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Abstract

Background: Distortion product otoacoustic emissions (DPOAEs) are usually measured up to 8 kHz. However some systems
can measure DPOAEs up to 16 kHz. Therefore the aim of the study was to verify reliability of DPOAE:s at 10, 12, and 16 kHz.
The single- and multiple-fit options were compared.

Material and methods: DPOAEs were measured in subjects with normal hearing who had hearing thresholds better or equal
to 25 dB HL for frequencies from 0.25 to 16 kHz. DPOAEs were measured at frequencies of 1, 2, 4, 6, 8, 10, 12, and 16 kHz.
The main focus was on the 10-16 kHz range, while 1-8 kHz served as a comparison. Each recording session consisted of three
measurements. The first two were made consecutively without taking out the probe - single-fit mode. The third measurement
was made after taking out and refitting the probe — multiple-fit mode.

Results: Results indicated that the inter-measurement variability was higher for frequencies in the 8-16 kHz range than in the
1-6 kHz range. Additionally, the variability was higher when multiple-fit was used compared to single-fit.

Conclusions: Measurement of DPOAE:s at frequencies higher than 8 kHz seems reliable; however, DPOAEs at these frequen-
cies have greater variability than those at lower frequencies.

Keywords: distortion product otoacoustic emissions « DPOAE e reliability « repeatability

LA VARIABILIDAD DE EMISIONES OTOACUSTICAS PRODUCTOS DE DISTORSION
EN 10,12 Y 16 KHZ: UN ESTUDIO PRELIMINAR

Resumen

Introduccion: Emisiones otoactsticas producto de la distorsion (Distortion Product Otoacustic Emission - DPOAE) general-
mente se miden hasta 8 kHz. Pero hay algunos sistemas que pueden medir DPOAE hasta 16 kHz. Por tanto, el objetivo del es-
tudio fue comprobar la fiabilidad de DPOAE en los 10, 12, y 16 kHz. Se compararon también los medicidnes, en los cuales la
sonda fue ajustada uno y multiple veces.

Material y métodos: DPOAE se midieron en las personas con audicién normal, cuales umbrales de audicién fueron mejor
o igual a 25 dB HL para frecuencias de 0,25 a 16 kHz. Se midieron DPOAE en las frecuencias de 1, 2, 4, 6, 8, 10, 12, y 16 kHz.
El foco principal estaba en el rango de 10 a 16 kHz, mientras que 1-8 kHz sirvieron de comparacion. Cada sesion de medicién
se componia de tres mediciones. Los dos primeros se hicieron en forma consecutiva sin sacar la sonda - Modo de un ajuste
solo. La tercera medicion se realizé después de sacar y volver a colocar la sonda - Modo de un ajuste multiple.

Resultados: Los resultados indicaron que las diferencias en las mediciones fueron mayor para frecuencias en el rango de
8-16 kHz que en el rango de 1-6 kHz. Ademads, las diferencias fueron mayor cuando se utilizé el ajuste multiple en compara-

cion con el ajuste solo.

Conclusiones: La mediciéon de DPOAE a frecuencias superiores que 8 kHz parece ser fiable. Pero DPOAE en estas frecuencias
tienen una mayor variabilidad que en mds bajas frecuencias.

Palabras clave: emisiones otoacusticas producto de la distorsion « DPOAE e fiabilidad « variabilidad
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VM3MEHYUBOCTDb OTOAKYCTUYECKIX SMUCCUN HA YACTOTE ITPOJIYKTA
VICKAXXEHUN IJ14 10, 12, U1 16 KI'1: IIPEIBAPUTE/IBHBIE UICCITEJOBAHUA

Nsnoxenne

Beepenne: OToakycTu4ecKye SMUCCUI Ha YaCTOTe MPOAYKTa ucKakennit (anr. Distortion Product Otoacoustic Emission
— DPOAE) 06b14HO usMepsifoTcst 1o 9actothl 8 kI1j. OHaKo, HeKoTopble cucteMbl MOryT nsMepsitb DPOAE naxke o 16
KI11. IToaTOMY Lie/IbI0 3TOTO MCCIefoBanMs 610 poBepuTh focToBepHOCTh DPOAE pits 10, 12, u 16 kI11. Taxoke 6bu1n
CpaBHEHBI M3MepeHNs, IIPY KOTOPBIX 30H MOAOMPaICs OFHOKPATHO VI MHOTOKPAaTHO.

