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Abstract

Background: Measurement of the medial olivocochlear (MOC) reflex provides useful clinical information for understanding
the function of the auditory system. Although transient evoked otoacoustic emission (TEOAE) suppression has been demon-
strated to be an indicator of MOC activity, its full role and fine details of TEOAE suppression spectra are still not clear. The
aim of this study was to investigate details of ipsilateral suppression of TEOAEs in normally hearing adults.

Material and methods: Exactly 29 adults (13 males, 16 females, mean age 26.5 years, range 18-42 years), who passed a bat-
tery of tests including otoscopy, pure tone audiometry, immittance, and TEOAE tests, participated in the study. Suppression
was evaluated by comparing TEOAEs obtained with and without an ipsilateral suppressor in a forward-masking paradigm.

Results: In general, suppression was small - less than 1.4 dB at all frequencies studied. The spectrum of mean TEOAE suppres-
sion showed suppression was greatest between 586 and 3711 Hz (0.6-1.4 dB) but less than 0.6 dB between 3906 and 4883 Hz.
Mean suppression increased with post-stimulus time from 0.1 dB in the 2-4 ms time window to a maximum of 2.26 dB in
the 16-18 ms window; the mean suppression between 8 and 18 ms after noise stimulation was 1.32 dB (range=0.22-3.23 dB).
There were no significant gender or ear-laterality effects. Noise levels as measured in the ear canal were found to have a sig-
nificant effect on calculated suppression at some frequencies.

Conclusions: The present study provides evidence of small ipsilateral TEOAE suppression by forward-masking noise in nor-
mally hearing adults. However, care is needed in interpreting the findings as noise in the ear canal can be a confounding fac-

tor during measurement of TEOAE suppression.
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SUPRESION IPSILATERAL DE EMISIONES OTOACUSTICAS PROVOCADAS POR
EL RUIDO EN ADULTOS

Resumen

Bases teodricas: La medicion del reflejo olivo-coclear nos aporta importantes datos clinicos sobre el papel del sistema auditi-
vo. Aunque se haya probado que la supresion de las emisiones otoacusticas provocadas por el ruido (TEOAE) demuestra la
actividad de la parte medial del sistema olivo-coclear (MOC), sigue sin conocerse plenamente la importancia de este reflejo
ni su caracteristica espectral detallada. El objetivo del estudio descrito en las paginas de este articulo ha sido el de explorar el
efecto ipsilateral de la supresion TEOAE en adultos con audicién correcta.

Métodos y herramientas de investigacion: En el estudio con la bateria de pruebas han participado 29 adultos (13 hombres,
16 mujeres de la edad media de 26,5, del grupo de edad de 18-42). Las pruebas comprendian: otoscopia, audiometria tonal,
audiometria de impedancia y la mediciéon TEOAE. La supresion ha sido valorada comparando los resultados de los TEOAE
medidos tanto durante la administracion del supresor ipsilateral como y cuando dicho supresor no se administraba.

Resultados: En términos generales, la supresion del ruido ha sido pequefia- menos de 1,4 dB en todas las frecuencias estu-
diadas. La supresion de TEOAE ha sido la mas alta en el rango de 586-3711 Hz (es decir, 0,6-1,4 dB); a su vez, en el rango
de 3906-4883 Hz ha sido menos de 0,6 dB. El nivel medio de la supresion crecia con el tiempo después del estimulo desde
0,1 dB para la ventana de 2-4 ms, hasta maximo 2,26 dB en la ventana 16-18 ms. El valor medio de la supresion en el tiempo
de 8-18 ms tras la administracion del ruido, ha sido de 1,32 dB (rango entre 0,22 y 3,23 dB). No se han observado diferencias
considerables entre ambos sexos y entre las orejas. Sin embargo, se ha observado el impacto significativo del ruido en el con-
ducto auditivo en el importe de la supresion en determinadas frecuencias.
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Conclusiones: Estos estudios demuestran que el efecto de la supresion ipsilateral TEOAE por el ruido antes administrado es
pequeno. Sin embargo, estos datos recibidos en la prueba deben interpretarse con cierta precaucion, dado que la presencia del
ruido en el conducto auditivo puede ser factor que interfiera la medicion de la supresion TEOAE.

Palabras clave: emisiones otoactsticas « reflejo olivo-coclear o supresion

UIICUJIATEPAJIBHAS CYIIPECCUA OTOAKYCTUYECKOV SMUCCH,
BbI3BAHHOM IIIYMOM Y B3POCJIBIX

W3noxxenune

TeopeTnuyeckne ocHOBaHUA: VI3MepeHue 0MMBO-KOXIeapHOTO pedrieKca IMpesoCTaBisieT BaKHbIE KIMHIYECKNe JaH-
HbI€ OTHOCUTETIBHO PO/ C/TyXOBOJ CUCTEMBI. XOTsA y>Ke IOKa3aHO, 4YTO CYIIPECCUA OTOAKYCTUIECKON 9MICCH, BbI3BAH-
Hoit mrymoM (TEOAE) ykaspiBaeT Ha aKTMBHOCTb MeIMaIbHON YacTy OonMBO-KoxeapHoii cucrembl (MOC), Bce emie
3Ha4YeHMe 9TOro pedrieKca, a TAaK)Ke ero TOYHasi CIeKTpaIbHasi XapaKTepUCTIKA He 10 KOHIIa M3BeCTHBI. ViccienoBaHue,
OIMChIBAaEMOE B HACTOAILEH CTaThe, MMEJIO LIe/IbI0 YIMyOuTh uicuaarepanbHelil agdexr cynpeccun TEOAE y B3poc-
JIBIX C XOPOLIMM CITyXOM.

