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Abstract 

Objectives  Otoacoustic emissions (OAEs) are an important part of the audiological test battery and have many 
clinical uses. This study aims to determine the amplitude changes in the test–retest condition of distortion product 
otoacoustic emissions (DPOAEs) and transient-evoked otoacoustic emissions (TEOAEs), which are widely used in clini-
cal settings.

Design  DPOAE and TEOAE measurements were taken in 110 ears of 55 adults aged 18–35 years with normal hearing 
during three sessions. The repeatability of the measurements was evaluated by very short-term measurements taken 
20 min after the first measurement and by short-term measurements taken 20 days after the first measurement.

Results  There was no statistically significant difference between the three measurements in which DPOAE 
and TEOAE amplitudes were evaluated. The weakest reliability for TEOAEs was determined at frequencies of 1.0 kHz 
and 1.5 kHz, and the weakest reliability for DPOAEs was determined at 6728 Hz.

Conclusions  The current findings indicate that DPOAE and TEOAE measurements are reliable for monitoring 
cochlear function over time. The data obtained from this study could help clinicians correctly interpret OAE changes 
and distinguish between physiological and pathological changes.
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Background
Otoacoustic emissions (OAEs) are low-intensity sounds 
coming from the cochlea that can be measured in the 
outer ear canal. They can be recorded with or without 
auditory stimulation (evoked or spontaneous, respec-
tively). Kemp (1978) was the first investigator to pro-
vide evidence that acoustic emissions can be detected 
in the human ear canal with clicks and short-duration 
tone bursts [1, 2]. The OAE test is an important part of 

the audiological test battery and has many clinical uses. 
Clinical applications of the OAE test include assessing 
cochlear integrity, neonatal hearing screening, pediatric 
evaluation, monitoring cochlear function, helping in rul-
ing out cochlear—retrocochlear pathologies, and evaluat-
ing patients with functional or nonorganic hearing loss 
[2, 3]. The advantages of OAE measurement include that 
it does not require a behavioral response, it is an appro-
priate measurement for all ages, it provides a preneural 
auditory response, and it provides information specific to 
the ear and the frequency. The inability to make a hear-
ing threshold estimation or evaluate the neural pathways 
is among the disadvantages [4]. OAE measurements can 
be measured using two different methods: spontane-
ous OAEs (SOAEs) and evoked OAEs (EOAEs). EOAEs 
occur in response to a stimulus presented to the ear. 
EOAEs occur in response to a pure-tone stimulus pre-
sented to the ear, and three different methods are used 
to reveal the response: stimulus frequency otoacoustic 
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emissions (SFOAEs), transient-evoked otoacoustic emis-
sions (TEOAEs), and distortion product otoacoustic 
emissions (DPOAEs) [5, 6].

DPOAE measurements are divided into two func-
tions: DP-gram and DPOAE input/output function [6]. 
The most commonly used measurement is the DP-gram 
obtained as a function of frequency by displaying the 
DPOAE amplitude at different frequencies for constant 
intensity levels. One of the most important measures of 
the value of audiological testing procedures or clinical 
equipment is the reliability and repeatability of the test 
results. To evaluate the repeatability of the procedure, it 
is necessary to know test–retest repeatability [7]. In the 
literature, the repeatability of DPOAEs and TEOAEs was 
generally evaluated with the Otodynamics ILO system 
OAE instrument [7–14] and the GSI-60 OAE instrument 
[15–17]. However, many other systems are used clinically 
today, and there is little data in the literature about their 
performance. In studies conducted in the literature, the 
test–retest reliability and repeatability of DPOAE and 
TEOAE measurements were evaluated at various stimu-
lus intensities and frequencies for minutes, days, and 
weeks. Generally, high test–retest reliability and repeata-
bility have been achieved in OAEs [7, 9, 10, 18]. However, 
the measurement repeatability of devices with different 
software has differed significantly.

In the present research study, the repeatability of 
DPOAE and TEOAE measurements, which are widely 
used clinically and provide objective information about 
the functional integrity of the cochlea, was evaluated 
by using Otometrics Madsen Capella2 OAE instrument 
with OTOsuite software, which is different from the 
devices used in the literature. In this study, it is aimed to 
determine the test–retest repeatability and reliability of 
DPOAE and TEOAE with very short-term measurements 
made 20 min after the first measurement and short-term 
measurements made 20 days after the first measurement.