Marepuansi u Metoabl: DPOAE nsmepsinach y XOpOLIO C/IBILIALINX JTIOfEi, Y KOTOPBIX IOPOTH CIBIIIMMOCTY ObIIN Ty4-
1re m60 25 nb HL s gacrot ¢ 0,25 o 16 xI1y. DPOAE 6bu1a n3MepeHa st 9acTor 1, 2, 4, 6, 8, 10, 12, n 16 xI11. B rias-
HYI0 cdepy MHTepecOB BXOAWIM YaCTOTHI B Ipefesiax 1016 kIiy, ogHako mpepen 1-8 kI1y 611 MCIIONIb30BaH [/ CPaBHe-
Hust. Kaxmast usMepuTenbHas cecCusi COCTOsIIA U3 TPEX M3MEPUTENbHBIX Ipo6. [IBe mepBbie IpoObI GbIIN BBIITOTHEHBI
1oo4epenHo 6e3 BBIHMMAaHMs 30HAa — IyTeM OJHOKpaTHOro nopbopa. TpeThbs nsMepuTenbHas npoba Oblia BbIIIOTHEHA
TIoCIe yAajleHns, a 3aTeM BTOPMYHOTO BBEJIeHMs 30H/Ia B HAPY>KHBII CTyXOBOJI IIPOXOZ, ITyTeM MHOTOKPATHOTO Iofbopa.

PesynbraThl: Pesy/1bTaTsl HOKa3bIBAIOT, YTO Pa3HMIIA MEXKAY M3MePEHAMIY OblIa BhILIe /IS 4acTOT B Ipexnerne 8—16 ki,
4yeMm B mpepene 1-6 kIu. Kpome Toro, pasumnia 6p1a 6071blite B cIy4ae MHOTOKPAaTHOTO of6opa 1o CpaBHEHMIO C Off-
HOKPAaTHBIM II0f;00POM.

3axmouenne: Vsmepenne DPOAE pia gacrot Boime 8 kIif kaxkercsa gocroBepHbIM. OpHako, DPOAE Ha 3Tux vacro-
Tax 6osee nsmeHunBbl, yeM DPOAFE Ha HM3KMX YacTOTax.

KmroueBble c1oBa: OTOAKYyCTUYECKNE SMUCCUM HAa 9acTOTe MPOoAyKTa umcKaxkeHuit ¢ DPOAE ¢ 1ocTOBEpHOCTD o
M3MEHYMBOCTD

POWTARZALNOSC EMISJI OTOAKUSTYCZNYCH PRODUKTOW ZNIEKSZTALCEN
DLA 10, 12 1 16 KHZ: BADANIA WSTEPNE

Streszczenie

Wprowadzenie: Emisje otoakustyczne produktéw znieksztalcen (ang. Distortion Product Otoacustic Emission - DPOAE) mie-
rzy sie zazwyczaj do czestotliwosci 8 kHz. Jednak niektdre systemy moga mierzy¢ DPOAE az do 16 kHz. Dlatego tez celem
tego badania byto sprawdzenie wiarygodnosci DPOAE dla 10, 12 i 16 kHz. Poréwnano réwniez pomiary, w ktorych sonda byta
pojedynczo lub wielokrotnie dopasowana.

Material i metody: DPOAE mierzono u os6b normalnie styszacych, u ktérych progi styszenia byly lepsze badz réwne 25 dB
HL dla czestotliwosci od 0,25 do 16 kHz. DPOAE zmierzono dla czgstotliwosci 1, 2, 4, 6, 8, 10, 12 i 16 kHz. W gléwnym ob-
szarze zainteresowania byly czestotliwosci z zakresu 10-16 kHz, natomiast zakres 1-8 kHz stuzyl jako poréwnanie. Kazda sesja
pomiarowa skladala sie z trzech pomiaréw. Pierwsze dwa zostaly wykonane kolejno bez wyjmowania sondy - w trybie pojedyn-
czego dopasowania. Trzeci pomiar zostal wykonany po wyjeciu i ponownym wprowadzeniu sondy do przewodu stuchowego
zewnetrznego - tryb wielokrotnego dopasowania.

Wyniki: Wyniki wskazujg, ze roznice pomiedzy pomiarami byty wyzsze dla czestotliwo$ci w zakresie 8-16 kHz, niz w zakresie
1-6 kHz. Ponadto réznice byty wieksze w przypadku wielokrotnego dopasowania w poréwnaniu do pojedynczego dopasowania.

Whnioski: Pomiar DPOAE dla czgstotliwosci powyzej 8 kHz wydaje si¢ by¢ wiarygodny. Jednakze DPOAE dla tych czestotliwo-
$ci majg wigkszy rozrzut niz te dla nizszych czestotliwosci.

Stowa kluczowe: emisje otoakustyczne produktéw znieksztalcern « DPOAE « wiarygodno$¢ « powtarzalnoéé

Background

DPOAESs are known to give better indications of hearing
at higher frequencies, i.e. above 1 kHz [3].

