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ABSTRACT

Previous investigations have shown that componehfta tone burst-evoked otoacoustic
emission (TBOAE) evoked by a 1 kHz tone burst {TBan be suppressed by the
simultaneous presence of a 2 kHz tone burst) DB a pair of tone bursts at 2 and 3 kHz
(TB, and TB respectively). No previous study has measured“timultaneous suppression
of TBOAES” for both TB, aloneand TB, and TB from the same ears, so that the effect of
the additional presence of TBn suppression caused by liB not known. In simple terms,
three outcomes are possible; suppression increagggression is reduced or suppression is
not affected. Comparison of previously reportedudianeous suppression data suggests TB
causes a reduction in suppression, though it icleair if this is a genuine effect or simply
reflects methodological and ear differences betwstedies. This issue has implications for
previously proposed mechanisms of simultaneous regppn of TBOAEs and the
interpretation of clinical data, and is clarifiegd the present study. Simultaneous suppression
of TBOAEs was measured for TBnd TB as well as TR TB, and TB at 50, 60 and 70 dB
p.e. SPL from nine normal human ears. Results sdow significant difference between
mean suppression obtained for the two and three-tamst combinations, indicating the
reduction of suppression inferred from comparisérp@vious data is likely a result of

methodological and ear differences rather thamaige effect.

Keywords: Tone burst-evoked otoacoustic emissismgpression, tone bursts
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Abbreviations: Basilar membrane, BM; Fast Fourransform, FFT; Peak-equivalent sound
pressure level, p.e. SPL; Tone burst, TB; Tonetkewsked otoacoustic emission, TBOAE;

Transient-evoked otoacoustic emission, TEOAE.
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1. Introduction

Transient-evoked otoacoustic emissions (TEOAES) caraplex multi-component signals

emitted from the healthy cochlea and recorded éneiér canal in response to short duration
acoustic stimuli (e.g. Probst et al., 1991; Sh26@4; Withnell et al., 2008). Because their
presence is reliant on the normal functioning @& phhysiological processes that enhance
hearing sensitivity and selectivity, TEOAEs are &lydused in the clinical setting as a non-
invasive assessment of cochlear function (e.g. attd and Glattke, 2007). Clicks are

commonly used as the evoking stimulus, producick-@voked otoacoustic emissions, but

tone bursts can also be used, producing tone buolted otoacoustic emissions (TBOAES).

A common clinical interpretation is that TEOAES @ihplace-specificity. The presence of a
response component (i.e. a component with amplitlels of the noise floor) at frequenty
is held to indicate normal physiological functiogiat the basilar membrane (BM) place
tuned tof. Where response compondrs absent (i.e. when its amplitude is less than th
noise floor) abnormal function at BM pladeis assumed. This interpretation is likely
incorrect for two reasons. First, at short lateadhe TEOAE responsefads thought to arise
from BM places basal tb(e.g. Withnell and Yates, 1999; Withnell et aD08; Moleti et al.,
2013). Second, previous authors have demonstratelihear interactions amongst TEOAE
frequency components vitiate the principle of lineauperposition. Specifically, the
amplitude of a TBOAE recorded in response to a I kbhe burst (TB is reduced
(suppressed) by the simultaneous presence of ke sadditional (equal level and phase) tone
burst with centre frequencies at 1.5, 2 or 3 kHB,T(Yoshikawa et al., 2000; Killan et al.,

2012, 2015) or a pair of additional tone burst ahd 3 kHz (TBand TB) (Xu et al., 1994;
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Killan and Kapadia, 2006). If the violation of d&ar superposition is significant, the
conventional clinical interpretation of TEOAE plasgecificity is not supported. Therefore,

investigation of this simultaneous suppression ph@mnon is important.