Methods
Subjects
The study was conducted in the Department of Audi-
ology with the approval of the Ethics Committee of 
the University’s Faculty of Medicine (Decision no: 
2021/015). A total of 110 ears were included in the study 
out of 55 people aged 18–35 with normal hearing, 28 
of whom were males (mean age 21,678 ± 3.277) and 27 
were females (mean age 22,259 ± 4.128). Inclusion cri-
teria of the study were bilateral normal hearing thresh-
olds from 0.25 through 8.0 kHz ≤ 15 dB in pure-tone air 
conduction evaluation; speech discrimination score of 
88% or better; normal otoscopic findings; a type A tym-
panogram, performed with an 85  dB SPL probe tone at 
226  Hz (Titan Wideband Tympanometer, Interacoustic 

Inc.); middle-ear pressure varying between –100 and + 50 
daPa; present ipsilateral acoustic stapedial reflex thresh-
olds between 80 and 100 dB HL at 500 Hz, 1000 Hz, and 
2000 Hz (Titan Wideband Tympanometer, Interacoustic 
Inc.); and correlation ≥ 80% in evaluation with otoacous-
tic emission test, which was necessary for inclusion in the 
study.

Individuals with a history of ototoxic drug use; a his-
tory of otological disease or surgery; and a history of 
additional disabilities, chemotherapy, radiotherapy his-
tory, neurological diagnosis, hearing loss, neuropsy-
chiatric problem, head trauma, or noise exposure were 
excluded from the study. Participants were selected vol-
untarily, and informed consent forms were obtained from 
all individuals who agreed to participate in the study 
following the statements of the Declaration of Helsinki. 
After taking detailed anamnesis including demographic 
information of the participants, otoscopic examination, 
acoustic immitansmetric evaluation, pure tone audi-
ometry, speech audiometry, and otoacoustic emission 
(TEOAE and DPOAE) measurements were performed.

Acoustic immitansmetric evaluation
Individuals with an abnormal external ear canal and/
or tympanic membrane were determined by otoscopic 
examination and were not included in the study. Acoustic 
immitansmetric measurements were performed on indi-
viduals who made otoscopic examinations. Tympano-
grams in the range of + 200 and − 400 daPa were obtained 
at 85 dB SPL stimulus intensity by using a 226-Hz probe 
tone with an interacoustic brand TITAN broadband 
tympanometer device. With tympanometric evaluation, 
middle ear pressure (daPa), compliance (mmho), and 
equivalent external ear canal volume (cc) were evaluated. 
An acoustic reflex test was performed on those whose 
tympanogram was normal.

Pure‑tone audiometry evaluation
Audiological evaluations were made in the soundproof 
cabin, which is in the Industrial Acoustics Company 
(IAC) standard for pure tone audiometry testing. The 
air-conduction pure tone hearing thresholds of the indi-
viduals included in the study were evaluated at frequen-
cies of 250–8000  Hz using Interacoustics brand AC-40 
model clinical audiometer and Telephonics brand TDH-
39 supra-aural headphones. Bone conduction pure tone 
hearing thresholds were determined using Radioear 
brand B-71 bone vibrator at frequencies of 500–4000 Hz. 
Air and bone conduction pure tone hearing thresholds 
were determined using the Hughson-Westlake proce-
dure. Individuals with pure tone hearing thresholds 
of ≤ 15 dB at frequencies of 250–8000 Hz were included 
in the study. Speech reception threshold and speech 
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discrimination tests were administered to the individuals 
included in the study.

Otoacoustic emission evaluation
Before the appropriate probe was placed in the ear, the 
external ear canal was checked and the appropriate dis-
posable probe was placed in the external ear canal. Otoa-
coustic emission assessments of all individuals included 
in the study were performed using the Otometrics Mad-
sen Capella2 portable otoacoustic emission device and 
OTOsuite software. Measurement was started after the 
device was in the appropriate measurement position 
with the appropriate configuration of the probe indica-
tor and stimulus waveform in the device. Because OAE 
results were obtained independently of each other in 
both ears of the same individual, the right and left ears 
of all individuals were evaluated separately. Signal-to-
noise ratio (SNR) values were determined for each fre-
quency, and SNRs less than 6 dB were excluded from the 
study as criteria to verify sufficiently low noise levels. In 
the evaluation of the test, SNR and amplitude values in 
dB were determined. DPOAE measurement was made 
with DP-gram at 996  Hz, 1191  Hz, 1416  Hz, 1679  Hz, 
2001 Hz, 2382 Hz, 2832 Hz, 3359 Hz, 4003 Hz, 4755 Hz, 
5654 Hz, 6728 Hz, and 7998 Hz f2 frequencies. The dif-
ference between the DP-gram test protocol L1–L2 lev-
els was determined to be 10  dB SPL (L1 = 65  dB SPL, 
L2 = 55 dB SPL), and the f2/f1 ratio was 1.22 in all meas-
urements. DPOAEs were measured with the microphone 
in the external ear canal at the frequency 2f1-f2. TEOAE 
measurements were applied at the frequencies of 1 kHz, 
1.5 kHz, 2 kHz, 3 kHz, and 4 kHz in the range of 1–4 kHz 
with 50/s stimulus rate in nonlinear polarity with 85 dB 
SPL intensity. Registration of TEOAEs was terminated 
after 512 accepted sweeps with a noise rejection setting 
of 47.0 dB SPL.

