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A Universal Pass/Refer Criterion
for DPOAEs: Is 1t Possible?

By Laurel A. Christensen, PhD

hat is the pass/refer criterion
for your distortion product
otoacoustic emission

(DPOAE) system? If you use one of the
hand-held DPOAE devices available on
the market, you might not know the
answer to this question. These devices
have been designed so that the

pass/refer is printed on the screen of

the unit and/or on the print-out
following a test. Therefore, it
might be the case that someone
using the equipment does not
know the particular pass/refer
criterion for their unit. More-
over, if they are aware of the
pass/refer criterion, they may
not know how this criterion
was derived.

I recently had the oppor-
tunity to use several DPOAE
systems on the same day in
one hospital to test new-
borns. As a novice with most
of these systems, the first
thing I noticed was that,
although every system was
measuring DPOAEs usually
with the same test charac-
teristics (i.e., 1, f2, f1/f2
ratio and presentation lev-
els), every system used a dif-
ferent criterion for determin-
ing if an infant passed the
test. Additionally, the
DPOAEs of the different
e )i devices on the same newborn

Fif were not the same and often were
not within 3 dB of each other. The
goal of this paper is to explain these
differences and to give the reader a
better understanding of pass/refer
criteria for DPOAE systems.
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Normative Data

The best way to show the differ-
ences between DPOAE systems is to
display available normative data for
different DPOAE systems on the
same graph. Fig. 1 shows normative
data for DP amplitude and noise
floor (NF) collected on school-age
and adult subjects for six different
DPOAE systems. The data for four
of the devices shown in Fig. 1 (Bio-
logic Scout, Madsen Celesta, GSI 60
and Starkey DP2000) are from a
1996 study conducted at Vanderbilt
Univ. by Hornsby, Kelly and Hall.'
In their study, normative data were
established for these DPOAE sys-
tems. The authors found significant
differences in DP amplitudes among
the devices and concluded that nor-
mative data collected with the par-
ticular brand of DPOAE device used
in the clinic must also be used in the
analysis and interpretation of
DPOAE data for patients. Data from
the CUBDIS system and the ER-
10B probe in Fig. 1 are from Gorga
and colleagues® and data from the
ERO-SCAN are from Christensen.”
(For specific information on these
normative data sets, the reader is
referred to the original sources.)

Hearing care professionals are
accustomed to calibrated equipment
so that an audiogram obtained at one
clinic will be equivalent to an audio-
gram obtained at another clinic. Thus,
if the patient has a flat 40 dB HL
hearing loss as plotted on an audio-
gram at a clinic in Illinois, the results
should be the same when this patient
1s retested at another clinic in
Wyoming. This is not the case for
DPOAE systems unless the same
brand and model of system is used.
Each system may give a different
result, and thus a different pass/refer
criterion is required for every system.

What’s Responsible for
Differences in DP Amplitude
and Noise Floor (NF)?

P Probe Design & DP Amplitude:
Probably the most significant source
of DP measurement differences is in
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Fig. 1. Normative data for DPOAE systems. Data included on this graph were collected
at presentation levels of f1=65 dB SPL and f2=55 dB SPL at an f2/f1 ratio of 1.22 (with
the exception of the CUBDIS data which was collected at presentation levels of f1=65 dB
SPL and 2=50 dB SPL at an f2/f1 ratio of 1.2). Although the frequencies at which the
data were collected were not identical, the data are plotted for comparison in this graph
at the f2 frequencies of 1000, 1500, 2000, 3000, 4000 and 6000 Hz. Thus, if a DPOAE
system tested the [2 frequencies 1093, 1562, 1968, 3093, 3937 and 6250 Hz, these data
points were plotted at 1000, 1500, 2000, 3000, 4000 and 6000 Hz. Data from Hornsby et

al.’, Gorga et al.’ and Christensen.”

the design of the probe microphone
used in the system. Probe micro-
phone designs vary from instrument
to instrument and each of these
designs has a different microphone
frequency response. This variation in
the frequency responses of the micro-
phones will account for some of these
measurement differences.

Another factor related to probe
design that might account for DP dif-
ferences was examined by Siegel® in
1995. His study examined the cross-
talk between the sound source and
the probe microphone in several OAE
systems. Results indicated that the
amount of leakage from the probe
tube to the microphone will influence
OAE recordings.

