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Abstract

Background: Contralateral suppression of click-evoked otoacoustic emissions (CEOAEs) is a potentially useful clinical tool. Recent stud-
ies have provided descriptions of the reliability of this measure. In terms of their clinical relevance, the studies were limited as they utilised
custom-built measurement systems or were conducted by a single tester over a short time. Further, previous studies generally reported only
group data. The present study addresses these limitations by reporting individual and group data collected by two testers, using standard clin-
ical equipment over longer time-frames.

Material and methods: Contralateral suppression of CEOAEs was recorded from 12 ears using the ILO 292 system. Clicks and contralater-
al broadband noise (BBN) were presented at 60 dB p.e. SPL and 65 dB SPL respectively. Global and best half-octave band suppression values
(in dB) were measured on four separate occasions by two testers spanning an average period of 35.5 days. Reliability was assessed via the in-
traclass correlation coefficient (ICC) and the standard error of measurement (SEm). Multilevel regression analysis was used to explore po-
tential causes of variation in suppression.

Results: Global suppression reliability was shown to be worse than previous reports, with only fair to good reliability observed. ICC and SEm
values were 0.57 and 0.47 dB respectively. Corresponding values for best half-octave band suppression were 0.49 and 0.64 dB. Further analy-
sis revealed no significant effect on contralateral suppression for a range of variables tested. Substantial variation (up to 2 dB) in contralater-
al suppression between test sessions was seen for individual subjects.

Conclusions: Findings suggest that contralateral suppression of CEOAEs, measured by separate testers using standard clinical equipment, is
not reliable over long time periods.
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FIABILIDAD A LARGO PLAZO CON IMPORTANCIA CLINICA DE LA SUPRESION
CONTRA-LATERAL DE LAS EMISIONES OTOACUSTICAS EVOCADAS POR CLICKS

Resumen

Introduccidn: La supresion contralateral de las emisiones otoacusticas evocadas por clicks (CEOAE) constituye una herramienta clinica po-
tencialmente util. Los estudios recientes describen la credibilidad de dicho método de medicion. Dichos estudios estan sin embargo limita-
dos en cuanto a la utilidad clinica, ya que usaban sistemas de medicion no estandar o bien las realizaba un solo investigador en un periodo
de tiempo corto. Ademis, los estudios anteriores usaban por lo general inicamente datos grupales. En el estudio presente, se han tomado en
cuenta dichas limitaciones, alegando a datos tanto individuales como grupales, provenientes de periodos de tiempo mas largos. Estos datos
se han recogido por dos investigadores, utilizando dispositivos clinicos estandar.

Materiales y métodos: La supresion contralateral de las CEOAE se midi6 en 12 oidos, utilizando el sistema ILO 292. Clicks o ruido de banda
ancha (BBN) fueron aplicados de forma contralateral al nivel de 60 dB p.e. SPL y 65 dB SPL, respectivamente. Los dos investigadores men-
cionados midieron cuatro veces los valores globales y los mejores valores de media octava de la supresion (en dB), sin embargo cada medi-
cion se realizé de forma independiente, con un intervalo medio de 35,5 dias. La fiabilidad se evalud en base al coeficiente de correlacion in-
traclase (ICC) y el error estindar de medida (SEm). Para profundizar los posibles motivos de las diferencias de supresion se empled el analisis
de regresién multinivel.

Resultados: Se ha observado que la fiabilidad del valor de supresion global era menor que en los estudios anteriores y encajaba solo en el ran-
go entre moderada a buena. Los valores de ICC y SEm eran de 0,57 y 0,47 dB, respectivamente. Los valores analogos de dichos indicadores
para los mejores valores de media octava de la supresion eran de 0,49 y 0,64 dB, respectivamente. A lo largo del analisis se ha demostrado que
no hay una influencia importante sobre la supresion contralateral en el ambito de las variables examinadas. En algunos casos, se ha observa-
do una diferencia de supresion contralateral importante (de hasta 2 dB) entre las distintas sesiones de medicion.
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Conclusiones: Los resultados sugieren que la supresion contralateral de las CEOAE medida por varios investigadores y utilizando dispositi-
vos clinicos estandar no demuestra fiabilidad a largo plazo.

Palabras clave: emision otoacustica evocada por clicks « CEOAE « supresion contralateral o fiabilidad

KIMHNYECKN CYIIECTBEHHAZ, JOJITOCPOYHAA DOCTOBEPHOCTD
KOHTPAJIATEPAJIBHOTO 3ATJIYIIEHUA OTOAKYCTUYECKON SMIUCCUMN,
BBI3BAHHOW IETYKAMU