Statistical analyses
All statistical analyses were performed using SPSS ver-
sion 25.0 (SPSS Inc.). Descriptive statistics are presented 
as mean, standard deviation, and standard error values. 
The homogeneity of the variances, which is one of the 
prerequisites of the parametric tests, was checked using 
the “Levene” test. The assumption of normality was 
examined by the “Shapiro–Wilk” test.

A one- or two-way repeated measures analysis of vari-
ance (repeated measures ANOVA) was used to deter-
mine the changes in otoacoustic emission amplitudes 
between measurements according to the number of cat-
egorical variables. When significant differences were 
detected between the groups, these differences were 
determined by Bonferroni correction. For the gender 
effect repeated tests, the sphericity assumption was 

checked with Mauchly’s test, and when the sphericity 
assumption was encountered, the sphericity assumed test 
was applied. In cases where sphericity was not provided, 
the Huynh–Feldt test was evaluated for cases where it 
was greater than 0.75, and the Greenhouse Geisser test 
results were evaluated for cases where it was smaller by 
looking at the epsilon value. A p value less than 0.05 was 
considered statistically significant. The repeatability of 
OAE measurements was evaluated by the standard error 
of measurement (SEM), intraclass correlation coefficient 
(ICC), absolute differences between measurements, 95% 
confidence intervals, and repeatability standard devia-
tions. The ICC was used to measure the degree to which 
each participant’s results are similar to those of the same 
participant as measured at other times [19]. SEM was 
used to assess whether two OAE measurements were 
statistically significant. The formula SEM = SS√(1 -ICC) 
was used to calculate the SEM [20]. In this formula, “SS” 
represents the standard deviation of all measurements. In 
this study, ICC values less than 0.5 were assumed to indi-
cate poor reliability, between 0.5 and 0.75 moderate reli-
ability, between 0.75 and 0.90 good reliability, and greater 
than 0.90 excellent reliability [21].

Results
The repeatability of TEOAEs and DPOAEs was measured 
in three sessions. The first session consists of the baseline 
measurement (measurement1 = M1). The second session 
was performed with probe-refitting (measure2 = M2) 
after 20 min. This session was followed by the third ses-
sion (measure3 = M3) which was after 20 days. The mean 
values of the DPOAE amplitude values of the frequency 
variables taken from the test and retest conditions are 
shown in Fig.  1. When the findings are examined, it is 
seen that the maximum amplitude is at the frequency 
of 1416  Hz and the minimum amplitude is at the fre-
quency of 7998 Hz. As a result of all measurements, the 
investigation of whether there was a significant differ-
ence between the mean of the differences of the obtained 
amplitude values in the test and retest situations was 
carried out with repeated measures ANOVA. There was 
no statistically significant difference between the three 
measurements in which DPOAE amplitudes were evalu-
ated (F = 1.712 = ρ = 0.019). In 13 different f2 frequency 
variables, there was a statistically significant difference 
between the amplitude means obtained in the test–retest 
conditions, only between the second and third measure-
ments at a frequency of 6728  Hz (ρ = 0.022). Figure  2 
shows the DPOAE amplitude repeatability in the f2 fre-
quency variable by gender. When the DPOAE amplitude 
values were examined by gender, higher amplitudes were 
observed in males at low frequencies of up to 1679 Hz, 
while higher amplitude values were observed in females 
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at 1679  Hz and higher frequencies. The assumption of 
sphericity for repeated tests of gender effect in DPOAE 
amplitudes was checked with Mauchly’s test, and no 
statistically significant difference was found according 
to gender at all the tested frequencies (ρ > 0.05). Addi-
tionally, the DPOAE three measurement evaluations of 
female and male were examined with repeated measures 
ANOVA and no significant differences were observed. A 
comparison of DPOAE amplitude, SNR values, ICC, and 
SEM values in dB in retest measurements according to 
the f2 frequency variable is presented in Table 1. When 
the obtained data were analyzed, the amplitude reliability 
of the DPOAE measurement was between 0.78 and 0.96 
and the SNR reliability was between 0.71 and 0.88. The 
SEM for the amplitude value of the DPOAE measure-
ment was in the 0.41–2.58 range, and the highest SEM 
was at 996  Hz, 6728  Hz, and 7998  Hz. The SEM of the 
DPOAE measurement for SNR was in the 1.19–2.99 

