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Abstract: Otoacoustic emissions (OAEs) are currently used as a valuable audiological test or as
a hearing screening tool. There are many commercially available OAE recording systems that
are used both for clinical practice and for research. However, there is little information in the
literature comparing their performance in detecting hearing loss. The purpose of this prospective,
nonrandomized, and controlled study was to evaluate the screening performance obtained from
recent and older versions of the Otometrics Accuscreen OAE screening device in comparison with
the Otodynamics ILO-292 OAE system, which has been used as the gold standard. Testing included
otoscopic assessment, pure tone audiometry, tympanometry, and transiently evoked OAE (TEOAE)
recordings. There was about a 77% agreement between the two versions of the Accuscreen device.
Agreement between the two Accuscreen devices and the ILO was approximately 70% for the old and
80% for the new. The newer version of Accuscreen seems to perform better than the old, being more
consistent with the reference ILO system and with the audiometry profiles of the tested subjects. In
order to set robust standards for OAE evaluation and analysis, additional studies comparing different
OAE hearing screening systems are needed.
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1. Introduction

Otoacoustic emissions (OAEs) are low-level sounds generated in the cochlea [1].
Their most common application is in the area of universal newborn hearing screening
(UNHS) programs [2,3]. Additionally, OAEs can be used in the diagnosis of various
cochlear pathologies across all age groups [4]. The main advantages of the OAE acquisition
procedures are that they require short measurement times and, since they are noninvasive,
they do not require highly specialized clinical personnel [5]. The present study focuses on
transiently evoked OAEs (TEOAEs), which are evoked by a click or a chirp [6-8].

In general, commercial OAE equipment can be divided into two classes: clinical sys-
tems and screening devices. Clinical systems offer numerous methods of OAE stimulation,
OAE measurement (transient, spontaneous, and distortion product OAEs), and OAE signal
analysis. Clinical systems can be used for hearing screening, but the greater size of the
equipment and their higher price can be considered a disadvantage. Screening devices are
small and handheld and, in most cases, provide limited information of the OAE response,
i.e.,, a “pass” or a “refer” screening outcome. It is important to note that the objectives
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of hearing screening are very different from those related to the clinical assessment of a
patient, and this is why screening and clinical OAE protocols differ. In a hearing screening
context, a high-quality OAE response is not so important as a quick reading that indicates
whether an OAE signal is present or not. For this reason, screening protocols use shorter
recording windows (usually 10 ms, compared to the 20 ms used in a standard clinical
system), which result in shorter acquisition times and therefore faster responses. TEOAEs
are very weak signals, and so in order to get a valid response, a large number of averages
is needed (usually 1024). Shorter acquisition windows result in the acquisition of more
responses in the same time, i.e., around 30 s. Additionally, different manufacturers use
different signal processing techniques in order to achieve reliable OAE responses in the
least possible time. Although screening OAE devices were initially developed for UNHS
programs, they are also used to assess the hearing status of children and adults [9].

Recently, significant progress has been made in OAE measurement protocols and
analysis methods [10,11] as well as in OAE hardware and calibration [12,13]. Unfortu-
nately, these improvements have not been widely adopted in the clinic or in the available
clinical equipment. It can be assumed that OAE manufacturers consider the achieved OAE
performance as very good and not needing any further improvement.

Despite the fact that a large volume of OAE data has been collected since the early
1990s, there have been relatively few reports presenting information on performance issues
between different OAE systems or on methods of analysis, even though new methods
of analysis have been developed and there is more knowledge about OAEs than when
OAE-based UNHS was first recommended in the early 1990s [14]. Clinically used OAE
measurement and detection procedures have remained more or less the same. The data in
the literature suggest that OAE hearing screening does seem to work adequately, but if one
considers the advances in electronics and signal processing over the last 15 years, there still
seems to be considerable room for improvement in terms of OAE hardware, OAE protocols,
and especially in the area of OAE screening criteria for infants, children, and adults.

