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Abstract
Background: Tone-burst otoacoustic emissions (TBOAEs) have not been routinely studied in
pediatric populations, although tone burst stimuli have greater frequency specificity compared with
click sound stimuli. The present study aimed (1) to determine an appropriate stimulus level for
neonatal TBOAE measurements when the stimulus center frequency was 1 kHz, (2) to explore the
characteristics of 1 kHz TBOAEs in a neonatal population.

Methods: A total of 395 normal neonates (745 ears) were recruited. The study consisted of two
parts, reflecting the two study aims. Part I included 40 normal neonatal ears, and TBOAE
measurement was performed at five stimulus levels in the range 60–80 dB peSPL, with 5 dB
incremental steps. Part II investigated the characteristics of the 1 kHz TBOAE response in a large
group of 705 neonatal ears, and provided clinical reference criteria based on these characteristics.

Results: The study provided a series of reference parameters for 1 kHz TBOAE measurement in
neonates. Based on the results, a suggested stimulus level and reference criteria for 1 kHz TBOAE
measures with neonates were established. In addition, time-frequency analysis of the data gave new
insight into the energy distribution of the neonatal TBOAE response.

Conclusion: TBOAE measures may be a useful method for investigating cochlear function at
specific frequency ranges in neonates. However, further studies of both TBOAE time-frequency
analysis and measurements in newborns are needed.

Background
Click evoked otoacoustic emissions (CEOAEs), as one
type of transient evoked otoacoustic emission (TEOAE),
have been widely used to assess the functioning of coch-
lear outer hair cells. Since the CEOAE click stimulus has a
broad spectrum, and consequently can stimulate a broad
frequency region of the cochlea in a single measurement,
CEOAE measurement has been especially applied as a

general tool in universal neonatal hearing screening
(UNHS) programs. Another type of TEOAE – tone burst
evoked OAEs (TBOAEs) – uses narrow bandwidth tone
stimuli. This allows stimulus energy to be concentrated on
a particular area of the basilar membrane and elicits a
more frequency-specific cochlear response [1,2]. Fourier
analysis of TBOAEs indicates that emission spectra are
similar to that of the tone burst stimulus [3-5]. As to the
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research and clinical application of TBOAEs, studies have
mainly focused on adult populations, and have been
undertaken by few authors.

Compared with CEOAEs, TBOAEs at similar stimulus lev-
els can achieve a stronger response level with a greater sig-
nal to noise ratio (SNR) in normal adult ears [6-8]. Also,
the short- and long-term test-retest reliabilities for TBOAE
were found to be acceptable when using high (76 dB
peSPL) and mid (67 dB peSPL) stimulus levels [6]. Con-
cerning the prevalence of TBOAEs, different studies have
reported different findings. Liu et al. [9] noted that the
prevalence rate for a 1 kHz TBOAE was 100% in 35 nor-
mal hearing adults. Similarly, Chan and McPherson [6]
found a 1 kHz tone stimulus with high stimulus level
could elicit TBOAEs in all normal hearing adults tested
(30 ears). However, Probst et al. [4] reported that not all
28 tested adult ears responded to all tone burst stimuli
(ranging from 0.5 to 3 kHz). They found the percentages
of detected emissions for stimuli at 0.5, 1, 1.5 and 3 kHz
were 36%, 82%, 100% and 93%, respectively.

As there is no standard protocol for TBOAE measure-
ments, results presented in the literature are generally not
directly comparable. A variety of different recording
instruments, stimulus levels, stimulus center frequencies,
stimulus rates, number of averages, and analysis window-
ing parameters have been employed. Table 1 summarizes
studies and parameters that have been used for TBOAE
measurement. According to studies of adult TBOAEs, high
level stimuli are recommended as they save recording
time [10], elicit a stronger response, and give higher wave

reproducibility and reliability results [6] than lower level
stimuli.

