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Otoacoustic emission (OAE) tests of the medial-olivocochlear reflex (MOCR) in humans were

assessed for viability as clinical assays. Two reflection-source OAEs [TEOAEs: transient-evoked

otoacoustic emissions evoked by a 47 dB sound pressure level (SPL) chirp; and discrete-tone

SFOAEs: stimulus-frequency otoacoustic emissions evoked by 40 dB SPL tones, and assessed with

a 60 dB SPL suppressor] were compared in 27 normal-hearing adults. The MOCR elicitor was a

60 dB SPL contralateral broadband noise. An estimate of MOCR strength, MOCR%, was defined

as the vector difference between OAEs measured with and without the elicitor, normalized by OAE

magnitude (without elicitor). An MOCR was reliably detected in most ears. Within subjects,

MOCR strength was correlated across frequency bands and across OAE type. The ratio of

across-subject variability to within-subject variability ranged from 2 to 15, with wideband TEOAEs

and averaged SFOAEs giving the highest ratios. MOCR strength in individual ears was reliably

classified into low, normal, and high groups. SFOAEs using 1.5 to 2 kHz tones and TEOAEs in the

0.5 to 2.5 kHz band gave the best statistical results. TEOAEs had more clinical advantages. Both

assays could be made faster for clinical applications, such as screening for individual susceptibility

to acoustic trauma in a hearing-conservation program. [http://dx.doi.org/10.1121/1.4896745]

PACS number(s): 43.64.Jb, 43.64.Wn, 43.64.Yp [CA] Pages: 2697–2713

I. INTRODUCTION

In mammals, the medial-olivocochlear reflex (MOCR)

helps to prevent permanent noise-induced hearing loss

(NIHL) and cochlear neuropathy (or cochlear synaptopathy)

(e.g., Maison and Liberman, 2000; Luebke and Foster, 2002;

Maison et al., 2013; Liberman et al., 2014; Luebke et al.,
2014). A test for MOCR strength therefore might provide a

useful predictor of human susceptibility to noise-induced

damage. Before embarking on expensive field trials, an im-

portant step is to develop a non-invasive method to measure

MOCR strength in humans that is fast and accurate enough

to collect large amounts of data on noise-exposed popula-

tions, and has sufficient statistical properties to differentiate

people with strong or weak MOCR. Such a test might be

derived from changes in otoacoustic emissions (OAEs) due

to the presence of an MOCR-eliciting acoustical stimulus

(e.g., Guinan et al., 2003). If MOCR strength is a predictor

of NIHL or cochlear-neuropathy risk in humans, hearing-

conservation programs (HCPs) could use an MOCR assay to

identify those individuals most susceptible and take pre-

emptive steps to prevent NIHL from occurring.

A weak MOCR is associated with an increased risk

for permanent NIHL in guinea pigs (Maison and

Liberman, 2000; Luebke and Foster, 2002) and rabbits

(Luebke et al., 2014), and with an increased risk for coch-

lear neuropathy in mice (e.g., Maison et al., 2013;

Liberman et al., 2014). The same is presumably true for

humans, but it is more difficult to study, ultimately requir-

ing experiments in populations already being exposed to

high noise levels. The exact mechanism underlying the

protective abilities of the medial olivocochlear (MOC)

efferent system is unknown, but there are a number of pos-

sibilities (reviewed in Marshall and Lapsley Miller, 2014).

There are several OAE-based paradigms for measuring

MOCR strength in humans, which usually involve measuring

OAEs with and without the presence of an MOCR-eliciting

stimulus, and comparing the difference. This has been done

for the three common OAE evoking methods (as summar-

ized by Guinan et al., 2003): transient-evoked otoacoustic

emissions (TEOAEs), distortion-product otoacoustic
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emissions (DPOAEs), and stimulus-frequency otoacoustic

emissions (SFOAEs).

In choosing which OAE type for a human MOCR assay

we first need to consider their underlying generation mecha-

nisms. Evoked OAEs arise from two mechanisms in the

cochlea: coherent reflection and distortion (e.g., Shera and

Guinan, 1999). The coherent-reflection source emanates from

random irregularities along the length of the cochlea, and is

thought to be the primary source of SFOAEs and TEOAEs

evoked with medium and low stimulus-levels. The distortion

source arises from nonlinear interactions of traveling waves

along the basilar membrane. DPOAEs in humans are a mix

of reflection and distortion sources (Shera and Guinan, 1999)

that may combine constructively or destructively.

This paper focuses on reflection-source OAEs for several

reasons. The reflection component appears to be more sensi-

tive to the MOCR than the distortion component (e.g., Abdala

et al., 2009; Henin et al., 2011). Although DPOAE methods

exist that can separate out the two DPOAE components

(Talmadge et al., 1999; Kalluri and Shera, 2001; Long et al.,
2008), the reflection-component generation is dependent on

the distortion component at an unknown and uncontrolled

level. This potential confound, along with other complications

(see Guinan, 2006; Wagner and Heyd, 2011; Abdala et al.,
2013; Kumar et al., 2013), led us to decide that DPOAEs were

not our top choice for a clinical MOCR assay for humans.

Although much of the animal work has been done with

DPOAE adaptation paradigms, this approach is not yet suitable

for human clinical use (Meinke et al., 2005; Guinan, 2006).

There are pros and cons to using TEOAEs or discrete-

tone SFOAEs as the underlying OAE test in an MOCR assay,

and there is little research directly comparing the two meth-

ods. Discrete-tone SFOAEs offer a good signal-to-noise ratio

(SNR); they are thought to arise from primarily a single place

on the basilar membrane; and their production by coherent

reflection is understood (Guinan et al., 2003). Using a 40 dB

sound pressure level (SPL) stimulus level, little, if any, effer-

ent activity is evoked by the stimulus (Guinan et al., 2003).

However, the best SFOAE test frequencies need to be deter-

mined individually for each ear to ensure testing is not done at

a null in the SFOAE spectrum and not near a large spontane-

ous otoacoustic emission (SOAE). Backus and Guinan (2007)

warn that measuring the MOCR with individual SFOAE fre-

quencies is not sufficient, and that reliable results are achieva-

ble only when averaging across multiple SFOAE frequencies,

which significantly adds to the test time. TEOAEs offer a

much wider frequency range in the same amount of test time,

with the ability to analyze individual bands post hoc, so the

same test parameters can be used for everyone. However, their

SNR is typically not as high as for SFOAEs; there can be

issues with stimulus artifact; and the TEOAE stimulus itself

may be more likely to produce efferent activity.

An MOCR may be acoustically elicited contralaterally,

ipsilaterally, or bilaterally. A contralateral elicitor is the sim-

pler choice for clinical use in humans, because it does not

contaminate the OAE stimulus and response (Veuillet et al.,
1991; Guinan et al., 2003).

For a clinical assay, it is critical to establish the statistical

properties of the MOCR metric (Backus and Guinan, 2007;

Goodman et al., 2013). The assay should produce accurate

and consistent results with repeated testing in an individual.

Because MOCR tests involve taking the difference between

two OAE measurements, each OAE measurement itself must

have low variability. An MOCR assay also should show a

wide range of MOCR strengths in the population, relative to

the test–retest variability, which is crucial if ears are to be

accurately classified into various categories of MOCR

strength. A key statistic we use is the ratio of within-subject

measurement variability to the across-subject variability,

referred to here as the variance ratio. As summarized by

Backus and Guinan (2007), there is limited information about

the population variation of MOCR strength because earlier

studies did not also estimate within-subject variability.

MOCR measurements not only have all the issues

associated with measuring OAEs (e.g., Lapsley Miller et al.,
2006), but also have the problem that the middle-ear-muscle

reflex (MEMR) can be inadvertently elicited during MOCR

testing by the broadband MOCR elicitor in the contralateral

ear or even by the OAE stimulus in the test ear (e.g., Guinan

et al., 2003). A second problem is that the MOCR can be

elicited by the OAE stimulus itself. Guinan et al. (2003)

have summarized stimulus parameters for TEOAEs,

DPOAEs, and discrete-tone SFOAEs that result in the OAE

test stimuli themselves activating the MOCR, thereby

obscuring the effect caused by an additional noise activator.

Finally, the effect of SOAEs must be considered.

