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1. Deutsches Abstract

Messungen von Distorsionsprodukten otoakustischer Emissionen (DPOAE) erlauben
eine zeitsparende und objektive Diagnostik der Innenohrfunktion, insbesondere der
mechanischen Schallreizvorverarbeitung. Fiir die klinische Anwendung nachteilig ist,
dass ihr Nachweis schon durch geringe Schallleitungsstorungen stark eingeschriinkt
wird.

In der Arbeit ,,C. Kreitmayer, S. Marcrum, E. Picou, T. Steffens, & P. Kummer:
Subclinical Conductive Hearing Loss Significantly Reduces Otoacoustic Emission
Amplitude: Implications for Test Performance, International Journal of Pediatric
Otorhinolaryngology (2019) 123 195-201“ (1) wurde der Einfluss von Schallleitungs-
storungen (SLS) auf die DPOAE-Amplitude und -Messbarkeit mittels eines
mathematischen Modells simuliert. Es wurde untersucht, ob durch Anpassung der
Primirtonpegel (L;/L.) die Messbarkeit von DPOAE bei SLS optimiert werden kann.
Methodik: In 57 Ohren von 30 jungen, normalhorenden Erwachsenen wurden DPOAE
fiir f; = 1-6 kHz iiber einen breiten Bereich verschiedener Primirtonpegel (L; und L)
gemessen. Hieraus wurde fiir jedes Ohr und jede Frequenz die DPOAE-Amplitude in
Abhiingigkeit von L; und L, interpoliert. Der Effekt von kleinen Schallleitungsstorungen
(0-15 dB) und einer schrittweisen Anderung von L, (0-15 dB) auf die Amplitude und
Nachweisbarkeit von DPOAE wurde ohr- und frequenzspezifisch berechnet.

Ergebnisse: DPOAE-Pegel (Lpp) waren wesentlich abhiéingig von der Hohe der SLS: Mit
jeder Zunahme der Schallleitungsstorung von 5 dB reduzierte sich der Emissionspegel
durchschnittlich um 8,7 dB. Fiir die Kklinisch iibliche Anregung mit L./L, = 65/55 dB
Schalldruckpegel (SPL) ergab sich eine Nachweisbarkeit von 99%. Mit der Simulation
von Schallleitungsstorungen von 5, 10 und 15 dB wurden Nachweisbarkeiten von 84%,
37% und 9% erreicht. Durch eine Optimierung des Priméirtonpegels L; konnte bei einer
Schallleitungsstorung von 10 dB eine Verbesserung der Nachweisbarkeit von 37% auf
61% prognostiziert werden.

Diskussion: Mit dem Modell lisst sich der Einfluss geringer SLS auf die Messbarkeit
von DPOAE erkliren und quantifizieren. Durch eine gezielte Anpassung von L kann die
Messbarkeit zu einem Teil wiederhergestellt werden, eine Erhohung des Pegel L; um

5-8 dB erwies sich als optimal.



2. Einleitung

2.1. Klinischer Einsatz von OAE und Anfalligkeit fiir Schallleitungsstérungen

Eine spracherwerbsrelevante Innenohrschwerhdrigkeit betrifft 1-3 von tausend Neugeborenen
(2,3). Etwa mit gleicher Héufigkeit (4) werden bis zum fiinften Lebensjahr
Innenohrschwerhorigkeiten erworben. Innenohrschwerhorigkeiten frithzeitig zu erkennen und
zu versorgen ist unabdingbar, da der Spracherwerb sonst gefdhrdet wird.

Otoakustische Emissionen (OAE) sind eine der wichtigsten Methoden zur objektiven
Untersuchung der Innenohrfunktion wihrend des gesamten Zeitraums des Spracherwerbes,
weil sie von der Mitarbeit von Kindern unabhéngig sind.

Weit hiufiger als permanente Innenohrschwerhorigkeiten sind jedoch Stérungen der
Mittelohrfunktion, bei Neugeborenen z.B. durch Vernix- oder Fruchtwasserriickstinde im
Gehorgang oder Mittelohr (5,6), bei Kleinkindern durch Paukenergiisse infolge von Stérungen
der Tubenfunktion. Bereits im Neugeborenen-Horscreening sind Testungen mit
otoakustischen Emissionen in 2,2 bis 15% auffillig (7-9).

Im Hinblick auf den Nachweis oder Ausschluss einer klinisch bedeutsamen
Innenohrschwerhorigkeit sind daher die Sensitivitit und Spezifitdit der eingesetzten
otoakustischen Emissionen von vorrangiger Bedeutung: Aufgrund von
Mittelohrfunktionsstdrungen falsch positive Testergebnisse bedeuten eine Belastung fiir die

Eltern und Kinder und Kosten fiir das jeweilige Gesundheitssystem.

Es gibt daher bereits verschiedene Ansitze, den Anteil von falsch positiven OAE-Tests zu
reduzieren. Um den Einfluss einer Tubenfunktionsstdrung zu kompensieren, wurde zum
Beispiel ein Unterdruck im duBleren Gehorgang eingesetzt (10). In dieser Arbeit wird der
Einfluss von Schallleitungsstorungen auf die Messung der DPOAE mit Hilfe eines
mathematischen Modells untersucht und eine Anpassung der Primartonpegel vorgeschlagen,

um ihre Nachweisbarkeit bei SLS zu verbessern.



2.2. Modellierung der Auswirkung von Schallleitungsstérungen

Distorsionsprodukte otoakustischer Emissionen (DPOAE) der Frequenz 2f;-f, werden durch
zwei Tone mit Frequenzen f; und f, im Verhéltnis f,/; = 1,22 angeregt. Als Verhiltnis der
Anregungspegel L, = L(fi)) und L, = L(f;) hat sich in verschiedenen, empirisch wie
physiologisch fundierten Studien (11-14) ein lineares Verhaltnis L, = a * L, + b, welches als

Scherenparadigma (scissors paradigm) bezeichnet wird, als optimal erwiesen.
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Abbildung 1: Durchschnittliche DPOAE-Pegel in dB SPL (Farbskala) bei Normalhdrenden in
Abhingigkeit der Primértonpegel L, und L,. Fiir die Anregung optimale Pegelkombinationen
folgen der gestrichelten Geraden L; = 0,49 L.+ 41 dB SPL (14)

Kummer et al. (15) diskutierten bereits 2006 einen Ansatz, mittels individueller Optimierung



der Anregungsparameter den Nachweis von DPOAE bei Schallleitungsstorungen (SLS) zu

erleichtern:

Zur mathematischen Simulation der Auswirkungen von Schallleitungsstérungen SLS wurde
dort angenommen, dass beide Primértonpegel L, und L, bei der Ubertragung im Mittelohr um
den Betrag der SLS reduziert werden. Das gemdll der Pegelschere optimale
Anregungsverhdltnis der Primértonpegel in der Cochlea geht dadurch verloren. Bereits
dadurch nimmt der Pegel der resultierenden DPOAE ab. Dariiber hinaus wurde angenommen,
dass die resultierende DPOAE in der Riickwirtsiibertragung durch das Mittelohr reduziert
wird, ebenfalls um den Betrag der SLS.

