of Systems in High
Ambient Noise Levels
To evaluate the performance of the designed and
reference systems in high levels of ambient noise, the effect
of the disturbance on the DPOAE measurements was further assessed by computing the deviation from the baseline
DPOAE level. Resulting deviations are compared between
the two systems, in the three noise exposure levels, and
are shown as normal probability plots in Figure 9. For
the reference system in Figure 9(a), it can be seen that the
intersection of the 87-dBA noise level plot with the 50%
probability is at approximately 5.7 dB, and the plot has a
lower slope than the 67- and 45-dBA noise levels, indicating
a larger range of artificial shift in DPOAE levels due to
the high noise level disturbance. For the designed system
in Figure 9(b), a slightly greater effect is observed because
there is no algorithm to block the measurement when the
noise level is too high. However, in Figure 9(c), the normal
probability plots are closer together between the different
noise levels because the data were processed with the 7-dB
threshold method explained earlier, which can be compared
with the NTL used by the EMAV software. The intersection
of the 87-dBA noise level plot with the 50% probability
is at approximately 2.9 dB, and the normality fit has a
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greater slope than with the reference system, indicating a
smaller range of artificial shift in DPOAE levels caused by
the high noise level disturbance. True physiological positive
DPOAE changes can result from noise exposure; therefore,
this metric should be interpreted as a comparison across
systems relative to the measurements in lower noise exposure
levels of 45 dBA, because the deviation from the baseline
includes the noise interference inducing an artificial increase
in DPOAE levels (Nadon, Bockstael, Botteldooren, Lina,
et al., 2015), in addition to potential positive physiological
changes in DPOAE levels. However, the positive physiological changes would be relatively smaller than the interference of the 87-dBA noise levels.
To verify that the variations in DPOAE levels result
from cochlear activity affected by noise exposure and are
not simply caused by the system’s variability between measurements, the test–retest variability of the designed DPOAE
system was estimated using the standard deviations of the
DPOAE levels, as measured from the consecutive measurements, saved within the 5-min interval usually needed to
complete the several DPOAE measurements. The standard
deviation results are plotted as box plots per noise levels
in Figure 10. It was impossible to assess the test–retest variability for the reference system, as the EMAV software
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Figure 8. Simulated distortion product otoacoustic emission (DPOAE) levels on the basis of the linear model computed from the designed
system data set. The DPOAE levels were calculated from noise levels similar to those recorded during the experiment for noisy (red) and quiet
(green) conditions with approximate measurement times. The simulated data show that the absolute DPOAE level decreases with higher
DPOAE test frequencies, with f2 indicated on top of the figures. The interaction between the high noise levels and the time of measurement
decreases the DPOAE level as observed with the experimental data. The confidence intervals on the simulated data are shown with the error
bars. The noise levels used to simulate DPOAE levels with the model are shown on the bottom right.

automatically repeated the measurement at problematic
frequencies if certain criteria were not met and output only
the average result, thereby not enabling the calculation of
a standard deviation. Moreover, during noise exposure, only
one measurement of the DPOAE frequency range was
completed per 15 min. Between these measurements, the
subjects were exposed to a different ambient noise level

(see Figure 5). Therefore, due to different test conditions,
the standard deviations could not be calculated across the
periodic DPOAE measurements for the reference system.
The NTL parameter was adjusted manually in the
EMAV software until the reference system could proceed
in taking the DPOAE measurement while in the presence
of high ambient noise levels. The NTL parameters were in

Table 1. Fixed-effect coefficients for the designed and reference systems’ linear models.
Designed

Reference

Fixed effects

Estimate

Standard error

Estimate

Standard error

Intercept
Frequency
Time
Noise level
Time × Noise Level

31.5
−6.6e-03
1.3e-02
1.8e-01
−2.2e-04

3.5
1.9e-04
3.1e-03
1.1e-02
5.2e-05

10.0
−1.0e-03
−6.3-03
−1.2e-02
1.6e-04

2.5
1.8e-04
3.0e-03
1.3e-02
5.0e-05
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Figure 9. Normal probability plots of the distortion product otoacoustic emission (DPOAE) deviation from the baseline in ambient noise levels
of 45, 67, and 87 dBA (all sources, i.e., industrial noise, pink noise, and quiet conditions, merged) for (a) the reference system, (b) the
designed system without threshold processing, and (c) the designed system with the 7-dB threshold processing. Overall, better immunity,
that is, a smaller deviation from the baseline (0 dB), to ambient noise levels is observed for the designed system with the threshold method than
for the reference system.