Collectively, findings from previous studies addrasrange of issues relating to simultaneous
suppression of TBOAES, including the effect of thequency separation between Ténd
TB; (referred to aaf) (Yoshikawa et al., 2000; Killan et al., 2012; lgi et al., 2015), tone
burst level (Xu et al., 1994; Killan and Kapadi®08; Killan et al., 2015) and averaging
techniques (Killan and Kapadia, 2006). None oféhstudies have measured suppression for
both a single additional tone burst (e.g., T 2 kHz} and a pair of additional tone bursts
(e.g. TB and TB at 2 and 3 kHz respectively) from the same e@snsequently, the extent
to which the additional presence of I Bffects suppression caused by,T&one is not
known. In principle, there are three possibilitidgrst, comparison of data from two similar
studies that separately tested simultaneous sigipnesaused by TBalone (Killan et al.,
2015) and TB and TB (Killan and Kapadia, 2006) suggestssI¢auses aeduction in the
amount of suppression caused by,TBSuch behaviour is similar to the “release from
masking” phenomenon described for the peripherditaty system (e.g. Rutten and Kuper,
1982; Henry, 1987), however, it is unclear whettes is a genuine reduction, or simply
reflects differences between the ears and methgaslaised across studies. A reduction in
suppression is also inconsistent with previouslgppsed mechanisms for simultaneous

suppression of TBOAEs. These predict a secondildessutcome where the additional

! The convention for numbering tone bursts (i.e; @Bd TB) was used by Killan et al.

(2012). Itis used here for simplicity when delsitrg the present and previous studies, and is
extended to include T8 In the present use, the subscript number afsosr& the centre
frequency (in kHz) of the tone bursts.
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presence of TB causes anncrease in suppression as a result of nonlinear interastio
between response components generated at theaictdastic BM place, or interference with
the generation of short latency basal-source coemsnYates and Withnell, 1999; Killan et
al., 2012, 2015; Lewis and Goodman, 2015). Finahg third possibility is that TBhas no

effect on suppression.

To contribute to our understanding of simultaneswgpression of TBOAES, the primary aim
of this small-scale study was to explore the efi@ciTB; on the amount of suppression
caused by TBalone. To do this, TBOAEs were recorded from rarinuman ears in
response to TBpresented in combination with 7Bas well as TBwith TB, and TBg, at a
range of tone burst levels. In addition, obseorabf the effect of TBis useful in defining
the distance over which basal-source componentssjponse to a 1 kHz tone burst arise. If
TB3 is shown to have no effect it can be argued thatBM region tuned to 3 kHz is not
involved in the generation of components at 1 kHizléast for the recording conditions
described in this paper). Finally, the resultsspreéed within this paper could be used by

future investigators to test predictions from tlegichlear models.



101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

2. Methods

2.1. Subjects

TBOAESs were recorded from a single ear (5 righief from nine normally hearing adults
(6 female, 3 male) aged between 18 and 33 yeardidgme 25 years). All ears tested had
normal middle ear function as confirmed by tympaetm repeatable TBOAEs at 50 dB p.e.
SPL, i.e. the lowest tone burst level used in 8tigdy and did not exhibit synchronised
spontaneous otoacoustic emissions as measured t@n@todynamics ILO 292 system
(London, UK). Prior to testing, subjects gave inied consent in accordance with the

requirements of the School of Healthcare ReseattticsEECommittee.

2.2. Instrumentation and stimuli

All TBOAE recordings were made using a custom-baystem previously described by
Killan et al. (2012). The synchronised input andpoit of a personal computer soundcard
were controlled by purpose-written software. Stimwere delivered to the ear canal via a
custom-built amplifier and the earphone of an Otadhgics (London, UK) probe sealed into
the ear canal with a soft plastic tip. The signalasured by the probe microphone was input
to the soundcard (via a second amplifier) and wgls-pass filtered (cut-off at 500 Hz with
roll-off slope > 12 dB/octave). The input signahsvsampled at a rate of 24 kHz and time-
averaged within two separate buffers. This reduiltea pair of replicate recordings, each

formed from 250 averages, which were stored on aigkanalysed off-line.
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Tone bursts (TR TB; and TB) were cosine-windowed sinusoids (rise-fall = 2.8, plateau