W3noxxenue

Beenenne: KonTpanaTepanbHoe 3aryllieHne OTOAKYCTUYECKOI aMuccuy, BpisanHoil menukamyu (CEOA1E), ABnAeTcsa NOTeHIMA Ib-
HO IIO/Ie3HBIM KIMHUYECKUM MHCTPyMeHTOM. IToc/eHue McCIeoBaHms ONMChIBAIOT IOCTOBEPHOCTD 3TOr0 U3MepeHusA. B konTekcre
KJIMHUYECKON TOIe3HOCTU JMaHHBbIC UCCIICIOBAHUA 6])1)'[]/[ OT'paHNYEHDI, HOCKO]II)Ky B HUIX MCIIO/Ib30Ba/IMICh HECTAHJAPTHbIC U3MEPU-
Te/IbHbIe CUCTEMBI VI MX IIPOBOJYI TOMBKO OfIMH MCCIIEIOBATeIb B KOPOTKIE cpoku. Kpome Toro, 6o/mee paHHue MccnefoBaHms uc-
IIO/Tb30Ba/N, KaK IIPaBUIO, UCKIIOYNTEIBHO prHHOBbIe TaHHBIE. B HACTOAILIEM UCCIETOBAHUN OTMEYCHDI BI)I]_L[eyKaEEaHHbIe OorpaHm-
YeHMs, C yKa3aHMeM VHMBIU/YaTbHBIX U TPYIIIOBBIX JAHHBIX, IOTYYeHHBIX 3a [UINTeIbHbIC BpeMEHHbIe IPOMEXYTKI. DTU JaHHbIE
6bUIM COOPAHbI ABYMA MCCIEIOBATENAMMN C UCIIOb30BAHMEM CTaHAAPTHOTO KIMHUYECKOTO 060py/IOBaHMA.

Marepuan u metopbr: KonrpanarepanpHoe sarnymenne CEOAE 6bima nsmMepena B 12 ymax ¢ ucronb3oBaHuem crctemsr ILO 292.
lemryku u mypononocuslit myMm (BBN) mopaBanucy KoHTpaaTepaabHO Ha ypoBHe cooTBeTCTBeHHO 60 ob p.e. SPL u 65 nb SPL. [IBa
YKasaHHBIX MCCIIeOBaTe A YeThIpe pasa M3Mepuan rmobanbHble 3HAYCHNA U JTydIlne TOTyOKTaBHble 3HaYeHNs 3arnyuieHus (B ub),
IpUYEM KaXk[oe M3MepeHye IPOBOANIOCh He3aBUCHMO, CO CPEIHMMM IPOMeXXyTKaMu 35,5 nHeil. JloCTOBEpHOCTD OlleHMBa/Iach Ha
OCHOBAaHMN BHYTpUKIAaccoBoro koadduumenta kopemtaunn (ICC) u crangapTaoit ommnbku nsmepennsa (SEm). Yto6sr nsyunts Be-
PpOsITHBIE IPUYVHBI Pas3/INIMil 3aTTyLIeHNUs], MCIIO/Ib30BaJICsI MHOTOYPOBHEBBIII aHA/IN3 PerpecCui.

Pesynbrarbl: Bbio 06Hapy»)KeHO, YTO JOCTOBEPHOCTD I7106a/IbHOTO 3HAYEHMs 3aITyLIeHNs OblIa HIDKe, 4eM B 6o/lee paHHMX pabo-
TaX, ¥ HAXO[W/IACh B IMalla30He TOTbKO OT yMepeHHoI1 1o xopomieit. 3HadeHnsa ICC u SEm cocrasnam coorBeTcTBeHHO 0,57 1 0,47
nb. AHanormyHo 3sHaYeHMA 3TUX ITOKa3aTesleil 1A Ty4IINX [10/IyOKTaBHbIX 3HaYeHMI1 3arayuenns coctasisamu 0,49 u 0,64 nb. B npo-
1Ljecce Ja/bHelIIero ananmsa 610 0OHAPY)KEHO OTCYTCTBHUE CYIeCTBEHHOTO BIVAHMA Ha KOHTPAIaTePalbHYI0 CYNIPeccuio B 06/a-
CTV MCC/Ie[OBABILNXCS IIePEMEHHBIX. B HeKOTOPBIX Ciydasx Oblia 0GHApY>KeHa CyllecTBeHHas pasHuua (fo 2 1b) KoHTpanaTepan-
HOTO 3aI/TyIIEHUA MEX/Ty OT[e/IbHBIMU N3MEPUTETbHBIMU CECCUAMIMI.

BriBogpr: IlomryuyeHHbIe pe3y/nbTaThl MO3BOAIOT CAENATh BBIBOJ, YTO KOHTpanaTrepanbHoe 3armymenne CEOAE, nusmepsemoe pas-
HBIMJ VICC/IEOBATE/ISIMY C IIOMOLIBI0 CTAHAAPTHOIO MEAVIIMHCKOrO 060PYLOBaHMsI He II0KAa3bIBAET JOITOCPOYHYIO JOCTOBEPHOCTS.