approximate ranges of 8–15 mPa for 45 dBA, 12–103 mPa
for 67 dBA, and 8–150 mPa for 87 dBA of noise levels.
As the NTL parameter is increased, a greater amount
of ambient noise disturbance is captured by the DPOAE
measurements. As observed in the greater deviation from
the baseline, with more scattered data in Figure 7 and a
greater DPOAE shift at the intersection with the 50% probability in Figure 9(a) for 87 dBA, the EMAV software no
longer rejected noisy samples, as it would have when using
more restrictive limits such as the default 8-mPa set for
lower ambient noise levels such as 45 dBA.
Figure 10. Test–retest variability between consecutive measurements
for the designed DPOAE system in ambient noise levels of 45, 67,
and 87 dBA (all sources, i.e., industrial noise, pink noise, and quiet
conditions, merged). The (+) symbol represents outliers.
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Due to the relatively fast recovery rate of DPOAE
levels, that is, within a few minutes, the measurement duration can be a crucial factor in the detection of temporary
cochlear activity changes (de Toro, Ordonez, Reuter, &
Hammershøi, 2010; Engdahl, 2004; Sutton, Lonsbury-Martin,
Martin, & Whitehead, 1994; Vinck, Van Cauwenberge,
Leroy, & Corthals, 1999). The measurement durations for
the designed DPOAE system were compared with those
obtained with the reference system and are presented in
Figure 11. It is important to note that only one measurement
Figure 11. Comparison of the distortion product otoacoustic
emission measurement duration for the reference system and the
designed system in ambient noise levels of 45, 67, and 87 dBA
(all sources, i.e., industrial noise, pink noise, and quiet conditions,
merged). The (+) symbol represents outliers.
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could be performed every 15 min for the reference system
in noisy conditions and that the noise limit threshold had
to be modified in order to proceed to the measurement.
During that period, several complete measurements were
performed with the designed system as one complete scan
of the DPOAE frequencies takes only 45 s and no parameter
needed to be adjusted. This results in test durations ranging
approximately from 3 to 6 min for a single measurement
with the reference system, compared with a much shorter
duration ranging from 90 to 135 s (approximately 2 min)
for two to three measurements with the designed system.

Discussion
PTA
In this experiment, PTA was used as a reference in
the screening test to verify that test subjects did not suffer
from a permanent threshold shift. The participants were
asked about their most recent noise exposure history prior
to the screening PTA; therefore, a full recovery of past
temporary changes was expected. PTA was also used to
verify if any temporary inner ear status changes could be
detected between pre-exposure and post-exposure. It was
expected that PTA would be less sensitive, compared with
DPOAEs, to detect early the onset of cochlear changes
(Sliwinska-Kowalska & Kotylo, 2001; Vinck et al., 1999).
According to the results presented in the previous section,
the subjects’ HTLs did not appear to be affected by the
noise exposure.

ARTs
The ART differences between pre-exposure and postexposure were analyzed to show the potential effect of
the noise exposure on the middle ear muscle contraction,
which could be used to detect early changes in hearing
status, earlier than the NIHL measured by PTA (Venet,
Campo, Rumeau, Thomas, & Parietti-Winkler, 2014). The
ART is lower in post-exposure measurements for the quiet
condition, whereas for the industrial and pink noise conditions, the ART is slightly increased. This increase in the
ART indicates a lack of response of the middle ear muscle
to lower magnitude stimulus signals, which could be related
to a decreased signal transmission resulting from OHC
activity, which, in turn, could be caused by the noise exposure (Venet et al., 2014). ART variations at 4 kHz for industrial and pink noise conditions are in agreement with the
DPOAE shifts around 4 kHz.

OAEs
The DPOAE frequencies of interest analyzed for this
study corresponded to f2 ranging from 4000 to 5657 Hz
because this range of frequencies is more susceptible to
temporary hearing changes, and the passive attenuation of
the probe and adaptive filtering in the DSP of the designed
system both reduce the ambient noise disturbance in DPOAE
signals more effectively at these frequencies. It is unfortunate,