MeToabI 1 MHCTPYMEHThI aHamn3a: O6'beKTOM UCCIIeOBaHNII C MICIIONIb30BaHMeM 6aTaper TeCTOB ABIANOCH 29 B3pOc-
JIBIX 4e/TOoBeK (B TOM 4ucie 13 My>K4uH 1 16 >KeHIIMH,,CPeiHsAsA BO3pacTa — 26 C IOJIOBUHOII JIeT, BO3PACTHbIE PAMKMU -
18-42 ropa). ViccnemoBaHys BKIIOYaIN: OTOCKOINIO, TOHAIBHYIO ayIMIOMETPUIO, MIMICHIAHTHYIO ayAYIOMETPIIO, a TAKOKe
n3mepenne TEOAE. Cynpeccus 6bi1a olleHeHa, cpaBHIBas pesynpratsl TEOAE, nsMepeHHbIe B XOfie TOAa4M UIICHIA-
TepaJIbHOTO CYIIPeccopa, a TAKXKe TOIMA, KOTa CYIpeccop He ObII IpYMEeHEH.

Pesynprarer: B o61iem, 3arnyiieHue O6buto Hebonmbinoe — Huke 1,4 1b BO BceX MCIeNOBaHHBIX yacToTax. Cynpeccus
TEOAE sBnsanace camoii 6onpuioit B npenerne 586-3711 It (t.e. 0,6-1,4 nb), Torma xak B npenene 3906-4883 Hz ona
6bu1a Menblie 0,6 1b. CpenHnit ypoBeHb CyIpeccu co BpeMeHeM Iocyie uMmirynbca poc ot 0,1 gb st okomika 2-4 mMc
70 MaKCMManbHO 2,26 11b B okomke 16-18 mc. CpeHee 3HaYeHNe 3aTTyIIeHNA BO BpeMs 8—18 Mc 1mocite moga4n myma
6bu10 1,32 1B (Ipepen 0,22-3,23 nB). CyliecTBEeHHBIX MEXIIOTOBBIX M/IM MEXYIIHbIX pasHuUI He 3adukcuposaHo. Of-
HAaKO HaO/II0Ia/I0Ch 3HAYNTE/IbHOE BIVAHIE MHTEHCUBHOCTY LIyMa B CIyXOBOM IIPOXOfie Ha 3HAUeHMsI 3aITyIIeHNs Ha
oIpeJle/IeHHBIX 4aCTOTAX.

Mrorn: Hacrosmme uccenoBanns JOKa3bIBAOT, 4To 3¢ dekT nncnaarepanbHoit cynpeccun TEOAE ¢ ncnonb3oBaHu-
eM IpeBapUTeNIbHO JOCTAB/AEMOro LUIyMa sBiseTcsa He6ompimm. OZHAKO JKe IMOTydeHHble JaHHbIe CIefyeT MHTep-
[IPETUPOBATH C OIPELe/IeHHOI 0JIell OCTOPOXKHOCTH, IOTOMY YTO Ha/aM4Me HIyMa B CIyXOBOM IIPOXOJie MOXeT OBbITh
¢daxTopom, Hapymatomum nsmepenne cynpeccun TEOAE.

KaroueBble ctoBa: OTOAKYCTUYIECKNE SMUCCUN o OHMBO-KOXHeaPHbIIZ pe(bnexc e cynmpeccuAa

IPSILATERALNA SUPRESJA EMISJI OTOAKUSTYCZNYCH WYWOLANYCH
TRZASKIEM U OSOB DOROSEYCH

Streszczenie

Podstawy teoretyczne: Pomiar odruchu oliwkowo-$§limakowego dostarcza waznych danych klinicznych o roli uktadu stucho-
wego. Cho¢ udowodniono, ze supresja emisji otoakustycznych wywolanych trzaskiem (TEOAE) wskazuje na aktywnos¢ czesci
medialnej systemu oliwkowo-§limakow-ego (MOC), wciaz nie jest w pelni znane znaczenie tego odruchu ani jego dokladna
charakterystyka spektralna. Badanie opisywane na famach niniejszego artykulu mialo na celu zglebienie ipsilateralnego efek-
tu supresji TEOAE u dorostych o prawidlowym stuchu.

Metody i narzedzia badawcze: Badaniom przy uzyciu baterii testow poddano 29 oséb dorostych (w tym 13 mezczyzn, 16 ko-
biet w $rednim wieku 26,5 lat z przedzialu wiekowego 18-42). Zawierala ona: otoskopie, audiometri¢ tonalna, audiometri¢
impedancyjna oraz pomiar TEOAE. Supresje oceniono, poréwnujac wyniki TEOAE zmierzonych w trakcie podawania ipsi-
lateralnego supresora i gdy supresor nie byt podawany.

Wyniki: W ogdlnym zarysie, ttumienie bylo niewielkie — ponizej 1,4 dB we wszystkich badanych czestotliwosciach. Supre-
sja TEOAE byla najwi¢ksza w przedziale 586-3711 Hz (tj. 0,6-1,4 dB), natomiast w przedziale 3906-4883 Hz wynosila mniej
niz 0,6 dB. Sredni poziom supresji wzrastal wraz z czasem po bodzcu od 0,1 dB dla okna 2-4 ms do maksymalnie 2,26 dB
w oknie 16-18 ms. Srednia warto$¢ ttumienia w czasie 8-18 ms po podaniu szumu wynosita 1,32 dB (przedziat 0,22-3,23 dB).
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Nie odnotowano istotnych réznic miedzyplciowych lub miedzyusznych. Zaobserwowano natomiast znaczacy wplyw nateze-
nia szumu w przewodzie stuchowym na wartosci thumienia w okreslonych czestotliwosciach.

Whioski: Niniejsze badania dowodza, ze efekt ipsilateralnego supresji TEOAE przez szum podawany poprzedzajaco jest nie-
wielki. Niemniej jednak, uzyskane dane nalezy interpretowa¢ z pewna doza ostroznoéci, poniewaz obecno$¢ szumu w prze-
wodzie stuchowym moze by¢ czynnikiem zakldcajacym pomiar supresji TEOAE.