KiroueBsbie cioBa: OTOAKYCTNYECKAA OMUCCHS ¢ BbI3BaHHAA LIETIKAMU o CEOAE « KOHTpa/IaT€pa/IbHOE 3aI/TyIIEHNE ¢ JOCTOBEPHOCTD

KLINICZNIE ISTOTNA, DEUGOTERMINOWA WIARYGODNOSC SUPRESJI
KONTRALATERALNE]J EMISJI OTOAKUSTYCZNYCH WYWOLANYCH TRZASKIEM

Streszczenie

Wprowadzenie: Supresja kontralateralna emisji otoakustycznych wywotanych trzaskiem (CEOAE) jest potencjalnie przydatnym narzedziem
klinicznym. Ostatnie badania opisujg wiarygodnos¢ tego pomiaru. W kontekscie przydatnosci klinicznej badania te byly ograniczone, po-
niewaz wykorzystywano w nich niestandardowe systemy pomiarowe, badz przeprowadzal je tylko jeden badacz w krétkim czasie. Ponadto,
wczesniejsze badania wykorzystywaty na ogét wylacznie dane grupowe. W niniejszym badaniu odniesiono si¢ do powyzszych ograniczen,
przywolujac dane indywidualne i grupowe, pochodzace z dluzszych odcinkow czasowych. Dane te zostaly zgromadzone przez dwoch bada-
czy z wykorzystaniem standardowego sprzetu klinicznego.

Material i metody: Supresje kontralateralng CEOAE zmierzono w 12 uszach, uzywajac systemu ILO 292. Trzaski oraz szum szerokopasmowy
(BBN) podawano kontralateralnie na poziomie odpowiednio 60 dB p.e. SPL oraz 65 dB SPL. Wymienieni dwaj badacze czterokrotnie zmie-
rzyli wartosci globalne i najlepsze wartosci potoktawowe supresji (w dB), przy czym kazdy pomiar przeprowadzano niezaleznie, w odstepach
$rednio 35,5 dni. Wiarygodno$¢ oceniono na podstawie wspoélczynnika korelacji wewnatrzklasowej (ICC) oraz standardowego bledu pomia-
ru (SEm). Aby zglebi¢ prawdopodobne przyczyny réznic supresji, wykorzystano wielopoziomowg analize regresji.

Wyniki: Zaobserwowano, iz wiarygodno$¢ wartoéci globalnej supresji byta nizsza niz w poprzednich doniesieniach oraz miescita sie w prze-
dziale tylko od umiarkowanej do dobrej. Wartosci ICC i SEm wynosily odpowiednio 0,57 oraz 0,47 dB. Analogiczne wartoéci tych wskazni-
kéw dla najlepszych wartosci potoktawowych supresji wynosity 0,49 oraz 0,64 dB. W toku dalszej analizy wykazano brak istotnego wplywu
na supresje kontralateralng w zakresie badanych zmiennych. W niektérych przypadkach zaobserwowano istotng réznice (do 2 dB) supresji
kontralateralnej miedzy poszczegdlnymi sesjami pomiarowymi.

Whioski: Wyniki sugeruja, iz supresja kontralateralna CEOAE mierzona przez roéznych badaczy przy pomocy standardowego sprzetu medycz-
nego nie wykazuje dtugoterminowej wiarygodnosci.

Stowa kluczowe: emisja otoakustyczna wywolana trzaskiem « CEOAE « supresja kontralateralna « wiarygodnos¢
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Introduction

The presence of click-evoked otoacoustic emissions (CEO-
AEs) in normal hearing ears is well established [1-3].
CEOAE:s are used widely in the clinical setting as an ob-
jective measure of cochlear function [2,3], and commer-
cial equipment is available for this purpose, such as the
ILO 292 system (Otodynamics Ltd, London, UK). CEO-
AE amplitude can be reduced (suppressed) by stimula-
tion of the contralateral ear by broadband noise (BBN)
[4-6]. This contralateral suppression of CEOAEs is pos-
sible due to the medial olivocochlear (MOC) system that
provides a neural pathway from the brainstem to the out-
er hair cells within the cochlea [7-10]. The ILO 292 is also
able to measure contralateral suppression of CEOAEs and
is used in clinical settings for this purpose.

Potential roles suggested for the MOC system include
enhancing auditory perception in noise [11,12], audito-
ry plasticity [13,14], selective auditory attention [15-17],
and providing protection against acoustic trauma [18].
Further, impaired MOC function has been reported in
cases of auditory neuropathy [19], auditory processing
disorders [20], tinnitus [21], learning disability, and au-
tism [22,23].Thus there is significant diagnostic potential
for contralateral suppression of CEOAEs to be used as a
measure of the MOC system. In addition, monitoring ap-
plications of contralateral suppression of CEOAEs have
been proposed. For example, authors have suggested con-
tralateral suppression could be used to detect and moni-
tor physiological changes due to mild head injury [21,24],
exposure to neuro-toxic chemical agents [25], or as a re-
sult of auditory training [13,14].

In order for these potential applications to be successful
in a clinical setting, it is necessary that contralateral sup-
pression of CEOAE:s is a repeatable measure. Specific to
monitoring applications, it is necessary that contralater-
al suppression is stable (in the absence of physiological
changes to the MOC system) over relatively long time pe-
riods, i.e. several weeks. It is possible that changes to sub-
ject-related factors such as middle ear status or CEOAE
characteristics could lead to significant variation in the
amount of contralateral suppression observed from test
to test. Environmental factors, such as noise exposure and
drug use, might also contribute to instability of the meas-
urement. It is also necessary that contralateral suppression
of CEOAE: is reliable across different testers. Differences
in probe-fitting technique between testers could result in
variation in click and BBN spectra and level that in turn
lead to variable suppression measurements. It is also de-
sirable to understand reliability at both the subject and
group level, and for equipment and metrics that are used
widely in clinical settings.