however, that the f2 = 6169 Hz frequency could not be
analyzed in the study, possibly because of communication
latency issues in the system, which sometimes affect the
selection of the correct bandpass filters, resulting in more
noise interference for this first DPOAE frequency. Therefore, the f2 = 6169 Hz frequency was discarded in this study.
Furthermore, some outlier data points are visible
in Figure 6. For example, subject 1 had very low absolute
OAE levels, less than –10 dB for f2 ≥ 5657 Hz and, therefore, closer to the noise floor of the DPOAE measurement
system. In this case, DPOAE levels varied from inside to
outside the range of normal system operation, and this
caused DPOAE level changes compared with the baseline.
This variation caused by absolute DPOAE levels outside
the range of normal operation was also seen in quiet conditions, resulting in greater DPOAE changes than the expected
changes of approximately 0 dB. Subject 4 was the very first
to be tested with the designed system, in industrial noise
conditions, and some problems related to the connection
between the DPOAE system and the portable audio recorder,
affecting both the DPOAE level calculated by the DSP and
the portable recorder signal, were noticed straightaway and
immediately corrected for the following measurements. The
faulty measurements for this subject were discarded.
For the reference system, according to DPOAE measurements in noise exposure (see Figure 7), DPOAE levels
are higher than those recorded with the designed system.
This suggests that the NTL selected to continue the measurement in noise did not reject the ambient noise that
disturbed the DPOAE measurement. Although positive
physiological DPOAE changes are possible, referring here
to the 2-min bounce as mentioned in previous studies (Kemp,
1986; Kirk & Patuzzi, 1997), these positive changes are
expected to be relatively smaller for the 2f1–f2 DPOAE
frequency (Kirk & Patuzzi, 1997) than the noise interference
masking this potential DPOAE change. This is particularly
because the reference system was not designed to measure
in high ambient noise levels. Moreover, results with the reference system are more scattered than those recorded with
the designed system (see Figure 7) for which DPOAE levels
are more concentrated below the baseline. According to
these observations, the software processing and probe fit
for the reference system appears to be more affected by the
ambient noise disturbance than the designed system.
For the designed system, the last measurement postexposure tends toward the baseline levels (see Figure 6)
and is sometimes higher than the baseline, an observation
also reported by de Toro et al. (2010). This positive shift
is more noticeable in Figures 6(a) and 6(n). A greater negative change in DPOAE levels was detected for DPOAE
measurements in industrial and pink noise than in quiet
conditions, as shown with subjects 4 and 5 in Figure 6.
Minor variations in DPOAE levels (approximately 1–2 dB)
were observed for most subjects in quiet conditions as shown
in Figure 6, as is expected when there is no noise exposure.
The greater variations in DPOAE levels are visible for higher
DPOAE frequencies. This effect can be observed by comparing Figures 6(a), 6(d), 6(g), 6(j), and 6(m). Maximum
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effects of noise exposure on DPOAEs were observed at
4757 and 5187 Hz in industrial noise conditions. The maximum negative DPOAE shift from the baseline, calculated
from the last valid measurement during noise exposure
(filled marker) and the first measurement post-exposure,
across frequencies (f2 = 4000–5657 Hz) ranged from −5.9
to −22.3 dB (5187 Hz) in industrial noise, from −2.7 to
−6.4 dB in pink noise conditions, and from −1.4 to −2.6 dB
in quiet conditions, the latter possibly explained by some
minor changes in the probe fit over the day or minor noise
disturbance from the subject when he was working (Keppler,
Dhooge, Maes, et al., 2010). In comparison, de Toro et al.
(2010) showed that across subjects and test frequencies,
the DPOAE shift from the baseline ranged approximately
from −10 to +2 dB after a 2-kHz monaural sound exposure.
A similar DPOAE shift range can be observed from the
simulated data on the basis of the linear model in Figure 8.
Fast DPOAE measurements following the noise
exposure are more sensitive to measuring DPOAE changes,
that is, before DPOAE levels go back to pre-exposure
levels (de Toro et al., 2010). Therefore, DPOAE measurements during the noise exposure, when possible, are of
value with the designed system because the effect of noise
exposure can be assessed directly before any restoration effects have taken place.
For the current study, the maximum noise level was
set at around 87 dBA so that the resulting exposure in the
ear canal protected under the hearing protection device
was about 70–80 dBA. A review by Melnick (1991) pointed
out that the levels estimated to produce measurable temporary threshold shifts assessed with an audiogram ranged
approximately from 74 dB SPL at 4000 Hz to 86 dB SPL at
250 Hz. In the current study, subjects were exposed to 4 hr
(240 min) of ambient noise with an LAeq-4h of approximately 85 dBA, a sufficient noise exposure to trigger temporary DPOAE changes, as was demonstrated in Figure 6.
The median standard deviation (see Figure 8), calculated on the same consecutive measurements used for the
mean DPOAE levels, is estimated at approximately 0.8 dB
for all noise conditions. This indicates that results did not
vary more across consecutive measurements when the subject
was exposed to higher ambient noise levels. This can be
explained by the performance of the adaptive filtering noise
rejection. When the DPOAE level during or post-exposure
is lower than the baseline, the negative DPOAE variation
exceeding the test–retest variability could be considered
a real change in inner ear activity. This appeared to be the
case with the designed system for industrial and pink noise
conditions.
The greater number of outliers in the 45-dBA box
plot (see Figure 10) can be explained by the number of
DPOAE measurements recorded for the first probe fit. After
a problem was noticed at one of the DPOAE frequencies,
possibly caused by a primary-tone level that needed recalibration after the probe was dislodged, the probe was refitted,
and a new calibration and DPOAE measurement was recorded. The primary tones were rarely recalibrated during
higher ambient noise levels (67–87 dBA).
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The test duration for the reference system was imposed by the selected EMAV software and was a minimum
of about 3 min in 45 dBA and up to 6 min in 87 dBA of
ambient noise levels. This duration is much longer than the
45 s required to perform one complete measurement with
the designed system (see Figure 11). The reference system
has similar measurement duration limitations as other commercial systems in noisy conditions (Smith, Kei, McPherson,
& Smyth, 2001).
For the designed system, the variations in measurement duration for the 45-dBA noise conditions can be
explained by the several fit/refitting of the probe at the
beginning of the day to obtain the most stable and highest
DPOAE levels. However, in higher noise levels, the duration
of measurements was more consistent because the probes
were already correctly fit after the measurement in quiet
conditions, and no refitting was necessary between consecutive measurements. Regardless of the ambient noise levels,
about two to three attempts were performed, with each
attempt lasting about 45 s to cover the complete range
of DPOAE frequencies for a total duration ranging from
about 90 to 135 s (approximately 2 min). Overall, faster
DPOAE measurements were performed with the designed
system than with the reference system, as observed in
Figure 11. This shorter measurement duration will definitely
help detect the cochlear changes at the optimal moment,
that is, within the first 5 min after a possible traumatic
noise exposure event and preferably before the cochlear
status goes back to normal (de Toro et al., 2010). In an ideal
scenario, as is the case in this study, DPOAE measurements should be conducted while subjects are exposed to
noise to detect maximal DPOAE changes. Shorter measurement duration also means that DPOAE levels do not have
much time to come back to pre-exposure levels while other
DPOAE frequencies are tested (de Toro et al., 2010).