= 0 ms) with centre frequencies 1, 2 and 3 kHzeetypely, identical to those used by Killan
and Kapadia (2006). Tone bursts were presentedeséiglly and simultaneously in two
combinations: (i) TB and TB; and (i) TB, TB, and TB, which were the same
combinations used separately by previous investigat Simultaneous presentation was
achieved via a complex stimulus resulting from thgital addition of the individual tone
bursts. All tone bursts were presented using tiagaraging at 50, 60 and 70 dB p.e. SPL (as
calibrated within a passive 2 émavity) and a rate of 50/s. Linear averaging maserred

to nonlinear averaging as it preserves linear andimear components of the individual and
complex responses. Preliminary testing indicaked stimuli at 50, 60 and 70 dB p.e. SPL
corresponded to approximately 35, 45 and 55 dBagemslevel respectively, and as such the
response characteristic of the cochlea is assumédzk tnonlinear (e.g. Kim et al., 1980;
Nuttall and Dolan, 1996; Patuzzi, 1996; Rhode ardi® 2000; Ren, 2002; Gorga et al.,

2007).

2.3. Procedure

For each subject, TBOAE recordings were made duairgingle recording session lasting
approximately one hour. Subjects were comfortalelgted in a sound-attenuated room, and
instructed to remain quiet and still throughoutorglings. The probe was sealed in the ear
canal with a soft plastic tip and was taped in fpmsifor the duration of testing. In order to
minimise potential order effects, the presentaticder of individual and complex tone bursts

was randomised across tone burst level.
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2.4. Analysis

At each tone burst level, a mean response wavefoam calculated for all individual tone
bursts and the two complex stimuli. Two “compdsitesponse waveforms were then
generated by summing the mean response waveformBBofand TB and the mean
waveforms of TB, TB, and TB. Thus, for each subject and at each tone burst, lthere
was a two-tone burst and a three-tone burst corgp(is. the predicted linear response) and
complex (i.e. the simultaneous response) wavefohmorder to minimise the influence of
linearly scaling stimulus ringing components thestfi8 ms (post-stimulus onset) of each
composite and complex waveform was discarded fransexquent analysis. Removal of such
a substantial portion of the waveform is not untisuzen recording TBOAEs (e.g. Rutten,
1980; Prieve et al., 1996; Killan and Kapadia, 20t is done at the cost of TBOAE
response components with latencies shorter thas.8As the focus was on suppression of 1
kHz components, and both long and short-latencpoese components at 1 kHz have
latencies longer than 8 ms (e.g. Notaro et al.,72@bodman et al., 2009), the loss of this
portion of the waveform was not considered materi@BOAE frequency spectra (in dB
SPL/Hz) of the composite and complex waveforms aoce spectra from the complex
waveform$ were then calculated using a 512-point fast Fourensform (FFT). These
noise spectra were used as estimates of the rlose fAny values in the composite and
complex spectra below the noise floor were repldngdhe value of the noise spectrum at
that frequency. This ensured any differences sjesgly observed between the composite
and complex TBOAE spectra arose from points cldathe noise floor. A ‘difference

spectrum’ was then calculated by subtracting thaptex spectrum from the corresponding

% The complex noise spectrum was used to calciiatestimate of the noise floor for both
the composite and complex spectra because re$yli®btesting had shown that at all three
tone burst levels, the greatest noise levels waenéamed within the complex response.
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composite spectrum. Within these difference spesmppression is represented by regions

of positive values.

Suppression was estimated along the high frequslope of the response to T7Bnly. To

do this a dominant peak within the region of 1 kWas identified within the composite
spectra. Suppression (in dB) was then estimatetheasnean difference in spectral level
(composite — complex) within an arbitrary 0.5 kH@®/frequency band above the frequency
of the dominant peak. This approach allowed fer ghedicted between-subject variation in
the frequencies at which suppression occurred (rgbst et al., 1986; Xu et al., 1994;
Yoshikawa et al., 2000; Killan and Kapadia, 200@airedt-tests were used to test any
differences in suppression obtained for, HBd TB (Srg2) and suppression obtained forIB
TB, and TB (Srgz+3) for statistical significance using a Bonferrowirected significance

level ofp < 0.01.
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3. Results