Um die Anregung mit den Primidrtonen in der Cochlea wieder entsprechend dem
Scherenparadigma zu optimieren, wurde eine Anpassung von L, um den Korrekturwert

deltal; vorgeschlagen.
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Abbildung 2: Simulation der Auswirkungen einer Schallleitungsstorung auf DPOAE-
Messungen. Li/L, Pegel, bei denen maximale DPOAE Pegel (Lpp) erzielt werden, sind mit
weilen Quadraten bzw. Dreiecken (ohne SLS) oder schwarzen Kreisen (mit SLS) markiert
und in die L,/L,-Ebene projiziert. Die optimale Pegelkombination L,/L,, welche den DPOAE
Pegel fiir L,=55 dB SPL maximiert (weiles Dreieck), ist nach Einfilhrung einer SLS nicht
mehr optimal (schwarzes Dreieck). Die Anhebung von L, optimiert die Auslosung und lésst
die Emissionspegel ansteigen, auch wenn diese im Vergleich zur Situation ohne SLS reduziert

sind.

Gemil der allgemeinen Formel des Scherenparadigmas L, = a * L, + b und der Reduktion
der im Innenohr wirksamen L, und L, um den Betrag der SLS (L, - SLS/L, - SLS) ergibt sich
fiir deltaL;op zur Optimierung von L, die allgemeine Formel: deltaL ., = (I - a) * SLS (15)

In der Arbeit von Kummer et al. (15) wurde der maximale Effekt von optimierten deltal,
spezifisch fiir das jeweils vorliegende Ohr und die vorliegende Schallleitungsstorung
untersucht. In der praktischen Anwendung ist jedoch weder die Hoéhe der
Schallleitungsstorung noch das Anregungsmaximum des untersuchten Ohres in der

untersuchten Frequenz bekannt. Daraus ergaben sich fiir diese Arbeit folgende Zielsetzungen:

2.3. Zielsetzungen

1. Ein fiir die Fragestellungen geeigneter, breiter und reprédsentativer Datensatz war durch
Messungen an Normalhorenden zu erheben. Die Ergebnisse dieser Messungen wurden bereits
publiziert (14).

2. Der Effekt von Schallleitungsstorungen auf die Pegel und die Nachweisbarkeit von
DPOAE sollte quantifiziert werden.

3. Die Auswirkung einer Korrektur des Anregungspegels L; um deltal, auf die
Nachweisbarkeit von DPOAE sollte quantifiziert werden, um den potentiellen Nutzen einer

solchen Optimierung in der klinischen Anwendung abzuschitzen.



3. Material und Methoden

3.1. Probanden

30 Probanden im Alter von 21 bis 33 Jahren (Durchschnittsalter 25,5 Jahre,
Standardabweichung 2,6 Jahre) mit Normakusis (Horverlust < 15 dB im
Tonschwellenaudiogramm zwischen 0,125 und 8 kHz) wurden untersucht. Probanden mit
otologischen Vorerkrankungen wurden ausgeschlossen. Ein Ohr wurde in den Datensatz mit
aufgenommen, wenn der tympanometrische Spitzendruck bei 226 Hz zwischen -100 und
+50 daPa lag und der Gehorgang otoskopisch frei von Cerumen war. Insgesamt fanden 57

untersuchte Ohren Eingang in den Datensatz.

3.2. DPOAE-Messungen und Auswahl der Messpunkte

Fiir die Untersuchung wurde ein Echoport ILO292-1I otoacoustic emission System verwendet,
gekoppelt mit einer GD TE+DPOAE Sonde (beide von Otodynamics). Fiir jedes Ohr wurden
fiir je 5 Frequenzen f; (1, 2, 3, 4, 6 kHz) 128 Datenpunkte erhoben. Fiir L, = 20-75 dB SPL
(5 dB-Schritte) wurde gemd dem  Scherenparadigma von Kummer et al.
(12) Li=0,4 L,+ 39 dB der theoretisch optimale L, berechnet. Der resultierende L; wurde in
Schritten von 3 dB um +/- 15 dB veréndert.

Messwerte, in denen die DPOAE-Amplitude mindestens 2 Standardabweichungen iiber dem

Rauschen (Lnoisc) lagen, wurden in der Rohdatenerhebung eingeschlossen.
3.3. Interpolation der Daten
Aus 20.901 Messwerten wurden mittels des ,,cubic interpolant“-Algorithmus (Kubisch

Hermitescher Spline) fiir jede einzelne Frequenz jedes einzelnen Ohres liickenlose Daten

interpoliert.



3.4. Modellierung von Schallleitungsstérungen

Fiir die Modellierung der Schallleitungsstorungen (SLS) wurde ein typisches, klinisch
regelméBig verwendetes Paar von Anregungspegeln Li/L, = 65/55 dB SPL untersucht.
Die Auswirkung von SLS von 5,10 und 15 dB wurden durch die folgenden Schritte simuliert,

hier veranschaulicht am Beispiel von 10 dB:

1. Der verminderten Vorwirtsiibertragung von L, und L, um je 10 dB entspricht eine
Reduktion der beiden im Innenohr wirksamen Anregungspegel um jeweils 10 dB: Bei L/L,-
Pegeln von 65/55 dB SPL im Gehorgang wirken in der Cochlea Pegel von nur 55/45 dB SPL.
Der resultierende DPOAE-Pegel wird aus Interpolation der Messdaten am Datenpunkt

L/L, =55/45 dB SPL ermittelt.

2. Durch die verminderte Riickwértsiibertragung wird der resultierende Lpp um 10 dB
reduziert.

3. Die Nachweisbarkeit der resultierenden DPOAE wird anhand des Signal-Rausch-
Abstandes (Signal-to-noise-ratio - SNR) beurteilt, als Nachweisgrenze wird ein Abstand von
6 dB definiert. Das durchschnittliche Rauschen (Noise) wurde fiir jede Frequenz aus den

durchschnittlichen Noise-Werten der validen Datenpunkte berechnet.

3.5. Optimierung der Nachweisbarkeit von DPOAE

Um die Auswirkungen einer optimierten Anregung im Innenohr zu untersuchen, wurden fiir
Schallleitungsstorungen von 0, 5, 10 und 15 dB und verschiedene deltal.; von 0, 3, 5, 8, 10,
13 und 15 dB frequenzspezifisch die resultierenden Lpp erfasst. In einem zweiten Schritt

wurde die Nachweisbarkeit anhand des SNR-Kriteriums von 6 dB beurteilt.