Humans and animals both show wide across-subject

MOCR variability (as summarized in Guinan, 1996), so it is

promising that an OAE-based MOCR assay could be used to

screen for susceptibility to permanent NIHL in humans

(Maison and Liberman, 2000). Recently, Wolpert et al.
(2014) showed that the difference in DPOAE growth func-

tions with and without a contralateral elicitor was moder-

ately predictive of temporary threshold shift (TTS)

magnitude. Although promising, this finding might not gen-

eralize to permanent threshold shift (PTS) risk, because PTS

and TTS do not have the same physiological underpinnings

(e.g., Nordmann et al., 2000), and in its current form this test

takes too long for a clinical assay. Earlier human studies

were not well-geared to reveal whether MOCR strength is

predictive of permanent NIHL in humans. In a prospective

study, Shupak et al. (2007), using a TEOAE-based MOCR

test, found no evidence that MOCR strength predicted PTS

in humans. However, their MOCR test was possibly con-

founded with crossover noise from the headphones, and the

MEMR could have been activated by the high (65 dB SPL)

contralateral noise elicitor (e.g., Guinan et al., 2003). A

DPOAE-based MOCR test did not predict temporary NIHL

(Muller and Janssen, 2008; Muller et al., 2010). In addition

to the complicating factor of using DPOAEs, the MOCR

was measured at the nulls in the DPOAE spectrum, which

although yielding larger MOCR changes (Wagner et al.,
2007), does not provide an accurate measure of MOCR

activity (Abdala et al., 2009; Guinan, 2012). Abdala et al.
(2009) argue and Henin et al. (2011) show that the

bi-directional changes seen in human MOCR-DPOAE are

due to the changing phase relationship between the two

DPOAE sources and do not accurately represent the
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underlying MOCR strength. A factor that could have

affected these studies is using amplitude differences rather

than vector differences in OAEs, because amplitude differ-

ences produce smaller MOCR effects (Henin et al., 2011).

To answer basic and applied research questions about

the MOCR in humans requires testing many at-risk people in

real-world settings. This study describes our first attempt

toward defining a suitable MOCR assay, where we compare

and contrast low-stimulus-level TEOAEs and SFOAEs as

the underlying OAE measurement in a clinically-focused

MOCR assay, and consider the viability of each.

II. METHOD

A. Subjects

Twenty-seven subjects completed the experiment (13

females, mean age 22 yrs, range 18 to 32 yrs; 14 males,

mean age 26 yrs, range 18 to 38 yrs old; 13 left ears, 14 right

ears).1 Subjects had no ear pathologies and no regular expo-

sure to loud noise. They avoided noise while participating in

the study. No subject reported tinnitus either during testing

or on a regular basis. One ear was chosen as the test ear.

All testing was conducted at the Massachusetts Institute

of Technology. The experimental protocol was approved by

that institute’s internal review board and conducted in compli-

ance with regulations and ethical guidelines on experimenta-

tion with human subjects. Subjects provided informed consent

and were paid for their participation in the experiments.

B. Equipment

Audiograms were measured with an audiometer with

TDH-39P earphones and MX41/AR cushions (Model

AD2293, Interacoustics Diagnostics, Assens, Denmark).

Tympanometry was conducted with a middle-ear analyzer

(model 1733, Grason-Stadler, Inc., Eden Prairie, MN).

TEOAEs were measured using HearID R3.2 (pre-release)

or R3.3 (custom modified) systems (Mimosa Acoustics, Inc.,

Champaign, IL). SFOAEs were measured with the SFOAE-

SG (v3.0.11) system (Mimosa Acoustics, Inc., Champaign,

IL). Both HearID and SFOAE-SG systems used a 24-bit

digital-signal-processing PC-card, running on an IBM Think

Pad T43 laptop computer.2 OAE stimuli were delivered and

responses recorded with an ER-10C probe (Etym�otic

Research, Inc., Elk Grove Village, IL) using foam ear-tips.

The contralateral broadband noise (BBN) (0.01 to

10 kHz) was generated by an analog noise generator (Model

901B, Grason Stadler Corporation, Eden Prairie, MN),

attenuated by a programmable attenuator (Model PA4,

Tucker-Davis Technologies, Inc., Alachua, FL), amplified

with an integrated stereo amplifier (model 31–1955,

Realistic SA-150), and output to an ER-2 tube-phone

(Etym�otic Research, Inc., Elk Grove Village, IL). The timing

of the noise was controlled manually by the tester.

C. Procedures and screening

One ear of each subject was designated as the test ear.

Determination of the test ear depended on normal hearing

and tympanograms, clear ear canals, adequate OAE levels,

any SOAEs being sufficiently far from the SFOAE test fre-

quencies, and sufficiently high MEMR thresholds. Selection

of test ears was arranged to ensure half the test ears had

SOAEs and half did not. When both ears met criteria, the ear

with the best hearing, SOAE status, and best OAE amplitude

was selected somewhat arbitrarily. The contralateral ear did

not need to meet as stringent criteria as the test ear: It did not

need to meet OAE criteria, and hearing could be slightly

worse at 8 kHz.

For this initial work on MOCR test development, it was

more important to attempt to get good data than it was to test

everyone. Therefore, strict criteria were used for hearing

thresholds, otoscopy, tympanograms, TEOAEs, SFOAEs,

and ability to measure MEMR thresholds reliably at low

levels.

Hearing thresholds were measured manually using the

Modified Hughson-Westlake procedure with pulsed tones

(ANSI, 2004). Subjects were required to have hearing

thresholds �15 dB hearing level (HL) in their test ear at 0.5,

1, 2, 3, 4, 6, and 8 kHz; and thresholds �15 dB HL in their

contralateral ear at 0.5, 1, 2, 3, 4, and 6 kHz; and �20 dB HL

at 8 kHz.

Otoscopic exams were performed to check for abnor-

malities and clear ear canals. Excess cerumen was removed

if it was near the ear canal entrance; otherwise the subject

did not continue in the study unless they had the cerumen

professionally removed.

Tympanometric peaks for both ears were required to be

within 0 6 50 daPa when measured using a slow sweep

speed (12.5 daPa/s). Subjects could Valsalva to achieve this.

At the beginning of each test session, tympanometric-peak

pressures were rescreened; the test ear was required to be

within 0 6 50 daPa, and the contralateral ear was required to

be within 0 6 100 daPa.

TEOAEs were required to be present in the test ear in

the frequency bands 1 to 1.5, 1.5 to 2, and 2 to 2.5 kHz with

SNR� 6 dB. The TEOAE stimulus used for screening and

for MOCR testing was a 1 to 5 kHz bandpass chirp (see

“Shera chirp” in Lapsley Miller et al., 2004a; Mimosa

Acoustics, 2007). Each chirp had an absolute duration of

10.5 ms with an effective duration of approximately 6.5 ms.

A chirp was presented every 32.5 ms.3 In-the-ear spectrum

calibration was used with the intention to flatten the stimulus

to accommodate variations in ear-canal acoustics across

individuals; however, a missing microphone equalization

meant that the actual stimulus presented was not flat.4 The

measurement was made in non-linear mode (to avoid stimu-

lus artifact), where a stimulus ensemble of four chirps was

presented in a series. The first three chirps were 47 dB SPL

(approximately 65 dB pSPL), and the fourth chirp was

9.5 dB higher in level and with opposite polarity. The

responses to 500 presentations of this stimulus ensemble, all

of which met noise-rejection criteria, were derived using the

method developed by Bray (1989). A 14 ms response win-

dow (including 2.5 ms onset and offset ramps), which started

2 ms after the end of the digital stimulus to minimize the

effects of stimulus ringing, and a 0.75 to 5 kHz bandpass

response filter were used to extract the TEOAE from the

averaged waveform (Mimosa Acoustics, 2007). There was
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no artifactual response to this stimulus in a B&K 4157 artifi-

cial ear (Br€uel & Kjær, Nærum, Denmark) or in severely

hearing-impaired ears (Lapsley Miller et al., 2004a).

Microphone equalization was applied to the TEOAE

responses post hoc.

SFOAEs were measured using the method described by

Shera and Guinan (1999). The probe tone, fp, was 40 dB

SPL, and the ipsilateral suppressor tone, fs, was 60 dB SPL

and 47 Hz higher than fp (Lilaonitkul and Guinan, 2009a,b).

The probe tone played continuously while the suppressor

cycled on and off every 170 ms (excluding ramps), taking a

minimum of 8 s if no frames were rejected due to high noise,

otherwise up to a maximum of 35 s. The measurement

stopped as soon as 16 low-noise samples at fp were obtained

(both with and without the suppressor). These samples were

then averaged and the SFOAE was derived by taking the

vector difference of the average at fp with and without the

suppressor.

At screening, discrete-tone SFOAEs were measured

sequentially across 71 frequencies between 0.970 and

2.530 kHz, spaced using a power-law function with exponent

1.64 (as best possible given the minimum frequency resolu-

tion of 11.7 Hz), and group delay was used to establish that a

valid SFOAE had been measured (Lapsley Miller et al.,
2004b). For each ear, from the 71-point SFOAE-gram, 2

three-frequency stimulus ensembles were selected for

MOCR testing. The optimal-frequency ensemble included

one test frequency from each band of interest (1 to 1.5, 1.5

to 2, and 2 to 2.5 kHz) that had good SFOAE amplitude and

was away from any SOAEs.5 The cluster ensemble included

one test frequency from the optimal-frequency ensemble
(usually in the 1.5 to 2 kHz band) and the two neighboring

frequencies that were 23 Hz above and below.6 This cluster

was used to calculate an averaged MOCR strength estimate

(referred to as the cluster-average). If an SFOAE solution

could not be found, the other ear was considered providing it

met all criteria for being a test ear, otherwise the subject was

not enrolled.