Stowa kluczowe: emisje otoakustyczne o odruch oliwkowo-§limakowy e supresja

Background

Transient evoked otoacoustic emissions (TEOAEs) are
low-level sounds produced by the cochlea in response to
acoustic stimulation [1]. The mechanisms for producing
TEOAE:s are thought to be a combination of reflections
from random perturbations along the basilar membrane
and reverse transmission induced by distortion caused
by the stimuli [2-4]. The energy for these reflection and
distortion mechanisms comes from the cochlear amplifi-
er associated with active motile activity of the outer hair
cells (OHCs) and biomechanical movements of the stere-
ocilia within the organ of Corti of a healthy cochlea [2].

Motility of OHCs can be modified by activation of the
olivocochlear efferent system, resulting in a reduction in
otoacoustic emission (OAE) amplitude. More specifical-
ly, the thick myelinated medial olivocochlear (MOC) fi-
bres innervate the OHCs, forming a MOC reflex (see [5]
for review). This is not to be confused with the middle
ear muscle reflex (MEMR) which elicits contraction of the
stapedius muscle, resulting in a reduction of sound trav-
elling through the middle ear. The MEMR can be distin-
guished from the MOC reflex in terms of its higher op-
erational stimulus level and delayed response to acoustic
stimuli of 25-250 ms compared to the MOC reflex re-
sponse time of 8-10 ms [6]. Based on an animal model,
Guinan [5] depicted the ipsilateral MOC reflex pathway
as follows: suppressor stimuli to the ipsilateral cochlea
excite auditory nerve fibres, which innervate reflex in-
terneurons in the posteroventral cochlear nucleus; axons
of these cochlear-nucleus interneurons cross the brainstem
ventrally to innervate MOC neurons on the contralateral
side; contralateral MOC neurons then project to the ipsi-
lateral cochlea in the crossed olivocochlear bundle. The
contralateral MOC reflex pathway takes a different route
(see [5]). Guinan points out that while the contralateral
reflex crosses in the trapezoid body and uses uncrossed
MOC fibres, the ipsilateral reflex is a double-crossed reflex
with crossings in the trapezoid body and in the crossed
MOC fibres [5].

To date, most research has focused on measuring the MOC
reflex by contralateral stimulation [7-11]. The contralater-
al protocol involves presenting a stimulus such as a click
to the test ear while a suppressor noise is presented simul-
taneously to the contralateral ear. The main advantage of
contralateral suppression is that the stimulus and the sup-
pressor are separate, thus facilitating the measurement of
OAEs and avoiding acoustic interaction. In contrast, the ip-
silateral stimulation protocol involves delivering an OAE-
eliciting stimulus and a suppressor noise to the same ear.
This method presents challenges in separating the two. To
overcome these problems, Berlin et al. [12] introduced a

forward-masking paradigm, in which the suppressor was
presented before the click stimulus.

Eliciting the MOC reflex ipsilaterally does offer some ad-
vantages over contralateral stimulation. First, the ipsilat-
eral MOC reflex involves two crossed pathways of the
olivocochlear bundle, while the contralateral MOC re-
flex pathway involves the uncrossed olivocochlear bun-
dle only [5]. Second, the results obtained from ipsilateral
testing are not influenced by afferent or efferent disor-
ders that affect the contralateral ear. Third, TEOAE sup-
pression obtained by ipsilateral stimulation may be great-
er than that by contralateral stimulation. Hood et al. [13]
obtained mean TEOAE suppression of 2.4 and 1.5 dB in
normal hearing adults by ipsilateral and contralateral stim-
ulation, respectively.

Presently, there are a limited number of studies which have
evaluated the MOC reflex in adults by measuring the ipsi-
lateral suppression of TEOAEs using a forward-masking
paradigm. The exploratory study of Berlin et al. [12] in-
vestigated the effects of various test parameters on TEO-
AE suppression in seven normally hearing adults, compar-
ing TEOAE suppression obtained by binaural, ipsilateral,
and contralateral stimulation. Using bilateral, ipsilateral,
and contralateral suppressors (white noise for 408 ms, si-
lence for 10 ms, and then a click), Berlin and colleagues
obtained a root-mean-squared (RMS) mean suppression
amplitude across a time-window of 8-18 ms of 1.6, 0.9,
and 0.5 dB, respectively.

The MOC reflex provides useful clinical information for
understanding the auditory system and auditory disor-
ders. Studies have reported reduced or no suppression of
OAEs in patients with auditory neuropathy spectrum dis-
orders (ANSD) [13], auditory processing disorders [14],
unilateral acoustic neuroma with measurable OAEs [15],
space-occupying lesions in the superior olivary complex
of the brainstem [16], and unilateral tinnitus [17]. Indi-
viduals with hyperacusis may show large TEOAE suppres-
sion in the affected ear [18].

Hood et al. [13] compared TEOAE suppression obtained
from nine patients with bilateral ANSD and normally
hearing adults matched for age and gender. As suppres-
sor, 400 ms of wideband noise was presented either bin-
aurally, ipsilaterally, or contralaterally in a forward-mask-
ing paradigm (again, 10 ms of silence separated the noise
from the linear clicks). Results showed significantly dif-
ferent mean TEOAE suppression between the two groups
for all stimulation conditions (p<0.003). For the ANSD
group, mean suppression in the post-stimulus time win-
dow of 8-18 ms was 0.22 dB across all stimulation con-
ditions. For the control group, the corresponding mean
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suppression amplitudes (for right and left ears) were 4.57
and 4.37 dB (binaural), 2.67 and 2.15 dB (ipsilateral), and
1.65 and 1.39 dB (contralateral), respectively. No signifi-
cant differences in suppression were observed between the
right and left ears (p>0.05). In the same study, Hood and
colleagues also studied TEOAE suppression in a patient
with ANSD in the left ear only. TEOAEs were measured
using the same test procedure under the three test condi-
tions. The results indicated absence of suppression in the
right-ear-contralateral and left-ear-ipsilateral noise condi-
tions (i.e., noise in the left ear), indicating a deficit in af-
ferent function in the left ear.