As to the use of TBOAEs for assessment in neonates and
young children, few studies have been carried out [11,12].
It has been suggested that using lower frequency TBOAEs
may better elicit a more robust OAE response than
CEOAEs in the lower frequency region, and thus assist in
reducing the often high referral rate found in traditional
CEOAE neonatal hearing screening programs. Consider-
ing the potential role of TBOAEs for diagnostic cochlear
assessment as well as in hearing screening for neonates,
the present study examined neonatal TBOAE findings for
a tone burst stimulus with a 1 kHz center frequency. The
study consisted of two parts:

Part I: To determine the appropriate stimulus level for 1
kHz TBOAE response measurement, based on TBOAE
prevalence rate and other considerations.

Part II: To investigate the characteristics of the 1 kHz
TBOAE response in a large group of neonates and develop
a set of reference criteria for 1 kHz TBOAE measurements.

Methods
Participants
A total of 395 neonates from a well-baby nursery were
recruited at the Hong Kong Adventist Hospital on a volun-
tary basis. Written informed parental/legal guardian con-
sent was obtained prior to subject enrolment in the
research project. The mean test age was 2.54 days (SD =
1.0). 52.34% of subjects were male and 47.66% were

Table 1: Different stimulus parameters used in literature for TBOAE measurement

Authors Equipment Stimuli frequency 
range (kHz)

Sound levels Stimulus repetition 
rate

Number of 
sweeps

Analysis window 
(ms)

Hauser et al., 1991 
[29]

ILO88 0.5, 1, 2, 3, 4,5,6 10–40 dB nHL above 
mean hearing 
threshold

50 / 2.5–20

Xu et al., 1994 [43] ILO88 Version 
3.92

1, 2, 3 75, 59 and 37 dB SPL 50 260 5.5–20.5

Liu et al., 1996 [9] ILO 92 0.5, 1, 2, 4 64–72 dB SPL / 260 20
Prieve et al., 1996 
[7]

Custom-based 
equipment

0.5, 1, 2, 4 20–80 ppe SPL 40 1024 30

Chan & McPherson, 
2000 [6]

ILO 88; Version 5 0.5, 1, 1.5, 2, 3 ≈55, 65 and 75 dB 
peSPL

50 260 1 kHz = 4.5–20 ms; 
2 kHz = 2.5–20 ms; 
3 kHz = 1.5–20 ms.

Moulin, 2000 [44] ILO 88; Version 
5.5

0.75 – 6 65 – 68 dB pe SPL 40 (for the 750 & 
880 Hz stimuli); 60 
(for greater 
frequencies)

260 25 (for the 750 & 
880 Hz stimuli); 15 
(for greater 
frequencies)

Epstein & 
Florentine, 2005 
[45]

Custom-based 
equipment

/ 10–70 dB SPL 12.2 / 20.48 ms

McPherson et al. 
2006 [11]

ILO 288 version 
5.6

1, 2, 3 75 dB pe SPL 50 60 or 120 1 kHz = 4.5–20 ms; 
2 kHz = 2.5–20 ms; 
3 kHz = 1.5–20 ms.
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female. All the subjects met study inclusion criteria as fol-
lows: older than 48 hours and younger than 7 days; gesta-
tion between 37 and 42 weeks; birth weight between 2.4
and 4.5 kg; normal birth history and first 24 hours after
delivery; without apparent congenital defects; no history
of high risk factors (family history of hearing loss; congen-
ital or perinatal infection; anatomical malformation of
head or neck; hyperbilirubinaemia; bacterial meningitis;
severe perinatal asphyxia; convulsions; prolonged
aminoglycoside usage and intracranial haemorrhage).
Among the subject group, 745 CEOAE- and TBOAE-tested
ears passed CEOAE hearing screening, and were included
in the present studies. These ears were divided into two
groups, and completed either Part I or Part II of the study.
The Part I group consisted of 40 ears, and TBOAE meas-
urement was performed at five stimulus levels in the range
60–80 dB peSPL. The Part II group comprised 705 ears,
and the target stimulus level was fixed at 75 dB peSPL
using the equipment software setting.