The left hand panels of Fig. 1 show the compoditdd) and complex (fine line) response
spectra for the combination of TRBnd TB at 50, 60 and 70 dB p.e. SPL measured from an
individual ear. Simultaneous suppression is ettidgdnall three levels as a reduction in
amplitude of the complex response relative to th@mosite spectra, notably along the high
frequency side of the response peak at 1.3 kHze right hand panel of Fig. 1 shows the
resultant difference spectrum (composite — complékile main feature of these difference
spectra is the region of suppression around 1.5 kidst notable at 60 and 70 dB p.e. SPL.
The left hand panels of Fig. 2 show the spectraiobtl for TB, TB, and TB for the same
ear as shown in Fig. 1. Again, suppression isextillong the high frequency side of the
dominant peak at 1.3 kHz. This is confirmed by ¢beresponding difference spectra shown
in the right hand panels. Visual inspection ofstheeveals a tendency for peak suppression

to increase as a function of increasing tone bavsl.

Figs 3 and 4 show the mean resulis< 9) for TB, and TB and TB, TB, and TB
respectively. Similar patterns of suppressiorhtisé seen for the individual ear are apparent.
In Fig. 3 suppression is present in the region.6fkHz. Mean suppression increases from
1.5 to 2.6 dB as tone burst level increases frono380 dB p.e. SPL, with a further increase
to 70 dB p.e. SPL resulting in a small reductionsuppression to 2.5 dB. Again, mean
suppression of the 1 kHz response peak increastmhadurst level increased from 50 to 60
dB p.e. SPL (1.9 to 3.3 dB), with a reduction t& @B seen for a further increase to 70 dB
p.e. SPL. A region of suppression, correspondintipé 2 kHz response peak, is also evident

in Fig. 4.
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Fig. 5 allows comparison of suppression obtained &, with TB; (Srg2) versus suppression
obtained for TB, TB, and TB (Sre2+3) at 50, 60 and 70 dB p.e. SPL for all nine sulgject
(open circles). The diagonal dashed line is the bf equality, i.e. the line along which a
data-point would lie ifSrg, and Srgz+3 Were equal. A data-point to the left of this line
indicatesSrg,+3was greater tha8rg, whilst a data-point to the right shoBgs, was greater.
At each of the three tone burst levels, ears tRhibéed largerSrg, tended to also exhibit
larger values o&6rg2+3. At 50 dB p.e. SPLSre2+3 Was greater thafrs, in seven out of nine
subjects. The data-point representing mean sugiprefilled circle) was also located to the
left of the line of equality. However, the meanred difference betweeBrg; and Srgz+3
(0.40 dB) was shown not to be significant(1.07,p = 0.32). Similar results were seen at 60
dB p.e. SPL, with six ears yielding larger valuéSg,+s. Mean suppression again indicated
greaterSrg2+3, though the mean difference (0.67 dB) did not mesignificance t(= 1.7,p =
0.16). At 70 dB p.e. SPL four out of nine ears ibibd greaterSrg,+3, with mean
suppression located to the right of the line ofadity indicatingSrg, tended to be greater
thanSrg2+3. This small difference (0.24 dB) was not sigrafit ¢ = —0.66,p = 0.53). Finally,
visual inspection of mean results at 50 and 60 dB $PL confirms the increase of mean
suppression with increasing tone burst level. Harea further increase to 70 dB p.e. SPL
resulted in a reduction in mean suppression. Thk&y reflects a contamination of the
TBOAE responses by extended stimulus ringing. Beeastimulus ringing is essentially

linearly scaling it would not exhibit suppression.
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4. Discussion

Simultaneous suppression of TBOAEs has been theaubf a number of studies, with
suppression of the response to a 1 kHz tone buiif) (described separately for a single
additional higher frequency tone burst gJEYoshikawa et al., 2000; Killan et al., 2012;
Killan et al., 2015) and a pair of additional higfiguency tone bursts (RFBnd TB) (Xu et

