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ABSTRACT
Background: Distortion product otoacoustic emissions (DPOAEs) are a promising screening technique for the early detection 
of subtle noise-induced cochlear function changes.
Objectives: To determine the applicability of DPOAEs as a health surveillance technique for the early detection of noise-                      
induced hearing loss (NIHL) in workers at a steel manufacturing industry.
Methods: DPOAE measurements were recorded in 20 participants with no history of occupational noise exposure and                             
20 participants exposed to noise in the steel manufacturing industry. Participants were not exposed to noise for at least                    
48 hours prior to testing. All participants were male, with normal audiometric thresholds of ≤15 dB HL. The DPOAE presence 
and response levels for different frequencies were compared between the two groups. The study further evaluated the short-
term test-retest repeatability of DPOAE measurements. 
Results: The noise-exposed group had significantly lower DPOAE response amplitudes than the control group for all the tested 
frequencies: p<0.001 at 2002 to 4004 Hz; p=0.01 and p=0.001 at 6348 and 7996 Hz, respectively, suggesting early outer hair cell 
damage in the noise-exposed group. DPOAEs showed good reproducibility. 
Conclusion: DPOAEs appear to be a sensitive technique for detecting noise-induced subtle cochlear function changes. 
DPOAEs could be used as a health surveillance technique in conjunction with pure tone audiometry for the early detection of 
NIHL in the steel manufacturing industry. 

Keywords: Occupational noise exposure, occupational noise-induced hearing loss, cochlear function changes, cochlear           
damage, outer hair cells

occupational noise exposure.3,7 Moreover, PTA testing is subjective 
and requires the cooperation of the employee. Therefore, results 
obtained from uncooperative individuals, who could be presenting 
with pseudohypacusis for compensation purposes, may be unreli-
able.3 It is necessary to have a more sensitive test that can detect 
cochlear function changes at an early stage before permanent, 
irreversible noise-induced hearing damage occurs.

Several studies have indicated that otoacoustic emissions (OAEs) 
could be a more suitable diagnostic tool for the early detection of 
cochlear function changes from excessive noise exposure, allowing 
detection of cochlear damage before it is evident through conven-
tional audiometry.1,8,9 OAEs are low level sounds emitted by the outer 
hair cells in the cochlea and recorded in the external ear.10 They are 
a by-product of outer hair cell electromotility (the cellular basis behind 
the cochlear amplifier), an active, nonlinear cochlear process largely 
responsible for producing normal hearing sensitivity and frequency 
selectivity.11 OAEs can be used specifically to assess outer hair 
cell function, and have been found to be very sensitive in showing 
adverse effects of noise damage on outer hair cells.8,12 They might 

INTRODUCTION
Noise-induced hearing loss (NIHL) can affect workers negatively on 
emotional, social and financial levels, with adverse effects on their qual-
ity of life. The cost of NIHL compensation could also economically harm 
the affected organisations.1 In order to prevent NIHL, it is important to 
detect noise-induced cochlear function changes as early as possible.2 

Pure tone audiometry (PTA) is currently the gold standard test 
used in detecting and monitoring NIHL in different industries, includ-
ing steel manufacturing factories where the daily noise exposure 
rate levels are in excess of 85 dB (A).1,3 Existing NIHL can be easily 
measured and detected using PTA. However, in detecting subclini-
cal noise-induced cochlear function changes, the sensitivity of PTA 
is questioned.1,4,5 PTA measures the integrity of the whole auditory 
pathway, while NIHL in its early stages starts affecting, primarily, the 
outer hair cells in the cochlea.1,6 There are some notable limitations 
in using PTA as the only hearing screening technique in occupational 
health surveillance programmes. Hearing damage is only detected 
when permanent irreversible damage has already occurred; conse-
quently, there is no timely prevention of outer hair cell damage from 
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to the PTA and DPOAE measurements to rule out any outer/middle ear 
pathology. Occluding wax was removed before the tests were performed. 

Immittance testing
A Grason-Stadler GSI-38 clinical immittance meter (calibrated 
26/11/2014) was used to perform Y-226 Hz tympanometry 
and obtain ipsi-lateral acoustic reflexes at 0.5, 1, and 2 kHz. 
Participants with normal tympanograms (Type A; middle ear 
compliance of 0.3 to 1.5 ml, ear canal volume of 0.6 to 2 ml, and a 
middle ear pressure of -50 to +50 daPa 22) and normal acoustic reflex 
thresholds of 80 to 100 dB HL in both ears proceeded to audiometry. 