Procedures
Any debris noted in the ear canal was removed using a cot-
ton swab before inserting the OAE probe tip. The probe
tip was checked for adequate fit and was refitted or
changed as appropriate, if this was necessary. Newborns
were tested while in natural sleep or a quiet state. The OAE
test ear order for both CEOAE and TBOAE measures was
random. All subjects initially had both CEOAE and
TBOAE measures performed.

Apparatus and parameters
All the measures were recorded in a non-sound treated
room adjacent to the nursery ward at Hong Kong Advent-
ist Hospital. The average ambient room noise level with
OAE equipment in operation was under 45 dBA. OAE
data were collected using the Echoport ILO 292 USB sys-
tem with V6 software (Otodynamics Ltd., UK) installed in
a laptop computer. A standard ILO system clinical neona-
tal probe was used and calibrated before every test session.
In ILO software, the recorded OAE average responses were
stored into two memory buffers, "A" and "B", for subse-
quent calculations.

Both CEOAEs and TBOAEs are recorded based on the
nonlinear response mode. In order to compare findings
with other reports, CEOAEs were recorded using the ILO
default "QuickScreen" mode [13] for all study newborns.
In this study, a passing CEOAE measurement was one that
fulfilled the following CEOAE criteria: stimulus stability ≥
75%; whole reproducibility ≥ 70%; at least three of five
test frequency bands centered at 1, 1.5, 2, 3 and 4 kHz
with signal to noise ratio (SNR) ≥ 3 dB. Similar criteria
have been used by other researchers [11,14,15]. The
recorded stimulus level of 75–80 dB equivalent sound

pressure level (peSPL) in the ear canal was considered
acceptable for CEOAE measurement.

Using the default ILO V6 software settings, TBOAEs were
elicited with a two-cycle tone burst at 1 kHz with a raised
cosine window and the stimulus length was fixed at 2 ms
with plateau length defined by the stimulus duration. The
analysis window and stimulus repetition rate for 1 kHz
TBOAE measurements were 20.48 ms and approximately
50 Hz, respectively. In the Part I study, TBOAE measure-
ment was performed at stimulus levels in the range 60–80
dB peSPL, with progressive 5 dB increment steps. Based on
the results of the Part I study, the target stimulus level was
set to 75 dB peSPL to elicit a TBOAE response in the sub-
sequent Part II tests. An actual tone stimulus of 75–80 dB
peSPL recorded in the ear canal was considered accepta-
ble. A SNR = 3 dB was used to define a clear response at
each frequency band [1]. Response stopping criteria for
TBOAE measurements required at least 70 OAE stimuli
presentations, or, if no clear TBOAE response at 70 pres-
entations, up to 260 responses were obtained. The noise
rejection level was set lower than 8 mPa (52 dB SPL). The
data were analyzed using half-octave bands in ILO V6
software.

Analysis
Analyses of Part I were used to determine the appropriate
stimulus level for 1 kHz TBOAE measurement. This initial
study used five stimuli levels (60, 65, 70, 75, 80 dB
peSPL), and investigated the relationship between indi-
vidual stimulus level and TBOAE parameters, including
stimulus stability (which reflects changes in stimulus
intensity occurring during the test and which should be
greater than 75% of the initial stimulus amplitude [16]),
whole reproducibility (which is calculated by the cross-
correlation between A and B waveforms and which is used
clinically as a quality index of the recorded OAE [16]),
whole response amplitude and noise level, and the mean
response level, SNR, and TBOAE response prevalence rate
for 1, 1.5 and 2 kHz frequency components. Prevalence
rate was defined using a criterion of SNR ≥3 dB [1]. A one
way ANOVA test was used to determine whether there was
any difference in TBOAE performance among the five
stimulus levels.

The characteristics of 1 kHz TBOAEs from neonates with a
target stimulus level of 75 dB peSPL were examined in Part
II. Statistical analyses were performed using SPSS for Win-
dows version 12.0 software. The level of statistical signifi-
cance was set at 0.05, and was specified for each test as P.