Otoacoustic emissions (OAEs) are an established objective

test of hearing [1]. Their advantage is that they can pro-
vide information about the status of the cochlea in a very
short time [2]. A popular OAE type used for clinical pur-
poses is distortion product OAEs (DPOAESs). Generally,

In most systems nowadays DPOAEs are measured be-
tween 1 and 8 kHz. It is well known that hearing loss usu-
ally starts at higher frequencies [4]. Also, high frequen-
cy hearing loss affects OAEs at lower frequencies, and

60

© Journal of Hearing Science® - 2014 Vol. 4 - No. 4



Pitka et al. — Variability of distortion product otoacoustic emissions at 10, 12, and 16 kHz: a preliminary study

Figure 1. Average DPOAE levels for F2 fre-
quencies from 1 to 16 kHz for three meas-
urements. The thick continuous lines are
measurements made without refitting the
probe (DPOAE1 and DPOAE?2); the dashed
line shows results after refitting the probe
(DPOAE3). The thin lines represent the
noise floor.
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therefore OAEs can be good indicators for predicting pre-
clinical changes in the cochlea [5-7]. Despite the fact that
standard hearing tests examine frequencies only up to 8
kHz, evaluating hearing status at higher frequencies may
be crucial in such cases as monitoring noise exposure or
ototoxicity [8,9]. OAEs seem to be a very good choice for
such purposes, as the test is reliable, objective, and fast.

There are already some studies showing the diagnostic val-
ue of OAEs above 8 kHz. It has been shown that the am-
plitude of DPOAEs above 8 kHz decreases before chang-
es in audiometric tests can be observed [10]. In [11], high
frequency DPOAEs have been recommended for screen-
ing schoolchildren. There are already commercial devic-
es available capable of measuring DPOAEs above 8 kHz
- e.g. HearID (Mimosa Acoustics, Inc., USA); DP2000
(Starkey, USA); and SmartOAE (Intelligent Hearing Sys-
tems, USA). However, the current version of the system
most commonly referenced in scientific papers (ILO 292,
Otodynamics, UK) is only capable of measuring DPOAEs
at frequencies up to 8 kHz.

When considering application of a diagnostic method,
repeatability is of the highest importance. The between-
subject variability of OAEs is high [12,13], although in
the same subject OAEs are known to be stable over time
when there is no hearing loss [14]. In the case of DPOAEs,
the differences in response levels between measurements
are reported to be around 3 dB [15]. These differences are
larger at lower frequencies (below 1 kHz) and at higher
frequencies (above 6 kHz).

Differences between measurements are reported to be
greater when the probe is removed and reinserted back
into the ear canal (multiple-fit) than when the probe is
left intact in the ear canal between measurements (single-
fit) [16]. When measurements made over several days are
compared, many researchers find high stability of DPOAEs
[15,17,18].

The aim of this study was to investigate the properties of
DPOAEs measured at frequencies above 8 kHz by means of
a commercially available device (Hear ID, Mimosa Acous-
tics). The reliability of DPOAEs at 10, 12, and 16 kHz
was of special interest. Comparisons were made between
measurements made by keeping the probe in place and
with measurements made after removing and reinsert-
ing the probe.

Material and methods

DPOAESs from 11 adults (24-42 years, 8 women, 3 men)
were measured in low ambient noise conditions using a
HearID system (Mimosa Acoustics, Inc., USA) running
software version 5.1.3.0 and fitted with an ER-10C probe
microphone (Etymotic Research, USA). All subjects were
laryngologically healthy with no otoscopic ear abnormal-
ities. In pure tone audiometry, hearing thresholds were 25
dB HL or better for frequencies from 0.25 to 16 kHz. As
middle ear status may significantly affect OAE properties
[19], only ears with type A tympanograms and normal
acoustic reflexes were included in the study.

DPOAESs were evoked by two tones denoted as F, and E,
and responses were measured at the frequency of 2F -F,.
DPOAEs were measured at selected frequencies for F, of
1,2,4,6,8,10, 12, and 16 kHz; the F,/F, ratio was 1.2; and
the stimulus levels were 65 and 55 dB SPL. The measure-
ment settings used were the same as in some of the de-
fault protocols of the HearID system. The only change was
a different frequency arrangement, with extension to 16
kHz. Only recordings in which DPOAE level was at least
3 dB above the noise floor at all frequencies were accept-
ed [20]. In total, 19 ears were analyzed (11 left, 8 right).

Each recording session consisted of three measurements.
The first two were made consecutively without taking out
the probe - single-fit mode (DPOAE1 and DPOAE2). The
third measurement was made after taking out and refitting
the probe — multiple-fit mode (DPOAE3).

Analyses were done in MATLAB version R2014 (The
MathWorks, USA). For all parameters the statistical sig-
nificance of the mean difference between groups was eval-
uated using the Wilcoxon rank sum test. This is equivalent
to Student’s ¢-test when the analyzed populations do not
have normal distributions. As a criterion of significance,
a 95% confidence level (p<0.05) was chosen.