range, with higher SEM values observed at low frequen-
cies than at high frequencies.

The mean values of the TEOAE amplitude values of 
the frequency variables taken from the test and retest 
conditions are shown in Fig.  3. When the findings are 
examined, it is seen that the maximum amplitude is at 
the frequency of 1  kHz and the minimum amplitude 
is at the frequency of 4 kHz. There was no statistically 
significant difference between the three measurements 
in test–retest conditions in five different f2 frequency 
variables (F = 0.550 = ρ = 0.058). The p values of the 
TEOAE test–retest measurements were 0.281 at 1 kHz, 
0.143 at 1.5  kHz, 0.831 at 2  kHz, 0.442 at 3  kHz, and 
0.306 at 4  kHz. When the TEOAE test–retest meas-
urement results were examined, no significant differ-
ence was found in any of the frequencies tested in the 
repeated TEOAE amplitude values (ρ < 0.005).

Fig. 1  The vertical lines show the distortion level in dB SPL and the horizontal lines the f2 frequency in Hz. DPOAE indicates distortion product 
otoacoustic emission.The first session consists of the baseline measurement (measurement1 = M1). The second session (measure2 = M2) 
after 20 min. Third session (measure3 = M3) after 20 days. The figure shows mean DPOAE amplitude of the frequency variables from the test 
and retest conditions

Fig. 2  The vertical lines show the distortion level in dB SPL and the horizontal lines the f2 frequency in Hz. DPOAE indicates distortion product 
otoacoustic emission. The figure shows mean DPOAE amplitudes repeatability in the f2 frequency variable by gender
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Figure  4 shows the TEOAE amplitude repeatability in 
the f2 frequency variable by gender. The assumption of 
sphericity for repeated tests of gender effect in TEOAE 
amplitudes was checked with Mauchly’s test, and no 
statistically significant difference was found according 
to gender at all the tested frequencies (ρ > 0.05). Addi-
tionally, the TEOAE three measurement evaluations of 
female and male were examined with repeated measures 
ANOVA and no significant differences were observed. A 
comparison of TEOAE amplitude and SNR values, ICC, 
and SEM values in dB in retest measurements according 
to the f2 frequency variable is presented in Table 2. When 
the obtained data were analyzed, the amplitude reliability 

of the TEOAE measurement was between 0.85 and 0.99 
and the SNR reliability was between 0.85 and 0.97. The 
SEM for the amplitude value of the TEOAE measure-
ment was in the 0.12–0.92 range, and the highest SEM 
was at 1000  Hz and 1500  Hz. The SEM of the TEOAE 
measurement for SNR was in the 0.26–1.25 range, with 
the highest SEM value observed at 1000  Hz. The SEM 
for the amplitude value of the TEOAE measurement 
was in the 0.12–0.92 range, and the highest SEM was at 
1000 Hz. There was no statistically significant difference 
in test–retest reliability in the measurements made at dif-
ferent times in the DPOAE and TEOAE tests. When the 
measurements made in general were examined, high ICC 

Table 1  Test–retest ICC and SEM of DPOAE measurements between test series

SEM Standard measurement error, ICC İntraclass correlation coefficient, SNR Signal/noise ratio

F2 frequency (Hz)