Previous authors have reported reliability data for con-
tralateral suppression of CEOAEs. However, a number
used custom measurement equipment that would not typ-
ically be used in a clinical setting. Using such equipment,
de Boer and Thornton [13] described data from a study in-
vestigating auditory learning and MOC activity that were
held to show stable contralateral suppression of CEOAEs
over time. However, measurements were made by a single
tester only over a short time period of 4 days. Further, no
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conventional measure of reliability or individual subject
data was reported. Marshall et al. [26] used non-standard
equipment to obtain estimates of the reliability of contralat-
eral suppression measures for chirp-evoked otoacoustic
emissions. Again, measurements were made over a short
time period (typically 1 day) and by a single tester, and as
such are limited in terms of their clinical relevance. Fur-
ther, contralateral suppression was reported as a complex
estimate of MOC reflex strength (%). While more complex
metrics may provide more accurate estimates of the activi-
ty of the MOC [12,26,27], they are less likely to be used in
a clinical setting where the simple difference (in dB) be-
tween CEOAE recordings is typically used. Reliability of
contralateral suppression was estimated from group data
by the standard error of measurement (SEm). Results in-
dicated “good” reliability, with a SEm of 3.8% (in compar-
ison to median contralateral suppression of 41%). Mertes
and Goodman [28] also used custom-built equipment to
study changes in CEOAE contralateral suppression, with
measurements in their study made over a period of up to
35 days. However, less relevant to the clinical setting, con-
tralateral suppression was calculated as a complex quan-
tity that took into account magnitude and phase changes,
and all measurements were made by a single tester. Similar
to the previous studies, Mertes and Goodman found high
levels of reliability at the group level, with Cronbach’s a
typically greater than 0.8. In contrast to other studies, they
also reported within-subject data that demonstrated sub-
stantial variability. They therefore concluded that chang-
es as large as 2 dB would be needed to be certain that a
change in suppression was caused by a particular pathol-
ogy. Finally, Mishra and Lutman [29] reported a detailed
reliability study in which CEOAEs were recorded using
the ILO 292 while a customised set-up was used to de-
liver BBN. All measurements were made by a single test-
er on two occasions separated by up to 4 days. Reliability
of contralateral suppression (in dB) was estimated using
Cronbach’s a which indicated good reliability across sub-
jects (a=0.8). Variation at the individual subject level was
not specifically described, although Bland-Altman plots
showed individual differences between tests ranging from
near zero to over 1 dB.

Other studies have reported contralateral suppression re-
liability data obtained using the clinically used ILO sys-
tem. In the first of these studies, Graham and Hazell [30]
used the Otodynamics ILO 92 (a precursor of the ILO
292 system). They obtained three measurements of sup-
pression (in dB) over a 42 day period. Measurements were
described as being “relatively stable” over time, although,
consistent with the findings of Mertes and Goodman [28],
substantial variations in suppression levels were seen with-
in individual subjects. However, the study was limited by
measurements being made by a single tester from only
five normally hearing subjects. Further, other important
details, such as the subjects’ CEOAE signal-to-noise ra-
tio (SNR) and standard measures of reliability, were not
reported. More recently, Stuart and Cobb [31] provided
estimates of CEOAE contralateral suppression measured
using the default settings of the ILO 292 system. Cron-
bach's a values greater than 0.9 were obtained, indicat-
ing excellent reliability for suppression measured over 2
days, although again only a single tester was used. Visual
inspection of their Bland-Altman plots reveal individual
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Table 1. Mean, minimum, and maximum interval (days) between test sessions

Duration (days)

Interval
Mean Minimum Maximum
T, 11.2 5 29
T-T, 13.3 3 34
T, 11.0 7 25
T-T 35.5 17 56

differences in suppression as large as approximately 1.3
dB. Similarly, good reliability has been demonstrated by
Jedrzejczak et al. [32] who obtained SEm values of the or-
der of 0.2 dB (compared to mean suppression of approx-
imately 1 dB). However, these measurements were made
only hours apart by a single tester using the ILO 292 sys-
tem, and unlike Stuart and Cobb [31], no individual sub-
ject data were presented.

Thus, to date no single study has reported clinically rele-
vant reliability data for contralateral suppression of CEO-
AEs. The aim of the present study was therefore to provide
a clinically-relevant description of contralateral suppres-
sion of CEOAE reliability. This was achieved by two sep-
arate testers measuring contralateral suppression (in dB)
using the ILO 292 system over relatively long time frames.
It has been suggested that contralateral suppression meas-
ured within a narrow frequency band, where CEOAE SNR
is optimal, might provide information about MOC physiol-
ogy in ears where overall CEOAE SNR is less than optimal
and suppression measures would be limited by noise-floor
effects [33]. Therefore, reliability was explored for wide-
band and within best-frequency bands. Finally, unlike pre-
vious studies that have utilised standard equipment, data
will be reported at the group and individual subject level.