SOAEs were measured using the SOAE50 test protocol

in the TEOAE module (Mimosa Acoustics, 2007), which

measures synchronized SOAEs. In-the-ear spectrum calibra-

tion was used to flatten the 50 dB SPL 1 to 5 kHz click stim-

ulus.4 The click was presented every 64 ms. Responses to

1000 stimuli were recorded in linear mode (where all stimuli

were at the same level). The 20 ms response window (includ-

ing 2.5 ms onset and offset ramps) started 20 ms after the end

of the digital stimulus, which allowed time for the TEOAE

response to dissipate, leaving only the SOAEs that were

phase-locked to the stimulus. In the frequency domain,

SOAEs were defined as present if a frequency bin (resolution

11.7 Hz) had a response greater than �20 dB SPL, an SNR

greater than 12 dB, and a noise level lower than �30 dB

SPL, between 0.5 and 3 kHz. Setting a criterion on SOAE

level meant that small but clearly detectable SOAEs were

not considered present as they were unlikely to be of suffi-

cient strength to affect the MOCR result.

MEMR thresholds to the BBN were estimated using a

novel procedure (Lilaonitkul and Guinan, 2009a,b; Lapsley

Miller and Marshall, 2014) because measurements with

clinical audiological equipment are insensitive (e.g., Zhao

and Dhar, 2010). It was important to ensure that the contra-

lateral BBN did not elicit a MEMR; otherwise the MOCR

measurements could be confounded by the MEMR. From

previous experience, we expect 5% to 10% of subjects to

have some reflex for a 60 dB SPL BBN, although it is

unlikely to be substantive. To estimate the MEMR threshold,

changes in a 40 dB SPL 1 kHz tone to a contralateral BBN

elicitor were estimated in a series of measurements (Method

1 in Lapsley Miller and Marshall, 2014). The SFOAE gener-

ated by the tone was continually suppressed by a nearby sup-

pressor tone at 60 dB SPL. Because the SFOAE itself was

suppressed, any change in the response was primarily due to

the activation of the middle-ear muscles. Four contralateral

BBN noise levels were used: 50, 55, 60, and 65 dB SPL. The

lowest BBN stimulus that evoked a change larger than 0 dB

SPL was considered the MEMR threshold for that ear. All

subjects included in the following analyses had thresholds

�65 dB SPL, which was at least 5 dB higher than the 60 dB

SPL BBN level used in the MOCR measurements.

We also tested whether the TEOAE chirp stimuli could

trigger the MEMR at 47 and 52 dB SPL. The TEOAE stimu-

lus was presented to the OAE test ear, and the MEMR mea-

surement was made in the contralateral ear. There was a

small MEMR in Subject 81 at 52 dB SPL and possibly a tiny

MEMR at 47 dB SPL. Subject 81 met all our criteria for

study inclusion so was included in the data analyses (so it is

possible their results could have been affected by a MEMR

from the combined effects of the TE stimulus and contralat-

eral elicitor, but we were not able to determine this a priori).
Very small MEMRs can be difficult to distinguish from

measurement variability in some subjects, and further refine-

ment of this procedure is needed (Lapsley Miller and

Marshall, 2014).

D. MOCR test procedure

Subjects were tested in four 2-h sessions, usually on sep-

arate days, but at least separated by 2 h. The first session was

for screening. The second session consisted of a TEOAE-

based measurement series then three SFOAE-based

measurement series (one series for each of the three optimal

frequencies). The third session consisted of a TEOAE-based

measurement series followed by the three SFOAE-based

measurement series (one series for each of the three clus-

tered frequencies). The fourth session consisted of three

SFOAE-based measurement series for the three optimal fre-

quencies then three SFOAE-based measurement series for

the three clustered frequencies. Each SFOAE test frequency

was tested individually in its own measurement series, and

the test time was divided up by the tester to ensure roughly

equal time was allocated to each. The order of the three

SFOAE frequencies within a session was decided randomly

by tossing a die.

At the beginning of each session subjects were checked

to ensure that they had not been recently noise exposed, had

clear ear canals, and to ensure that their tympanometric peak

pressure met inclusion criteria (Sec. II C). Subjects were not

allowed to doze or sleep during data collection as sleep can

2700 J. Acoust. Soc. Am., Vol. 136, No. 5, November 2014 Marshall et al.: Medial-olivocochlear reflex assays



decrease efferent activity (Froehlich et al., 1993). They

were, however, allowed to read, watch DVDs, or engage in

other quiet activities. A short break was given half-way

through a test session, and subjects could take breaks at other

times if necessary.

For each subject and each experimental condition, a se-

ries of MOCR measurements was made to establish MOCR

statistics. An MOCR measurement series consisted of around

15 trial-pairs (median 15, range 10–20 trial-pairs), where

each trial pair consisted of one OAE measurement made

without the contralateral BBN (Q or “Quiet” trial) and one

measurement made shortly after with the contralateral BBN

(N or “Noise” trial). On an N trial, the tester turned on the

noise and waited at least 2 s before starting the OAE test. At

the end of the N trial, the tester turned off the BBN and

waited at least 10 s for the MOCR to reset before starting the

next trial pair. In-the-ear calibration was performed at the

beginning of the measurement series, and again when

deemed necessary throughout the test. If the tester noted a

change in stimulus levels, or saw the probe move or fall out,

the current measurement series was entirely rerun if there

was time, otherwise the tester stopped testing that series.

The number of trial pairs in each series for each subject/ses-

sion thus depended on probe stability and time elapsed

within the session.

For each MOCR trial-pair series involving SFOAEs,

testing was done at individual frequencies with the entire se-

ries measured before changing frequency. This minimized

the time elapsed between Q and N trials.

MOCR calculations were done offsite after the session,

so were not available to the tester during testing. The tester

concentrated on achieving good OAE measurements with

low noise floors, good calibrations, and stable stimulus lev-

els. Artifact rejection was achieved during data collection

with a threshold technique where data frames were discarded

when the instantaneous wideband noise level was above a

criterion level. This level was adjusted by the tester as neces-

sary to achieve good measurements.

E. Definitions of MOCR strength estimates

MOCR strength is most often assessed by considering

just the arithmetic difference between the two OAE ampli-

tudes in dB SPL. This approach loses all phase information.

The vector difference between SFOAE complex pressures,

with and without MOC stimulation, uses both amplitude and

phase to derive what we call here the “raw MOCR” (which

is in Pascals and can be converted to dB SPL the same as the

measured complex sound pressures). Backus and Guinan

(2007) normalized the raw MOCR amplitude by the SFOAE

amplitude to obtain an MOCR strength estimate in percent,

which is referred to here as MOCR%. Normalization pro-

duces an MOCR measure that is uncorrelated with (i.e.,

unconfounded by) OAE amplitude. They did this for

SFOAEs,7 and we applied the same principles to TEOAEs.

All the calculations were done in the frequency domain from

FFTs.

Specifically, the normalized SFOAE MOCR%

(MOCRSF) for a single Q-N trial-pair was defined as

MOCRSF ¼ 100 ðjPN�PQ j=jPQjÞ, i.e., the magnitude of the

vector difference (in Pascals) between the complex-valued

OAE measured on the Q trial (PQ) and the complex-valued

OAE measured on the N trial (PN), normalized by the magni-

tude of the OAE measured on the Q trial, and expressed as a

percentage.

The normalized TEOAE MOCR% (MOCRTE) was

developed analogously to MOCRSF by (a) at each FFT fre-

quency, taking the vector difference of the Q and N TEOAE

complex spectral densities (in Pascals) to obtain the raw

MOCR spectrum, (b) summing the total power in the fre-

quency bands of interest from the raw MOCR spectrum and

the TEOAE Q spectrum (i.e., Pascals squared), (c) taking the

square root, which makes these root-mean-square values,

and (d) normalizing by dividing the MOCR total power by

the TEOAE Q total power in each band, and expressing as a

percentage: MOCRTE ¼ 100 ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RjPN�PQ j2

q
=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RjPQj2

q
Þ.

For each trial-pair, MOCRTE was estimated for four

frequency bands (all from the same TEOAE measurements):

1 to 1.5 kHz, 1.5 to 2 kHz, 2 to 2.5 kHz, and the overall

wideband response (0.5 to 6 kHz), also known as the

“whole-response.”

For both MOCRTE and MOCRSF, the aggregate
MOCR% was defined as the mean MOCR% across each

trial-pair in an individual measurement series. An aggregate

was calculated for each subject, condition, and frequency for

which there were at least five individual MOCR% estimates

that passed screening for OAE quality (described below).

The inherent across-trial variability in the MOCR mea-

surement was estimated by pairing the Q and N trials in an

MOCR test series into adjacent Q-Q and N-N trial-pairs and

applying the same MOCR calculations as above for Q-N
pairs. The resulting quantity is referred to here as MOCR%

variability, which encapsulates noise from the individual

OAE measurements, variability of the underlying MOCR,

and across-trial variation. Because the time difference

between Q-Q and N-N trials is longer than between Q-N
trials, the MOCR% variability estimate can be considered an

upper-bound as more variation is expected when the duration

between trials increases.

The average MOCRSF for the cluster ensemble was

calculated trial-by-trial by averaging the three individual

MOCRSF values from each frequency (which were measured

separately), in order of testing, after removing any flagged as

bad quality (as described in Sec. II F). The number of trials

for this cluster-average series was defined by the test fre-

quency in the cluster with the fewest trials. Some trials were

therefore not used. Most MOCRSF cluster-average series had

15 trials, and all had at least 13 trials.