In summary, the evidence of TEOAE suppression and
its link to the MOC system have highlighted the impor-
tance of further understanding the function of the effer-
ent auditory system. Although in previous studies TEO-
AE suppression has proven to be an indicator of MOC
activity, its full role and details of the TEOAE suppres-
sion spectrum are still not clear [10]. There are many dif-
ferent protocols to assess suppression, and as yet there is
no agreement on what constitutes an appropriate proto-
col to produce optimal results. There is also a lack of con-
sensus on the amount of suppression considered normal
in normally hearing adults. Findings from studies of ipsi-
lateral suppression of TEOAEs in normally hearing adults
range from 0.5-1 dB [12] to 2-4 dB [13]. Such variations
can be attributed to subject differences, test protocols, and
small sample sizes (<10). Normal TEOAE suppression lev-
els in healthy subjects still need to be established before
they can be used in clinical tests of the MOC system. To
date, the effects of gender and ear laterality on TEOAE
suppression have not been systematically investigated. To
help fill this gap, the present study aims to investigate the
characteristics of ipsilateral suppression of TEOAEs ob-
tained from a sample of normally hearing adults using a
forward-masking paradigm.

Material and methods

Participants

Initially, 30 adults were recruited from students of the
University of Queensland and their associates. Recruit-
ment and consent was conducted in accordance with eth-
ical guidelines prescribed by the Behavioural and Social
Sciences Ethical Review Committee of the University of
Queensland. Participants reported no history of significant
noise exposure or middle ear infection. In addition, par-
ticipants were required to pass an initial test battery con-
sisting of otoscopy, pure tone audiometry, immittance, and
TEOAE (pass criteria described in the next section). One
subject was excluded for failing to meet the selection cri-
teria, leaving 29 adults (13 males, 16 females). Their mean
age was 26.5 years (SD 5.9 years, range 18-42 years).

Procedure

Testing was conducted in a sound-treated room at the
University of Queensland Audiology Clinic with an aver-
age ambient noise level of less than 35 dBA as measured
with a CSL-254 sound level meter. Testing was undertak-
en by Masters of Audiology students with training in au-
diometric testing and TEOAE measurement. One ear per
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participant was assessed. Otoscopic examination was first
performed to identify any contraindications such as ob-
struction or abnormal tympanic membrane. Pure tone au-
diometry was conducted with a GSI 61 clinical audiom-
eter. All participants had air conduction thresholds less
than or equal to 20 dB HL at 0.25, 0.5, 1, 2, 3, and 4 kHz
in the test ear. Immittance testing was performed using
a Madsen Zodiac 901 tympanometer to determine mid-
dle ear status. All participants had Type A tympanograms
with a tympanometric peak pressure of 50 to —100 daPa,
static compliance of 0.3-1.6 mL, and ear canal volume of
0.9 to 1.8 mL [19]. Ipsilateral acoustic stapedial reflexes
to 1 and 2 kHz pure tone stimulations were observed at
or below 95 dB HL [20].

All TEOAE tests were performed using an ILO88 Otody-
namics Analyser (ver. 5.6Y). Calibration of the probe was
performed weekly or as necessary according to the man-
ufacturer’s specifications. To ensure adequate emissions
could be obtained, a conventional TEOAE test was per-
formed using the Quickscreen protocol (which was found
to produce more robust TEOAEs than the default protocol
[21]). The pass criterion was a 3 dB signal-to-noise ratio
(SNR) in at least four of five half-octave frequency bands
centred at 1, 1.5, 2, 3, and 4 kHz [21].

After passing the conventional TEOAE test, the partic-
ipant was assessed using a special protocol for TEOAE
suppression available from the ILO88 Otodynamics An-
alyser. TEOAEs were evoked using linear clicks at an in-
tensity level of 65 dB peak sound pressure level (pkSPL)
with and without broadband noise (BBN). The stimulus
intensity was based on previous studies which have dem-
onstrated greater suppression effects for lower rather than
higher intensity stimulus levels [9,17]; this level also max-
imises suppression while minimising the MEMR. Linear
clicks (of the same polarity) were used in order to avoid
distortions in response amplitude [9,12,22]. The record-
ing window following the click stimulus onset was set at
20.5 ms, as most suppression has previously been observed
8-18 ms after the click [6,22]. Averaging was done for 100
sweeps, with each sweep containing four stimuli, giving
a total average of 400 stimuli. The suppressor noise, 400
ms long, was presented ipsilaterally at 65 dB SPL in a for-
ward-masking paradigm (i.e., BBN preceded the clicks),
with 10 ms of silence separating the offset of noise from
the onset of the first click). Figure 1 illustrates the testing
and recording paradigms. A noise duration of 400 ms was
used because Hood et al. [23] found that the magnitude of
suppression increased with the duration of the suppressor
up to 400 ms. For each participant, TEOAE suppression
was measured as the difference between an initial record-
ing done with no suppressor noise and a second record-
ing with suppressor noise; the sequence was repeated and
then saved to a computer for analysis.