996 1191 1416 1679 2001 2382 2832 3359 4003 4755 5654 6728 7998

AMPLITUDE ICC
M1–M2 0.90 0.92 0.96 0.94 0.92 0.93 0.91 0.96 0.94 0.94 0.96 0.85 0.88

M1–M3 0.86 0.92 0.93 0.91 0.88 0.87 0.84 0.93 0.90 0.91 0.91 0.78 0.88

M2–M3 0.85 0.92 0.95 0.92 0.93 0.91 0.87 0.93 0.91 0.92 0.91 0.84 0.87

SEM
M1–M2 1.14 0.77 0.42 0.59 0.74 0.62 0.96 0.41 0.56 0.72 0.57 1.76 1.46

M1–M3 1.42 0.75 0.72 0.76 1.05 1.19 1.70 0.76 1.02 1.18 1.17 2.58 1.42

M2–M3 1.46 0.84 0.54 0.66 0.61 0.80 1.36 0.77 0.92 1.09 1.18 1.77 1.53

SNR ICC
M1–M2 0.82 0.81 0.87 0.73 0.82 0.83 0.85 0.88 0.80 0.88 0.87 0.83 0.82

M1–M3 0.74 0.78 0.76 0.80 0.77 0.78 0.79 0.83 0.74 0.84 0.84 0.77 0,80

M2–M3 0.77 0.77 0.86 0.76 0.79 0.84 0.71 0.82 0.80 0.88 0.84 .79 0.82

SEM
M1–M2 1.78 2.03 1.31 2.52 1.64 1.53 1.49 1.18 1.70 1.33 1.43 1.37 1.19

M1–M3 2.37 2.21 2.38 1.80 1.96 2.07 2.20 1.62 2.30 1.75 1.72 1.73 1.25

M2–M3 2.16 2.28 1.47 2.03 1.86 1.53 2.99 1.73 1.75 1.33 1.72 1.58 1.19

Fig. 3  The vertical lines show TEOAE level in dB SPL and the horizontal lines the f2 frequency in Hz. TEOAE indicates transient evoked otoacoustic 
emission.The first session consists of the baseline measurement (measurement1 = M1). The second session (measure2 = M2) after 20 min. Third 
session (measure3 = M3) after 20 days. The figure shows mean TEOAE amplitude of the frequency variables from the test and retest conditions
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values and low SEM values were determined. Addition-
ally, reliability decreased with increasing time intervals 
between measurements.

Discussion
Every factor that affects EOAE amplitude and variability 
also affects EOAE repeatability. Measurement repeatabil-
ity is affected by factors such as the test parameters, char-
acteristics of test equipment, condition of the ear canal 
and/or middle ear conditions, probe placement with ade-
quate isolation, ambient noise, participant-induced noise 
(breathing, swallowing, moving), and SNR value [11, 16, 
22].

Franklin et  al. (1992) examined the repeatability of 
DPOAE measurement over 4  weeks and found that the 
variability increased at 1  kHz and 8  kHz. In the meas-
urements made at 65  dB SPL stimulus intensity, the 
reliability coefficient for amplitude responses at frequen-
cies in the 2–8 kHz range, excluding 1 kHz, was gener-
ally around 0.90. Franklin et  al. (1992) obtained the 
SEM value as the mean of 1.62  dB for measurements 
made between days and 2  dB for measurements made 
between weeks. Hallenbeck and Dancer [16] evaluated 
the DPOAE test–retest measurements in the 0.75–8 kHz 
frequency range and reported that the mean test–retest 
differences rarely exceeded 1  dB, which is clinically 

Fig. 4  The vertical lines show the TEOAE level in dB SPL and the horizontal lines the f2 frequency in Hz. TEOAE indicates transient evoked 
otoacoustic emission. The figure shows mean TEOAE amplitudes repeatability in the f2 frequency variable by gender

Table 2  Test–retest ICC and SEM of TEOAE measurements between test series

SEM Standard measurement error, ICC İntraclass correlation coefficient, SNR Signal/noise ratio

F2 frequency (Hz)