F. Screening criteria for MOCR quality

MOCR results were screened for data quality by apply-

ing criteria to the SNR and noise level of the underlying

OAE measurements. These criteria were determined in an

exploratory manner. One criterion was varied at a time while

visually inspecting MOCR variability and then trading off

data quality with data quantity until a comparable set of

J. Acoust. Soc. Am., Vol. 136, No. 5, November 2014 Marshall et al.: Medial-olivocochlear reflex assays 2701



criteria were found that decreased variability without remov-

ing data for too many subjects.

For MOCRTE, the 0.5 kHz band quality control criteria

for each measurement were: OAE SNR� 9 dB, and OAE

NF<�9 dB SPL; and the wideband criteria were: OAE

SNR� 3 dB, and OAE NF< 0 dB SPL (wideband criteria do

not need to be as strict because reliability increases with

bandwidth, Marshall and Heller, 1996). At least 400 out of

the maximum 500 averages in a trial were required, and the

stimulus level had to be within 3 dB of target. For MOCRSF,

the criteria were the same for all frequencies: OAE SNR� 9

dB (see Lapsley Miller et al., 2004b) and OAE NF<�9 dB

SPL. The SFOAE and suppressor stimulus levels were

required to be within 3 dB of target, and the difference

between the two stimulus levels no more than 3 dB from the

target difference.

Both OAE measurements in a Q-N trial-pair had to pass

quality control. For each individual MOCR series, at least

five trial-pairs with OAEs that passed quality control screen-

ing were required for the data to be used, ensuring there was

some information gained about the MOCR distribution (var-

iance) while not eliminating too many datasets. All SFOAE

measurement series had at least five trial-pairs per series—a

direct result of choosing test frequencies corresponding to

high amplitude SFOAEs. For TEOAEs, only the wideband

condition produced sufficient data for all 27 subjects. The

“Quality OAE” column in Table I shows the percentage of

subjects with at least five trial-pairs where the OAEs were of

sufficient quality to calculate MOCR.

III. RESULTS

To establish the statistical utility of MOCR%, we con-

sider: contributions to within-subject variability; whether or

not each participant’s MOCR% estimate is separable from

the inherent noise in their test; and how many trial-pairs are

needed to ensure a stable MOCR%. We then compare the

SFOAE and TEOAE-based MOCR% for the various

frequency bands. Comparisons include test–retest reliability,

correlations across frequency bands and across OAE types,

and variance ratios. Finally, we consider the ability of each

condition to reliably classify ears into levels of MOCR

strength, which is ultimately how the test could be used

clinically.

For each subject, each OAE type and stimulus ensemble

was measured twice, in two separate sessions (Sec. II D).

The data from the first measurement session of each OAE

type was used for most analyses presented here in order to

simplify the presentation of the results. Analyses using more

than one measurement session are specified. The data from

the repeated measurement was mainly used to assess across-

session reliability and correlations.

A. MOCR strength metrics (MOCR%)

Our MOC-strength metrics all involve an MOC-induced

change in an OAE normalized by the original value of the

OAE, expressed as an MOCR%. Because MOCR% is

defined from the magnitude of a vector difference, it must

always be positive, and has a true minimum at 0%.

However, due to inherent noise in the OAE measurements,

the lower bound is never met, and there is an effective noise

floor of approximately 10% for MOCRSF and 21% for

MOCRTE (estimated from the median MOCR% variability).

MOCRSF estimates vary between 14% and 45% (defined by

the 10th and 90th percentiles) with a median of 26%, and

MOCRTE estimates vary between 27% and 59% with a me-

dian of 41%. Overall, MOCRTE is systematically about 15

percentage points (pp) higher than MOCRSF but with a simi-

lar range of �32 pp.

The MOCR% distributions, represented as box-plots,8

for each subject, OAE type, and frequency band was plotted

against the MOCR% variability distributions (see Fig. 1 for

TEOAEs and Fig. 2 for SFOAEs). Ears were ranked by

median MOCR%.

B. MOCR% correlated with OAE quantities

It is important to have a measure of MOCR strength

uncorrelated with OAE amplitude. Normalizing the raw

MOCR-induced OAE change with OAE amplitude removes

the correlation (Backus and Guinan, 2007). For each OAE

type, the average MOCR% was tested for its correlation with

the average Q-trial OAE amplitude (dB SPL), SNR, and

noise level (dB SPL). MOCR% and the OAE characteristics

for each subject were paired within the same frequency

bands, and the data pairings were then pooled across all the

bands to calculate an overall correlation. There were no

significant correlations between MOCR% and TEOAEs

(amplitude: r¼�0.09, ns; SNR: r¼ 0.03, ns; noise level:

r¼�0.20, ns) or SFOAEs (amplitude: r¼�0.05, ns; SNR:

r¼�0.10, ns; noise level: r¼�0.07, ns). By way of compar-

ison, the correlation between the raw MOCR amplitude (vec-

tor difference converted into dB SPL but unscaled by OAE

magnitude) and OAE amplitude revealed significant overall

correlations for both TEOAEs (amplitude: r¼ 0.88, p< 0.05)

and SFOAEs (amplitude: r¼ 0.76, p< 0.05). These results

support the finding by Backus and Guinan (2007) that

TABLE I. The percentage of subjects (out of 27) for each OAE type and fre-

quency band where (a) the MOCR series had at least five trial-pairs where

OAEs were of sufficient quality to calculate the MOCR% (from Fig. 1 for

TEOAEs and Fig. 2 for SFOAEs; and also Sec. II F), (b) MOCR% was sepa-
rable from the inherent test variability (Sec. III D), and (c) MOCR% was us-

able, which included all ears with separable MOCR% and also those ears

with low-level MOCR% undetectable from inherent variability and which

fell in the bottom 10th percentile of MOCR% (Sec. III E).

OAE type

Frequency

band (kHz)

OAE quality

screen passed

MOCR

separable

MOCR

usable

SFOAE 1 to 1.5 100% 70% 81%

1.5 to 2 100% 89% 93%

2 to 2.5 100% 78% 89%

Cluster-average 100% 85% 85%

TEOAE 1 to 1.5 89% 78% 89%

1.5 to 2 93% 81% 93%

2 to 2.5 85% 74% 81%

0.5 to 2.5 96% 81% 89%

1 to 3 100% 89% 96%

Wideband 100% 74% 81%
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normalizing by OAE magnitude provides an MOCR metric

that is not directly confounded by the OAE amplitude.

C. MOCR% variability correlated with OAE quantities

Even after OAE quality-control screening (Sec. II F),

the degree of within-subject MOCR variability differed

across subjects (as seen in Figs. 1 and 2), with some subjects

showing high consistency within a frequency band (e.g.,

subjects 42 and 70) and others showing a great deal of vari-

ability (e.g., subject 31). The high-variability cases were

examined to establish what factors might be contributing to

the variability. The biggest factors were OAE amplitude and

SNR—the stronger the OAE and the lower the noise level,

the more stable the MOCR%, even when the MOCR% itself

was small. As an example, Fig. 3 shows the across-trial

MOCR% standard deviation (SD) as a function of across-

trial average OAE SNR for the 1.5 to 2 kHz band for

TEOAEs and SFOAEs (other frequency bands were similar).

Lower SNRs were associated with higher variability, with a

correlation of �0.78 for SFOAEs and �0.63 for TEOAEs

(both p< 0.05). This result is not surprising as the MOCR

calculation subtracts two OAE measurements thereby dou-

bling the effect of the OAE variance. Stimulus instability,

OAE instability, temporal effects, number of trial-pairs,

electrical interference, and the presence of SOAEs were not

obviously related to increased variability.

To tease out if OAE amplitude, SNR, or noise level

contributed most to MOCR% variability, the MOCR% SD

was tested for its correlation with OAE amplitude, SNR, and

noise level. MOCR% SD and the OAE characteristics for

each subject were paired within the same frequency bands,

and the data pairings were then pooled across all the bands

to calculate an overall correlation. SNR was the more

FIG. 1. MOCRTE distributions for the

27 subjects, represented as box-plots,

and ordered by increasing median.

From top to bottom: 1 to 1.5 kHz, 1.5

to 2 kHz, 2 to 2.5 kHz, and the wide-

band response. Subjects with fewer

than five trial-pairs meeting OAE qual-

ity criteria, are marked with an “�.”

The remaining subjects provided at

least 5 trial pairs of usable data, with

most providing 15 trials pairs. The

black plots represent the MOCR% dis-

tribution (based on the Q-N trial-pairs)

and the gray plots are an estimate of

the inherent variability in the MOCR

measurement (based on the re-paired

Q-Q and N-N trial-pairs). The “n” indi-

cates those cases where the MOCR%

estimate was not significantly different

from the variability.
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important factor for MOCRTE (amplitude: r¼�0.50,

p< 0.05; SNR: r¼�0.62, p< 0.05; noise level: r¼�0.05,

ns) and MOCRSF (amplitude: r¼�0.47, p< 0.05; SNR:

r¼�0.65, p< 0.05; noise level: r¼ 0.25, ns). The correla-

tion of MOCR% with SNR was present even after using

SNR as an initial quality control. SNR is derived from the

OAE amplitude and the noise level; the OAE amplitude

component is also significantly correlated with MOCR vari-

ability, but the OAE noise level is not. In part, this may be

because the OAEs were screened to ensure sufficiently low

noise levels.