Pure tone audiometry
Air conduction PTA was performed using a Grason-Stadler GSI 61 
(2-channel) clinical audiometer and TDH-50 headphones. The hear-
ing thresholds were measured at 0.25, 0.5, 1, 2, 3, 4, 6 and 8 kHz in 
each ear, following the British Society of Audiology’s recommended 
procedure for pure tone audiometry.23 The audiometric tests for both 
groups were performed in a double-walled soundproof booth in a 
hospital. Participants with normal hearing thresholds (≤ 15 dB HL) 
in both ears proceeded to DPOAE testing.

DPOAE measurements
The 2f1-f2 DPOAEs were recorded using an Otodynamics analyser (DP 
Echoport ILO 292, ILO version 6 software). For both groups, DPOAE 
measurements were performed in a doubled-walled sound-treated room 
and the ambient noise levels were monitored and maintained at ≤ 35 dB 
(A),11 using a Bruel and Kjaer type 2232 precision sound level meter.

Two primary tones at frequencies f1 and f2 were presented, simultane-
ously, at constant stimulus levels, L1=65 dB SPL and L2=55 dB SPL. The 
f2/f1 ratio was fixed at 1.22. These frequency ratio and stimulus levels 
have previously been reported to produce robust DPOAEs.4,11,14,24 The 
primary tones were presented such that the f2 frequencies corresponded 
with the audiometric frequencies at 2, 3, 4, 6 and 8 kHz. DPOAEs were 
recorded using the f2 frequency range from 750 to 8000 Hz, with recordings 
done at three points per octave.1,5,25,26 DPOAE frequency analysis was 
then performed at 2002, 3174, 4004, 6348 and 7996 Hz, as DPOAEs are 
reported to be more stable over this frequency range.27 The 2f1-f2 DPOAE 
response amplitudes (in dB SPL) were recorded as a function of the f2 
frequency.28  

A probe calibration test was performed at the beginning of each ses-
sion of recordings, using the Otodynamics-supplied 1 cc calibration cavity. 
For each participant, the DPOAE recordings were repeated four times in 
one ear without removing the probe tip between measurements. After 
testing the first ear, a new probe tip was used on the second ear, and the 
DPOAE recordings were repeated four times, again without removing 
the probe tip. This single probe fit paradigm has been shown to produce 
more repeatable and reliable DPOAE responses.29-32

The DPOAE response amplitudes for the four repeated recordings 
were averaged, to give an average DPOAE amplitude value at each 
stimulus frequency for each ear. Similarly, the DPOAE noise floor levels 
for the four repeated recordings were averaged, to give an average 
noise floor level at each specific stimulus frequency for each ear. Only 
participants with present DPOAEs at at least one of the frequencies, 

PEER REVIEWED

be a promising hearing screening technique for the early detection 
of NIHL in industrial hearing conservation programmes. Researchers 
are therefore increasingly proposing the incorporation of OAEs as part 
of occupational health surveillance hearing screening procedures.2,3,13 

The two most common clinically used OAEs are transient evoked 
OAEs (TEOAEs) and distortion product OAEs (DPOAEs).11,14,15 
Both have previously been used to monitor the effects of noise.8,12,16 
DPOAE responses are frequency-specific, reliable, replicable and 
perform better in high frequencies, and therefore might be suitable 
for the early detection of NIHL which mostly affects the high frequen-
cies.5,13 The greatest affected frequency is usually 4 kHz, and at early 
stages of NIHL the affected frequencies are 3 kHz and above while 
the lower frequencies usually remain intact.1 To date, there has been 
little research on the applicability of DPOAEs as a health surveillance 
technique in the early detection of noise-induced subtle cochlear func-
tion changes amongst workers in the steel manufacturing industry.

The main aim of this study was to determine the applicability of 
DPOAEs as a health surveillance technique for the early detection of 
NIHL in subjects working in a steel manufacturing industry. The specific 
objectives of this study were to evaluate the DPOAE response amplitude 
levels and to determine the proportion of present DPOAEs in workers 
in the steel manufacturing industry who are exposed to noise but pres-
ent with normal audiometric thresholds. The study also assessed the 
repeatability of DPOAE measurements using a single probe fit paradigm.