Material and methods

Subjects were 12 otologically normal adults (7 female, 5
male), aged 21-39 years (median=28.5 years). All subjects
had audiometric thresholds of 20 dB HL or better from 0.25
to 8 kHz (as measured using a Frye FA12 audiometer), nor-
mal middle ear function (as measured by a Kamplex KT20
tympanometer), and repeatable CEOAEs (i.e. SNR >6 dB
and >70% reproducibility as reported by the ILO 292) in re-
sponse to linearly presented 60 dB p.e. SPL clicks. Subjects
were found to have no spontaneous otoacoustic emissions
as measured by the ILO 292 system. Previous studies have
indicated that properties of CEOAEs (including contralat-
eral suppression) are similar between left and right ears of
an individual subject [34,35], and that there is no ear ef-
fect on the variation of contralateral suppression over time
[30]. Therefore, to obtain an independent data-set, suppres-
sion was measured for CEOAEs recorded from the right
ear only of each subject. All subjects gave informed writ-
ten consent in accordance with the requirements of the lo-
cal ethics committee (project number SHREC/RP/449).

All contralateral suppression of CEOAE measurements
were made using the ILO 292 system. Measurements were
made using its standard protocol. This involves recording

a CEOAE while BBN is automatically switched on (BBN+)
and off (BBN-) every 3 seconds in the contralateral ear.
CEOAESs were averaged separately (260 sweeps above the
noise rejection level of 46 dB) for the BBN+ and BBN—
conditions, and suppression was defined (as reported by
the software) as the difference between the level of the
CEOAE:s for the BBN— and BBN+ conditions. Clicks were
presented in the linear mode (i.e. all clicks were presented
with equal phase and amplitude) at 60 dB p.e. SPL and at
the default presentation rate of 50/s via an Otodynamics
measurement probe. The linear mode was used as it pre-
serves both the linear and nonlinear components of sup-
pression [33], and at 60 dB p.e. SPL contamination of the
CEOAE by stimulus artefact is considered minimal. Broad-
band noise was presented at 65 dB SPL via a second Oto-
dynamics measurement probe.

Subjects were required to attend four test sessions (T, T,
T,, and T,). Table 1 shows the mean (and minimum and
maximum) number of days between test sessions across
all subjects. Subjects were asked to avoid excessive noise
exposure during the 24 hours prior to attending each test
session. At the start of each session otoscopy was used to
confirm no visible abnormalities, and middle ear compli-
ance and pressure were measured using 226 Hz tympa-
nometry. Although hearing thresholds were obtained at
T,atT,T, and T, subjects self-reported any changes
in hearing thresholds. Following this, both measurement
probes were fitted into the subject’s ear canals and probe
fit integrity was verified using the ‘check-fit’ facility of the
ILO 292 measurement system. For each subject, the same
sized probe tip was used at all four test sessions. Efforts
were made to match click and BBN levels measured by
the check-fit facility to those obtained at the previous test
session. Fitting of measurement probes and subsequent
recording of contralateral suppression was performed by
one of two experienced audiologists. All subjects were test-
ed at least once by each audiologist. All recordings took
place within a sound-attenuated room. Click and BBN lev-
els were monitored throughout each recording, and click
stability, as reported by the ILO 292 system, was always
greater than 90%.

A number of studies have shown that attention can in-
fluence contralateral suppression of CEOAEs [15,36,37].
Therefore efforts were made to control subjects’ attention
via a reading task. Subjects were instructed to read a sec-
tion of novel text and were told they would be required
to answer questions regarding the text at the end of the
recording.
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Table 2. Test variables used in the two-level random-intercept models of contralateral suppression of CEOAEs. For each
variable the grand mean (and SD) and the corresponding change in model deviance, y2, (and p value) for global and best

half-octave band suppression is shown

Change in model deviance,
x? (p value)

Variable Mean (SD)
Global Half-octave band
Tester 0.10 (0.75) 0.20 (0.65)
RE middle ear pressure (daPa) -10.4 (25.1) 1.22 (0.27) 5.01 (0.03)
RE middle ear compliance (mL) 0.6 (0.2 0.05 (0.82) 0.74  (0.40)
LE middle ear pressure (daPa) -9.4 (13.2) 2.75 (0.10) 0.00 (0.96)
LE middle ear compliance (mL) 0.6 (0.2 0.13 (0.72) 0.76 (0.38)
Click stability (%) 96.7 (4.6) 0.62 (0.43) 3.88 (0.05)
Click level (dB p.e. SPL) 60.2 (1.4) 0.31 (0.58) 0.00 (0.96)
BBN level (dB SPL) 64.2 (1.0) 0.80 (0.37) 0.60 (0.44)
BBN relative level (dB) 40 (2.0 0.69 (0.41) 0.13 (0.72)
Global CEOAE SNR (dB) 11.5 (5.3) 0.37 (0.54) 0.06 (0.81)

RE — right ear; LE — left ear; BBN relative level was calculated as the difference between BBN and click level.