4. Ergebnisse

4.1. Auswirkung von Schallleitungsstérungen auf den Emissionspegel Lpp
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Abbildung 3: Interpolierte DPOAE-Pegel Lpp fiir Li/L, = 65/55 dB SPL in Abhingigkeit von
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Schallleitungsstorungen (conductive hearing loss — CHL) zwischen 0 und 15 dB. Die
Boxplots zeigen Median und Interquartilsbereiche von Lpp. Die Balken markieren die 10.
bzw. 90. Perzentile, die schwarzen Punkte die 5. und 95. Perzentile. Die gestrichelten grauen
Linien entsprechen dem frequenzspezifischen durchschnittlichen Rauschen Lo, die

durchgezogenen grauen Linien entsprechen der definierten Nachweisbarkeitsgrenze

Lnoise +6 dB

Uber alle Frequenzen gemittelt betrigt der Median der DPOAE-Pegel Lpr ohne
Schallleitungsstorung (SLS) im Durchschnitt 8,5 dB SPL (SD 6,2 dB). Bei SLS von 5, 10 und
15 dB sank er auf -0,2 dB SPL (SD 6,7 dB), -9,6 dB SPL (SD 6,4 dB) und -17,6 dB SPL
(SD 5,8 dB).

Wenige DPOAE-Pegel sind, bedingt durch zu niedrige Signal-Rausch-Abstinde in der
urspriinglichen Messung, nicht interpolierbar. Im Durchschnitt sind bei 5 dB SLS 0,2 von 57
DPOAE Pegeln nicht interpolierbar. Bei 10 dB SLS erhoht sich dies auf 1 von 57, bei 15 dB
SLS auf 4,4 von 57.

Der Pegel der DPOAE Lpp sinkt im Median um 8,7 dB pro 5 dB SLS. Da die reduzierte
Riickwirtsiibertragung dem Betrag der Schallleitungsstdrung entspricht, kann der Effekt der
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reduzierten Vorwértsiibertragung mit 3,7 dB (frequenzspezifisch: 3,0 — 4,4 dB) pro 5 dB SLS
quantifiziert werden. Dies entspricht frither berichteten Ergebnissen (15) von 2,0 bis 3,9 dB
pro 5 dB SLS.

4.2. Auswirkungen von Schallleitungsstorungen auf die Nachweisbarkeit von Lpp

DPOAE wurden als nachweisbar betrachtet, wenn ihr Pegel Lpp um mehr als 6 dB iiber dem

durchschnittlichen frequenzspezifische Rauschen lag (graue Linien in Abbildung 3).

f, 1-6 kHz 1000 Hz 2000 Hz 3000 Hz 4000 Hz 6000 Hz
SLS (dB)

0 999 100%  100% 98% 98% 98%

5 84% 96% 84% 77% 89% 72%

10 37% 47% 0% 35% 30% 30%

15 9% 6% 13% 8% 6% 11%

Tabelle 1:  Prozentuale  Nachweisbarkeit von  DPOAE  bei  vorliegenden
Schallleitungsstorungen (SLS) in Abhédngigkeit von f,. Im Mittel reduziert sich die
Nachweisbarkeit bei SLS von 5 dB auf 84%, bei 10 dB fallt siec auf 37% ab. Bei 15 dB SLS
sind nur noch in 9% der Félle DPOAE nachweisbar.

Die Ergebnisse verdeutlichen, dass klinisch kaum relevante Schallleitungsstorungen die

Messung von DPOAE stark beeintridchtigen konnen.

4.3. Verbesserte Nachweisbarkeit von Lpp durch Optimierung des Primértonpegels L,

Tabelle 2 zeigt den Effekt der Anderung von L, um deltal, auf die Nachweisbarkeit der
resultierenden DPOAE. Die Daten sind in ,Figure 4“ der Originalarbeit als line-plots
illustriert. Im Durchschnitt stellen sich bei hoheren Schallleitungsstorungen héhere deltal.; als
optimal heraus. Matrixpunkte mit weniger als 49 von 57 (86,0%) interpolierbaren
Datenpunkten werden ausgeschlossen, diese liegen stets im Bereich hoher deltal;.

Die urspriinglich ebenfalls simulierte SLS von 20 dB fiihrt zu weniger als 2% nachweisbaren
Lop, die Anzahl der interpolierbaren Punkte ist gering. Daher fanden die Ergebnisse keinen

Eingang in die Veroffentlichung.
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deltaL, (0gdB 3dB 5dB 8dB 10dB 13dB 15dB
f, SLS (dB)

1-6kHz | 0 999 99% 99% 99%  79%
1-6 kHz 5 84% 91% 93% 93% 92% 9%
1-6 kHz 10 37%  47% 57% 61% 61% 56%  49%
1-6 kHz 15 9%  11% 13% 18% 20% 20%  19%
1000Hz | 0 100% 100% 100% 98%  98%
1000 Hz 5 96% 95% 95% 93% 88% 76%
1000 Hz 10 47%  58%  65%  56% 46% 25%  10%
1000 Hz 15 6% 13% 12% 11% 11% 5% 2%
2000Hz | 0 100% 100% 98% 98% 100%
2000 Hz 5 84% 91% 95% 93% 93% 9%
2000 Hz 10 10% 47% 54% 65% 63% 56%  50%
2000 Hz 15 139%  13% 18% 23% 26% 21% 18%
3000 Hz 0 980 98% 98% 98% 98%
3000 Hz 5 77% 88% 91% 93% 91% 87%
3000 Hz 10 359%  45%  549%  61% 64% T0%  62%
3000 Hz 15 80 8%  13%  199% 24% 2350, 249
4000 Hz 0 989 98% 98% 100%
4000 Hz 5 89%  93% 950% 91% 95%
4000 Hz 10 30%  42%  56% 61% 63% 65% 61%
4000 Hz 15 6% 9%  11% 20% 20% 25% 25%
6000Hz | 0 93% 98% 98% 100% 100% 100%
6000 Hz 5 729%  86% 91% 91% 91% 93% 96%
6000 Hz 10 30%  42%  56% 61% 63% 63% 61%
6000 Hz 15 11% 11% 12% 18% 19% 25% 26%

Tabelle 2: Prozentuale Nachweisbarkeit von Lpp in Abhdngigkeit von f,, deltal; und
wirkender Schallleitungsstérung SLS. In den obersten 4 Zeilen ist die iiber alle Frequenzen

gemittelte Nachweisbarkeit dargestellt. Die Maxima in der Nachweisbarkeit sind markiert.

Tabelle 2 zeigt, dass erhohte L,-Pegel bei Schallleitungsstorungen eine deutliche
Verbesserung der Nachweisbarkeit von Lpp bewirken. Gleichzeitig verdeutlichen lokale
Maxima in der Nachweisbarkeit, dass eine Uberkorrektur nachteilig ist. Es gibt optimale
deltal ;- Werte.