Data analysis

The TEOAE suppression data was initially analyzed us-
ing the Kresge EchoMaster (v.4) program [24] to quanti-
fy TEOAE amplitude, repeatability of the responses with-
out suppressor, and suppression effects across frequency
and time windows [25]. Each of the four TEOAE record-
ings was required to have a minimum SNR of 3 dB. To
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Figure 1. Paradigms for measuring TEOAE suppression.
The top panel shows the baseline condition, a quiet pe-
riod of 410 ms followed by 4 linear clicks of 0.08 ms at 65
dB pkSPL and a recording window of 20.5 ms. The lower
panel shows the suppression condition, 400 ms of sup-
pressor noise of 65 dB SPL and a gap of 10 ms, followed
by the same 4 linear clicks of 0.08 ms at 65 dB pkSPL and
a recording window of 20.5 ms. Suppression is calculated
as the difference between the two conditions

ensure repeatability of the two replications within each of
the with- and without-noise conditions, the cross-correla-
tion between them was required to be at least 0.7. When
these conditions were met, the two replications within each
of the with- and without-noise conditions were averaged.
Suppression was determined by subtracting the averaged
TEOAE response in the with-noise condition from that
in the without-noise condition. Responses were analyzed
in a time window of 3-20.5 ms after click stimulus offset
and in the time range of 8 to 18 ms, as previous studies
have consistently shown maximal suppression effects oc-
curring between 8 and 18 ms [9,12,22]. TEOAE respons-
es were then Fourier analysed at frequencies between 586
and 4883 Hz. Responses outside this frequency range were
excluded from analysis because they were usually small,
variable, or contaminated with noise.

Results

TEOAE suppression across frequency

TEOAE data from each participant were analysed as a
function of time and frequency. Figure 2 shows an exam-
ple of the results of TEOAE suppression obtained from
the right ear of one of the participants (a 33-year-old fe-
male). The differences across time between the without-
noise (A) and with-noise (B) conditions are shown in the
lower portion of Figure 2. Here the cursors are adjusted
to highlight the time period between 8 and 18 ms, and
the average suppression across this interval is 2.02 dB. The
corresponding frequency domain differences are shown
in the upper portion of Figure 2. It is clear there is a con-
sistent decrease in spectral amplitude for the suppressor-
present condition.

Table 1 shows a summary of TEOAE responses obtained
from the 29 participants with and without suppression.
In the unsuppressed (without-noise) condition (A), the
mean amplitude gradually increased from -10.0 dB at 586
Hz to a maximum of -2.7 dB at 1172 Hz, and then de-
creased to —-8.4 dB at 2734 Hz, finally decreasing rapidly
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Figure 2. Example of suppression obtained using ipsi-
lateral noise presented in a forward-masking paradigm
to one participant (a 33-year-old female with normal
auditory function). In the time domain (bottom), the un-
suppressed condition is shown as the red trace and the
suppressed condition in green. The cursors highlight the
region between 8 and 18 ms, where average suppres-
sion is calculated to be 2.02 dB. In the frequency domain
(top), suppression is shown as the gap between the two
colours

to —24.4 dB at 4883 Hz. Despite the small mean ampli-
tudes there was a consistent small suppression of about
1 dB and the standard deviations remained relatively con-
stant at 5-6 dB. The overall pattern of the group results is
comparable to those obtained from the individual whose
results are shown in Figure 2.

To compare TEOAE amplitudes between the without-noise
and with-noise conditions, an analysis of variance (ANO-
VA) was applied to the data with TEOAE amplitude as the
dependent variable, and condition (A/B), frequency (23
frequencies), ear (left/right), and gender as independent
variables. An alpha level of 0.05 was used for all analyses.
The Greenhouse and Geisser (G-G) [26] approach was
used to compensate for violation of compound symme-
try and sphericity. The ANOVA results showed a signifi-
cant condition effect [F(25, 1)=83.636, p<0.0001), signif-
icant frequency effect [F(25, 22)=96.885, p<0.0001], and
a significant Condition x Frequency interaction [F(191.4,
22)=2.568, p=0.012]. All other main effects and their in-
teractions did not reach significance (p>0.05).

The condition effect was further investigated using a paired
samples t-test with Bonferroni adjustment. The results
showed that the TEOAE amplitudes for the without-noise
condition were significantly greater than those for the
with-noise condition at 781, 977, 1172, 1367, 1563, 1758,
1953, 2148, 2344, 2539, 2734, 2930, 3125, 3320, 3516, and
3711 Hz (p<0.002). The Condition x Frequency interac-
tion indicates that the pattern of TEOAE amplitudes ob-
tained under the without-noise condition was different
from that obtained under the with-noise condition across
the frequencies.

In view of the significant frequency effect, a post hoc mul-
tiple comparisons test with Bonferroni adjustment was
performed. The results, shown in Table 2, indicate signif-
icant differences in TEOAE amplitude across frequencies.
In particular, the pattern of results indicated a significant
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Table 1. Mean amplitudes and standard deviations of TEOAE responses obtained from 29 normally hearing adults under

the without-noise (A) and with-noise (B) conditions

Frequency A: mean amplitude A: standard deviation B: mean amplitude B: standard deviation
(Hz) (dB) (dB) (dB) (dB)
586 -10.02 3.52 -10.95 3.89
781 -5.67 4.29 -7.04 4.49
977 -3.43 4.40 -4.74 4.28
1172 -2.66 4.35 -3.78 4.22
1367 -3.40 4.89 -4.40 5.01
1563 -4.40 5.21 -5.32 5.21
1758 -6.89 4.75 -8.03 4.79
1953 —-7.26 5.53 -8.46 5.52
2148 -6.97 6.48 -7.86 6.38
2344 -6.93 5.61 -7.49 5.55
2539 -6.98 5.65 —~7.64 5.65
2734 -8.37 5.03 -9.06 4.79
2930 -10.03 5.19 -10.91 4.84
3125 -12.34 5.18 -13.05 4.84
3320 -14.71 4.85 -15.66 5.15
3516 -16.49 5.49 -17.45 5.68
3711 -18.26 5.66 -19.40 6.09
3906 -19.05 6.04 -19.54 5.74
4102 -19.19 6.08 -19.73 5.83
4297 -21.52 541 -22.05 541
4492 -22.66 493 -23.05 4.72
4688 -23.73 5.68 -23.81 5.13
4883 -24.37 4.99 -24.86 4.99

decrease in amplitude as the frequency increased from
2930 to 4883 Hz.