Conclusions
To improve the protection of workers against the
risk of NIHL, continuous monitoring of workers’ inner ear
activity could give the opportunity to detect temporary
changes in cochlear status and take the appropriate actions
before the changes become irreversible. A robust system
was designed to monitor OHC activity in high ambient
noise levels using DPOAEs. The main objective of this study
was to validate that the approach using an inner ear monitoring system designed in a laboratory is able to detect
changes in OHC activity by observing variations in DPOAE
levels during and after noise exposure. As demonstrated
in the study, it is possible to measure DPOAEs in ambient
noise exposure levels exceeding 85 dBA at high frequencies
with the designed system, if subjects have high baseline
OAE levels and a good DPOAE probe fit can be accomplished. Overall, it is possible to monitor DPOAEs in noise
levels of at least 65 dBA regardless of the OAE probe fit
and subjects’ baseline DPOAE levels. The designed system
is able to detect relatively small changes in DPOAE levels
in noise exposure because of the system’s relatively low
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test–retest variability. The temporary DPOAE level changes
indicate that OHC activity is potentially affected by ambient
noise exposure.
Future research shall consider a study of larger scale
conducted with more test subjects and in-field noise exposure conditions, in addition to an improved version of
the designed system’s hardware and software, that should
improve the detection of physiological DPOAE changes.
Furthermore, by reducing the time spent on other audiological tests, more post-exposure DPOAE measurements
could be measured closer to the possible traumatic noise
events. For example, one DPOAE measurement could be
conducted every 2 min in post-exposure and would help
analyze more precisely the relationship between the noise
dose received from the ambient noise and the shift in
DPOAE levels. By monitoring the worker’s inner ear activity and the noise exposure level, each worker’s own susceptibility to NIHL could also be identified. The approach
presented in this study to detect early changes in hearing
status could definitely benefit translational researchers and
other field practitioners in hearing conservation and hopefully stimulate new research about hearing mechanisms.
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