Die Erhohung der L;-Pegel um ein jeweils optimales delta L, erhoht fiir SLS von 5/10/15 dB
die Nachweisbarkeit absolut um 9,6%, 24,4% und 11,5%. Die relative Verbesserung der
Nachweisbarkeit liegt dabei bei 11,4%, 66,8% und 131,9%.

Fir die klinische Nutzung kann daher ein fiir Schallleitungsstérungen optimiertes
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Stimuluspaar (L, + deltal;)/L, empfohlen werden, falls in der Standardmessung keine
DPOAE nachweisbar sind.

Der grofite Effekt zeigt sich fiir deltal;, = 8 dB. Das resultierende Stimuluspaar
L/L,=73/55 dB erhoht die Pass-Quote bei Schallleitungsstérungen von 5, 10 und 15 dB von
durchschnittlich 43,0% auf 57,3%. Die absolute Verbesserung um 14,3% bedeutet einen
relativen Zuwachs von 33,2%.

Es gibt mehrere Griinde fiir die Anwendung nur einer einzelnen Nachmessung mit einem
deltal; von 8 dB:

Theoretisch konnten hohere SLS von noch hdheren deltal, profitieren. Dabei ist allerdings
die Lpp-Reduktion bereits aufgrund der Mittelohriibertragung so ausgeprégt, dass auch nach
Optimierung der Anregungsparameter DPOAE in der Regel nicht mehr nachweisbar sind. Die
Optimierung der Anregung ist also allein fiir einen engen Bereich von Schallleitungsstérungen
zwischen 5 und 15 dB zweckméBig.

Fiir die Erhebung zweier statt eines zusatzlichen Messpunktes ergibt sich eine nur marginale

Verbesserung der Nachweisbarkeit um 14,8% anstelle von 14,3%.

Die klinische Anwendbarkeit hingt stark vom zusdtzlichen Zeitbedarf ab. Wihrend eine
einzelne Zusatzmessung die gesamte Messzeit hochstens verdoppelt, erhéhen weitere
Messungen den Zeitbedarf und konnen dadurch die Akzeptanz der Methode gefahrden.

Da DPOAE I/O-Funktionen den selben Problemen der Lpp-Reduktion durch SLS unterliegen
wie Einzelmessungen, ist von einer direkten Anwendbarkeit unserer Ergebnisse auf die

Messung von I/O-Funktionen auszugehen (15).
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5. Diskussion

5.1. Vergleich der Ergebnisse mit empirischen Daten

Die groBe Ahnlichkeit der Ergebnisse dieser Arbeit zu empirischen Messungen (16—18) macht
deutlich, dass das angewandte Modell die Auswirkungen von Schallleitungsstorungen gut
abbilden kann.

Die Arbeiten von Keefe et al. und Puria (19,20) zeigen, dass Vorwirts- und
Riickwirtsiibertragung durch das Mittelohr je nach Ursache der Schallleitungsstorung,
Frequenz und Patientenalter verschieden stark beeinflusst werden. Die Verschiebung der Lpp-
Maxima in der L,/L,-Matrix ist alleine auf die reduzierte Vorwirtsiibertragung im Mittelohr
zurlickzufiihren. Daher ist hinsichtlich der Optimierung von L, kein relevanter Einfluss einer

verdanderten Riickwértsiibertragung zu erwarten.

Ein relevantes Problem des Modells konnte in der verschiedenen Beeinflussung der
Vorwirtsiibertragung je nach Ursache der Schwerhorigkeit und Frequenz der Anregungspegel
liegen. Qin et al. (18) erhoben Daten von Méiusen vor und nach chirurgisch induzierter
Schallleitungsstorung. Die DPOAE-Schwelle stieg im Vergleich zur BERA-Schwelle um 50 -
150% stirker an — mit Unterschieden je nach Frequenz und Art der induzierten Pathologie.
Folglich erscheint eine frequenz- und pathologiespezifische Anderung des in der Praxis

optimalen deltal; nicht ausgeschlossen.

5.2. Implikationen fiir die klinische Anwendung

Im Falle eines auffilligen Testergebnisses mit einem iiblichen Anregungsschema
(Li/L,= 65/55 dB SPL) wird eine zusédtzliche Messung mit dem fiir SLS optimierten Schema
bei um 8 dB erhohtem L, empfohlen (L,/L, = 73/55 dB SPL).

Bei der Simulation von SLS von 5, 10 und 15 dB ergibt sich in dieser Arbeit ein
durchschnittlicher Anstieg der Nachweisbarkeit von 43,4% auf 57,9% fiir das optimierte
Reizpegelschema. Durch den Vergleich der beiden DPOAE-Messungen konnten

Riickschliisse auf das Vorliegen leichtgradiger Schallleitungsstdrungen gezogen werden. Ein
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nachweisbares Signal erst in der Zweitmessung kann als Anhaltspunkt einer vorliegenden SLS
verstanden werden. Hohergradige SLS kénnen durch Anderungen der Anregungsparameter
nicht kompensiert werden.

In Anbetracht der einfachen Anwendbarkeit der Methode, der Héaufigkeit von klinisch kaum
relevanten SLS insbesondere bei Kindern und Neugeborenen, sowie der groflen Zahl von
DPOAE-Messungen in Deutschland und weltweit, erscheint das hier vorgeschlagenen
Vorgehen als eine vielversprechende Verbesserungsmoglichkeit einer anerkannten, klinisch

wichtigen und objektiv audiometrischen Untersuchungsmethode.
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Abstract

Objectives: Distortion product otoacoustic emissions (DPOAESs) are a time-efficient, non-
invasive means of assessing the integrity of active inner ear mechanics. Unfortunately, the
presence of even relatively minor conductive hearing loss (CHL) has been suggested to reduce
the clinical utility of DPOAE:s significantly. The primary aims of this study were to
systematically evaluate the impact of CHL on DPOAE amplitude and to determine if ear-
specific primary tone level manipulations can be used to mitigate CHL impact and recover

DPOAE measurability.

Methods: For 30 young adults (57 ears) with normal hearing, DPOAEs were obtained for f,=
1-6 kHz. Observed DPOAE amplitudes were used to generate ear- and frequency-specific
models with the primary tone levels, L, and L,, as inputs and predicted DPOAE amplitude,
Lop, as output. These models were then used to simulate the effect of CHL (0-15 dB), as well

as L; manipulations (0-15 dB), on DPOAE measurability.