D. Ensuring an MOCR was present

In most cases the distributions of MOCR% and

MOCR% variability for each subject and condition (as

shown in Figs. 1 and 2) showed separation, indicating that

the MOCR% was separable (i.e., detectable) from the inher-

ent trial-by-trial variability in the measurement. Signal-

detectability statistics such as the Area under the Receiver-

Operating-Characteristic (ROC) curve are an appropriate

method to consider how separated two distributions are from

one another (Bamber, 1975). ROC curves were derived by

treating the MOCR% variability as the “noise-alone”-event

distribution and the MOCR% as the “signal-plus-noise”-

event distribution. The Area under the ROC curve was calcu-

lated, and Bamber’s test for significance applied (Bamber,

1975). The MOCR% distributions marked with an “n” in

Figs. 1 and 2 were not significantly different from the inher-

ent variability; most were associated with high within-

subject variability and/or low MOCR%. The percentage of

subjects with a separable MOCR% is shown in Table I, and

ranges from 70% to 89% for SFOAEs and from 74% to 89%

for TEOAEs.

FIG. 2. MOCRSF distributions for the

27 subjects, represented as box-plots,

and ordered by increasing median.

From top to bottom: 1 to 1.5 kHz, 1.5

to 2 kHz, 2 to 2.5 kHz, and the three-

frequency-cluster average. All subjects

provided at least 10 trial pairs of usable

data, with most providing 15 trials

pairs. The black plots represent the

MOCR% distribution (based on the Q-
N trial-pairs) and the gray plots are an

estimate of the inherent variability in

the MOCR measurement (based on the

re-paired Q-Q and N-N trial-pairs).

The “n” indicates those cases where

the MOCR% estimate was not signifi-

cantly different from the variability.

2704 J. Acoust. Soc. Am., Vol. 136, No. 5, November 2014 Marshall et al.: Medial-olivocochlear reflex assays



E. Including low-level MOCR% values that were not
separable from noise

An important category of ears are those with low

MOCR strength that may not produce MOCR% estimates

that are statistically separable from the inherent noise in the

test. For these ears, if the aggregate MOCR% was below the

tenth percentile of separable MOCR values and if at least

five trial-pairs passed OAE quality control, the aggregate

MOCR% was considered to be usable and included in

further analyses.

Table I shows the percentage of subjects with usable
MOCR measurement series. For all but one condition, the

percentage of acceptable data increased by including the

“usable” data category. The best conditions were the 1.5 to

2 kHz band for both SFOAEs and TEOAEs where 93% of

the subjects produced usable MOCR data (but curiously it

was not the same two subjects who had unusable data), and

the 1 to 3 kHz TEOAE band where 96% of the subjects

produced usable data.

F. Ratio of MOCR% across-subject variance to
within-subject variance

A useful statistic is the ratio of the variance of the

across-subject MOCR% mean to the mean of the within-

subject across-trial MOCR% variance. This variance ratio
can be used to compare the performance of the various

MOCR strengths from the different OAE types and

frequency bands. Large ratios indicate a good spread of

values across ears relative to the test–retest variability for

individual ears. Variance ratios were calculated for each

OAE type and frequency band for the usable MOCR data

(defined in Sec. III E), and separately for the initial and

repeat sessions. Table II shows the variance ratios for each

frequency band under consideration. The MOCRTE wide-

band and the MOCRSF cluster-average produced the larg-

est ratios. The variance ratios were similar between

sessions, with differences attributable to the slightly differ-

ent ears with usable data contributing to the ratios across

sessions.

G. Number of trial-pairs needed to establish
within-session MOCR% stability

The MOCR% is stable across multiple measurements

for some subjects but not others (Sec. III A and Figs. 1 and

2). This is primarily due to low OAE amplitude or SNR

(Sec. III B and Fig. 3). Because time is limited in clinical

testing, it is useful to know how many trial-pairs are needed

to establish that the MOCR% estimate is stable.

A rather arbitrary threshold of an MOCR% SD of no

more than 7.5 pp across the measurement series was used to

define a stable MOCR% estimate. Table III shows the per-

centage of subjects per condition who achieved this criterion

(relative to the number of subjects who met quality control

criteria for OAEs; Table I). Then, for those stable cases, the

number of trial-pairs that were actually needed to establish

stability was estimated using a sampling technique.9 The first

trial-pair-number to achieve a mean MOCR SD within 1 pp

of the final SD was defined as the minimum sufficient num-

ber of trial-pairs for that condition. For all but one condition,

the median sufficient number of trial pairs for the group was

three (Table III). It was not possible to estimate stability for

the SFOAE cluster-average because the three measurements

underlying it were collected in different measurement series.

For this analysis, all MOCR% estimates that passed OAE

quality control were included. Separability was not consid-

ered because it is calculated from the overall measurement

series.

FIG. 3. Average MOCR within-subject variability (SD) as a function of av-

erage OAE SNR (dB) from the Q-trials for the 1.5 to 2 kHz band. The sub-

ject numbers represent the points, and can be related back to the second

panels in Figs. 1 and 2.

TABLE II. A key aim is to establish which MOCR assays have the biggest

range in the population relative to the individual test–retest variability,

defined as the ratio of the variance of the across-subject MOCR% mean to

the mean of the within-subject, across-trial MOCR% variance, for each

OAE type and frequency band under consideration. The larger the ratio, the

better the test performance. Variance ratios were calculated separately for

the two sessions to gauge repeatability.

OAE type

Frequency

band (kHz)

Initial session Repeat session

Subjects Ratio Subjects Ratio

SFOAE 1 to 1.5 22 3.9 25 2.8

1.5 to 2 25 5.0 25 4.9

2 to 2.5 24 2.1 26 2.1

Cluster-average 23 15.4 25 10.8

TEOAE 1 to 1.5 24 4.4 24 6.7

1.5 to 2 25 6.1 23 7.0

2 to 2.5 22 4.8 22 6.9

0.5 to 2.5 24 9.4 26 11.0

1 to 3 26 6.2 26 9.7

Wideband 22 8.7 25 12.1
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H. Within-session MOCR% correlations among
frequency bands and between OAE types

Table IV presents the within-session correlations for

the aggregate MOCR% (averaged over the �15 MOCR%

estimates from each measurement series). Shown are the

across-frequency-band correlations within an OAE type and

the same-frequency-band correlations across OAE types

(Pearson product-moment correlations with pair-wise data

deletion; all are significant at p< 0.05 except for one). Most

of the correlations are moderately strong. TEOAE-based

MOCR measurements produced higher across-band correla-

tions than SFOAE-based measurements. This is probably

because, for SFOAEs, the probe may have been refitted

between frequencies. In contrast, for TEOAEs, MOCR% for

each frequency band were derived from the same measure-

ments, and the probe was not refitted during a measurement

series.

Across OAE types, the highest correlations were for the

1.5 to 2 kHz TEOAE band against the 1.5 to 2 kHz SFOAE

band (r¼ 0.81, p< 0.05; plotted in Fig. 4) and for the

cluster-average SFOAE (r¼ 0.86, p< 0.05), where the clus-

ter ensemble frequencies were also mostly in the 1.5 to

2 kHz band. Within OAE types, the highest correlations

were those for adjacent or the same frequency bands.

I. Across-session MOCR% correlations/test-retest
reliability

Table V shows the across-session correlations

(Pearson’s product-moment correlations with pair-wise

data deletion) for the average MOCR% (averaged over the

�15 MOCR% estimates from each measurement series)

for each OAE type and frequency band. In all cases the

correlation was high and significant, indicating good reli-

ability. The time elapsing between sessions extended from

at least 2 h to a few weeks, but for most subjects it was 1

day for TEOAEs and 2 days for SFOAEs. Also provided in

Table V is the standard error of measurement, which is an

estimate of test–retest reliability for individual measure-

ments, based on the group (Ghiselli, 1964). It is derived

from the correlation between test and retest and weighted

by the average variance. MOCRSF had slightly higher reli-

ability than MOCRTE, and the 2 to 2.5 kHz band for both

OAE types produced slightly higher reliability than the

other bands.

TABLE III. The minimum, median, and maximum number of trial-pairs needed to establish a stable MOCR% series, and the percentage of subjects who

achieved stable results, excluding subjects with fewer than five trial pairs of data meeting the OAE quality control criteria. Note that subjects achieving stable

results may not have had an MOCR% statistically separable from the inherent variability.