1000 1500 2000 3000 4000

AMPLITUDE ICC
M1–M2 0.94 0.90 0.98 0.99 0.98

M1–M3 0.86 0.85 0.94 0.97 0.97

M2–M3 0.90 0.92 0.95 0.97 0.98

SEM
M1–M2 0.52 0.88 0.15 0.12 0.19

M1–M3 0.92 0.92 0.46 0.32 0.23

M2–M3 0.79 0.67 0.42 0.33 0.22

SNR ICC
M1–M2 0.89 0.92 0.96 0.97 0.97

M1–M3 0.88 0.91 0.94 0.95 0.95

M2–M3 0.85 0.90 0.95 0.96 0.95

SEM
M1–M2 1.03 0.72 0.33 0.34 0.26

M1–M3 1.13 0.78 0.51 0.45 0.42

M2–M3 1.25 0.83 0.46 0.40 0.41
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negligible. Ng and McPherson [7] evaluated the reliabil-
ity of very short-term (after 20 min) and short-term (after 
a mean of 15  days) test–retest with DP-gram protocols 
using a 70-dB SPL pure sound stimulus in young adults 
with normal hearing and found no significant difference 
between the measurements. In the study, the SEM value 
for the DPOAE amplitude in the 1–6  kHz frequency 
range was determined to be in the 1.11–3.45  dB range 
in the test–retest measurements. In this study, the SEM 
value for the DPOAE amplitude was determined to be in 
the 0.41–2.58 dB range in the test–retest measurements. 
Wagner et al. [18] evaluated the repeatability of DPOAE 
with measurements made immediately without changing 
the probe with L1/L2 = 63/60  dB stimulus intensity and 
measurements made after days (5–10  days). The mean 
reliability was 0.89 in the measurements made after days, 
and the SEM value was approximately 1.44  dB in the 
1–5 kHz frequency range and about 2.3 dB at 6 kHz. In 
this study, the test–retest differences were generally lower 
than 2 dB in the test sessions performed on the same day 
and days later. The mean reliability was 0.89 in the meas-
urements made after days, and the SEM was approxi-
mately 1 dB in the 996–5654 Hz range and approximately 
2.2  dB at 6728  Hz. The study findings were thought to 
be similar due to the inclusion of data with SNR ≥ 6 dB 
in both studies. Beattie et  al. [15] evaluated the repeat-
ability of SNR responses with very short-term and short-
term measurements with the DPOAE measurements at 
L1 = L2 = 65 dB stimulus intensity. In the study, the SNR 
values were grouped into 3 dB, 6 dB, and 12 dB. The SEM 
values were examined, and it was reported that SNR did 
not have a significant effect on reliability. The SEM value 
at 550 Hz was reported to be about twice as high as the 
values at the other frequencies. In this study, the high-
est SEM value (2.37 dB) was obtained at 996 Hz, and the 
lowest frequency among the frequencies tested for SNR 
responses in short-term measurements.

Although the standard error in DPOAE amplitude 
responses was not highest at 996  Hz, high SEM values 
at low frequencies were observed in the SNR responses. 
This is thought to be because environmental noise and 
participant noise are higher at low frequencies and the 
SNR values are lower. In a study that examined the dif-
ferences in mean DPOAE amplitude between repeated 
measurements in young adults with normal hearing, 
greater variability was observed at higher frequencies 
than at lower frequencies [23]. Another study involving 
young adults with normal hearing evaluated the DPOAE 
test–retest repeatability at L1/L2 = 65/55  dB SPL and 
75/70  dB SPL stimulus intensity and found decreased 
reliability at 1 kHz, 4 kHz, and 8.0 kHz [14]. In this study, 
the reliability was lower at 996 Hz, 6728 Hz, and 7998 Hz 
than at the other frequencies. Wagner et al. [18] reported 

that in their study, the repeatability was significantly 
reduced at 6 kHz than at the 1–4 kHz frequency range. 
Hallenbeck and Dancer [16] found the best repeatability 
values at 2187 Hz and the worst at 5500 Hz in their study 
data. Ng and McPherson (2005) obtained higher variabil-
ity above 6 kHz and found the best repeatability values at 
1587 Hz and 2002 Hz. In the study, the SEM value of the 
DPOAE amplitude was found to be 2.59 dB in short-term 
retest measurements at 6.5 kHz [7]. In the current study, 
similar to the literature, the highest repeatability values 
were obtained at 1416 Hz, and the worst were obtained 
at 6728  Hz. The highest SEM value reached 2.58  dB at 
6728  Hz. Reavis et  al. [24] conducted a meta-analysis 
of studies that investigated DPOAE test–retest differ-
ences for adults using SEM statistics and found that the 
DPOAE variability increased as the time between the test 
repetitions increased. Although all the SEM values in the 
study increased as the time between the tests increased, 
the test–retest time interval was found to be statisti-
cally significant at 4 kHz and 6 kHz. In the current study, 
DPOAE variability increased as the time between tests 
increased. Although the SEM values increased as the 
test–retest times increased, the test–retest time interval 
was found to be statistically significant at 6728 Hz. Vari-
ous studies investigating the repeatability of DPOAEs 
in normal hearing subjects have reported greater vari-
ability and lower reliability for short-term measurements 
compared to very short-term measurements [14,15, 25]. 
In this study, the probe effect on test repeatability was 
not examined. However, in this study, test–retest vari-
ability increased and reliability decreased in short-term 
measurements compared to very short-term measure-
ments. It was thought that the increased time interval in 
short-term measurements created more changes in hear-
ing (middle ear pressure changes, noise exposure, etc.), 
affecting test–retest variability and reliability.