Recorded TBOAEs were also analyzed in the time-fre-
quency domain to explore the maximum energy range of
the evoked 1 kHz TBOAE component, using both latency
and frequency information. Wavelet transform (WT) was
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used as the time-frequency analysis technique because
auditory processing in the cochlea is similar to a wavelet
transform along the basilar membrane [17,18]. Compre-
hensive descriptions of WT for OAE recordings have been
given by several researchers [19-24]. The continuous
wavelet transform (CWT) of OAE level x(n) is calculated

by ,

where n and ω are, respectively, the time and frequency

index, and ψ(·) is the mother wavelet function with cen-

tral frequency ω0. The mother wavelet function ψ(·) used

in this study was proposed by Tognola et al., which is a

modulated cosine function ϕ(t) = (1/(1+ tβ)) · cos(α · t)
[23,24]. The time and frequency analysis of CEOAE sig-

nals have been shown to achieve the best results when β =

4 and α = 20 are used [23,24]. The squared magnitude of

PWT(n, ω) is called the scalogram and it was used to give a

time-frequency representation for OAE response level.
Since the presence of OAE in the ILO system is determined
by identification of emissions in two different buffers, A
and B, the x(n) obtained was the average of the OAE levels
from these two buffers. Wavelet analyses were conducted
using MATLAB 7.0 software.

Results
In total 745 ears from neonates without any risk factor for
hearing disorder and who had passed CEOAE screening
test were included in this analysis. Response levels were
averaged in dB SPL. A 1 kHz tone burst stimulus with a tar-
get level of 75 dB peSPL usually could evoke a TBOAE
response in the 1 to 2 kHz frequency range, using a half-
octave analysis (figure 1). Therefore, the following sum-
mary of mean emission response, SNR and prevalence
rate findings will include results in the 1, 1.5 and 2 kHz
half-octave bands.

Part I: Relationship between stimulus level and 1 kHz 
TBOAE performance
The mean response levels and noise levels as functions of
tone burst stimulus levels in 40 ears are illustrated in fig-
ure 2 (the top figure). The TBOAE response levels
increased with increasing stimulus levels, but the noise
levels remained similar. At 60 or 65 dB peSPL stimulus
levels, the mean response was lower than the noise floor,
and hence the corresponding mean SNR was less than 3
dB. However, 1 kHz TBOAE stimulus levels at 70, 75 and
80 dB peSPL could evoke a clear overall mean response, at
15.35 dB, 18.46 dB, and 20.11 dB, respectively. A one way
ANOVA test showed that there was no significant differ-
ence for overall mean response for the 1 kHz TBOAE
between any two of these three stimulus levels (P > 0.05).

Figure 2 (the bottom figure) analyzed the whole repro-
ducibility and stimulus stability for 1 kHz TBOAE meas-
urement at different stimulus levels. Mean reproducibility
was greater than 60% only when the stimulus level
reached 70 dB peSPL or above. Significant differences for
reproducibility were found between the lower stimulus
levels (60 or 65 dB peSPL) and higher levels (70, 75 or 80
dB peSPL) (P < 0.05). In addition, the analysis showed
that mean stimulus stability was greater than 80% for all
the five stimulus levels, but a larger variation in stability
was found at 60 or 65 dB peSPL.

For 1, 1.5 and 2 kHz frequency components, the relation-
ship between the SNR of a 1 kHz TBOAE and stimulus lev-
els is illustrated in table 2. The mean SNR was greater than
3 dB at 1 kHz frequency band when the stimulus level was
higher than 70 dB peSPL. All stimulus levels could pro-
vide a SNR ≥ 3 dB at 1.5 kHz, but the standard deviations
found with 60 and 65 dB peSPL were also higher than
other stimulus levels for this frequency range. At 2 kHz, a
stimulus level of 70 dB peSPL or lower could not provide
mean SNR ≥ 3 dB.

The percentages for TBOAE prevalence at each stimulus
level and for each frequency component are illustrated in
figure 3. Decreasing the stimulus level to 60 or 65 dB
peSPL resulted in an overall reduction in the prevalence
rate for all three frequency bands. If an acceptable preva-
lence for 1 kHz TBOAE is considered to be 90% or above
for 1 and 1.5 kHz frequency components then 75 or 80 dB
peSPL is the best choice for target stimulus level.