OAE type Frequency band (kHz) Subjects

Trial-pairs to stability

Percent stableMinimum Median Maximum

SFOAE 1 to 1.5 27 2 4 6 74%

1.5 to 2 27 2 3 8 81%

2 to 2.5 27 2 3 8 85%

Cluster-average 27 n/a n/a n/a n/a

TEOAE 1 to 1.5 24 2 3 7 92%

1.5 to 2 25 2 3 9 92%

2 to 2.5 23 2 3 6 83%

0.5 to 2.5 26 2 3 4 100%

1 to 3 27 2 3 6 96%

Wideband 27 2 3 14 100%

TABLE IV. Within-session aggregate MOCR% correlations were all significant except for the one indicated with an asterisk (Pearson product-moment corre-

lations; p< 0.05; N¼ 18 to 24; pair-wise deletion). Comparisons across-OAE type for the same frequency ranges are in the bottom left quadrant, and compari-

sons within-OAE type across frequency ranges are in the top left and bottom right quadrants. The data were screened to include only usable MOCR

measurements (unscreened data produced similar correlations).

OAE type Frequency band (kHz)

SFOAE TEOAE

1 to 1.5 1.5 to 2 2 to 2.5 Cluster-average 1 to 1.5 1.5 to 2 2 to 2.5 Wideband

SFOAE 1 to 1.5 1.00

1.5 to 2 0.47 1.00

2 to 2.5 0.21a 0.59 1.00

Cluster-average 0.50 0.98 0.50 1.00

TEOAE 1 to 1.5 0.78 1.00

1.5 to 2 0.81 0.86 0.73 1.00

2 to 2.5 0.75 0.75 0.83 1.00

0.5 to 2.5 0.74 0.84 0.53 0.80

1 to 3 0.70 0.81 0.58 0.79

Wideband 0.70 0.72 0.50 0.66 0.86 0.79 0.83 1.00

aNot significant
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J. Effect of SOAEs on MOCR%

Mean MOCR% strength for the group of ears with no

SOAEs (N¼ 12 for TEOAEs, and N¼ 10 for SFOAEs) and

the group with SOAEs (N¼ 12 for both; 9 of which had

direct SOAE influence in the 1 to 1.5 kHz band) did not

differ significantly for 1.0 to 1.5 kHz MOCRTE (t-test:

t22¼ 0.75, ns, means 37.0% vs 40.4%) or the 1.0 to 1.5 kHz

MOCRSF (t-test: t20¼ 1.80, ns, means 32.8% vs 23.8%).

K. Optimal frequency region for MOCRTE

A priori, the frequency bands of interest were three

0.5 kHz bands between 1 and 2.5 kHz. Individual SFOAE

test frequencies were chosen to fall into each band for com-

parison with TEOAEs. These ranges were chosen because

we wanted to consider the trade-off between the higher

MOCR strength at lower frequencies and the higher noise

floor typically found at lower frequencies. However, our

a priori bands might not be the best.

Unlike SFOAEs, the frequency bands for TEOAEs can

be post hoc analyzed into arbitrary bands. To investigate the

optimal frequency range for MOCRTE we calculated the

average MOCR% and the MOCR variance ratio (introduced

in Sec. III F above) in 0.5 kHz bands for center frequencies

0.75 to 5.75 kHz in 0.25 kHz steps, 1 kHz bands from 1 to

5 kHz in 0.5 kHz steps, 2 kHz bands from 1.5 to 5 kHz in

0.5 kHz steps, 3 kHz bands from 2 to 5 kHz in 0.5 kHz steps,

and a 6 kHz band (wideband) at 3.5 kHz.

For each TEOAE frequency band, data were analyzed if

at least 20 out of 27 subjects produced at least 5 trial pairs

of screened data. A criterion of 30% was used to define

low-level undetectable MOCR% for all frequency bands (as

in Sec. III E), which was the approximate average level

found in the earlier analyses. The underlying OAE data were

screened similarly to before (Sec. II F) except that the noise

level criterion was increased with increasing bandwidth

using the 3-dB rule for each doubling, and the SNR criterion

was decreased evenly with increasing bandwidth from 9 dB

for 0.5 kHz bands, 7.5 dB for 1 kHz bands, 6 dB for 2 kHz

bands, 5 dB for 3 kHz, bands, and 3 dB for the 6 kHz band

(because reliability increases with bandwidth, Marshall and

Heller, 1996). For each subject, data from both sessions

were analyzed, and the session that produced the most bands

with usable data for that subject was chosen. This was done

to increase the size of the data set. Some of the variation in

the resulting analysis is due to different subjects contributing

data (ranging from 21 to 27 ears).

Figure 5(a) shows the average group MOCR% for each

bandwidth-frequency combination. For each bar, the height

represents MOCR strength; the width represents the band-

width; and the position on the abscissa represents the center

frequency. The largest MOCR% (43.7%) is for the widest

bandwidth. There is a clustering of MOCR strength around

36% to 40%, with most of these bandwidths including fre-

quencies below 2 kHz. The 0.5 kHz frequency bands used

extensively in our analyses, namely 1 to 1.5, 1.5 to 2, and 2

to 2.5 kHz, also have fairly high strength.

Figure 5(b) shows the MOCR variance ratio (across-

subject variance to within-subject variance). The highest

ratio (12.8) is for the widest bandwidth. The 0.5 to 2.5 kHz

band (N¼ 26) and the 1 to 3 kHz band (N¼ 27) also had

high variance ratios. Although not as high as the wideband

result (N¼ 24), they included more ears with usable data, so

may provide a more reasonable trade-off between maximiz-

ing the number of ears and maximizing the variance ratio.

This is why results for these bands were included in many of

the preceding analyses (including Tables I–VI, using

TEOAE screening criteria of �6 dB SNR and < �3 dB SPL

noise level). In comparison, the narrow bandwidths do not

fare well. The higher variance ratios are for the wider band-

widths that include the 1.5 to 2 kHz band, unlike the MOCR

strength above where higher strength was seen when lower

frequencies were included.

L. Test speed

The test time for a typical trial-pair was estimated by

calculating how many trial-pairs were collected per 2-h

FIG. 4. Scatterplot of aggregate 1.5 to 2 kHz MOCRTE against aggregate 1.5

to 2 kHz MOCRSF, indicating the different measurement techniques are tap-

ping into the same underlying phenomenon. The correlation coefficient is

0.86 (20 ears), and a least-squares fit is MOCRTE¼ 0.8 MOCRSFþ 20.

TABLE V. Across-session aggregate MOCR% correlations for each OAE

type and frequency band were all significant (Pearson product-moment cor-

relations; p< 0.05, N¼ 21 to 23 for each cell; pair-wise deletion). The unit

for the standard error of measurement is pp.

OAE type

Frequency

band (kHz)

Across-session

correlation

Standard error of

measurement (pp)

SFOAE 1 to 1.5 0.94 2.7

1.5 to 2 0.96 3.0

2 to 2.5 0.95 1.8

Cluster-average 0.96 2.9

TEOAE 1 to 1.5 0.80 5.1

1.5 to 2 0.94 3.5

2 to 2.5 0.96 2.4

0.5 to 2.5 0.86 4.8

1 to 3 0.89 4.0

Wideband 0.89 3.8
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session, where as many trial-pairs were collected as possible

in the allotted time (subtracting 10 min for test-day screening

and short breaks). This gives an estimate that includes over-

head associated with re-calibrating and re-fitting probes. For

27 subjects, 863 TEOAE trial-pairs were collected and 5197

SFOAE trial-pairs. This equates to 3 min per trial-pair for

TEOAEs and 1 min per trial-pair for SFOAEs (one

frequency).

M. Classification into risk groups

A key question is whether MOCR strength classifica-

tions into low, normal, or high risk are repeatable. With the

current data set, all we can do is assess whether it is possible

to accurately repeat an arbitrary classification. Ears with usa-

ble MOCR in both the first and second session (21 to 23 ears

out of a possible 27, with at least 5 trial-pairs contributing to

the aggregate) were classified by the 10th and 90th percen-

tiles into Low, Normal, and High MOCR strength, for the

initial and repeated sessions, separately. Table VI shows the

repeatability of the classification. For those ears gaining a

different classification, indicated is whether the second ses-

sion result was within 5 pp of their first session result (i.e., a

near miss). For all of the SFOAE conditions, classifications

were repeatable (correct or near-miss) for at least 95% of the

ears with usable data. Repeatable classifications for

TEOAEs ranged from 82% to 91%. Given the small number

of subjects involved, this analysis can only be seen as

indicative.

IV. DISCUSSION

Our aim was to consider the viability of a clinical

MOCR assay using OAEs: how to define MOCR strength,

establishing the statistical properties and relationships of

MOCR strength metrics, and establishing how best to mea-

sure the MOCR with OAEs, including working around con-

founds (MEMR and SOAEs). We conclude there is enough

evidence to say that an MOCR assay is viable, but there are

issues still to address. Finally we discuss how an MOCR

assay might be incorporated into a HCP, what is needed for

clinical trials, and other clinical uses of an MOCR assay.

A. Which is the best MOCR assay statistically?

MOCRTE and MOCRSF distributions differed; however,

correlations were high (Table IV) in the same frequency

FIG. 5. (a) MOCRTE strength and (b) MOCR variance ratio statistic for vari-

ous analyzing bandwidths and center frequencies. The width of each line

indicates the bandwidth and its position on the abscissa indicates the center

frequency. The height of the line indicates the (a) MOCR% or (b) variance

ratio. The four bands used in the other analyses are indicated in black.