A third factor contributing to DP
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Fig. 2. Newborn normative data (DP Amplitude)."™

differences, especially in the high fre-
quencies, is the presence of standing
waves in the ear canal.” Standing
waves occur because the microphone
of the OAE probe is at different dis-
tances (usually from 15-20 mm) from
the eardrum. Standing waves can
cause the calibration of the primary
tones to be off by as much as +/- 20
dB.’ Therefore, the presentation lev-
els at the eardrum for the various
instruments may be different, caus-
ing the measured DPOAEs to differ.
» Test Subjects and DP Ampli-
tude: The subject population used to
collect the normative data will con-
tribute to the differences in the DP
measurements. For example, if indi-
viduals with noise exposure and tin-
nitus were included, the normative
data could be
affected by these
factors even if
the subjects had
normal hearing.
In addition, the

w.

sesdtit definition of nor-
- mal hearing
Intell. Hearing Systems  (thresholds of 15
- dB HL or better

vs. thresholds of
25 dB HL or bet-
ter) for the sub-
jects can have an
effect on the nor-
mative data.
Finally, norma-
tive data should

ERO-SCAN

be collected on the specific popula-
tion that will be tested. Published
normative data on newborns is
scarce. Fig. 2 shows some normative
data collected on newborns for three
DPOAE test systems (Sonamed-Clar-
ity System®, Intelligent Hearing Sys-
tems-SmartOAE™ and Etymotic
Research/MAICO ERO-SCAN®).

» Noise Floor: The differences
between units in the measured noise
floor are also due to a variety of fac-
tors. These factors include the elec-
trical noise of the microphone, the
test environment in which the data
were collected, the averaging time at
each frequency during testing, the
isolation properties of the eartip and
probe, and whether a manufacturer
limits the noise floor to a certain
number.

Deriving a
Pass/Refer Criterion

As discussed above, pass/refer cri-
teria need to be based on normative
data for each unit. Excellent work on
the establishment of normative data
was published by Gorga and col-
leagues’ using the Biologic Scout and
the Etymotic Research ER10-C probe
microphone. In this study, the distri-
butions of DPs and NFs were estab-
lished for a large group of normal-
hearing and hearing-impaired indi-
viduals (1267 ears of 806 subjects).
From these distributions, statistical
decision theory was used to deter-
mine the probability that a result
was from an ear with normal hearing
or an ear with hearing loss. The
results of Gorga’s study indicated
that the distributions of the DPOAEs
from normal and impaired ears over-
lap and no single pass criterion can
be established that will result in per-
fect performance. That is, there is no
minimum DP amplitude or signal-to-
noise ratio (SNR) level that can be
chosen at each frequency that, if met
or exceeded, will perfectly identify
every individual with normal hearing
and every individual with hearing
impairment. Therefore, a pass/refer
criterion must be set with the goals
of the program in mind.

For newborn hearing screening,
the goal is often to pick the pass/refer
criterion that will minimize referrals
of newborns with normal hearing
(false positives), vet maximize the
likelihood that newborns with actual
hearing loss will be identified (test
sensitivity). A pass criterion that
minimizes referrals simultaneously
increases the number of children
with mild hearing loss who might be
missed. Establishing a pass/refer cri-
terion is a trade-off. If a criterion is
set to pick up every child with even
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the background noise level.
Using OAEs, the signal-to-
noise ratio (SNR) is often
used to make the
pass/refer decision. To
determine if the SNR is an
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three-frequency curve in
Fig. 4 indicates that this
criterion (Pass = SNR of 5
dB at three of three fre-
quencies) will miss an ear
with hearing loss ranging
from moderate to profound
1 out of 100 times. Thus, it
follows that significant
bilateral hearing loss will
be missed 1 out of 10,000
times with this criterion.
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Fig. 3. SNR cumulative probability distribution.
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In addition, by the binomi-
al distribution, two of
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floor sound pressure levels
are estimated via a digital
signal processor and dis-
crete Fourier transform
(bin resolution = 31 Hz). The device
estimates the noise floor based on
the four closest frequency bins to the
emission bin. The noise floor is limit-
ed at -18 dB SPL. For the ERO-
SCAN, the statistical decisions were
based on extended measurements in
a DB-100 “Zwislocki” coupler (the
DB-100 coupler was used as a
“patient equivalent” for an ear with
significant hearing loss) of the noise
distributions in both the DPOAE fil-
ter channel (DP level) and the rms
average of the four adjacent channels
(N level). From these measurements,
cumulative frequency distributions
and probability theory were used to
estimate the miss rate, defined as the
percentage of ears with hearing loss
that will be missed using the given
pass/refer criteria.

Fig. 3 shows the SNR cumulative
probability distribution for 2000 Hz.
This distribution would indicate that
there is a 10% probability of measur-
ing a 7 dB SNR at one frequency in a
patient with a hearing loss ranging
from moderate to profound. Simply
stated this means that 10% of the
time, when testing an infant with a
moderate-to-profound hearing loss,

Fig. 4. Probability of missing moderately severe hearing loss
Distribution was of Gaussian form with a standard deviation of 6 dB.