The significant difference in TEOAE amplitude between
the without-noise and with-noise conditions characteriz-
es the suppression effect (A-B) due to noise. Figure 3 pre-
sents the mean suppression and standard deviation at 23
tested frequencies. Mean suppressions were greater than
0.56 dB from 586 to 3711 Hz, with three noticeable peaks
of 1.37, 1.19, and 1.14 dB at 781, 1953, and 3711 Hz, re-
spectively. The mean suppression reached as low as 0.08
dB at 4688 Hz.

To compare suppression across frequencies, an ANOVA
with repeated measures was applied to the data with sup-
pression (A-B) as the dependent variable, and frequency
(23 frequencies), ear (left/right), and gender as independ-
ent variables. To compensate for violation of compound
symmetry and sphericity, the G-G approach was again
used. The results showed a significant frequency effect
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[F(7.7,191.4)=2.568, p=0.012]. None of the other main ef-
fects and interactions reached significance (p>0.05).

In view of the significant frequency effect, a post hoc
multiple comparisons test with Bonferroni adjustment
was performed. The results showed significant differenc-
es in TEOAE amplitude between 781 and 4688 Hz only
(p=0.025). None of the other comparisons reached sig-
nificance (p>0.05).

TEOAE suppression across time

When the Kresge EchoMaster Program was set to analyze
data in the time domain, suppression level was found to
depend on time, with maximum suppression occurring at
8-18 ms after the click stimulus [6,22]. In the present study,
the suppression (A-B) during the 8-18 ms window was
measured for all participants, but due to a computer prob-
lem data could only be retrieved for 19 of them (11 F and
8 M; 10 right and 9 left ears). Mean suppression was 1.32
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Table 2. Results of post hoc multiple comparisons of TEOAE amplitudes across frequencies. Significant differences (p<0.05)
are marked with an asterisk; insignificant differences are marked with a dash

Fre‘(‘:ze)"cy 586 781 977 1172 1367 1563 1758 1953 2148 2344 2599 2734 2930 3125 3320 3516 3711 3906 4102 4297 4492 4688 4883
586 * * * * * — _ _ _ _ _ _ _ * * * * * * * * *
781 * _ _ _ _ _ _ _ _ _ * * * * * * * * * * *
977 — - — _ _ _ _ _ * * * * * * * * * * * *
1172 — — * * — _ — * * * * * * * * * * * *
1367 — * * _ _ _ * * * * * * * * * * * *
1563 * _ _ _ _ _ * * * * * * * * * * *
1758 _ _ _ _ _ _ * * * * * * * * * *
1953 _ _ _ _ _ * * * * * * * * * *

2148 _ _ _ _ * * * * * * * * * *
2344 _ _ _ * * * * * * * * * *
2599 _ _ * * * * * * * * * *
2734 — * * * * * * * * * *
2930 * * * * * * * * * *
3125 * * * * * * * * *
3320 _ _ _ _ * * * *
3516 _ _ _ _ * * *
3711 - — — _ _ *
3906 - - - - _
4102 - - _ *
4297 - — _
4492 _ -
4688 _
4883
3.0 Figure 3. Mean suppression (in dB) at 23
frequencies between 586 and 4883 Hz
_ T obtained from 29 normally hearing adults.
25+ The error bars represents 1 SD from the
mean
Z 20
8
£ 15
£
2 10—
0.5
N R R EBER2IRSSASE-SSR5 83
ARG CENCESRNRARRESRRFETITEE

Frequency (Hz)

dB (SD 0.71 dB; range 0.22-3.23 dB). A one-way ANOVA
was applied to the suppression data with gender and ear as
independent variables. The results showed no significant
ear effect [F(15,1)=0.602, p=0.45], no significant gender
effect [F(15,1)=1.245, p=0.282], and no significant Ear x
Gender interaction [F(15,1)=2.718, p=0.12].

To investigate TEOAE suppression as a function of time,
suppression amplitude was measured from 3 to 19 ms in
intervals of 2 ms, and the mean results for the 29 subjects
are shown in Table 3. As evident, the mean suppression
increased rapidly from 2 to 8 ms, and then stayed at an el-
evated level (greater than 1 dB). The greatest suppression
occurred at 16-18 ms, and then decreased slightly. Because
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Table 3. Mean and standard deviations of TEOAE suppression obtained from 29 normally hearing adults

Time window (ms) Mean suppression (dB) Standard deviation (dB) Range (dB)
2-4 0.10 0.73 -1.54to 1.55

4-6 0.30 0.64 -1.75to 1.40

6-8 0.89 0.99 -1.71 to 4.04

8-10 1.09 1.07 -1.41to 3.11
10-12 1.15 1.21 -1.83to0 4.62
12-14 1.10 1.21 -1.08 to 3.70
14-16 1.69 1.39 -1.87to 5.51
16-18 2.26 2.13 -1.48t06.78
18-20 1.56 2.60 -3.59t07.86

Table 4. Results of post hoc multiple comparisons of TEOAE suppression across time windows. Significant differences
(p<0.05) are marked with an asterisk; insignificant differences are marked with a dash

Time window (ms) 2-4 4-6 6-8 8-10

10-12 12-14 14-16 16-18 18-20

2-4 - -

* * * *

4-6 -

6-8

8-10

10-12

12-14

14-16

16-18

18-20

the ILO88 applies a Hamming window function on the TE-
OAE recordings (suppressing responses before 2.5 ms to
eliminate stimulus ringing and again from 18.5-20.5 ms
to reduce noise), the results obtained within the first and
last intervals might not be accurate.