METHODS
Participants 
The study was conducted from March to April 2015, using a cross-
sectional study design, in a district hospital in Botswana. Healthy 
male adults who had normal hearing thresholds (≤15 dB HL at all 
PTA-tested frequencies), normal outer ears, and normal middle ear 
function; were free from all signs and symptoms of ear disease; and 
were aged 18 to 55 years, were included in the study. Potential par-
ticipants were excluded if they had a history of exposure to ototoxic 
agents, ear infections/discharges, ear surgery, hearing loss, chronic 
tinnitus, diabetes mellitus, hypertension, tuberculosis, malaria, or 
history of non-occupational noise exposure. 

The noise-exposed group consisted of steel manufacturing fac-
tory workers exposed to various types of noise from machines for 
drilling, grinding, and welding steel fencing material. The general 
noise exposure levels within this industry are reported to be 85 to 
98 dB (A).17,18 The control group was recruited from the medical staff 
of a district hospital, with no history of occupational noise exposure.

A structured health assessment questionnaire was completed to 
rule out any medical or otological conditions that might have affected 
the auditory system and consequently influenced the DPOAE mea-
surements.19,20 The questionnaire, which consisted of both open 
and closed questions, was administered by the researcher (MM) 
who spoke the same language as the participants. 

Procedures
The noise-exposed group participants stayed away from work for at least 
48 hours prior to testing to exclude the effects of temporary threshold 
shift.21 An otoscopic examination was performed for each participant prior 
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The mean PTA hearing thresholds for the noise-exposed group 
were higher than those for the control group across all tested fre-
quencies from 250 Hz to 8 kHz, but the difference between the two 
groups across all the frequencies was not statistically significant.

DPOAE testing: response amplitudes
The 2f1-f2 DPOAE response amplitudes in the right and left ears were 
compared, using a paired samples t-test. For all the five recorded 
frequencies between 2002 and 7996 Hz, no statistically significant 
difference in mean response amplitude levels was observed between 
the right and the left ears (p>0.05), therefore the data were combined 
for further analysis. Table 1 shows the number of ears with present 
DPOAEs in the 40 ears of each of the control and the noise exposed 
groups, as well as the mean DPOAE response amplitudes of ears with 
present DPOAEs per group, in each of the five recorded frequencies. 

Table 1. Mean DPOAE response amplitudes and the 
number of ears with present DPOAEs for the control 

and the noise-exposed groups

The DPOAE response levels for both groups progressively 
decreased with increasing stimulus frequency. DPOAE response 
amplitudes were significantly lower in the noise-exposed compared 
to the control group for all the tested frequencies (Table 1): by 7 dB 
SPL at 2002 Hz, 8.1 dB SPL at 3174 Hz, 7.7 dB SPL at 4004 Hz,  
6.5 dB SPL at 6348 Hz, and 3.5 dB SPL at 7996 Hz. 

DPOAE testing: DPOAE presence   
The percentages of present DPOAEs for the two groups are             
illustrated in Figure 2.

Figure 2. Percentage of present DPOAEs for the control 
and noise-exposed groups Fisher’s exact test, *p<0.05, 

Chi square test, **p<0.001

2002, 3174, 4004, 6348 and 7996 Hz were included in the final analysis. 
DPOAEs were considered to be present when the average DPOAE 
response amplitude was ≥6 dB SPL above the noise floor level.8 

Statistical analysis
All statistical analyses were performed using IBM SPSS version 18 
software. The DPOAE responses were described and analysed using 
both descriptive and inferential test statistics. The mean DPOAE 
response amplitude levels in the control and the noise-exposed 
groups were compared per frequency using the independent samples 
two-tailed t-test.33 The percentage of present DPOAEs for the control 
and the noise-exposed groups were compared using the chi square 
test or the Fisher’s exact test.33 Differences in DPOAE response 
amplitude test-retest repeatability and reliability for the two groups 
were determined using one-way repeated measures ANOVA and 
the intraclass correlation coefficient, respectively.33 All tests results 
were considered statistically significant at p<0.05.33

Ethical considerations
The study was approved by the University of Pretoria Research and 
Ethics Committee (Ref No: 14336392) and the Botswana Ministry of 
Health Research Committee (Ref No: PPME-13/18/1 VOL IX (154)). 
Permission was also obtained from all the relevant authorities. 

RESULTS
The 20 noise-exposed participants had a mean age of 36.9±11.5 years 
(range 22 to 54 years). The average noise exposure duration was 
10.9±6.5 years (range two to 22 years). The 20 control participants 
had a mean age of 34.6±7.5 years (range 19 to 55 years). The dif-
ference in age profile between the two groups was not statistically 
significant, p>0.05. Only 55 % of the noise-exposed participants 
reported using hearing protection devices (earplugs) consistently.