al., 1994; Killan and Kapadia, 2006). No previehsdy has measured suppression for both
these conditions from the same ears, so that dignékat remains unanswered is what effect
does the additional presence of ;TBave on suppression caused by, Té&one? A
comparison of data from two separate studies ofulsameous suppression of TBOAEs
(Killan and Kapadia, 2006; Killan et al., 2015) disnsupport to suppression being reduced;
however, it is not clear whether this simply représ differences between the methodologies
and ears used by the two studies. In simple tetwis,alternative possibilities exist: EB
causes an increase in suppression of i@ no effect on suppression. The results of the
present study demonstrate that whilst the additipresence of TBcaused both an increase
and reduction in suppression in individual earshad no significant effect on mean
suppression caused by 78t all three tone burst levels. It is therefopasidered likely that
the apparent reduction in suppression reportedworand three-tone burst combinations by
Killan et al. (2015) and Killan and Kapadia (20G%nply reflects methodological and ear

differences.

The present study used the same tone burst conriaats previous investigators (i.e. 1 and
2 kHz and 1, 2 and 3 kHz). This allowed the specjliestion relating to the comparison of

data reported by Killan and Kapadia (2006) and aillet al. (2015) to be addressed.
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However, this choice of frequencies was likely it the outcomes possible within the
present study. For example, for an increase ipr&ggion to occur it can be argued thag TB
alone has to be capable of producing suppressieittadr the 1 kHz response component that
originates from its tonotopic place (e.g. Kemp &idum, 1980; Tavartkiladze et al., 1994;
Killan et al., 2012; Moleti et al., 2013) or theoshlatency basal-source component (e.g.
Yates and Withnell, 1999; Withnell et al., 2008; Isto et al., 2013; Lewis and Goodman,
2015). Contrary to this, previous simultaneouspsegsion of TBOAEs data show a 3 kHz
tone burst caused little or no suppression of nesp@omponents at 1 kHz (Yoshikawa et al.,
2000; Killan et al., 2012; Killan et al., 2015).hd current data are also consistent with recent
research that has shown the basal-source responggonent originates from a BM region
located approximately 3/5-octave basal to its topiatplace (Lewis and Goodman, 2015). A
3 kHz tone burst is too remote to cause suppresgitimse basal-source 1 kHz components
that were preserved by the time-window used in déinid previous studies. In this regard, it
can be argued that the present data are compuatithigoreviously proposed mechanisms for
simultaneous suppression of TBOAEs (e.g. Yates \Wittinell, 1999; Killan et al., 2012,

2015).

To better understand this suppression behaviotthduinvestigation is warranted using tone
bursts with different frequencies that are moreliikto cause interactions necessary for
significant suppression to occur. Further invetan could also address whether the results
from this small-scale study hold for large numbefssubjects, or whether there are sub-
groups that exhibit one of the different suppresdiehaviours outlined above. Recording
techniques that preserve the short-latency basmtsocomponent (e.g. Keefe, 1998;
Withnell et al., 2008) and analysis techniques ttetompose the TBOAE in the time and

frequency domain (e.g. Jedrzejczak et al., 2004eMet al., 2012) should be also be utilised.
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Fig. 1. Composite (bold line) and complex (fine li@) spectra and the corresponding
difference spectra for TB, and TB, at 50, 60 and 70 dB p.e. SPL obtained from an

individual ear.

Fig. 2. Composite (bold line) and complex (fine li@) spectra and the corresponding
difference spectra for TB,, TB, and TBs at 50, 60 and 70 dB p.e. SPL from the same

individual ear shown in Fig. 1.

Fig. 3. Mean composite (bold line) and complex (fan line) spectra and the

corresponding difference spectra for TB and TB; at 50, 60 and 70 dB p.e. SPL.

Fig. 4. Mean composite (bold line) and complex (fen line) spectra and the

corresponding difference spectra for TB, TB, and TB; at 50, 60 and 70 dB p.e. SPL.

Fig. 5. Scatter plots ofSrg, and Srg2+3 for individual ear (open circles) at 50, 60 and 70
dB p.e. SPL. Mean values (x 1 standard error) islso shown (filled circles). The dashed

diagonal line is the line of equality.
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Previous data are unclear regarding tone burst number and TBOAE suppression.

Suppression of TBOAES is measured for two and three tone burst combinations.

No material difference in mean suppression was observed between combinations.

Previously reported differences reflect ear and methodological differences.