Part II: Characteristics of 1 kHz TBOAEs
Totally, 705 ears were recruited in this second part of the
research program. Based on the results of Part I, the target
stimulus level for the 1 kHz TBOAE was set to 75 dB
peSPL, and a recorded stimulus level of 75–80 dB peSPL
in the ear canal was considered acceptable. The mean
recorded stimulus level for the TBOAE measurements was
77.1 dB peSPL (SD = 1.7).

The overall mean response level and the overall mean
reproducibility for the recorded 1 kHz TBOAEs were 18.43
dB (SD = 7.73) and 74.54% (SD = 15.8), respectively. The
mean stimulus stability and mean test duration per ear for
1 kHz TBOAE measurement was 96.82% (SD = 8.84) and
57.2s (SD = 37.3), respectively. There was no statistically
significant difference concerning ear of test (P > 0.05) or
gender effect (P > 0.05) on overall mean response level for
TBOAEs. In addition, a one way ANOVA test did not find
these three parameters were affected by the test age (from
2 to 7 days) of the neonates.

The mean response and noise for TBOAEs at different fre-
quency bands are illustrated in figure 4. A one way

P n x n dWT( , ) ( ) / ( / .( ))ω τ ω ω ψ ω ω τ τ
τ

= ⋅ ⋅ −∗∫ 0 0
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ANOVA test showed that mean noise level at 1 kHz was
significantly higher than in the other two frequency bands
(P < 0.05). The mean TBOAE response at 1 kHz was signif-
icantly higher than that of 2 kHz (P < 0.05), but lower
than 1.5 kHz (P < 0.05). The mean SNRs for TBOAE at 1,
1.5, and 2 kHz frequency bands were 5.4 dB (SD = 5.5),
13.2 dB (SD = 5.4) and 7.0 dB (SD = 6.4), respectively.
The SNR differences among frequency bands were signifi-
cant. The "confidence (%)" reported on the V6 screen is
equivalent to the band-limited "reproducibility" in previ-
ous software, which was calculated from the correlation
between waveforms. Since this variable is a function of the
SNR in a given frequency band, this study will only ana-
lyze the SNRs, instead of band-limited "confidence (%)."

In present study, SNR ≥ 3 dB was used as a criterion defin-
ing a detectable TBOAE response at each frequency band.

The highest prevalence rate for 1 kHz TBOAE measure-
ment occurred at 1.5 kHz, with a prevalence rate of 97.4%
(687 ears). In contrast, the 1 kHz tone burst elicited a
response in 556 ears (78.9%) at 1 kHz. The prevalence
rate for TBOAEs at 2 kHz was 77.6% (547 ears). A chi-
square test indicated that differences in TBOAE prevalence
rate were significant between the 1 and 1.5 kHz frequency
ranges (χ2(1) = 116.57, p < 0.05), as well as 1.5 and 2 kHz
bands (χ2(1) = 127.25, p < 0.05). There was no significant
difference between 1 and 2 kHz frequency bands (χ2(1) =
0.27, p > 0.05).

Figure 5 illustrates the time-frequency distribution of a 1
kHz TBOAE response from a neonatal ear using the WT
method. The TBOAE scalogram shows the highest inten-

Relationship between stimulus levels and 1 kHz TBOAE per-formance (n = 40 ears)Figure 2
Relationship between stimulus levels and 1 kHz 
TBOAE performance (n = 40 ears). The top figure illus-
trates mean (± SD) response level and noise level as a func-
tion of 1 kHz tone burst stimulus levels. The bottom figure 
shows the relationship between stimulus levels and mean (± 
SD) for stimulus stability and whole reproducibility TBOAE 
parameters.
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Spectra of CEOAE and 1 kHz TBOAE recorded by ILO V6 software from the same neonatal earFigure 1
Spectra of CEOAE and 1 kHz TBOAE recorded by 
ILO V6 software from the same neonatal ear. The tar-
get stimulus level was 75 dB peSPL, and the recorded mean 
stimulus level in the ear canal was 76.9 dB peSPL. Black 
depicts the evoked OAE response, and grey depicts the noise 
floor.
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sity range is located around 1 kHz and 10 ms post-stimu-
lus (the top figure). In order to obtain a more accurate
peak value, the bottom figure plots a 3D illustration that
shows the peak of 1 kHz TBOAE energy occurring at 10.12
ms and 1221 Hz. Among all the 705 tested ears, 458 data
sets showed a clear 1 kHz TBOAE response with SNR ≥ 3
dB for the 1, 1.5 and 2 kHz frequency bands. Based on
these 458 data sets, the mean time for occurrence of 1 kHz
TBOAE maximum energy was 10.17 ms (SD = 1.61) and
at 1325.3 Hz (SD = 222.46).