PTA testing: mean hearing thresholds
All participants in both groups had normal hearing thresholds (≤15 dB HL) 
at 0.25, 0.5, 1, 2, 3, 4, 6 and 8 kHz. The right and the left ear PTA 
hearing thresholds for both groups did not differ significantly across all 
the tested frequencies, therefore their data were combined for further 
analysis. Figure 1 shows the mean PTA thresholds for the two groups.

 

             Present                     DPOAE Amplitude         P-Value
        DPOAE (N)          Mean ± SD (dB SPL)

                 Control    Noise-         Control          Noise-  
                                 exposed                           exposed

 2002 40 38 13.6 ± 4.5 6.6 ± 5.9 <0.001
 3174 40 33 12.5 ± 4.5 4.4 ± 5.1 <0.001
 4004 40 26 12.5 ± 4.1 4.8 ± 4.4 <0.001
 6348 39  8 8.2 ± 6.5 1.7 ± 4.0  0.010
 7996 32  7 1.1 ± 5.2 -2.4 ± 1.1  0.001

Differences in means were compared using the independent samples t-test
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Figure 1. Mean pure tone audiometry (PTA) hearing 
thresholds for the control and noise-exposed groups (error 
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Figure 2 shows a high proportion of 
present DPOAEs for the control group: 
100% for all 40 ears at 2002, 3174 and 
4004 Hz, 98% (39 ears) at 6348 Hz, and 
80% (32 ears) at 7996 Hz. Conversely, the 
percentage of present DPOAEs was sig-
nificantly lower in the noise-exposed group 
compared to the control group (except at 
2002 Hz), and decreased progressively, 
from 2002 Hz to 7996 Hz. 

 
DPOAE testing: repeatability and            
reliability 
Table 2 shows that the DPOAE response 
levels between the four recordings were 
not statistically different for the five fre-
quencies. The repeated DPOAE mea-
surements further showed a high degree 
of reliability as indicated by the intraclass 
correlation coefficients. 

DISCUSSION
Several studies have demonstrated that 
excessive noise exposure may decrease 
DPOAE response levels.1,12,34-36 The 
current study compared the DPOAE 
response amplitudes between control 
and noise-exposed participants and found 
significantly lower DPOAE response 
amplitudes in the noise-exposed group 
at all the tested frequencies, from 2002 
to 7996 Hz. The largest differences in 

Data 
storage 
analysis 

and 
display

amplifier

amplifier

ILO 292
microphone

OAE Probe
earphones

DAC

ADC

Schematic diagram for equipment set-up used to record DPOAEs. The arrows indicate the 
direction and path followed by the acoustic signal from the stimulus generator in the PC 
to the earphone incorporated within the OAE probe placed in external ear canal, and the 
direction and path followed by the OAE response recorded in the microphone within the 

OAE probe to the processor (responsible for data storage, analysis and display) in the PC

 

                      1st           2nd          3rd        4th   
 2002 10.1 10.1 10.3 10.2 0.31 0.996 0.995 - 0.997
 3174 8.7 8.8 8.9 9.0 0.86 0.997 0.995 - 0.998
 4004 9.2 9.4 9.6 9.6 0.06 0.993 0.989 - 0.995
 6348 6.8 7.1 7.3 7.1 0.11 0.994 0.991 - 0.996
 7996 0.5 0.4 0.5 0.6 0.82 0.989 0.982 - 0.994

DP-gram
Frequency 
(Hz)

Mean DPOAE 
response amplitude 

(dB SPL)

DPOAE Recording

P-
Value

Intraclass
correlation
coefficient

(ICC)

95% CI 
of 

ICC

DP Echoport ILO 292 connected to PC, used for DPOAE testing
Photograph: Meshack Moepeng

Table 2. Mean DPOAE response amplitudes for the four repeated recordings

Sync
Unit

Stimulus
generator

Mean DPOAE response amplitudes compared using one-way repeated measures ANOVA and intraclass 
correlation coefficients
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emission levels were observed at 3174 and 4004 Hz, where mean 
DPOAE response amplitude levels for the noise-exposed group 
were lower than those for the control group responses by 8.1 and 
7.7 dB SPL, respectively. This occurred despite the fact that all the 
participants had normal audiometric thresholds and the difference 
in PTA hearing thresholds between the two groups was not statisti-
cally significant. Thus, by using DPOAEs, it was possible to detect 
cochlear damage in the noise-exposed participants before it was 
evident on the audiogram.37 These findings suggest that DPOAE 
testing could be a sensitive test in detecting subtle cochlear function 
changes due to long-term noise exposure. This is consistent with 
reports from other studies.1,5,9,12,16,34