Conditions with insufficient data are not plotted. The MOCR variance ratio

(an indicator of test performance) is not directly related to those conditions

producing higher MOCR strength. Best performance is for wider bands and

for bands that include the lower frequencies.

TABLE VI. Repeatability of MOCR strength classifications. For each OAE type and bandwidth, ears (out of a possible 27) with usable MOCR% in both the

first and second session were classified by the 10th and 90th percentiles into Low, Normal, and High MOCR strength groups. Shown are the number of ears

receiving the same classification, a “Near Miss” (classifications were different, but MOCR strength differed by less than 5 pp across sessions), or a different

classification. “Repeatable classifications” represents the percentage of ears in the second session that were correctly identified or were a near miss, weighted

by the number of ears with usable data in both sessions.

OAE type Frequency band (kHz) Ears Same Near miss Different Repeatable classifications

SFOAE 1 to 1.5 22 21 0 1 95%

1.5 to 2 21 19 1 1 95%

2 to 2.5 23 19 3 1 96%

Cluster-average 23 20 3 0 100%

TEOAE 1 to 1.5 22 17 2 3 86%

1.5 to 2 23 18 3 2 91%

2 to 2.5 21 19 0 2 90%

0.5 to 2.5 24 21 2 1 96%

1 to 3 25 21 1 3 88%

Wideband 22 19 1 2 91%
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regions in the same ears, indicating that both measures were

tapping into the same underlying phenomenon. Backus and

Guinan (2007) reported normally-distributed MOCR% for

test frequencies near 1 kHz (mean 36.6%, SD 11.7%, 25

ears). Our closest comparison is for MOCRSF in the 1 to

1.5 kHz band. For the 22 ears with usable MOCR data, the

MOCR% was consistent with a normal distribution (mean of

29%, SD 12.2%; Shapiro-Wilk test, W¼ 0.98, p¼ 0.82).

Cluster-average SFOAEs and wideband TEOAEs pro-

duced the highest MOCR variance ratios (Table II), which

was a key performance metric. For these two conditions,

SFOAEs produced usable data in slightly more ears, had

higher reliability, and produced slightly more repeatable

classifications, but TEOAEs were more stable. (Other condi-

tions did better on these secondary statistical benchmarks,

but did not produce high variance ratios.) So cluster-average

SFOAEs have an advantage, statistically, over TEOAEs.

This can be attributed in part to individually selecting opti-

mal test frequencies for SFOAEs. TEOAEs may have per-

formed better had the stimulus been equalized.

For TEOAEs, it is also worth considering the two 2 kHz

wide bands: 0.5 to 2.5 kHz and 1 to 3 kHz. Although these

2 kHz bands had slightly lower variance ratios than the wide-

band condition, they were measurable in most ears, and com-

pared favorably in measurability with SFOAEs. In Table I,

the percentage of usable data was 89% for the 0.5 to 2.5 kHz

band and 96% for the 1 to 3 kHz band, which was higher than

the other conditions. For both 2 kHz TEOAE bands, within-

session correlations with the SFOAE conditions were higher

than for wideband TEOAEs. Across-session test-retest reli-

ability for the 2 kHz bands was comparable to wideband

TEOAEs, but was lower than for SFOAEs. The 2 kHz bands

were the most stable of all conditions: median trials to stabil-

ity remained at 3, and the maximum reduced from 14 trials

for wideband TEOAEs to 4 to 6 trials, for the 2 kHz bands.

Classifications with 2 kHz TEOAE bands were repeatable for

96% of ears in the 0.5 to 2.5 kHz band, which compares

favorably with SFOAEs. It also may be worthwhile in future

efforts to individually choose TEOAE bandwidths to exclude

large SOAEs. MOCRTE reliability may improve if TEOAEs

are analyzed into bands individually determined for each ear,

and in so doing, the correlation with MOCRSF might increase.

Either OAE type could form the basis of a clinical

MOCR assay. The next iteration of the assays could specifi-

cally address the factors contributing to stability and vari-

ability. Data from more ears also are needed to better clarify

conditions resulting in the best variance ratios while main-

taining a high level of quality data.

B. Pragmatics of MOCR measurements

1. Ensuring measurement quality

One of the key determinates of a quality MOCR mea-

surement was a high OAE SNR. An SNR that is sufficient

for an OAE test is not enough for an MOCR test because the

noise floor increases when the two OAE measurements are

subtracted, and because a small change in the signal is to be

detected. There is a trade-off between quality and the num-

ber of ears that meet the quality criteria (e.g., if low-SNR

OAEs are included, it could produce a lower variance ratio

in the group). One possibility is to increase the OAE stimu-

lus levels to produce a higher SNR. Doing so may indeed

increase SNR, but the higher level may also elicit a MEMR,

or even be an ipsilateral elicitor for the MOCR. Further, the

resulting OAEs may be less sensitive to the MOCR. More

averages can be taken too, but this takes time, and, aside

from the practical considerations, can result in measurement

drift.10

We do not recommend any one set of criteria to screen

the OAE data for good quality. Differences in methodology,

stimuli, and equipment may also mean that recommendations

do not generalize. Instead we recommend that SNR criteria are

carefully considered, and the rationale for their choice clearly

explained. Although 6 dB is a popular choice for an acceptable

SNR (Goodman et al., 2013; Mishra and Lutman, 2013), this

may be much too low if the aim is to accurately detect a very

small MOCR (Guinan, 2012; Goodman et al., 2013).

2. Reducing test time

The test times from this study suggest an upper bound on

the necessary length of a clinical test. The measurements

were made with an improvised system with timings between

trials done manually. An automated test could be much faster.

Here, a TEOAE trial-pair took 3 min and a single-frequency

SFOAE trial-pair took 1 min, on average, but for SFOAEs to

yield comparable variance ratios to TEOAEs, trials should be

averaged over three frequencies thereby requiring 3 min, too.

To assess stability of the measurement, three repeats (median

from Table III) typically are needed for either SFOAEs or

TEOAEs. This amounts to 9 min per ear, which is a lengthy

test. We anticipate that test time can be sped up considerably

by the use of stopping rules for the OAE tests.

TEOAEs offer a practical advantage over discrete-tone

SFOAEs. Although test time is roughly similar to cluster-

averaged SFOAEs, TEOAEs overall are faster because they

do not require the additional tests needed to ascertain the

optimal test frequencies for SFOAEs (i.e., a TEOAE test or

SFOAE-gram to find high-amplitude regions, and an SOAE

test to avoid affected frequency regions, which is not always

possible to find in some ears). Here we selected SFOAE test

frequencies individually for each ear using a time-

consuming SFOAE-gram that took about 20 min; however,

analyses (not reported here) indicate good frequencies can

also be selected from a faster TEOAE test (adding approxi-

mately 1 min to the test), because it is a close match to the

SFOAE spectrum (Kalluri and Shera, 2007).

We found higher variance ratios for MOCRSF if trials

were averaged across frequency. However, for clinical pur-

poses, testing at one frequency is much easier than testing

across frequency because choosing one good SFOAE fre-

quency is much easier than choosing multiple frequencies

(when trying to find frequencies with good amplitude that are

away from SOAEs, etc.). This is another area for optimization.

3. Avoiding a MEMR

For each ear individually, the MEMR threshold was

estimated using an OAE-based measurement that is more
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sensitive than the usual clinical test (Lapsley Miller and

Marshall, 2014). No ear had a substantive MEMR at 65 dB

SPL or below, thus the MOCR measurements were most

likely due to the MOC system and not the MEMR. However,

our MEMR test was time-consuming and did not give clear-

cut results in many ears due to high inherent variability in

the MEMR test. People could have small MEMR responses

that might not be detectable even with our more sensitive

measurement. This is a problem if the raw MOCR response

is also small because the change from fluctuating middle-ear

muscle activity may be close to the same magnitude as the

MOCR. It is also probable that the wideband TEOAE stimu-

lus is a better MEMR elicitor than the tonal SFOAE stimuli,

especially in combination with the wideband BBN contralat-

eral elicitor, though we had little indication that this was an

issue in the current experiment at the levels used (although

this may have accounted for the inconsistent results from

Subject 81).

Although Luebke et al. (2014) found that MOCR

strength measurements containing some contamination by

MEMR activity nevertheless was predictive of PTS in rabbits,

it is not yet known if the same is true in humans. Future

efforts are needed to increase the sensitivity and reliability of

the MEMR measurement in humans, preferably derived from

the MOCR measurement itself (Goodman et al., 2013; Henin

et al., 2014; Lapsley Miller and Marshall, 2014).

4. Influence of SOAEs

Although SOAEs are affected by the MOCR (e.g., Zhao

and Dhar, 2010), our results showed that the presence of

SOAEs did not have any significant effect (Sec. III J) on

MOCR strength. This was expected for MOCRSF because

we tested away from SOAEs (it is already known that

SOAEs affect MOCRSF). For MOCRTE, it was not possible

to test away from SOAE frequencies as the measurement is

broadband in nature, but averaging over frequency may have

diminished their effects.

C. Improvements over earlier studies

Measuring MOCR strength with OAEs is a delicate

business, and we have attempted to overcome or mitigate

some of the methodological problems present in earlier

human studies. There is still much room for improvement.