Discussion
It has been reported that the 500 to 1500 Hz components
of a CEOAE response are likely to be contaminated by low
frequency noise in a normal hearing individual [25-28].
The mean prevalence rate for CEOAEs in the 1 kHz fre-
quency range is below 40% in neonates. [12]. Other rea-
sons that the 1 kHz frequency component of CEOAE is
difficult to evoke may be due to the acoustic characteris-
tics of the click sound and the shortened time window of
the "QuickScreen" mode routinely used in the CEOAE
neonatal hearing screening test. Compared with click
sound stimuli, a tone burst stimulus has greater frequency

specificity because of its acoustic characteristics [16] (fig-
ure 6). Therefore, a 1 kHz tone burst may be superior to a
click stimulus in the low frequency test range, improving
the SNR and increasing likelihood of OAE detection. As a
potential tool for the assessment of cochlear activity, how-
ever, details of TBOAE performance have not been
reported, nor have TBOAEs been routinely used, for pedi-
atric populations. The present study sought to determine
reference criteria for TBOAE measurement when the stim-
ulus center frequency was 1 kHz and to explore the char-
acteristics of 1 kHz TBOAEs obtained from neonates.

From the Part I study, recommendations regarding the set-
ting of appropriate TBOAE stimulus levels for newborns
were made, based on TBOAE performance – which
included overall mean response, whole reproducibility,
stimulus stability, as well as the prevalence rate and SNR
in different frequency ranges. With decreased stimulus
level, all of these parameters had a trend towards reduced
values. Figure 2 showed that TBOAEs evoked by lower
stimulus levels (60 and 65 dB peSPL) resulted in lower
whole reproducibility (< 60%), lower stimulus stability (<
90%), and unacceptable lower overall mean response
(SNR < 0 dB). Stimuli levels of 70, 75 and 80 dB peSPL did
not show significant differences among each other on the
above three parameters. However, setting stimulus levels
at 70 dB peSPL or below made for a large variation in
some TBOAE parameters, such as reproducibility and
stimulus stability. Also, it was demonstrated that when
the stimulus level was 75 dB peSPL or above the preva-
lence rate for detectable 1 kHz TBOAEs was higher than
90% in the 1 and 1.5 kHz frequency bands. Therefore,
based on all the above results, in the Part II study the tar-
get tone burst stimulus level was set at 75 dB peSPL using
the ILO system – software. The real stimulus level

Mean (± SD) TBOAE response and noise level at different frequency bands (n = 705 ears)Figure 4
Mean (± SD) TBOAE response and noise level at dif-
ferent frequency bands (n = 705 ears).
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Table 2: Relationship between stimulus levels and SNR for 1 kHz 
TBOAE at 1, 1.5 and 2 kHz frequency components (n = 40 ears)

Stimulus level (dB peSPL) 1 kHz TBOAE SNR (dB)

1 kHz 1.5 kHz 2 kHz

Mean SD Mean SD Mean SD

60 -.95 8.22 6.08 8.45 -4.34 5.68
65 2.07 7.48 9.62 7.33 -1.09 5.43
70 5.28 5.42 13.38 5.49 2.43 6.63
75 7.74 4.15 15.63 4.61 6.99 5.74
80 8.20 4.38 16.58 5.50 9.32 6.31

Prevalence of a response (percentages) at each stimulus level and for each frequency component for 1 kHz TBOAE stimu-lus (n = 40 ears)Figure 3
Prevalence of a response (percentages) at each stim-
ulus level and for each frequency component for 1 
kHz TBOAE stimulus (n = 40 ears).
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recorded in situ – which was measured using the ILO sys-
tem ranged from 75 to 80 dB peSPL and this was viewed
as an acceptable stimulus range.