In various studies in the literature examining the effect 
of gender on DPOAE measurement, DPOAE amplitudes 
were found to be significantly higher in women than in 
men [26, 27]. In a study examining the effect of gender 
on DPOAE amplitudes in individuals with normal hear-
ing, higher DPOAE amplitude values were reported in 
women compared to men in the 2–6  kHz frequency 
range, and higher DPOAE amplitude values in men 
compared to women in frequencies below 2  kHz [10]. 
Bowman et  al. (2000) found that DPOAE amplitudes at 
frequencies below 3.3  kHz were very similar between 
genders and reported that women had higher amplitudes 
at higher frequencies (3.3–13 kHz), but not at a statisti-
cally significant level [28]. McFadden et al. (2009) found 
that DPOAE amplitudes were higher in young women 
compared to men in the 1.5–4  kHz frequency range 
[29]. It has been suggested that the gender effect seen in 
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DPOAE amplitudes can be explained by the differences in 
head size and basilar membrane resulting from the male 
cochlea being longer than the female cochlea [30, 31]. In 
the present study, similar to the literature, DPOAE ampli-
tudes were found to be higher in women than in men at 
medium and high frequencies. To the best of our knowl-
edge, the effect of gender on OAE repeatability has not 
been investigated in the literature. In the current study, 
no statistically significant difference was found between 
very short-term and short-term measurements depend-
ing on gender in any of the f2 frequencies measured by 
DPOAE. At the same time, the lowest repeatability was 
observed at 996 Hz and 6728 Hz in females, while it was 
observed at 6728 Hz and 7998 Hz in males. This study is 
consistent with other studies where DPOAE amplitudes 
did not change in same-day measurements [7, 9, 27]. In 
the literature, it has been determined that the test–retest 
reliability decreases with the removal and repositioning 
of the test probe, increasing the test time from the same 
day to weeks, decreasing the L2 level, and increasing the 
f2 value above 4 kHz [7, 9, 11, 15, 16, 18, 23]. In studies 
evaluating DPOAE test–retest repeatability, SEM values 
were usually 2 dB and a reliability coefficient higher than 
0.90 [9, 17, 18].

The general finding emerging from the literature can 
be summarized as decreased DPOAE repeatability at fre-
quencies below 1 kHz and above 6 kHz in both children 
and adults [11, 15, 18, 23, 24, 32]. The high variability 
obtained from the low-frequency f2 values is thought to 
be due to low-frequency noise pollution, physiological 
respiration, vascular sounds, participant noise from small 
movements such as swallowing and coughing, and lower 
SNR values [18, 33]. It has been reported that standing 
waves affect stimulus and measurement responses at 
both low (3 to 7  kHz) and high (> 10  kHz) frequencies 
[34, 35]. The decreased repeatability at 6 kHz is thought 
to reflect the standing wave phenomenon occurring at 
higher frequencies due to the relationship between ear 
canal length and wavelength, and distort DPOAE ampli-
tudes by increasing intrinsic random variability [22, 36]. 
Weaker reliability at high-frequency f2s was thought to 
be related to variability in probe placement due to limi-
tations in current calibration techniques to correct for 
standing wave effects. It was concluded that the use of 
improved calibration methods such as depth-compen-
sated SPL or forward pressure level would minimize 
frequency-specific errors and thus reduce test–retest var-
iability [15]. The present differences in SEM values given 
in various studies are thought to be due to test param-
eters, application, equipment, and software differences 
[18, 37].

In various studies evaluating TEOAE test–retest reli-
ability, no statistically significant difference was found in 

the measurements made on the same day or weeks later, 
and high test–retest reliability was obtained [8–10, 13, 
37].