To compare the size of the suppression effect across time,
an ANOVA with repeated measures was conducted using
TEOAE suppression as the dependent variable and time
window (each of the nine 2-ms windows), ear (left/right),
and gender as independent variables. The G-G [26] ap-
proach was again used to compensate for violation of com-
pound symmetry and sphericity. The results revealed a sig-
nificant main effect for the time window [F(4,200)=7.046,
p<0.001], with an observed power of 0.993. No significant
ear or gender effect, or its interaction with time window,
was observed (p>0.05). A post hoc multiple comparisons
test with Bonferroni adjustment was performed. The re-
sults, shown in Table 4, indicate significant differences in
TEOAE suppression across time windows. Essentially, the
mean suppression values within the 2-4 ms and 4-6 ms
time windows were significantly smaller in comparison to
those within other time windows.

32

Effect of noise on suppression

In measuring TEOAEs, noise was a possible confound-
ing factor and difficult to assess. The noise, measured in
the ear canal during testing under the forward-masking
condition, varied from person to person. This noise lev-
el was the average in dB SPL detected by the microphone
during samples which were not rejected by the ILO88
software [27]. Two noise measures were used for further
analyses: Noise  was the average of the noise for the two
tests under the without-noise condition and Noise  was
the average of the noise for the two tests under the with-
noise condition. There was no significant difference be-
tween Noise  and Noise  (mean values were —37.94 and
-37.99 dB, respectively). When an ANOVA with repeat-
ed measures was applied to the noise data with gender
and ear as independent variables there were no signifi-
cant main effects for noise, gender, and ear, or their in-
teractions. A 2-tailed Pearson correlation test between
Noise  and Noise showed that the two variables were
highly correlated [p=0.933, p<0.0001, N=29]. In view of
these results, Noise  and Noise  were averaged to form a
new variable Noise_.

© Journal of Hearing Science® - 2016 Vol. 6 - No. 3
DOI: 10.17430/900149



Table 5. Results of Pearson correlation between Noise,,
and suppression obtained at various time windows from
29 normally hearing adults

Kei et al. — Ipsilateral suppression of transient evoked...

Table 6. Pearson correlations between Noise,, and sup-
pression obtained at 23 frequencies from 29 normally
hearing adults

Time windows Pearson Significance T () Pearson Significance
(ms) correlation (2-tailed) q y correlation (2-tailed)
2-4 0.221 0.250 586 -0.299 0.163
4-6 0.187 0.333 781 -0.308 0.104
6-8 -0.288 0.130 977 0.327 0.083
8-10 0.021 0.915 1172 -0.115 0.551
10-12 -0.193 0.316 1367 -0.226 0.238
12-14 -0.518 *0.004 1563 -0.278 0.144
14-16 -0.318 0.093 1758 -0.253 0.186
16-18 0.052 0.789 1953 -0.270 0.156
18-20 -0.099 0.611 2148 -0.404 *0.030
Correlations with p<0.05 are marked with an asterisk. 2344 -0.393 *0.035
To investigate the effect of noise on suppression, a 2-tailed 2539 —0.245 0.201
Pearson Forrelatlon test was apphe.d between Noise, and 2734 0.082 0673
suppression at each of the time windows. The results are
summarized in Table 5. Noise was found to significantly 2930 0.106 0.584
correlate with suppression within the 12-14 ms time win-
dow (p=-0.518, p=0.004), indicating that TEOAE suppres- 3125 0.072 0710
sion decreased with increasing noise level in the ear canal. 3320 20067 0.729
Negative correlation coefficients, though not significant,
were observed at time windows of 6-8, 10-12, 12-14, 3516 0.207 0.282
14-16, and 18-20 ms. Further analysis to determine the 3711 0.382 “0.041
relationship between Noise  and the average suppression : :
across the entire 8—18 ms time window using a 2-tailed 3906 0.090 0.643
Pearson correlation test showed an insignificant negative
correlation (p=-0.251, p=0.299, N=19). 4102 -0.273 0.152
Lo . . . . 4297 161 404
Investigation into the relationship between Noise  and ? 016 040
suppression at different frequencies was conducted using a 4492 0.055 0.776
2-tailed Pearson correlation test. The results, shown in Ta-
ble 6, showed significant negative correlations at 2148 Hz 4688 -0.123 0.524
and 2344 Hz (p=-0.404, p=0.03, and p=-0.393, p=0.035, re- 4883 0.067 0.729

spectively), and significant positive correlation at 3711 Hz
(p=0.382, p=0.041). The general pattern of results showed
low negative correlations from 586 Hz to 2539 Hz, except
for 977 Hz, and low positive correlations from 2734 Hz to
4883 Hz, except for 3320, 4102, and 4688 Hz.

Discussion

The primary aim of the present study was to investigate
the characteristics of ipsilateral suppression of TEOAEs
obtained from normally hearing adults using a forward-
masking paradigm. Previous studies investigating ipsilat-
eral suppression of TEOAEs usually found the largest sup-
pression amplitudes between 8 and 18 ms, although they
were for small sample sizes. The present investigation is
the first to analyze suppression effect in both the time and
frequency domains.

The TEOAE spectra for the two conditions indicate fair-
ly robust TEOAE amplitudes exceeding -9 dB SPL from
781 to 2734 Hz. Beyond 2734 Hz, the amplitude decreased

rapidly to below -24 dB SPL at 4883 Hz (Table 1). Fur-
ther examination of the TEOAE data revealed large and
comparable standard deviations for both without-noise
and with-noise conditions. This indicates that the TEO-
AE amplitudes were quite variable between subjects. How-
ever, the variability of TEOAE amplitudes was about the
same for the two test conditions.

The present study found significant differences in TEOAE
amplitude across frequencies between the without-noise
(A) and with-noise (B) conditions (see Table 1). Despite
the small differences in mean TEOAE amplitude (which
varied from 0.08 to 1.37 dB across frequencies from 586 to
4883 Hz), these results provide clear evidence of TEOAE
suppression at all frequencies between 781 and 3711 Hz.