an “emission” of 7 dB at one frequen-
¢y may be seen, caused only by the
variability of the noise levels in the
DPOAE bin and the adjacent bins. If
a pass criterion of 7 dB SNR at one
frequency was set, 10 babies out of
every 100 with a hearing loss would
be missed and incorrectly identified
as “normal hearing.” A criterion such
as this would produce a very low
referral rate; however, this low refer-
ral rate would be at the expense of
missing babies with hearing loss.
Results of similar measurements
gave SNR distributions at 2000, 3000
and 4000 Hz. These were collapsed
across frequencies and one SNR dis-
tribution was determined. This dis-
tribution can be seen in Fig. 4.
Applying binomial probability theo-
ry, SNR cumulative probability dis-
tributions were derived for two and
three frequencies. These distribu-
tions, along with the cumulative
probability distribution for one fre-
quency, are also seen in Fig. 4. The
distributions show the probability of
obtaining a certain SNR at two out of
two frequencies or three out of three
frequencies. From these curves, a cri-
terion of 5 dB SNR was chosen for

offer users the option of
setting their own
pass/refer criteria. This is
indicated by the word “cus-
tomizable” in the table. Four of the
devices in this table do not set any
default criteria for a pass/refer, but
instead leave this decision up to the
user. It should be recognized that
none of the pass/refer criterion
shown can be considered “product
advantages,” per se; the table simply
gives the reader an idea of how
diverse the pass/refer criteria are for
the different DPOAE systems. Nor-
mative data from manufacturers or
published data sets are provided in
Figs. 1 and 2 when they were avail-
able to the author. On one device
(GSI 70), normative data was consid-
ered proprietary and thus was not
available. (The reader is referred to
J.W. Hall’s textbook on otoacoustic
emissions and Gorga and colleagues’
for more normative data sets.)

Conclusions

Is a universal pass/refer criterion
for DPOAE systems possible? At this
time, the answer is no. When mea-
suring the same ear with different
DPOAE systems, different results
will be produced by the different sys-
tems. Until standardization of
DPOAE systems and/or calibration is



Table 1. Pass/Refer Criteria For Several DPOAE Screeners

DPOAE System
Biologic AuDX

Etymotic Research ERO-SCAN

Grason-Stadler GSI-60
avail.

Grason-Stadler GSI-70

Intelligent Hearing Systems
SmartOAE

Starkey DP2000

Sonamed Clarity System

Madsen-Celesta

established, it is important to use
data collected for each individual
brand and model of equipment.
When a manufacturer does not
establish a default pass/refer crite-
rion, the arbitrary use of a
pass/refer criterion such as 3 dB at

Pass/Fail Criteria

DPMin: -7, -8, -5, -6 dB SPL at
2k, 3k, 4k,and 5k Hz respectively
MinSNR: 6 dB at all test frequen-
cies

Overall Test Pass: 3/4 test fre-
quencies have to meet above cri-
teria

Customizable on AuDXII and
AuDXPlus

DPMin: -5 dB SPL at 2k, 3k, and
4kHz

MinSNR: 5 dB at all test frequen-
cies

Overall Test Pass: 3/3 test fre-
quencies have to meet above cri-
teria

Customizable

No Default Pass/Refer Criterion

DPMin: -3, -3, -5 dB SPL at 2k,
3k, and 4k Hz, respectively
MinSNR: 10 dB at all test fre-
quencies

Overall Test Pass: 3/3 test fre-
quencies have to meet above cri-
teria

Customizable on GSI70 Multiple
Patient Version

No Default Pass/Refer Criterion

No Default Pass/Refer Criterion

DPMin: -5 dB SPL from 2000-
5000 Hz

MinSNR: 5 dB from 2000-5000
Hz

MaxNF: 10(1-2K), 5(2-4K), 0(4-
8K)

Replicability (dB separation) = 3
Overall Test Pass - User specifi-
able.

Customizable

No Default Pass/Refer Criterion
DPMin: Distortion Product mini-
mum amplitude

MinSNR: Minimum signal-to-
noise ratio

MaxNF: Maximum allowable
noise floor

3 frequencies or 6 dB SNR at 3 fre-
quencies is not recommended. A
further discussion and example of
the use of these arbitrary criteria
can be found in Gorga et al.’s
recent (1999) study." According to
Gorga and colleagues, application

of these arbitrary criteria can lead
to low sensitivity rates—especially
for infants with mild hearing loss.
In these cases, normative data
should be collected for the particu-
lar unit, or a published database
for the unit should be consulted.

Pass/Refer criteria built into the
DPOAE systems by the manufactur-
er can be used, but care should be
taken by the user to determine how
these criteria were established and
what normative database was used.
In addition, the protocol used to col-
lect these data must be carefully fol-
lowed. For instance, if the data were
collected with f1 = 65 dB SPL and {2
= 55 dB SPL at a f1/f2 ratio of 1.22,
then these test characteristics must
be used in testing. In addition, there
are other issues that should be con-
sidered about these data, such as the
criteria for normal hearing, test envi-
ronment and subject selection. Final-
ly, the pass/refer criterion must meet
the goals of the program and there-
fore might need to be changed based
on these goals. ¢
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