In the present study, evaluating short-term and very 
short-term TEOAE repeatability at 85  dB SPL stimulus 
intensity, high test–retest reliability was obtained at all 
tested frequencies and all time intervals. In a study evalu-
ating TEOAE test repeatability with very short (20  min 
later) and short-term (mean after 15 days) measurements 
at 83 dBpeSPL stimulus intensity in young adults with 
normal hearing, the ICC values for SNR responses were 
found on the mean of 0.86 for very short-term measure-
ments and 0.83 for short-term measurements [7]. In this 
study, the mean ICC values for SNR responses in TEOAE 
test–retest measurements were 0.94 for very short-term 
measurements and 0.92 for short-term measurements. In 
another study investigating the test–retest reliability of 
TEOAEs at 80 dBpeSPL stimulus intensity in adults with 
normal hearing, the mean ICC values were found to be 
0.98 in very short-term (measurements made immedi-
ately after removing the probe and measurements taken 
approximately 1 h) measurements and 0.97 in short-term 
(measurement after 7  days) measurements [14]. When 
the variability between measurements was examined, 
higher variability was reported at 1 kHz and 1.4 kHz fre-
quencies and the highest SEM was obtained at 1 kHz. In 
the study, the mean SEM was 0.62 dB in the very short-
term measurement and 0.83 dB in the short-term meas-
urement, and the SEM values increased with the increase 
in the time interval between the measurements [14]. Sim-
ilarly, in the present study, the highest variability between 
measurements was detected at 1.5  kHz, and a decrease 
in inter-session reliability was observed with the increase 
in the time interval between measurements. In this study, 
the mean ICC values were 0.96 in very short-term meas-
urements and 0.93 in short-term measurements, and the 
mean SEM for amplitude response was 0.37  dB in very 
short-term measurements and 0.53  dB in short-term 
measurements. It has been reported in the literature that 
the SEM value for TEOAEs evaluated with click stimulus 
is approximately 1 dB [8, 9]. In this study, SEM values of 
less than 1 dB were obtained for TEOAEs.

The higher TEOAE amplitudes in females compared to 
males in the study are consistent with previously reported 
studies [38, 39]. Therefore, the gender differences found 
in this study are thought to be due to the higher number 
of outer hair cells and the shorter cochlea in females [30]. 
To the best of our knowledge, gender-related repeatabil-
ity has not been evaluated in the literature. In the cur-
rent study, a not statistically significant difference was 
found between very short-term and short-term meas-
urements depending on gender at f2 frequencies where 
TEOAE measurements were made. In addition, the 



Page 9 of 10Yağcıoğlu and Öztürk ﻿The Egyptian Journal of Otolaryngology          (2023) 39:148 	

lowest repeatability was observed at 1 kHz and 1.5 kHz 
frequencies in both genders. Compared with the stud-
ies using similar pure tone stimuli, TEOAE and DPOAE 
repeatability were higher in this study. The reason for this 
finding was thought to be due to the inclusion of data 
of high SNR values in the study. When the SEM values 
obtained from similar half-octave band frequencies were 
examined, it was reported that the reliability of TEOAEs 
was higher than that of DPOAEs [14, 40]. In the current 
study, the reliability of TEOAEs was obtained higher than 
DPOAEs and supports the literature.

Conclusions
This study demonstrated that the TEOAE and DPOAE 
measurements are reliable for monitoring cochlear func-
tion within minutes and weeks with high test–retest reli-
ability. The minimum 6 dB SNR criterion, which is widely 
used in clinical OAE measurements, is considered to be 
an important criterion when the repeatability and relia-
bility findings are examined. In DPOAE amplitude meas-
urements, the 6  kHz and 8  kHz high-frequency regions 
are used to monitor the cochlear state, especially in cases 
such as exposure to ototoxic drugs or noise. In the study, 
6728  Hz and 7998  Hz frequencies showed higher vari-
ability than other frequencies in DPOAE measurements. 
Since the 6  kHz and 8  kHz high-frequency regions in 
DPOAE amplitude measurements are used to monitor 
the cochlear state, especially in cases such as exposure 
to ototoxic drugs or noise, it is recommended that clini-
cians interpret the measurement results obtained at these 
frequencies carefully. During the TEOAE measurements, 
the highest acoustic background noise level was observed 
at frequencies of 1 kHz and 1.5 kHz. Therefore, it is rec-
ommended that clinicians take the initiative to reduce 
the background noise level, especially at these frequen-
cies.TEOAEs and DPOAEs have high test–retest reliabil-
ity, but reliability may vary depending on the recording 
device and test parameters. Further research is recom-
mended to examine the test–retest reliability of DPOAEs 
and TEOAE measurements at different test parameters 
and in populations with varying degrees of hearing loss.
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