Results: Mean Lpp for every CHL condition was significantly different from that for all other
conditions (p = <.001), with a mean Lpp attenuation of 8.7 dB for every 5 dB increase in CHL.
Mean DPOAE measurability in response to a standard clinical stimulation paradigm of L,/L, =
65/55 (dB SPL) was determined to be 99%, 84%, 37%, and 9% in the presence of 0, 5, 10, and
15 dB CHL, respectively. In the presence of 10 dB CHL, altering L, resulted in an

approximately 25% increase in DPOAE responses.

Conclusion: Subclinical CHL loss is sufficient to significantly impair DPOAE measurability

in a meaningful proportion of otherwise healthy ears. However, through strategic alteration of
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primary tone levels, the clinician can mitigate CHL impact and at least partially recover

DPOAE measurability.

Keywords: otoacoustic emission, DPOAE, conductive hearing loss, pediatric audiology

1. Introduction

Otoacoustic emissions (OAEs) are low-level signals emitted from the cochlea in response to
sound, which are measurable within the external ear canal [1]. First recorded in 1978 [2],
OAEs have since revolutionized the understanding of cochlear function, though their origins
and clinical potential are still not fully appreciated. OAEs convey a wealth of information
regarding the integrity of active inner ear and middle ear mechanics and have, consequently,
found their largest impact in the area of pediatric hearing assessment. Distortion product
otoacoustic emissions (DPOAESs), a tonal subtype of OAE which is evoked through the
simultaneous presentation of two pure tones, have proven useful for myriad clinical purposes.
Specifically, DPOAEs have shown utility as an objective means of identifying normal and
hearing impaired ears, such as for use in newborn hearing screening programs or evaluating
other difficult-to-test populations [3-6], estimating hearing threshold [7-10], differentiating
sensorineural and conductive hearing loss (CHL) [10-12], objectively quantifying conductive
hearing loss [13-16], differentiating cochlear and neural pathology for the diagnosis of
auditory neuropathy/synaptopathy [17], and monitoring for deleterious side-effects of ototoxic
medications [18, 19]. Unfortunately, as many otologic conditions prevalent in childhood are
characterized by CHL [20-23] and because CHL can significantly impair interpretation of

DPOAE results [24-27], the full clinical utility of DPOAEs often goes unrealized in pediatric
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cases. This study was conducted to better define the relationship between CHL magnitude and
expected DPOAE amplitude, and in so doing, provide the clinician a basis for moving from a
binary ‘present’ or ‘absent’ interpretation model to one informed by the systematic impact of
CHL on DPOAE findings. A secondary aim was to determine if ear-specific primary tone

level manipulations could be used to mitigate CHL impact and recover DPOAE measurability.

1.1 Generation of DPOAEs

The sinusoids used to evoke DPOAESs, known as primary tones, are calibrated for level most
commonly within the ear canal and are of frequencies f; and f; (fi<f;) and levels L; and L,
(L1>L,). The acoustic pressures of the presented tones act on the tympanic membrane,
resulting in mechanical vibrations propagating through the middle ear, which serves as an
impedance matching system. Upon transmission to the cochlea, these waves establish a
pressure differential across the basilar membrane, thereby setting up traveling waves along its
surface which peak at the characteristic place of each primary tone frequency. It is currently
hypothesized that DPOAESs, as measured within the ear canal, are the vector sum of the
products of two distinct generation mechanisms [28, 29]. The primary mechanism is an
intermodulation distortion mediated by nonlinear aspects of outer hair cell (OHC)
transduction, which occurs at the location of maximal overlap between the two traveling
waves, or the f; region. Consensus regarding the specific nature of the distortive mechanism
has not yet been achieved, though a joint effect of OHC [30] and stereocillia [31]
electromotility is suspected. The secondary generator is known as the coherent-reflection
mechanism and can be understood as impedance perturbations on the basilar membrane in the
area of the tonotopic place of each distortion product. As a given distortion product is created,

its associated pressure wave spreads basally along the basilar membrane from the f, region
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towards the ear canal, as well as apically towards the DPOAE's tonotopic place, where it is
partially reflected and re-directed towards the ear canal. The DPOAE observed within the ear
canal, therefore, is a signal dependent not only upon a given middle ear’s energy transmission
signature in the forward stimulation pathway, but also its impact on the generated DPOAE

throughout the reverse pathway.

1.2 Mechanisms of Conductive Hearing Loss

The influence of conductive hearing loss on DPOAE generation and measurement can be
modeled as if occurring via 3 primary mechanisms [16]. First, CHL reduces the effective
levels of the primary tones within the cochlea. Figure 1 presents DPOAE amplitude as a
function of L, and L, from a sample of young adults with normal hearing, with the dashed line
denoting the path of optimal DPOAE amplitude generation. Assuming an optimal primary
tone level relationship is maintained across L,, higher primary tone levels generate more
cochlear distortion and therefore higher DPOAE amplitudes than lower primary tone levels
[32]. As a consequence, primary tones attenuated due to inefficient middle ear transmission in

the forward pathway generate less cochlear distortion and lower DPOAE amplitudes.

Second, CHL makes an initially optimal primary tone level relationship suboptimal. For any
given f,, the amplitude of the generated DPOAE will be maximal when the level relationship
between the primary tones is optimized within the cochlea [32]. Numerous formulas have
been developed for the prediction of average optimal primary tone level relationships [33-38].
For the dataset presented in Figure 1, the formula L, = 0.49L,+41 can be used to define the
optimal relationship between L, and L, (dashed line). For example, for L, = 55 dB SPL,

maximal DPOAE amplitude would be expected in combination with L; = 0.49(55)+41, or 68
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dB SPL. However, if a 10 dB CHL were to be applied within the forward pathway, effective
levels within the cochlea would fall to L,/L, = 58/45 dB SPL, despite primary tone levels
within the ear canal remaining unchanged. This new level relationship effective within the
cochlea would no longer be optimal, and as a result, traveling wave overlap along the basilar

membrane would be lessened and DPOAE amplitude reduced.

Third, CHL attenuates the level of the generated DPOAE as it is transmitted towards the ear
canal. The amount of this attenuation has previously been assumed to be equal to the
attenuation of the primary tones within the forward pathway [13, 16]. These 3 mechanisms
combine to produce a total attenuation of DPOAE amplitude which is in excess of the
nominal CHL magnitude, a characteristic which helps explain the potentially outsized impact
of even minor CHL on clinical DPOAE results, as well as highlight the importance of

precisely evaluating CHL in individual ears.