In addition to global values, contralateral suppression was
also measured in each subject’s best half-octave frequency
band. This was determined as the half-octave frequency
band (centred at 1, 1.4, 2, 2.8, or 3 kHz) with the highest
SNR for the CEOAE recorded in the BBN— condition. For
each subject, the half-octave frequency band with highest
SNR remained constant across all four test sessions. Reli-
ability for global and best-band measures obtained at T,
and T, was assessed using the intra-class correlation co-
efficient (ICC) calculated using a two-level random-in-
tercept regression model [38, 39]. Such models partition
variance across the two levels (test session and subject),
and the ICC is defined as the proportion of total variance
within the model accounted for by variance at the subject
level. It has been suggested that ICC <0.4 represents poor,
0.4< ICC <0.75 fair to good, and ICC >0.75 excellent reli-
ability [27]. To allow comparison with previously reported
descriptions of reliability, the standard error of measure-
ment (SEm) was also calculated using the ICC values. Fi-
nally, a separate model was calculated to explore the effect
of a number of test variables on contralateral suppression.
These are given in Table 2. For this model, data from all
four test sessions were used. All regression models were
estimated using the maximum likelihood method via an
iterative generalised least squares procedure, allowing an
estimate of model deviance to be made. Changes in model
deviance, as a result of the addition of test variables, were
used as the test statistic [38,39]. This deviance statistic has
a x* distribution with degrees of freedom equal to 1. To
allow for multiple hypotheses testing, a strict significance
level of p<0.01 was used.

Results

Figure 1 shows global contralateral suppression of CEO-
AEs as a function of days post T, (where T  is day zero).
Panel A shows mean suppression (+1 standard deviation,

SD) plotted as a function of the mean interval between
test sessions (1 SD). The figure shows that mean global
contralateral suppression was stable over time, with only
small differences between values. Mean suppression (SD)
at T, T,, T, and T, was 1.63 dB (0.60), 1.42 dB (0.72),
1.53 dB (0.57), and 1.58 dB (0.82) respectively. Panel B
shows the individual subject data for all 12 subjects and
is included here to demonstrate the substantial variabili-
ty between test subjects observed at the individual subject
level. Each subject is represented as a different colour. In-
spection of panel B reveals large changes in suppression
between consecutive test sessions for a number of sub-
jects. This variation is more easily seen in Figure 2 which
shows a histogram of the absolute differences in contralat-
eral suppression between consecutive test sessions for all
12 subjects. While the histogram has a peak at 0.5 dB, a
number of differences were relatively large (as large as 1.8
dB). Figure 3 shows the variability of suppression across
all four test sessions for each subject ranked as a function
of their global CEOAE SNR (lowest to highest). As indi-
cated in the figure, CEOAE SNR ranged from 6.0 to 20.7
dB. For each subject median, minimum, and maximum
suppression is shown. Figure 3 shows a trend for variabil-
ity in suppression to decrease, i.e. reliability to improve,
with increasing SNR.

Reliability was assessed between test sessions T, and T,
using ICC and SEm. As shown in Table 1, the mean dif-
ference between T, and T, was 35.5 days (min=17 days;
max=>56 days). ICC calculated via a two-level random-in-
tercept model was 0.57, indicating fair to good reliability.
The resultant SEm was 0.47 dB. A second model, using data
from all four test sessions, explored the effect of a number
of within-subject variables on contralateral suppression.
The grand means (and SD) for these variables and the re-
sults from the model are given in Table 2. Test variables
were relatively stable over time and no significant effects
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Suppresion (dB)

Suppresion (dB)

Figure 1. Global contralateral suppression of CEOAEs as a function of days post-T, (where T, is day zero). Panel A shows
mean suppression. Vertical error bars represent +1 SD and horizontal error bars represent +1 SD of the mean time inter-
val between test sessions. Panel B shows the results for each subject represented by a different colour. Squares represent

test sessions T to T,

Frequency
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Difference in suppresion between consecutive test sessions (dB)

Figure 2. Histogram showing differences in global con-
tralateral suppression of CEOAEs between consecutive
test sessions

Suppresion (dB)
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Figure 3. Within-subject variability of global CEOAE con-
tralateral suppression across all four test sessions for
each subject (ranked by SNR, lowest to highest). The low-
er and upper bounds of the blocks represent minimum
and maximum suppression. Median suppression is repre-
sented as the horizontal line within each block. Subject
number (and SNR) are given at each ranking

Suppresion (dB)

Days

Figure 4. Contralateral suppression of CEOAEs measured within each subject’s best half-octave frequency band as a
function of days post-T, (where T, is day zero). The format is the same as Figure 1

were seen for all variables tested. Subject sex (x*=0.06,
df=1, p=0.81) and age x*>=0.10, df=1, p=0.75) were also
shown to be non-significant.