The stimulus for the present study stemmed from personal clinical observations
related to a long series of unexplained and erroneous results of the OAE hearing screening
system that we happened to be using, i.e., the Madsen Accuscreen. We observed that
young subjects (neonates, toddlers) with apparently normal hearing sometimes received a
“refer” assessment, while subjects presenting a moderate sensorineural hearing impairment
were assessed as “pass” cases. Over the years, evidence about similar occurrences has
circulated unofficially at audiology and ear, nose, and throat (ENT) specialist meetings,
but these anomalies have never been properly assessed or evaluated. One might expect
that the data in the literature regarding the performance of OAE devices would help lessen
the doubts about these difficult to interpret cases, but over the last 24 years very few
papers have presented rigorous data comparing different OAE systems [15-19]. OAEs are
clinically very popular and are also chosen as the ideal tool to study the basic mechanisms
of hearing [20,21]. The need of being able to compare data across different OAE devices is
an important issue, particularly when one considers recent reports of OAE issues caused by
erroneous OAE calibration procedures [13]. The issue of OAE screening criteria becomes
even more involved when one takes note of the data in the literature suggesting that, across
different devices, there is considerable variability in OAE measurements and in the OAE
detection criteria [22].

The present study is designed to answer questions about the OAE data the authors
have encountered and to document the variability of the OAE data between different de-
vices. The Accuscreen device, with its statistical OAE evaluation algorithms, is considered
in many countries of Europe and elsewhere as the device of choice for infant and children
hearing assessment, and it is also used for clinical assessment of adult subjects.

The objective of this study is to compare the data acquired from the new touchscreen
Accuscreen device with the outcomes from the previous Accuscreen model, using the ILO-
292 equipment as the gold standard. To identify the factors that might be contributing to
different performances between the tested devices, very high-quality OAE data are required.
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To minimize issues related to OAE recording variability, which are often observed in
neonates, the data for this study are recorded from adult subjects. This provided important
advantages: (i) The software and hardware for the OAE data collection of all these devices is
the same for neonates, children, and adults, and so the conclusions from an adult group can
be easily extended to another population of interest; (ii) the adult OAE responses present
significantly lower levels of noise, and so effects related to the recording device are more
easily identified; (iii) for every subject it is possible to have supporting audiometric data on
hearing thresholds, i.e., data that are not easily available for neonates or young children.

2. Materials and Methods
2.1. Subjects

Data were recorded from 94 adult subjects (51 women and 43 men) with ages ranging
from 21 to 85 years (M = 48.7; SD = 14.5). Data were obtained from a total of 185 ears (101 fe-
male and 84 male). The group consisted of 61 ears with normal hearing and 124 ears with
various degrees of hearing impairment ranging from mild to severe. More detailed infor-
mation on the hearing thresholds is presented in a later section, where hearing thresholds
are compared with the OAE screening results.

Research procedures were approved by the Ethics Committee of the Institute of
Physiology and Pathology of Hearing in Poland (IFPS/KB/06/2012), and all participants
gave written informed consent.

2.2. Measurements

The audiological testing included an otoscopic assessment, pure tone audiometry
(PTA), tympanometry measurements, and OAE recordings.

Hearing thresholds better than 25 dB HL between 0.125-8 kHz were taken to represent
normal hearing. All subjects presented normal middle ear function, as assessed by otoscopic
examination and tympanometry (tympanometric peak pressures were between —100 and
+100 daPa and peak compensated static acoustic admittance values were approximately
0.2-1.0 mmbhos).

TEOAESs were measured by three systems: the ILO-292 (software version 5.61, Otody-
namics Ltd., Hatfield, UK) and two versions of the Madsen Accuscreen (Otometrics, Natus
Medical Denmark ApS). All OAE testing was conducted inside an audiometric booth, and
the testing order was randomized.