The study found that mean suppression varied significantly
with frequency, with a maximum suppression of 1.37 dB
at 781 Hz and minimum suppression of 0.08 dB at 4688
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Hz (Figure 3). The overall pattern of suppression showed
greater suppression at frequencies between 586 and 3711
Hz than at higher frequencies (23906 Hz). This trend of
greater suppression at low and mid frequencies, but not
high frequency, was observed by Collet et al. [22], Hood
et al. [9], and Veuillet et al. [17] in their studies of TEO-
AE suppression using a contralateral suppressor. The find-
ings of the present study agree with those of Velenovsky
and Glattke [28] who found that the strongest suppression
occurred between 1 and 4 kHz. They suggested that this
region of the cochlea is more sensitive to sound or there
may be stronger efferent control due to a high density of
MOC efferent innervation in this region.

When suppression was measured within the 8—18 ms time
window, as suggested by Hood et al. [13,25], the mean sup-
pression was 1.32 dB. This value was greater than the 0.9
dB obtained by Berlin et al. [12] and 0.5 dB obtained by
Tavartkiladze et al. [29], but smaller than the 2.4 dB ob-
tained by Hood et al. [13]. The discrepancies may be due
to individual differences between participants. In addition,
there are differences in sample size between the present
and the other studies, and the present study used a larg-
er sample size than previous studies although it used the
same protocols and recording paradigms.

The magnitude of TEOAE suppression was found to vary
significantly across windows, with maximum mean sup-
pression of 2.26 dB in the 16-18 ms window and a mini-
mum of 0.1 dB in the 2-4 ms window and another mini-
mum of 0.3 dB in the 4-6 ms window. Other suppression
studies have also found variation in suppression values
across time windows. For example, Berlin et al. [12] found
that the greatest suppression effect occurred at 18-20 ms,
with the least in the 2-8 ms window. Although these results
do not reproduce those of the present study, both indicate
a trend of increasing suppression with time. These results
need to be interpreted with caution because the TEOAE
suppression amplitudes measured at 2-4 ms and 18.5-20.5
ms might not be accurate due to the Hamming window-
ing introduced by the ILO88 device. The low suppression
recorded during the early windows corresponds to min-
imal suppression at high frequencies (23906 Hz), as re-
ported in the Results. In contrast, the greater suppression
recorded in the later windows (8-20 ms) conforms with
a greater suppression in the frequency range of 586-3711
Hz, not higher frequencies (>3711 Hz).

The present study revealed that TEOAE suppression as a
function of time could be influenced by noise in the ear
canal. This effect has not been reported by previous stud-
ies. A significant moderate negative correlation (p=-0.518,
p=0.004) was observed between noise and suppression
in the 12-14 ms time window, indicating that TEOAE
suppression decreased with increasing noise levels (see
Table 5). These results suggest that ambient and physio-
logical noise should be minimized in order to reduce its
effect on TEOAE suppression. These results may have im-
portant clinical implications, either in terms of measuring
TEOAE suppression for screening purposes or as a pro-
spective clinical tool. As noise is a possible confounding
factor in measuring TEOAE suppression, caution should
be made in interpreting TEOAE data, especially when
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comparing suppression between two subject groups with
different physiological and ambient noise levels.

The effect of noise on suppression at various frequencies
was also investigated. Interestingly, the results showed a
trend of weak to moderate negative correlations in the low-
er frequency range of 586 to 2539 Hz (except for 977 Hz)
and a trend of weak positive correlations in the higher fre-
quency range of 2734 to 4883 Hz (except for 3320, 4102,
and 4688 Hz) (Table 6). In particular, there were signifi-
cant negative correlations at 2148 and 2344 Hz, indicat-
ing that suppression decreased as noise in the ear canal
increased. These results may have implications for the ef-
fect of noise on the TEOAE suppression spectrum. Noise
in the ear canal which has dominant spectral components
between 586 to 2539 Hz could have an effect of reducing
suppression. In contrast, an opposite effect was observed
at higher frequencies, from 2734 to 4883 Hz, such that an
increase in noise resulted in an increase in suppression (es-
pecially at 3711 Hz where suppression reached a maximum
of 1.14 dB). The reasons for this phenomenon are unclear;
it is possible that noise in the ear canal and noise from the
suppressor have different effects on the basilar membrane.

The results showed no significance in suppression between
the genders, despite the fact that females have been found
to exhibit greater TEOAEs than males [30]. Perhaps the
difference in TEOAE suppression between genders was too
small to be of statistical and clinical significance. The pre-
sent study did not find any significant difference in sup-
pression between the ears, although right ears appeared
to produce greater suppression than the left (0.91 dB ver-
sus 0.71 dB). Future studies using a larger sample size are
needed to confirm this effect.

Conclusions

The present study has provided evidence of ipsilateral TE-
OAE suppression in the time and frequency domains us-
ing a forward-masking paradigm in a group of normal-
ly hearing adults. The mean suppression measured within
the 8-18 ms time window was 1.32 dB. The amount of TE-
OAE suppression varied depending on the time window
and analysis frequency. No significant gender or ear effect
was observed. Noise in the ear canal was found to have a
significant effect on suppression, with increased level of
noise resulting in reduced suppression at particular fre-
quencies between 586 and 2539 Hz and enhanced suppres-
sion at frequencies between 2734 and 4883 Hz. Therefore,
future studies may benefit from implementing measures
to reduce noise levels. Overall, this study has contributed
to the limited body of research on ipsilateral suppression
of TEOAES in adults using a forward-masking paradigm.
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MOC - Medial olivocochlear;
OAE - Otoacoustic emission;
OHC - Outer hair cell;
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SNR - Signal-to-noise ratio;
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