Results were also obtained for subjects’ best half-octave fre-
quency band. For the majority of subjects (n=8), the best
half-octave band was centred at 1.4 kHz. A small num-
ber of subjects’ best frequency band was centred at 1 and
2 kHz (n=2 and 2 respectively) with none at 2.8 or 4 kHz.
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Figure 5. Histogram of differences in best half-octave
band contralateral suppression of CEOAEs between con-
secutive test sessions

Figure 4 shows contralateral suppression measured within
each subject’s best half-octave frequency band as a func-
tion of time. The format is the same as that for Figure 1,
with panel A showing mean suppression (+1 SD). Great-
er variability between tests is seen in comparison to glob-
al suppression. Mean best-band suppression at T, T,, T,
and T, was 1.70 dB (0.97), 1.31 dB (0.89), 1.88 dB (0.68),
and 1.68 dB (0.80) respectively. Panel B reveals that, as
was the case for global measures, contralateral suppression
had substantial variation within-subjects. For two subjects,
negative values of suppression were obtained, indicating
enhancement of the CEOAE response. Figure 5 shows a
histogram of the differences in contralateral suppression.
While the histogram shows the most frequent difference
to be reasonably small (around 0.3 dB), a broad spread of
differences, up to 1.9 dB, was observed.

For all subjects, higher CEOAE SNRs were seen with-
in individual half-octave frequency bands compared to
the global condition, with values ranging between 13.1
and 25.3 dB). Figure 6 shows the variability of suppres-
sion for each subject ranked by SNR (lowest to highest)
within their best frequency band. Compared to the global
measures, half-octave band contralateral suppression was
more variable, with no obvious trend for variability to re-
duce with increasing SNR.

Contralateral suppression measured within the best half-
octave band at T, and T, had an ICC of 0.49 and SEm
of 0.64 dB, consistent with reliability being poorer than
the global measure. A model of contralateral suppression
across all four test sessions revealed no significant effect
of within-subject test variables (see Table 2). Subject sex
(x*=0.75, df=1, p=0.39) and age (x*=1.09, df=1, p=0.30)
were also shown to be non-significant.

Discussion

Contralateral suppression of CEOAEs has numerous poten-
tial clinical applications in detecting and monitoring phys-
iological changes to the MOC system [13,19-25]. For these
clinical applications to be successful, it is necessary that
contralateral suppression of CEOAEs measured by stand-
ard clinical equipment is stable over relatively long periods
of time and across different testers. Further, it is important
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Figure 6. Within-subject variability of half-octave band
CEOAE contralateral suppression across all four test ses-
sions and for each subject (ranked by SNR, lowest to
highest). The format is the same as Figure 3

to understand the variability of contralateral suppression
within individuals, as well as at the group level. Previous
studies have provided descriptions of the reliability of con-
tralateral suppression of CEOAEs, however these are lim-
ited in terms of their relevance to the clinical setting. Data
have been reported for customised, non-standard measure-
ment equipment not typically used in the clinical setting
[26,28,29,36], and where clinical equipment has been used
findings are limited by the use of one tester only and data
being collected over short time-spans (typically less than 1
week) [31,32]. One previous study did report data obtained
over a longer time span (42 days) [30], however only a sin-
gle tester was used and important detail regarding the sub-
jects’ CEOAEs were not presented. In addition, none of the
studies that used standard clinical equipment commented
on the within-subject variability of contralateral suppres-
sion of CEOAEs. Therefore, the aim of this study was to
provide a description of the reliability of contralateral sup-
pression of CEOAE: relevant to the clinical setting, at the
group and individual level. Contralateral suppression was
measured by two independent testers using standard clin-
ical equipment over substantially longer time frames than
those typically reported by previous investigators.

Our findings for mean global contralateral suppression
(around 1.5-1.6 dB) are broadly consistent with those
previously reported by authors who also used the ILO
292 system and similar test parameters. Using the same
click and BBN levels as our study (60 dB p.e. SPL and 65
dB SPL respectively), Stuart and Cobb [31] reported con-
tralateral suppression ranging between approximately 0.1
and 1.9 dB with a mean of around 1 dB. Similarly, Jedrze-
jezak et al. [32] reported mean contralateral suppression of
approximately 0.9, although they used click and BBN lev-
els of 65 dB p.e. SPL and 60 dB SPL respectively. In terms
of reliability, our data indicate fair to good reliability for
global contralateral suppression at the group level for test
intervals as long as 56 days. This is worse than the good
to excellent reliability estimates described in the litera-
ture for shorter inter-test intervals using the ILO 292 sys-
tem [31,32] or other custom-built equipment [26,28,29].

In addition, our findings demonstrated substantial with-
in-subject variability (of the order of 1-2 dB) in global
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contralateral suppression. This is in keeping with findings
from other studies. Mertes and Goodman [28] found with-
in-subject changes in contralateral suppression of around
1.5 dB. Though not specifically commented on, individual
variability of similar magnitude is evident in Bland-Alt-
man plots presented by other researchers [29,31]. These
indicate within-subject differences up to 1.3 dB. Our anal-
ysis of individual variability revealed a trend for subjects
with lower CEOAE SNR to have more variable contralat-
eral suppression than individuals with high CEOAE SNR.
This is consistent with previously reported findings that
suggested reliability of contralateral suppression of CEO-
AEs increases with increasing CEOAE SNR up to approx-
imately 20 dB [26]. Presumably the higher levels of noise
present in CEOAE recordings with lower SNRs result in
higher within-subject variability.