The ILO-292 was selected as the gold standard for two reasons: (i) Results from this
system have been reported in the majority of papers in the literature; (ii) the system has
been tested extensively by the authors and has proved to provide good separation of
normal and impaired ears [22-25]. Signal-to-noise ratios (SNRs) were collected using the
standard nonlinear protocol (stimulus of 80 dB peSPL with a 50 Hz click rate and a 20 ms
recording window), providing information at frequencies of 1.0, 1.4, 2.0, 2.8, and 4.0 kHz.
The recording was qualified as a pass when the SNR in 3 of 5 frequency bands exceeded
3 dB [26].

In the case of Accuscreen, two versions were used. The older device, Accuscreen
Pro (firmware: 1.07E1M, GN Otometrics, Denmark)), which was produced between 2005
to 2010, will be referred to as Accu 1. The newer device, the Accuscreen OAE and ABR
Screener (touchscreen, Type 1077, firmware 1.12.04877 SEU, GN Otometrics A /S, Denmark),
which has been produced since 2010, will be referred to as Accu 2. The Accuscreen stimulus
protocol uses 70-84 dB SPL click stimuli, in a nonlinear mode and with an approximately
60 Hz click rate. The Accuscreen manual states that the TEOAE waveform is evaluated by
counting the number of significant peaks in a certain statistically generated graph; however,
the user has no detailed insight into how this is performed. When the TEOAE measurement
is complete, both devices provide a pass/refer evaluation of the OAE response. Since this
evaluation is based on statistical criteria, there is no information on SNR parameters or any
frequency-band analysis.
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2.3. Statistical Analysis

The agreement between the Accu 1, Accu 2, and the ILO outcomes was calculated by
dividing the number of concordant responses by the number of all responses. Additionally,
Cohen’s kappa was used to evaluate agreement between devices. Cohen’s kappa represents
the level of chance-corrected agreement [27], with its values ranging between —1 and +1.
A value of 0 means there is no more agreement than can be expected by chance; a value
below 0 means there is lower agreement than can be expected by chance. Kappa values
above 0 were interpreted according to the classification given by Landis and Koch [28]:
0-0.2, slight agreement; 0.2-0.4, fair; 0.4-0.6, moderate; 0.6-0.8, substantial; 0.8-1, almost
perfect agreement. A chi-square test was used to assess the relationship between the scores
given by the two devices.

From the available data, three groups of results emerged: refer-refer (when both
devices gave a positive screening result); pass—pass (when both devices gave a negative
result); and pass-refer (when the devices gave inconsistent results).

Discriminant analysis was conducted to determine which variables (pure-tone hearing
thresholds and SNR results) are best distinguished between the three groups (refer-refer;
pass—pass; pass-refer). Discriminant analysis identifies the linear combination (functions)
of predictors that contribute maximally to group separation. The number of discriminant
functions is the number of groups minus 1 (i.e., for three groups, two discriminant func-
tions are calculated). Discriminant coefficients act in a manner analogous to regression
coefficients; the larger coefficient, the greater is the contribution of the given variable to the
discrimination between groups. The centroids are the mean variate scores for each group.
A combined-group plot shows the variate score for each object, grouped according to the
condition to which the given object belongs to [29].

A value of p < 0.05 was considered statistically significant. Statistical analysis was
performed with IBM SPSS (Statistical Package for the Social Sciences) Statistics version 24
(Armonk, NY, USA: IBM Corp., 2016).

3. Results
3.1. Agreement between Accu 1, Accu 2, and ILO TEOAE Responses

The Accu 1 TEOAE responses gave a 75.1% pass rate and a 24.9% refer rate, while the
Accu 2 gave a 52.4% pass rate and a 47.6% refer rate. The gold standard ILO-292 gave a
45.9% pass rate and a 54.1% refer rate.

Table 1 summarizes the relationship between the outcomes of Accu 1, Accu 2, and
ILO. Values of a chi-square test, Cohen’s kappa, and agreement between the devices are
also presented.

There was a 77.3% agreement between the Accu 1 and the Accu 2 outcomes: 143 ears
were classified concordantly by both devices, with 46 ears as refer and 97 ears as pass. For
42 ears (22.7%), disagreement between the devices was observed. Agreement between the
Accu 1 and Accu 2 was 83.6% for ears with normal hearing and 74.2% for impaired ears.
The relationship between the results of both devices was statistically significant (p < 0.001);
Cohen’s kappa indicated moderate agreement between Accu 1 and Accu 2 for all ears.