Results

In Figure 1, average DPOAE levels for F, frequencies
from 1 to 16 kHz are shown for the three measurements
(DPOAE1 and DPOAE2 were made without refitting the
probe, and DPOAE3 was made after refitting the probe).
There were no statistically significant differences between
DPOAEL, DPOAE2, and DPOAE3.

© Journal of Hearing Science® - 2014 Vol. 4 - No. 4
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Figure 2. Average DPOAE level differences

g 81 between measurements. The blue line de-
g e Diff12 notes differences between two measure-
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Figure 3. Cumulative plots of DPOAE level differences between measurements. The F2 frequency is indicated in each

panel. The coding of the lines is the same as in Figure 2.

In Figure 2, average DPOAE absolute level differences be-
tween measurements are shown. Diff12 relates to differ-
ences without refitting the probe (DPOAE1-DPOAE2),
while Diff13 and Diff23 relate to differences before and
after probe refitting (DPOAE1-DPOAE3 and DPOAE2-
DPOAES3). It can be seen that Diff12 at 1 kHz is around 2
dB, it is close to 1 dB in the 2-6 kHz range, and grows to
around 3 dB in the 8-16 kHz range. A similar pattern for
Diff13 and Diff23 can be observed, although differences

62

are now greater: below 2 dB in the 2-6 kHz range and
reaching 6 dB for 10-16 kHz. Diff13 and Diff23 are gen-
erally quite similar, with greater discrepancies in the 10—
16 kHz range. Statistically significant differences between
single-fit and multiple-fit (i.e. Diff12 and Diff13) were ob-
served at 12 and 16 kHz, and for Diff12 and Diff23 at 4,
10, 12, and 16 kHz. Additionally, all differences (Diff12,
Diff13, and Diff23) were statistically higher at 8-12 kHz
than at 2-6 kHz.

© Journal of Hearing Science® - 2014 Vol. 4 - No. 4
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Figure 3 shows cumulative percentage of ears in relation to
DPOAE level differences between measurements. At fre-
quencies of 2-6 kHz, differences in single-fit mode were
less than 3 dB in nearly all ears, while in multiple-fit mode
this was the case in only about 85% of ears. For frequen-
cies of 8-16 kHz, differences up to 3 dB were observed
in about 55% of ears in single-fit mode and even less in
multiple-fit mode.

Discussion

The purpose of the study was to investigate the reliability
of DPOAEs at very high frequencies. The results indicate
that the inter-measurement variability is higher for fre-
quencies in the 8—-16 kHz range than in the 1-6 kHz range.
The variability was higher for multiple-fit than for single-fit.

Response level patterns similar to [21] were obtained, with
a decrease in level around 8 kHz, a rise at around 12 kHz,
and then a decay to 16 kHz. The noise pattern was also sim-
ilar, with a minimum at 4 kHz. Variability was similar to
that found in [22], with DPOAE:s at 8 kHz having higher
variability than at lower frequencies. As with [23], DPOAE
variability was higher at 10 kHz than at 2-7 kHz. Never-
theless, it is difficult to directly compare these results as the
aforementioned study used different F, frequencies and the
subjects were children. In [16], only frequencies up to 6 kHz
were studied, although the same probe used here was em-
ployed. Of interest, slightly different results were obtained.
The worst repeatability was at 6 kHz, with better results at
1-5 kHz for both single- and multiple-fit measurements.

References:

Similarly to [24], the differences between measurements
were higher at 8-16 kHz than at 2-6 kHz. In [24], the cu-
mulative percentage of subjects having a certain DPOAE
level difference were investigated for the 9-15 kHz range.
For all these frequencies, the differences were 15 dB or less
in all subjects. In comparison, in the present study the dif-
ferences were about the same for 12 and 16 kHz, but at
8 and 10 kHz they were slightly lower, around 10 dB (at
least in the single-fit mode).

The greater variability of DPOAEs at higher frequencies
has been explained in some studies by the interference of
standing waves and by the greater effect of probe position
in the ear canal [23,25]. The larger variability of DPOAE
levels obtained in the present study for multiple-fit meas-
urements could therefore be expected, and the measured
magnitude was similar to previous studies [16,18].

Despite the greater variability, OAEs at high frequencies
(above 8 kHz) are a very promising option for extending
the diagnostic value of OAE tests. There is still a need for
more research on impaired ears, as there are not many re-
sults in this area.

Conclusions

Measurements of DPOAEs at frequencies above 6 kHz ap-
pear reliable, since responses are repeatable and well above
the noise floor. However, measurements do have higher
variability than those made at lower frequencies.
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