It has previously been suggested that contralateral sup-
pression measured within individual frequency bands,
where CEOAE SNR is optimal, could be used as a proxy
measure of MOC physiology in ears where overall CEO-
AE SNR is less than optimal [33]. For this reason, the re-
liability of contralateral suppression was estimated with-
in a subject’s best half-octave frequency band according
to SNR. Consistent with previous research [26,32], high-
er mean levels of contralateral suppression were observed
within a subject’s best frequency band. Poorer reliability
was observed within half-octave frequency bands both at
the group and individual subject level, despite SNRs be-
ing higher than those obtained for global measures. This is
at odds with the observation that global CEOAE suppres-
sion reliability improved with increasing SNR, presuma-
bly due to lower levels of noise in the recordings. Follow-
ing this logic through, it would be reasonable to expect
improved reliability of suppression would be observed
within half-octave bands, where higher SNRs were meas-
ured. Further research is warranted to explore this issue.
Analysis of best-band suppression at the individual level
also revealed examples of BBN causing both suppression
and enhancement of CEOAESs in consecutive test sessions.
This is not a novel finding as contralateral enhancement
of CEOAE:s has been observed previously by a number of
authors [5,28,40].

A number of potential causes of variation in global and
half-octave contralateral suppression were explored. It is
possible that differences in the probe placement techniques
of the two separate testers could account for variability in
contralateral suppression. Differences in probe placement
technique could lead to variability in click and BBN lev-
els, which in turn could result in poor suppression relia-
bility. However, click level and stability, and BBN absolute
and relative levels, were shown to be stable across test ses-
sions and statistical analysis revealed that tester, and click
and BBN levels, were not significant factors. Small with-
in-subject changes in middle ear function were observed
between test sessions, although these were also shown not
to have a significant effect on contralateral suppression.
It is also possible that instability over time of the CEO-
AE response (in the absence of BBN) could lead to varia-
tion in contralateral suppression. However, CEOAE SNR
(a measure of CEOAE response) was shown to be stable
across test sessions and did not have a significant effect on
contralateral suppression. This is in keeping with previous

34

reports that have shown CEOAE:s to be highly repeatable
over time [32,41,42].

It is possible that other factors, not measured within this
study, were responsible for the reduced reliability of con-
tralateral suppression of CEOAEs. Both CEOAEs and
their suppression are sensitive to noise exposure [43-45].
Whereas subjects were required to avoid exposure to loud
noise 24 hours prior to a test session, there was no at-
tempt to control or measure subjects’ noise exposure at
other times. Further, hearing thresholds were only formally
measured at the first test session, with self-report of hearing
relied upon at subsequent sessions. It is therefore possible
that small changes in hearing sensitivity were present that
could have accounted for suppression variability. Subjects’
use of medication that may cause changes to the CEOAE
response [46,47] was also not recorded. A further limita-
tion of the present study is that middle ear acoustic reflex
thresholds were not measured. Most reports suggest typi-
cal thresholds for the acoustic reflex to be in the region of
70-80 dB SPL in normal hearing ears [5,6,29,48]. Howev-
er, evidence has been reported which indicates that BBN
at 65 dB SPL (i.e. the level used in the present study) can
activate the middle ear reflex [27,33]. It is therefore pos-
sible that inconsistent activation of the middle ear reflex
across test sessions affected the reliability of CEOAE con-
tralateral suppression. It is also possible that the click rate
used (50 clicks/s) activated the ipsilateral MOC system
[49], thus potentially confounding the amount of suppres-
sion measured. Changes in subjects’ attention state may
also have been responsible for variability in CEOAE sup-
pression. While this study made attempts to control sub-
jects’ attention via a simple reading-based activity, no for-
mal quantification of subjects’ attention across sessions was
employed. The attention effect has been shown to be rela-
tively small [15,37], but it is a potential factor in the var-
iability of suppression observed. Finally, it should be not-
ed that the sample size of this study is relatively small, and
as such the likelihood of finding a significant effect for the
variables tested may have been limited.

Conclusions

The results from this study add to our understanding of the
reliability of contralateral suppression of CEOAEs by de-
scribing a clinically relevant description of its changes over
time. Contralateral suppression measurements were made
on four separate occasions by two testers over a time pe-
riod of several weeks. All measurements were made using
standard equipment and default settings typically used in
the clinical setting. Findings suggest that, at present, con-
tralateral suppression of CEOAEs is not a reliable meas-
ure. Both group and individual subject data revealed sub-
stantial variation, such that large changes in suppression,
of the order of 1-2 dB, would be required to confident-
ly attribute the change to specific pathology. This was the
case for both global and best-band contralateral suppres-
sion. As such, the proposed use of contralateral suppres-
sion of CEOAE:s as a tool for monitoring physiological
changes within the MOC system is not supported. Future
research should focus on methods to improve the relia-
bility of this measure, such as ways to maximise CEOAE
SNR, to allow extended clinical applications of contralat-
eral suppression of CEOAEs.
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