The agreement between the Accu 1 and ILO-292 outcomes was 70.8%: 131 ears were
classified consistently by both devices, with 46 ears as refer and 85 ears as pass. The
disagreement was 29.2% (54 ears). Agreement between the Accu 1 and the ILO-292 was
95.1% for ears with normal hearing and 58.9% for impaired ears. The relationship between
results of both devices was statistically significant (p < 0.001); Cohen’s kappa indicated
moderate agreement between Accu 1 and ILO for all ears.

There was a 80.5% agreement between the Accu 2 and the ILO-292 outcomes: 149 ears
were classified concordantly by both devices, with 76 ears as refer and 73 ears as pass. There
was disagreement between the devices for 36 ears (19.5%). Agreement between the Accu 2
and the ILO-292 was 85.2% for ears with normal hearing and 78.2% for impaired ears. The
relationship between results of both devices was statistically significant (p < 0.001); Cohen’s
kappa showed moderate agreement for all ears between the Accu 2 and the ILO-292.
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Table 1. Agreement between Accu 1 and Accu 2, and between each of the two devices and ILO. Comparisons show
pass/refer rates (number of ears and percent values in brackets), values of chi-square test, and Cohen’s kappa.

Accu 2
Refer Pass X2 test Cohen’s kappa
Ears with Refer 1 (100.0) 0(0.0) xz =4.62; —014
normal hearing Pass 10 (16.7) 50 (83.3) p=0.032 =
Accul Ears with Refer 45 (100.0) 0 (0.0) X% =43.11; — 052
hearing loss Pass 32 (40.5) 47 (59.5) p <0.001 K=b
Refer 46 (100.0) 0 (0.0 X2 = 67.48; B
All ears Pass 42(302) 97 (69.8) p <0.001 k=054
Overall agreement between Accu 1 and Accu 2: (46 + 97)/185 = 0.773
ILO
Refer Pass x> test Cohen’s kappa
Ears with Refer 1 (100.0) 0 (0.0) Xz =14.49; - 038
normal hearing Pass 3 (5.0) 57 (95.0) p <0.001 =0
Accu 1l Ears with Refer 45 (100.0) 0(0.0) X% =20.60; ~029
hearing loss Pass 51 (64.6) 28 (35.4) p <0.001 =
Refer 46 (100.0) 0 (0.0 X% =52.04; _
All ears Pass 54 (38.8) 85 (61.2) p <0.001 k=044
Overall agreement between Accu 1 and ILO: (46 + 85)/185 = 0.708
ILO
Refer Pass X2 test Cohen’s kappa
Ears with Refer 3(27.3) 8 (72.7) X% =9.40; 034
normal hearing Pass 1(2.0) 49 (98.0) p =0.002 k=0
Accu?2 Ears with Refer 73 (94.8) 4(5.2) Xz =35.13; - 050
hearing loss Pass 23 (48.9) 24 (51.1) p <0.001 k=0
Refer 76 (86.4) 12 (13.6) XZ =70.55; _
All ears Pass 24 (24.7) 73 (75.3) p < 0.001 k=061

Overall agreement between Accu 2 and ILO: (76 + 73)/185 = 0.805

Percentages are shown for rows; they are calculated by dividing the count for a cell by the total sample size for the given row. All x>
(chi-square) test results were found statistically significant.

3.2. Audiometric Characteristics of the TEOAE Outcomes from the Accuscreen Devices

After the initial assessment across the two tested devices, the TEOAE outcomes were
classified in three groups of ears, i.e., refer-refer, pass—pass, and pass—refer (see definition
of the group names in the statistical analysis section).