The Part II study explored several parameters of 1 kHz
TBOAEs recorded from 705 neonatal ears using the prede-
termined 75 dB peSPL stimulus level. The overall mean
response level, whole reproducibility, and stimulus stabil-
ity for 1 kHz TBOAEs were 18.43 dB (SD = 7.73), 74.5%
(SD = 15.8), and 96.8% (SD = 8.8), respectively. All the
above parameters were in the range of a previous, smaller

study [12]. A one way ANOVA test did not find test age of
the neonate had an effect on these three parameters or on
the mean response and SNR at each frequency band. The
overall mean response level for TBOAEs in the present
study was higher than noted in findings for an adult pop-
ulation [6,7,29].

The mean SNRs for 1 kHz TBOAE at the three analyzed
frequency bands were all greater than 3 dB, but the SNR at
1 kHz was significantly lower than that at 1.5 and 2 kHz
frequency bands, even though the mean TBOAE response
at 1 kHz was significantly greater than that at 2 kHz. It was
also found that although the stimulus frequency was cen-
tered at 1 kHz, the prevalence rate in the 1 kHz frequency
band was lower than that at 1.5 kHz. The main reason for
these findings relates to greater noise in the 1 kHz fre-
quency band (figure 4), which may overlay a substantial
but weaker TBOAE response. In addition, a default low
frequency filter setting in the ILO system and "Quick-
Screen" mode with a shortened response window will
reduce the noise levels at lower frequencies, but also
reduce the OAE response as well [7,30]. An additional rea-
son that SNR and prevalence rate of TBOAEs in the 1 kHz
frequency band were lower than those at 1.5 kHz may be
that the 1 kHz tone burst stimulus may not evoke a
response solely confined to the 1 kHz frequency range in
the cochlear partition (figure 6). There may also be some
influence across TBOAE channels, which may not func-
tion as independently as expected [7,31,32]. This possibil-
ity was supported by our finding that the mean of the
maximum evoked energy of the neonatal 1 kHz TBOAE
response was located at around 1.3 kHz. A final reason for
the finding of a greater response at 1.5 kHz may be related
to the ILO results display manner. Since the half octave
display sums the number of responses across a frequency
region ¼ octave above and below the centre frequencies,
the lower and upper frequencies for the target 1 kHz fre-
quency half octave band would be around 850 and 1200
Hz. Therefore, based on a half-octave analysis, the evoked
highest energy (with a mean of 1325 Hz) may have been
included in the 1.5 kHz analysis half octave band. For the
2 kHz frequency component, the prevalence rate of
TBOAEs was 77.6%, which was lower than that of
CEOAEs with 99.3%. Therefore, a 1 kHz tone burst stim-
ulus might be more suitable than a click stimulus in pro-
viding restricted low frequency information (lower than 2
kHz) for a pediatric population, and the 1 kHz TBOAE
pass criteria may need to focus on both the 1 and 1.5 kHz
frequency bands.

Based on all the above results, suggested criteria for a valid
1 kHz TBOAE measurement for newborns are: stimulus
level range 75–80 dB peSPL; stimulus stability ≥ 75%;
whole reproducibility ≥ 60%; SNR ≥ 3 dB at 1 and/or 1.5
kHz. By using these criteria as a reference, supplementary