1.3 Purpose

Normative ranges for DPOAE amplitude are available, which are intended for use in
determining whether a given child’s DPOAE results may be classified as normal or abnormal
[3]. And indeed, such ranges are very useful in instances of normal hearing, as well as
significant sensorineural or conductive hearing loss, as DPOAE findings tend to group
predictably relative to the range and are generally consistent with other clinical findings.
However, DPOAE test interpretation can be significantly more difficult in instances of more
minor CHL (0-15 dB), which might otherwise be detected only as a negative pressure upon
tympanometric testing or a less than fully aerated middle ear upon otoscopy [20, 24]. In these

ears, conflicts may emerge between DPOAE results and a given patient’s overall clinical
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presentation, leaving the clinician to decide whether absent or reduced DPOAEs might be due
to a minor CHL, for which watchful waiting might be the treatment of choice, or a more
serious sensorineural hearing loss. These questions are all the more vexing when involving
very young patients incapable of performing high-resolution audiometry. A better
understanding of the expected impact of minor CHL on DPOAE level would aid the clinician
in reconciling apparent conflicts between DPOAE results and other clinical findings, and in so
doing, expand the diagnostic utility of DPOAEs in pediatric populations. The primary aim of
this study was therefore to evaluate the impact of CHL (0-15 dB) on DPOAE amplitude
through the application of simulations to a normative dataset. A secondary aim was to
determine if ear-specific primary tone level manipulations could be used to restore optimal
primary tone level relationships and thereby mitigate CHL impact and recover DPOAE

measurability.

2. Material and Methods

2.1 Participants

Thirty young adults (57 ears) between the ages of 21 and 33 years (mean = 25.5 years, SD =
2.6 years) enrolled in and completed this study. Though of use in the evaluation of patients of
all ages, a more precise understanding of the impact of middle ear energy transmission on
DPOAE amplitude promises greatest utility in the area of pediatric diagnostics. However, as
young children would have had great difficulty completing the testing necessitated, young
adults were recruited for this study. Previous work suggests a tendency for DPOAE amplitudes
to decrease slightly with age [39, 40]; however, given the higher noise levels commonly
present during pediatric measurements [39], the effect of age-related DPOAE amplitude

differences on measurement signal-to-noise ratio (SNR), which is of primary interest in this
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study, should be minimal. All participants exhibited normal hearing, with air-conduction
thresholds for audiometric test frequencies between 0.125 and 8 kHz at or below 15 dB HL
[41] and no significant air-bone gaps (ABG), with ABG defined as a difference between air-
and bone-conduction thresholds between 0.5 and 4 kHz exceeding 10 dB [42]. Further, all
participants exhibited normal middle ear function as assessed via a clinical 226-Hz
tympanometry measure and denied a history of middle ear infection, noise exposure, tinnitus,
ear surgery, and any other otologic symptoms. Participants were admitted to the study after
providing informed consent in accordance with the regulations of the Institutional Review

Board of the University Hospital Regensburg.

2.2 DPOAE measurements

A detailed account of the methodology used to acquire these DOAE measurements has been
reported previously [36]. Briefly, DPOAEs were obtained using an Echoport ILO292-I1
otoacoustic emission system with a GD TE+DPOAE probe (Otodynamics; Hatfield, UK).
Calibration of primary tones was conducted in-situ at the plane of the probe using an SPL-
based method and a chirp stimulus. DPOAEs were obtained for f,=1, 2, 3, 4, and 6 kHz with
£,/f1=1.22, while L, was varied from 20 to 75 dB SPL in 5 dB steps. For each discrete L,, L,
was stimulated according to the formula L, = 0.4L,+39 [dB SPL] [33], as well as up to 15 dB
above and below this point in 3 dB steps. Stimuli were presented for a minimum of 20
seconds, with response averaging continuing, if necessary, until either a 12 dB SNR was
achieved or the noise level fell below -20 dB SPL. A 2048-point Fast-Fourier Transform (FFT)
was used to analyze responses. DPOAE amplitude was defined as the level in dB of the bin
containing 2f;-f,. Noise level, or Lyoise, was defined as the mean level in dB of the five FFT

bins on either side of the bin containing 2f;-f,. The DPOAE amplitude and Lyoise observed in
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response to each stimulation were recorded and the L, resulting in maximal DPOAE amplitude
for each L, series was identified. All measurements were performed in a sound attenuating

booth during a single appointment.

2.3 Simulation of conductive hearing loss

DPOAE amplitude measurements deemed sufficiently free of the influence of Lnoise were
considered valid and incorporated into ear- and frequency-specific models. For this study, the
criterion of independence from Lyoise was set at DPOAE amplitude being at least 2 standard
deviations above the associated Lyoise. Valid DPOAE arising from each given ear and
frequency were processed via the Matlab R2018b cubic interpolant algorithm (The
Mathworks, Inc.; Natick, Massachusetts), thereby creating a series of mathematical models
with the primary tone levels, L; and L, as inputs and predicted DPOAE amplitude, Lpp, as
output, similar to what can be seen in figure 1. In this way, the DPOAE amplitudes which
would have been observed within a given ear in response to any L;/L, combination can be

predicted, despite practical restrictions potentially precluding its direct stimulation.

Conductive hearing loss impacts DPOAE amplitude, as measured within the ear canal, via 3
primary mechanisms: 1) attenuation of L, and L, during forward transmission, 2) alteration of
the L,-L, relationship as represented within the cochlea, and 3) attenuation of the generated
DPOAE during reverse transmission. The impact of 0, 5, 10, and 15 dB CHL on DPOAE
amplitude was therefore calculated using ear-specific models in the following manner. First, to
account for the effect of attenuation on L, and L, during forward transmission, the levels of the
fy and f, primary tones entered into the model were attenuated equally and by the amount of

simulated CHL. For example, for L,/L,= 65/55 and 0, 5, 10, or 15 dB CHL, L,/L, were
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reduced by 0, 5, 10 and 15 dB, respectively. Then, to account for alteration of the L-L,
relationship within a given ear, the ear- and frequency-specific models previously generated
were used to predict the DPOAE amplitude which would be expected within the ear canal in
response to the modified primary tone levels in the absence of attenuation during reverse
transmission. Owing to the compressive nature of basilar membrane mechanics, this reduction,
though calculated uniquely for each individual ear, amounts to approximately two-thirds of the
CHL being applied. Finally, to account for the effect of the CHL on the generated DPOAE
during reverse transmission, the model-predicted DPOAE amplitude was additionally reduced
by the amount of CHL being simulated. As the DPOAE amplitude attenuation accrued during
reverse transmission alone was equal to the applied CHL, the combination of all 3
mechanisms resulted in a given CHL reducing DPOAE amplitude by an amount significantly

greater than the nominal CHL.

2.4 Data analysis

A two-way analysis of variance (ANOVA) was used to identify effects of CHL magnitude and
frequency on Lpp. CHL magnitude included 4 levels (0, 5, 10, and 15 dB CHL), and f,
consisted of 5 levels (1, 2, 3, 4, and 6 kHz). To follow-up on significant main effects or
interactions, pairwise comparisons were performed using Dunn’s method with a Bonferroni
correction to control for family-wise error rate. Statistical analyses were conducted using

Sigmaplot 12.5 (Systat Software Inc., San Jose, USA).