For the refer—refer group, the average hearing thresholds exceeded 25 dB at all fre-
quencies. For the pass—pass group, the average hearing thresholds did not exceed 25 dB in
the frequency range 0.125—4 kHz but were above 25 dB at 8 kHz. The most inconsistent
results were observed in cases of ears classified as pass-refer. Average hearing thresholds
were approximately 25 dB; at 2 kHz the hearing threshold was 25.95 dB, but at 4 and 8 kHz
the average hearing thresholds were >40 dB. The audiometric thresholds of these groups
are shown in Figure 1A.

3.3. SNR Estimates and the Outcomes of Accu 1 and Accu 2

SNR estimates were obtained from the ILO-292 recordings. The SNR data related
to the three groups (refer-refer, pass—pass, pass—refer) revealed a particular pattern in
the pass—pass group. Figure 1B summarizes the patterns. Only the pass—pass group had
average SNRs above 0 dB at all frequencies. The average SNRs for the refer-refer group
were well below 0 dB, indicating an absence of detectable TEOAEs. For the pass—refer
group, average SNRs for 1 and 1.4 kHz were close to 0 dB, while higher frequencies were
below 0 dB. Generally, these three groups were well separated, similar to the thresholds in
the 1-4 kHz range. Figure 1B indicates that the disagreement between Accu 1 and Accu 2
in the pass—refer group may come from some borderline cases. A slight change in TEOAE
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detection criteria might change the classification result for this group from pass—refer to
pass—pass or refer—refer. This situation was not observed in ears classified in the other two
groups (pass—pass and refer—refer).

A B
20
-10 +
O  refer-refer I O refer-refer
_ ot ® pass-pass 15 ® pass-pass
= * pass-refer * pass-refer
T 10¢ * 9 ° 107 LA
c * - ¢
— 20+ m L Q
D CI) % ] o 5
3 30} Q ¢ x % L]
o Q 5 O *
c 2 %
£ 40 3 s[s %
© -5 %
[ | o) %
T S50 CI) 5
Q -10 o 09
60 [ (I)
70— -15 ————
0.125 0.25 0.5 1 2 4 8 1 1.4 2 28 4
Frequency [kHz] Frequency [kHZ]

Figure 1. Average pure tone audiometry (PTA) thresholds (A) and average signal-to-noise ratio (SNR) (B) of transiently
evoked otoacoustic emissions (TEOAEs) as measured by the ILO device for three groups: refer-refer, pass—pass, and

pass-refer.

3.4. Accu 1 and Accu 2 Outcomes in Relation to Hearing Thresholds

Based on the audiometric data from each tested ear, it was possible to define three
frequency ranges for hearing thresholds >25 dB, as in the scheme below:

e low frequency range: 0.125-0.5 kHz;
e mid-frequency range: 1-4 kHz;
e high frequency range: 8 kHz.

Test results for the ears were as follows: 10 ears above 25 dB only at mid-frequencies;
12 ears above 25 dB only at high frequencies; 1 ear above 25 dB at both low and high
frequencies; 61 ears above 25 dB at both mid and high frequencies; 40 ears above 25 dB for
all three ranges; and 61 ears where the hearing threshold was not elevated >25 dB for any
of the three frequency ranges. Table 2 shows how the devices classified these ears (i.e., pass
or refer).

Table 2. Pass and refer rates of both Accuscreen devices in ears with hearing thresholds above 25 dB
at low and/or mid and/or high frequencies. Number of ears and percent values (in parentheses)

are given.
Hearing Threshold Elevated at Accul Accu 2
Frequencies: Pass Refer Pass Refer

Only mid 8 (80.0) 2 (20.0) 6 (60.0) 4 (40.0)
Only high 11 (91.7) 1(8.3) 9 (75.0) 3 (25.0)

Low-+high 1 (100) 0 1 (100) 0
Mid-+high 45(738)  16(262) 24(39.3)  37(607)
Low-+mid+high 14 (35.0) 26 (65.0) 7 (17.5) 33 (82.5)
All frequencies below 25 dB 60 (98.4) 1(1.6) 50 (82.0) 11 (18.0)

As can be seen in Table 2, both Accuscreen devices performed best when an ear
presented simultaneous threshold elevation in all three frequency ranges. The Accu
2 was especially efficient in properly identifying these ears (82.5% refer rate). Accu 2
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also performed fairly well in cases presenting a threshold elevation in the mid and high
frequency ranges. The refer rate for Accu 2 was 60.7%, while the corresponding rate for the
Accu 1 was 26.2%.