The smallest DPOAE response amplitude difference of 3.5 dB 
between the control and the noise-exposed groups was observed 
at 7996 Hz. This may be an indicator of a marginal effect of noise 
exposure on cochlear function at this frequency. 38 

Vinck et al.12 exposed subjects to 90 dB SPL broad band noise 
for one hour and found that DPOAEs were significantly reduced, 
while PTA hearing thresholds showed no significant threshold shifts. 
DPOAEs did not fully recover to the pre-exposure reference levels in 
the 4 kHz frequency region one hour post exposure. The authors con-
cluded that DPOAEs could be used for the early detection of subtle 
outer hair cell function changes due to noise exposure. However, 
there are still different views regarding the applicability of DPOAEs 
in the early detection of occupational NIHL. Seixas et al.38 found no 
evidence to support the use of DPOAEs as a sensitive test for the 
early detection of noise-induced cochlear damage. This discrepancy 
could be due to the different study designs used.12 

The current study further showed a significantly higher percent-
age of present DPOAEs from 3174 to 7996 Hz in the control group 
compared to the noise-exposed group. Similar findings have been 
reported by other studies.1,5,9,34 This lower percentage of present 
DPOAEs observed in the noise-exposed group, despite the fact that 

all participants had normal audiometric thresholds, further suggests 
that DPOAEs could be a sensitive test for the detection of subtle 
cochlear function changes. 

The significantly lower DPOAE response amplitude levels across 
all the frequencies in the noise-exposed group, accompanied by the 
significantly lower percentage of present DPOAEs evident in most 
of the frequencies for the same group, even though all participants 
had normal audiometric thresholds, suggests that DPOAEs could 
detect early noise-induced outer hair cell damage before it is evident 
on the audiogram. It appears that DPOAE amplitude reduction or 
absent DPOAEs could be an early indicator of NIHL even when the 
audiogram is normal. The reduction in DPOAE amplitude may be an 
indicator to act to prevent further outer hair cells damage before the 
pure tone audiogram starts showing some hearing loss.37

The study showed that DPOAE measurements are highly reli-
able and repeatable, in accordance with other studies. 29-32,37 Due 
to the high test-retest reliability of DPOAEs, some researchers are 
propounding the applicability of DPOAEs as a health surveillance 
hearing screening tool in industry.39,40

The study findings suggest that detecting subclinical noise-
induced cochlear function changes, using either DPOAE amplitude 
reduction or absent DPOAEs, might be an essential step in prevent-
ing irreversible noise-induced cochlear damage in workers in the steel 
manufacturing industry presenting with normal audiometric hearing 
thresholds. The findings further support the view that DPOAEs could 
be used to identify ears with early noise-induced outer hair cell 
damage that present with normal audiometric thresholds. DPOAEs 
might be used as a quick, objective tool to assess the status of the 
cochlea and thereby complement conventional PTA in the early 
detection of NIHL in the steel manufacturing and other industries.1,3,16 

LIMITATIONS
This study used a small sample size, and the noise-exposure levels 
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for participants in both groups were not measured. Both these fac-
tors could reduce the validity of the results. A cross-sectional study 
design was used, so the cause-effect relationship between subclini-
cal cochlear function changes and DPOAEs could not be assessed. 
The inter-test retest reliability of DPOAEs was also not determined.

RECOMMENDATIONS
Large-scale longitudinal studies, considering different testing environ-
ments (e.g. clinical versus industrial settings) and noise-exposure 
level measurements, are recommended to substantiate the findings 
from this study. A future study should use age-matched participants 
with measured noise-exposure levels to further evaluate the rela-
tionship between noise-exposure and DPOAE amplitude response 
levels. Furthermore, the inter-test retest reliability of DPOAEs (fitting, 
removing and refitting the probe) in the steel manufacturing industry 
should be investigated.
 
CONCLUSION
The findings of the current study suggest that DPOAEs could be 
a more sensitive test in detecting noise-induced subtle cochlear 
function changes. DPOAEs could be used as a health surveillance 
technique to complement PTA in the early detection of NIHL in the 
steel manufacturing industry.

    LESSONS LEARNED
1. DPOAE amplitude reduction or absent DPOAEs could be an 

early indicator of NIHL even when the audiogram is normal. 
2. DPOAEs could be used as a quick, objective tool for the 

early detection of noise-induced subtle cochlear function 
changes in steel manufacturing industry workers.                                                         
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