3. Results
Evaluation of the 57 ears included in this study yielded 20,901 valid DPOAE measurements.

The ear- and frequency-specific models created from this dataset were then used to predict the
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Lpprwhich would have been expected in each individual ear in the presence of 0, 5, 10, and 15
dB CHL. Figure 2 displays observed results from a single ear and frequency (white lines), as
well as predicted results for a subset of L; and L, following application of a 10 dB CHL (black
lines). For any given L,, an L, can be identified which maximizes Lpp amplitude. In Figure 2,
the L/L, combination resulting in maximal Lpp with L,=55 dB SPL in the absence of CHL, for
example, is marked with a white triangle. Application of CHL results in an Lpp which has been
attenuated in excess of the nominal CHL (black triangle) and is no longer optimal for its L,
series. Fortunately, adjusting L, in the presence of CHL can restore an optimal primary tone
level relationship (black circles), thereby partially recovering Lpp. Primary tone level pairings

found to be optimal for each given L, series are projected to the floor of the figure.

Box and whisker plots displaying Lppin response to a standard clinical stimulation paradigm
of Li/L, = 65/55 (dB SPL) following simulation of 0, 5, 10, and 15 dB CHL are presented in
figure 3. ANOVA results revealed a significant main effect of CHL condition, yielding an F
ratio of F(3, 1092) = 757.2, p = <.001, indicating that the magnitude of CHL significantly
influenced Lpp. Specifically, mean Lpp for every CHL condition was significantly different
from that for all other conditions (corrected p < 0.001), with a mean Lpp attenuation of 8.7 dB
for every 5 dB increase in CHL. The main effect of f, yielded an F ratio of (4, 1092) =25.5,
p <.001, indicating a significant effect of stimulation frequency on Lpp amplitude. Specifically,
mean Lpp for 1 kHz was significantly higher (p = <.001) and 3 kHz was significantly lower (p
= <.001) than that found for 2, 4, and 6 kHz. The interaction effect of CHL conditionxf, was
not significant F(12, 1092) = 1.0, p =.5, suggesting that the effect of CHL condition on Lpp

does not differ across the frequencies tested in this study.
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Various rules can be applied to DPOAE results to aid in their interpretation. For example,
some authors support the requirement of a 6 dB or greater arithmetic difference between
DPOAE amplitude and Lyoise at a given frequency to prevent noise energy from contributing
unduly to the signal amplitude at that frequency [32, 34, 38, 40]. In figure 3, the mean Lyoise
observed for all DPOAE measurements for a given f>is represented by a dashed gray line,
while a solid gray line represents Laoise+6 dB. For this study, results falling on or above the
solid gray lines were considered measurable, while responses falling below these lines were
considered unmeasurable. Table 1 displays the percentage of stimulations from figure 3 which
resulted in responses with at least 6 dB SNR by CHL condition and frequency. Averaging
across frequency, 99% and 84% of stimulations result in DPOAE responses attaining at least 6
dB SNR in the presence of 0 and 5 dB CHL, respectively. Significantly worse results are
achieved in the presence of 10 and 15 dB CHL, however, with only 37% and 9% satisfying the
6 dB SNR standard, respectively. Conductive hearing loss is commonly defined as a difference
in air- and bone-conduction thresholds exceeding 10 dB [42], which is sometimes erroneously
interpreted as indicating that CHL <10 dB is not clinically meaningful. The present results,
however, suggest that CHL of as little as 6-8 dB might be sufficient to ablate fully 50% of

responses in otherwise healthy ears.

The primary tone level combination implemented in figure 3 [Li/L, = 65/55 (dB SPL)] has
been shown effective in maximizing DPOAE amplitude for groups of ears on average;
however, clinically meaningful reductions in DPOAE amplitude due to suboptimal
stimulation have been identified in individual ears [36]. Adjusting L, over a range of values
while L, is held stationary is an effective, yet time-consuming, means of ensuring optimal

stimulation in individual ears. Figure 4 displays the effect of adjusting L, on the proportion of
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measurements attaining a 6 dB SNR by frequency and CHL condition. Absent CHL, the
proportion of measurable responses is neither positively nor negatively affected by moderate
L, alterations for any frequency. This finding supports the clinical use of generic primary tone
level optimization formulas and suggests that there is not a single optimal L,-L,, but rather a
narrow range of L;-L, for which Lppis stable. In the presence of 5 dB CHL, a 5 dB increase in
L, resulted in a relatively minor across-frequency mean improvement in response
measurability of approximately 10%. L, adjustments in excess of 5 dB failed to increase
DPOAE measurability further and actually resulted in slight decrements in DPOAE
measurability. DPOAE measurability was more meaningfully affected by L, adjustments in
the presence of 10 dB CHL. For this CHL condition, an average L, increase of 8-10 dB was
sufficient to increase the presence of DPOAE responses by an average of 25%. As with the 5
dB CHL condition, more extreme L; adjustments were noted to deleteriously affect Lpp in
certain ears. The presence of 15 dB CHL was sufficient to preclude acceptable mean
measurability for any L,/L, combination used in this study. Specifically, mean measurability
peaked at 20%, representing a maximal improvement of only 12%. Taken together, these
results suggest that adjusting L, in the presence of CHL is an effective means of increasing the
measurability of DPOAESs, with the greatest clinical impact occurring in the presence of 10

dB CHL.

4. Discussion

A time-efficient, non-invasive means of assessing the integrity of active inner ear mechanics,
distortion product otoacoustic emissions are among the most important measures within the
pediatric audiological test battery. Unfortunately, inefficiencies in acoustic energy

transmission within the middle ear can dramatically reduce the amplitude and, as a
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consequence, clinical utility of DPOAEs. The present findings suggest that a strict
interpretation of the traditional definition of clinically significant CHL, or CHL > 10 dB [42],
should be reconsidered, as it neglects the meaningful impact that that even 5 dB CHL can
exert on Lpp within certain ears. A CHL attenuates Lppby an amount in excess of its face value
due to its three-fold mechanism. Attenuation in the forward path is caused by primary tone
level reduction, as well as disturbance of the L;-L, relationship effective within the cochlea.
Though dependent upon the magnitude of the CHL and the degree of nonlinearity present in
the mechanics of a given inner ear’s active structures, these two effects combine to reduce Lpp
by an amount slightly less than the CHL applied. Attenuation of the generated DPOAE within
the reverse transmission pathway was modeled in this study as an attenuation equal to the
magnitude of the CHL. The present results therefore suggest the total impact of a conductive
hearing loss on Lpp to be approximately 1.8 times the CHL magnitude on average, with more
extreme results possibly occurring within a given ear. Caution should therefore be exercised
when interpreting DPOAE results in ears with subclinical CHL. While positive DPOAE
results can be trusted in such ears, negative results should not automatically be attributed to
inner ear function, as very minor inefficiencies in acoustic energy transmission might suffice

to ablate a DPOAE response in a given ear.