Both devices performed worst in ears where only the 8 kHz frequency threshold
was >25 dB. The Accu 2 gave a 25% refer rate and the Accu 1 an 8.3% refer rate. These
observations form indirect evidence suggesting that the Accuscreen probes have a rather
narrow frequency response (capturing information mainly from the 1-2 kHz range).

The agreement (refer-refer, pass—pass, pass-refer) between the Accuscreen devices in
classifying ears with hearing thresholds above 25 dB was also evaluated. These results are
summarized in Table 3.

Table 3. Agreement between both Accuscreen devices in ears with hearing thresholds above 25 dB in
low and/or mid and/or high frequencies. Number of ears (and percent values) are given.

Hearing Threshold Elevated at

. Refer-Refer Pass-Pass Pass-Refer
Frequencies:
Only mid 2 (20.0) 6 (60.0) 2 (20.0)
Only high 1(8.3) 9 (75.0) 2 (16.7)
Low+high 0 1 (100) 0
Mid-+high 16 (26.2) 24 (39.3) 21 (34.4)
Low-+mid+high 26 (65.0) 7 (17.5) 7 (17.5)
All frequencies below 25 dB 1(1.6) 50 (82.0) 10 (12.4)

Table 3 shows that disagreement occurred most frequently in relation to ears with
elevated thresholds in the mid and high frequency ranges, i.e., 34.4% of these ears received
different assessments. Additionally, 39.3% of these ears (presenting threshold elevations in
the mid and high frequency ranges) were classified by both devices as pass—pass cases, and
only 26.2% were classified as refer-refer. Both Accuscreen devices classified the majority of
ears having only a threshold elevation in the mid or high frequency range as pass—pass
cases (60% and 75%, respectively); it is possible that there was a situation where substantial
agreement ensued, but such consistency is questionable (i.e., it is more likely that both
devices had difficulty recognizing the problem).

3.5. Discriminant Analysis

The aim of the discriminant analysis was to determine which variables among the
hearing thresholds and SNR data best distinguished the three classification groups (i.e.,
refer-refer, pass—pass, pass-refer).

Based on assessed hearing thresholds, a discriminant analysis revealed two discrimi-
nant functions. The first one explained 95.2% of the variance (canonical R? = 0.60), whereas
the second explained 4.8% of the variance (canonical R? = 0.07). In combination, both
discriminant functions significantly differentiated the three groups (for the first function,
A =0.37; )(2 =176.87; p < 0.001; for the second: A =0.93; )(2 =13.04; p = 0.042). Standard-
ized discriminant function coefficients for the two functions are given in Table 4. The
largest contribution to the first variate was made by thresholds at 1 and 2 kHz, while the
4 kHz threshold made the largest contribution to the second variable. The first function
discriminates the refer-refer group from the pass—pass group (i.e., the distance between
centroids is large). The second function discriminates the pass—refer group from the other
two groups but is less powerful in differentiating them (Figure 2A).
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Function 2

Table 4. Results of discrimination analysis based on PTA thresholds (A) and on SNR results (B).

A Function 1 Function 2
Coefficients
125 Hz —0.197 0.591
250 Hz —0.543 —0.273
500 Hz 0.039 0.314
1000 Hz 0.753 0.384
2000 Hz 0.894 0.022
4000 Hz —0.064 —1.421
8000 Hz —0.123 0.463
Group centroids
Refer-refer group 1.988 0.159
Pass-pass group —0.967 0.142
Pass-refer group 0.055 —0.503
B Function 1 Function 2
Coefficients
SNR 1000 —0.007 0.169
SNR 1414 0.254 —1.285
SNR 2000 0.786 0.450
SNR 2828 0.052 0.613
SNR 4000 0.007 0.140
Group centroids
Refer-refer group —1.837 0.220
Pass-pass group 1.195 0.059
Pass-refer group —0.747 —0.376
B
L]
4+
O
© 2
o O I
N
O
B8, 5 :
ng g 0f ;O
(@] = ofe® o ®e
(T
2t
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-4 0 2 4 -4 -2 2 4
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Figure 2. Discriminant function plots in which discrimination is based on hearing thresholds (A) and on SNR (B).