Time-frequency distribution of a 1 kHz TBOAEs response from a neonatal ear using WT methodFigure 5
Time-frequency distribution of a 1 kHz TBOAEs 
response from a neonatal ear using WT method. Col-
our bar on the right side indicates the range of intensity val-
ues of TBOAE energy. TBOAE scalogram indicates that the 
highest intensity range locations are at approximately 1 kHz 
and 10 ms (top of the figure). 3D illustration shows the peak 
value of 1 kHz TBOAE energy, occurring at 10.12 ms and 
1221 Hz (bottom of the figure).
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Click and 1 kHz tone burst stimuli, as well as corresponding CEOAE and 1 kHz TBOAE responsesFigure 6
Click and 1 kHz tone burst stimuli, as well as corresponding CEOAE and 1 kHz TBOAE responses. The top fig-
ure shows the stimulus waveforms of click and 1 kHz tone burst sounds. The middle figure shows the stimulus spectrums of 
click and 1 kHz tone burst sounds. The bottom figure illustrates the response spectrums of CEOAE and 1 kHz TBOAE record-
ings. Blue depicts the evoked OAE response, and red depicts the noise floor. The figure shows that a tone burst stimulus has a 
narrow bandwidth compared with a click sound. Fourier analysis of TBOAEs indicates that emission spectra are similar to 
those of the tone burst stimulus, but the evoked energy of a 1 kHz TBOAE response may have a spectral spread and is not 
confined to the 1 kHz frequency range.

Click         1 kHz Tone-burst 
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information in the lower frequency region may be pro-
vided by 1 kHz TBOAE measurement. When combined 1
kHz TBOAE plus CEOAE measures are recorded using
these criteria, initial studies suggest the pass rate for neo-
natal hearing screening may be significantly improved
compared with conventional CEOAE-only screening [33].

The results of time-frequency analysis using the WT
method provided further insight into the TBOAE energy
range in both time and frequency domains. Time-fre-
quency analysis of CEOAE has been undertaken by a
number of researchers [21-23,34-37]. Several studies have
demonstrated longer latencies for lower frequencies
[13,37-39]. However, there were no studies noted con-
cerning the time-frequency analysis and related range of
maximum energy for TBOAE responses. The present study
gives the first report on time-frequency analysis for
TBOAEs evoked by a 1 kHz tone burst in a neonatal pop-
ulation. With a recorded mean stimulus level of 77 dB
peSPL, the mean latency of the maximum energy of 1 kHz
TBOAEs was 10.17 ms (SD = 1.61), and the mean of peak
energy occurred at 1325.3 Hz (SD = 222.46). The energy
distribution of the 1 kHz TBOAE provides a potential ref-
erence parameter for newborns, and it is valuable when
compared with other reports in adults. Prieve et al. [7]
showed the mean delay for a 1 kHz tone burst at 70 dB
ppe SPL was approximately 13 ms. Similarly, Wit and
Ritsma [39] noted that the mean latency for a 1 kHz tone
burst presented at 50 dB SPL was 11 ms. These results were
also within the range of latencies reported by others [1,40-
42], although the TBOAE stimulus levels were not speci-
fied in some studies. Bray [13] reported that the post stim-
ulus response time for a 1 kHz TBOAE was about 10 ms in
adults, and this result was similar to our current findings
in neonates. Further work may study different TBOAE
stimulus frequencies and compare the results with the cor-
responding frequency components of CEOAE measure-
ment. Time-frequency distributions may in future be used
in distinguishing normal and pathological ears by analyz-
ing the energy range of the CEOAE/TBOAE response using
both latency and frequency parameters. With the develop-
ment of new techniques, automatic evaluation of TBOAE
responses by time-frequency distribution should be possi-
ble and may enhance the accuracy of the information pro-
vided by OAE equipment.

Conclusion
The present study provided a reference for 1 kHz TBOAE
stimulus parameters and possible pass/refer criteria for
neonatal screening. The characteristics of 1 kHz TBOAE
measurement parameters were outlined, as a possible
contribution to the clinical assessment of TBOAEs in
neonates and infants. TBOAE time-frequency analysis
gave a new insight into the energy distribution of the
response, and the findings may lead to the development

of new OAE pass/fail criteria. Further studies of both time-
frequency analysis and TBOAE measurements are needed
to compare results between normal and pathological ears
in newborns. TBOAE measures may be useful in investi-
gating cochlear function at specific frequency ranges,
identifying a change in hearing status and in monitoring
deteriorating audition in infants.
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