Due to the clinical importance of DPOAE testing and the DPOAE’s sensitivity to middle ear
pathology, it is fortunate that several options remain open to the clinician for at least a partial
DPOAE recovery. It is well established that even the best performing primary tone level
optimization formulas are only able to predict optimal L;-L, in a hypothetical average ear and
not necessarily in any given real ear. This study’s results suggest 2 methods for maximizing

DPOAE amplitude in any given ear, including those presenting with CHL. First, a brute force
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method of stimulating a range of L, for each L, could be implemented, which would ensure
obtaining the best possible DPOAE amplitude irrespective of the presence of CHL. Such a
method, though time consuming, could increase the measurability of DPOAESs by upwards of
25% in certain instances. An alternative method represents a compromise between the
singular stimulation per frequency common to current clinical practice and the brute force
method. Specifically, it would consist of the standard clinical technique in concert with two
additional stimulations occurring at 6-9 dB both above and below the initial L,. Though the
precise distance from L, needed to maximize the likelihood of recovering optimal stimulation
depends upon multiple factors which cannot be known prior to testing, the present findings
suggest that an adjustment within this range should increase DPOAE measurability for a wide

range of ears both with and without CHL.

Interpretation of DPOAE results depends intimately upon the characteristics of the primary
tones being utilized. For specific Li/L, combinations, normative datasets have been collected,
which allow for the sensitive and specific separation of ears with normal hearing from those
with hearing loss. A critical difference between the simulations conducted in this study and
clinical routine, however, is that a pediatric patient cannot inform the clinician prior to
DPOAE measurement of the precise magnitude of CHL effective within a given ear. Rather, it
is incumbent upon the clinician to evaluate the entire audiological test battery and interpret
results accordingly. For example, a pediatric patient exhibiting no signs or symptoms of CHL,
yet falling outside of an accepted normative range upon DPOAE testing, should raise
suspicions of sensorineural hearing loss. On the other hand, if that same child exhibits an only
partially aerated middle ear and absent DPOAEs, the present results suggest that the

attenuating effects of a minor CHL should also be considered. If an adjustment to L, is
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sufficient to result in the recovery of DPOAES, the clinician could surmise that a conductive-,
rather than sensorineural, hearing loss was the cause of absent otoacoustic emissions. While
this assumption should be confirmed at a later date, this extended procedure nonetheless
affords the clinician valuable objective information as to the status of a portion of the auditory

pathway, which could not otherwise be obtained.

4.1 Limitations and future directions

Two primary limitations may have influenced this study’s results and therefore represent
opportunities for future work. First, CHL conditions were applied to the observed DPOAE
results mathematically, as opposed to the middle ear system physically. While this method
presents the significant advantage of allowing for the evaluation of a wide range of CHL
magnitudes in any given ear, it remains that the calculated Lpp effects are only as
generalizable as the 3 mechanism-based CHL model utilized in this study. To the extent that
the mechanisms of this model differ from those of actual ear pathology, the simulated results
will differ from those observable in clinical practice. Future work investigating DPOAE levels
in the absence and presence of precisely measured CHL would represent a means of
evaluating the model’s validity. Second, DPOAEs were obtained in young adults, as opposed
to children. Although a more precise understanding of the impact of CHL on DPOAE
amplitude promises greatest clinical utility in the area of pediatric diagnostics, it remains that
young children would have had great difficulty completing the testing necessitated by this
study. Additionally, given previous work suggesting similar DPOAE signal-to-noise ratios
between children and young adults [39], the use of young adults was determined to be
appropriate. Future work evaluating children directly via an abbreviated test protocol could

alleviate the need for using adults, though this would necessarily reduce the number of
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possible DPOAE stimulations.

4.2 Conclusion

Distortion product otoacoustic emissions are an essential tool for the evaluation of hearing in
both pediatric and difficult-to-test populations. Unfortunately, the presence of even minor
conductive hearing loss is sufficient to attenuate or even ablate DPOAE responses within
otherwise healthy ears. However, through strategic alteration of primary tone levels, the
clinician can significantly improve DPOAE measurability. In so doing, not only can the
benefits of DPOAE testing be extended to a broader patient population, but the clinician can
obtain information regarding auditory system health not provided via traditional DPOAE

methods.
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Table Legends

Table 1. Proportion of DPOAE measurements achieving 6 dB SNR calculated separately for
five f; frequencies and for the 1-6 kHz range of f, frequencies by CHL condition. DPOAEs

were obtained in response to stimulation with L,/L, = 65/55 (dB SPL)

Figure Captions

Figure 1. DPOAE levels from a sample of adults with normal hearing. DPOAE level is
optimal for certain combinations of L,/L,. For this dataset, the optimal L, can be predicted for
each given L, using 539 the formula L, = 0.49L,+41 (dB SPL) (dashed line). Data for this

figure were replotted from Marcrum et al [36].

Figure 2. DPOAE levels for an ear both without (white lines) and with (black lines) CHL
plotted against L, and L,. L,/L, resulting in maximal DPOAE level were identified with either
a white square or triangle (without CHL) or black circle (with CHL) and projected to the L,/
L>-plane. The L,/L, which maximized DPOAE level for L,=55 dB SPL without CHL (white
triangle) is not optimal after CHL is induced (black triangle). Even following L, optimization,

maximal DPOAE level in the presence of CHL remained less than with CHL absent.

Figure 3. Distribution of DPOAE amplitude (LDP) in response to stimulation with L,/L, =
65/55 (dB SPL) by conductive hearing loss condition and frequency. Filled circles represent
5th (lower) and 95th (upper) percentiles. Whiskers represent 10th (lower) and 90th (upper)

percentiles. Solid box lines represent 25th (lower), 50th (in-between), and 75th (upper)
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percentiles. The dashed gray lines represent the mean Lyoise observed for all DPOAE

measurements for a given f,, while the solid gray lines represent Lyoise+6 dB.

Figure 4. Effect of L, alterations on the proportion of DPOAE measurements achieving 6 dB
SNR by conductive hearing loss condition and frequency. The largest effect occurred in the 10
dB CHL condition, where a 6-9 dB adjustment improved Lpprelative to a 0 dB adjustment
across all frequencies. Upper stimulation limits of the DPOAE system restricted application of

larger L, alterations in lower conductive hearing loss conditions.

Table 1

Frequency (kHz) 0 dB CHL SdBCHL 10dBCHL 15dB CHL

1 100 96 47 6
2 100 84 40 14
3 98 77 35 8
4 98 89 30 6
6 98 72 30 11
mean (1-6 kHz) 99 84 37 9
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Figure 4
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