Based on SNR results, the discriminant analysis revealed two discriminant functions.

The first one explained 97.4% of the variance (canonical R? = 0.64), whereas the second
explained only 2.6% of the variance (canonical R? = 0.04). The contribution of the first
function was statistically significant (A = 0.35; )(2 =189.80; p < 0.001), whereas the contribu-
tion of the second function was not statistically significant (A = 0.96; x? = 8.21; p = 0.084).
Standardized discriminant function coefficients for the two functions are given in Table 4.
The SNR at 2 kHz was the most important for the first function, while SNR at 1.4 kHz
was the most important for the second. The first function discriminates the refer—refer
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group from the pass—pass group (i.e., there is a large distance between centroids), while the
second function discriminates the pass-refer group from the other two groups, but again it
is less powerful in its differentiation (Figure 2B).

4. Discussion

Many commercial OAE screening systems work as a “black box”, and so users have
an incomplete knowledge about how they function. The stimulation parameters (stimulus
shape, level, polarity), the recording properties (windows, filters), and the analysis method
(criteria for classification) remain usually unspecified in the user manual, presumably
because of copyright issues and technical patents. This study attempted to uncover some
of these properties by comparing results from two versions of the Accuscreen OAE device
and the ILO system. The motivation was that presently there are only a few papers in
the literature that present data comparing different OAE systems. For example, in a
study of two types of ILO systems, a screening and a clinical type, agreement above 90%
was reported [17]. Grandori et al. reported a very high level of agreement (nearly 99%)
between an ILO-88 and the Madsen EchoScreen, a predecessor of the Accuscreen [15]. Such
results, as well as a scarcity of newer studies and shortage of information, have created the
erroneous impression that there is good agreement between measurements from different
OAE systems.

Our data show that there were significant differences in TEOAE evaluation as assessed
by the old and new versions of the Accuscreen device, even though they are from the same
manufacturer. Differences were also observed when the Accuscreen devices were compared
with the ILO-292 system. Agreement between both Accuscreen devices was gauged as
moderate (77.3%, k = 0.54), similar to the level of agreement (70.8%, k = 0.44) between the
older device (Accu 1) and the ILO. Only agreement between the newer device (Accu 2) and
the ILO was gauged as acceptable (80.5%, k = 0.61). The best point of comparison for our
results that we could find was a Food and Drug Administration report [30] that compared
the new Accuscreen evaluated here (Accu 2) and the EchoScreen, which is the predecessor
of the older version of Accuscreen (Accu 1). The disadvantage of this study was that it
involved only a small study group. Nevertheless, for adult subjects, agreement of around
86% was achieved, which is slightly better than the agreements achieved here of around
70-80%.

In terms of audiometric results, the disagreement between the Accuscreen devices
occurred most frequently in ears with higher thresholds in the 1-8 kHz range and where
thresholds below 1 kHz were still within the norm. The newer version of the device
(Accu 2) performed better than the old (Accu 1). We can only suppose that the TEOAE
analysis method was improved in the new version. The biggest weakness of both devices
is that they provided a pass to ears with a threshold elevation >25 dB at 8 kHz. However,
this is not surprising in that the majority of TEOAE probes have a frequency response
limited to 4-5 kHz. In addition, from previous studies, OAEs (especially TEOAEs) are
generally known to perform best over only the 1-4 kHz range [31]. Indeed, the discriminant
analysis revealed that the most important audiometric frequencies in terms of pass/refer
results were 1, 2, and 4 kHz, which covers the TEOAE range. This range also includes the
greatest slope for the group of ears for which the results were different (Figure 1). When
the SNRs from the ILO were used in the discriminant analysis, it showed that the most
important frequencies were 1.4 and 2 kHz. This is probably related to the fact that adult
TEOAEs present higher amplitude levels in the 1-2 kHz range. It is also relevant that
these frequencies are also dominant in speech, and so the presence of OAEs in this range
may indicate good speech understanding; however, this cannot be generalized to cases
of auditory neuropathy or disturbances to auditory brainstem responses (ABRs) [32]. For
ears with weak TEOAES, a response above 2 kHz may not be present, and in the 1.4-2 kHz
range it can be very small. This weakness may give rise to disagreement between different
systems when different classification criteria are used (e.g., if the criterion is that 3 of 5,
or 2 of 5, frequency bands have to reach a certain SNR). Generally, it can be said that
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problems with incorrect pass/refer classifications come from ears with downward sloping
audiograms.

Although our work looked at particular systems, we think the results have more
general significance. We did not intend to promote or disparage any of the examined
systems; we just evaluated the systems that are in use in our clinic. This paper shows there
are significant differences between results obtained by different systems, even from the
same manufacturer. This implies there is a need for more normative papers involving OAE
data that compare different systems. There is some basic knowledge of what the pass/refer
rates are in UNHS programs, but the results presented here indicate that the rate depends
substantially on which device is used. It would be interesting to compare the results of
UNHS programs made on different devices in different clinics or countries, similar to the
study of Grandori et al. [15]. Another problem is that instructions for the devices often fail
to provide details about how the OAE signal is detected and classified. For example, the
Accuscreen systems tested here give only vague descriptions of noise-weighted averaging
and counting of significant signal peaks.

Although screening devices are usually aimed at UNHS, it is worth mentioning that
screening devices are often used for assessing the hearing status of adults in the clinic
as well as in research [33], and the Accuscreen device has been tested by the U.S. Food
and Drug Administration (FDA) for use on all age groups [30]. In order to compare
the three OAE systems, only the highest quality OAE data were considered, i.e., data
recorded from adult subjects. Since the same hardware and software algorithms are used
to collect neonatal and adult data, the findings of this study can be extended to other
types of populations (neonates, toddlers, etc.). For example, the data from Tables 2 and 3
indirectly suggest that the Accuscreen evaluation algorithm deliberately uses a rather
narrow frequency response, capturing information mainly from the 1-2 kHz band. This
implies that hearing losses in other octave bands will not be detected and the inevitable
outcome of an evaluation will be a pass.

Nevertheless, in order to improve the current OAE evaluation criteria, additional
studies that compare different OAE devices and their performances in different age groups
are needed.

5. Conclusions

This study shows there is an overlooked problem regarding OAE recording systems.
There is an untested clinical consensus which assumes that different OAE devices provide
consistent results. This study shows that the clinical situation is quite different, and that
there are significant differences between different OAE systems, even from the same
manufacturer. It does seem that the newer device is an improvement over the older one.
Nevertheless, the manufacturer provides little information on the changes introduced in
the newer generation of devices. The present study only scratches the surface of problems
relating to OAE device compatibility, namely in where there are issues that were raised
by other researchers of different calibration standards [12,13]. Users must demand more
transparent information about the OAE systems in use. There is a need for additional
studies comparing different OAE systems, conducted independently by researchers but
also by the manufacturers themselves. We think the problem resides not so much with
manufacturers but with the fact that the work on universal standards for OAE recording
and analysis done by clinicians and researchers, perhaps somewhere in the past (probably
from the early 1990s), was neglected.
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ABR Auditory brainstem response

ENT Ear, nose, and throat specialist

FDA U.S. Food and Drug Administration

HL Hearing loss

OAE Otoacoustic emissions

PTA Pure tone audiometry

SNR Signal-to-noise ratio

SPL Sound pressure level

SPSS Statistical Package for the Social Sciences

TEOAE Transient evoked otoacoustic emissions
UNHS Universal newborn hearing screening
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