Cross-over noise was avoided by using insert earphones

rather than headphones to supply the contralateral stimulus.

However, in our system the ER2 earphone contained only a

speaker and not a microphone so it could only be calibrated

in a coupler and not further adjusted in-the-ear. Thus the

actual levels presented in the ear canal may have differed

from the target level, and reliability may have been affected

if the ear-tip depth of insertion differed across sessions (this

may affect SFOAE cluster-averages more than TEOAEs in

the same band because the probe may have been refitted and

recalibrated between each SFOAE frequency).

A concern we have with some earlier published studies

is that not enough time elapsed between the end of a trial

with contralateral stimulation and the next trial with no stim-

ulation. If the reset time is too short, the efferent activity

may still be partially activated at the beginning of the next

trial without the contralateral elicitor, and thus the difference

between the OAE level with and without the contralateral

elicitor would be underestimated. In the current study, at

least 10 s elapsed after trials with contralateral elicitation to

ensure any efferent activity had decayed so that it would not

affect the next trial. Similarly, the contralateral stimulus was

on for at least 2 s before the OAE measurement began, to

ensure the efferent system had engaged and stabilized. Our

methodology measures MOC activity on a fast-time scale,

which is positively correlated in humans to the MOC activity

that occurs on a slower time scale. The magnitude of the

faster MOC activity is substantially larger than the slower

MOC activity (Zhao and Dhar, 2010), so it seems clinically

expedient to focus on the faster activity. It remains to be

seen if a 10-s reset time is overkill or whether it could be

reduced substantially, which would be desirable for a clinical

test that takes multiple measurements.

Some earlier human studies took only one measurement

pair per ear. By making repeated measurements, we were

able to gauge within and across-trial reliability. Our results

show that one trial is not enough. Indeed in some ears, even

after many trials, it is not always possible to separate MOCR

activity from the inherent test variability.

D. A clinical assay for HCPs

Individuals in the same noise-hazardous environment

will not incur the same hearing loss—some may not get any

loss, yet others may suffer significant disability (e.g., Martin,

1976; Maison and Liberman, 2000; Maison et al., 2002). For

normal-hearing ears with normal OAEs, an MOCR assay

may indicate susceptibility to NIHL or cochlear neuropathy

before any damage has occurred. Although we do not yet

have an optimal clinical test, our MOCR assays have suffi-

cient statistical properties to make field trials feasible. We

have established some parameters that result in a clinically

viable test—both statistically and pragmatically—such that

it is worth moving to clinical trials, albeit with some optimi-

zation to speed up the test. Our assays produce valid MOCR

measurements that can be used to reliably classify ears

according to MOCR strength. We need to establish if any

aspect of this MOCR measurement is predictive of NIHL.

Field trials would take baseline MOCR measurements

in a large group of people at risk for NIHL, and then follow

them longitudinally to establish risk factors for NIHL. Either

SFOAEs or TEOAEs perform well enough for field research.

The required time for either TEOAEs of SFOAEs is from 6

to 27 min per ear for testing if stability is to be verified

(9 min per ear for most). This is too long for many HCPs, so

a clinical assay would need further optimization (e.g., by

using stopping rules). Some newer OAE tests might be

better, such as swept-tone SFOAEs (Henin et al., 2011;

Kalluri and Shera, 2013).

Swept OAEs provide the best of both the TEOAE- and

SFOAE-based tests, but were not available at the time of the

experiment. They have the potential to give high-quality

estimates of the reflection component OAE, with a

wide-spectral response, and a higher SNR. At present, this
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test is a laboratory technique and needs a fast clinical imple-

mentation. Using linear TEOAEs also may be a better choice

(with faster data collection and higher SNR) if the stimulus

artifact can be sufficiently removed.

Irrespective of which OAE test is used, ears with rela-

tively normal hearing and low-level or absent OAEs are not

good candidates for an MOCR assay. However, ears in this

category are already known to be more at risk for incipient

NIHL from both continuous-noise and impulse-noise sources

(Lapsley Miller et al., 2006; Job et al., 2009; Marshall et al.,
2009). Our working presumption is that these low-level

OAEs are due to subclinical damage to the inner ear that has

not yet shown a significant change on an audiogram. As such,

testing for low-level OAEs in HCPs should become part of

the standard test battery. The OAE test needed can be derived

from the Q trials of an MOCR test so there is no additional

overhead for OAEs independently of the MOCR measure-

ment—new enrollees can have both OAE and MOCR magni-

tude evaluated at entry in the same test battery.

One of the most important principles to keep in mind is

how easy it is to make classification mistakes in MOCR% if

the underlying measurements and/or statistics are not care-

fully constructed. The variance of each OAE test (i.e., with

and without the contralateral elicitor) as well as the variance

of the MOCR% measurement makes it difficult to do this

well. If only one test series was used, or if no quality con-

trols were used for additional test series, it would be possi-

ble, for example, for an individual with a strong MOCR to

show a low MOCR% value (or vice versa) simply because

the measurement was noisy. It is important to have a mini-

mum of three trial pairs in an MOCR series, each of which

must pass quality-control criteria, and to continue the trial

series if necessary until a stability criterion is reached. It is

also important to determine whether the measurement

clearly is distinguishable from the measurement variability.

E. A general clinical test

Our primary interest is in hearing conservation, and our

aim is to establish a good clinical test for use in that context.

However, a clinical MOCR assay also is of more general in-

terest, and could be used for other applications such as diag-

nostic testing for various pathologies (summarized in Kumar

et al., 2013), tracking improvements in listening strategies due

to increased MOC functioning (reviewed in Guinan, 2012),

and identifying those who could benefit from auditory training

(summarized in Guinan, 2011). It could also be part of a test

battery to select people with exceptional performance poten-

tial (e.g., Andeol et al., 2011 show that MOCR strength is cor-

related with localization ability at low SNRs). Requirements

for classification of ears according to MOCR strength in these

contexts are not so severe, and there is likely more time for

making quality measurements compared to the fast, mass-

screening done in HCPs. Therefore, our current test could be

used for some applications even before it is optimized.
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1Eighty-seven subjects were screened. Thirty completed the experiment,

but three were excluded from the final dataset because post hoc analyses

of their MEMR thresholds yielded indeterminate results. Of the remaining

57 subjects, 19 passed screening but did not complete the experiment and

38 did not meet the screening criteria (9 did not meet hearing threshold

criteria, 13 met hearing threshold criteria but did not have sufficient

TEOAE levels, and 16 met hearing threshold and TEOAE criteria but did

not have an SFOAE test-frequency solution, usually due to too many

SOAEs and/or insufficient SFOAE amplitude at the frequencies away

from SOAEs).
2The HearID and SFOAE-SG software systems were custom modified by

Mimosa Acoustics part way through the experiment to provide the tester

prompts for turning the contralateral noise on and off, to expedite file

naming and saving, and to time the minimum duration between trials. No

modifications were made to the OAE measurement routines.
3Chirps were chosen over the more commonly-used click stimulus because

they showed fewer artifacts in ears with no OAEs (Lapsley Miller et al.,
2004a). Their longer duration and thus slower presentation rate also

reduced the chances of unintended MOCR activity elicited by the stimulus

(Veuillet et al., 1991; Guinan et al., 2003).
4After data collection had finished, we found the TEOAE module in

HearID R3 using the HearID PC-card did not provide sufficient micro-

phone equalization. Because we used spectrum calibration to flatten the

TEOAE stimulus in-the-ear, the missing equalization affected the shape of

that spectrum and it was not flat as intended. The ER-10C microphone

does not have a particularly flat frequency response, so without it the

TEOAE stimulus spectrum and TEOAE response spectrum were slightly

enhanced at 2.5 kHz and diminished by about 6 to 9 dB at 4 kHz. It should

be noted that no other TEOAE measurement system that we know of

attempts to flatten the stimulus in individual ears, and the spectrum pre-

sented in many ears would be far from flat. It should also be noted that we

can only measure the spectrum at the probe microphone; what is delivered

at the tympanic membrane can be far from flat due to standing waves. So

although not intended, and not ideal, the non-flat spectrum does not com-

promise the findings in this paper. A post hoc equalization fix was applied

to the TEOAE data. It could not correct the stimulus, but it could correct

the TEOAE response. Informal testing was done on a group of ears: (a)

with equalization for both stimulus calibration and response, (b) without

equalization on the stimulus but with post hoc equalization on the

response, and (c) with no equalization. In most cases, the post hoc equal-

ization produced results close to those made with equalization, compared

to those without any equalization. So despite the non-flat stimulus, the

main effect of the missing equalization was on the TEOAE response. The

MOCR strength estimate was not unduly compromised because the

MOCR effect is greatest below 2 kHz, and because the MOCR measure-

ment is a relative difference. For SOAEs, only those below 2.5 kHz were

of interest so although the measurement was affected by the missing

equalization, the effect was minimal.
5The optimal-frequency ensemble included one test frequency from each

band of interest: 1 to 1.5, 1.5 to 2, and 2 to 2.5 kHz. They were chosen

using an algorithm that considered stimulus quality (measured levels
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within 3 dB of target), SFOAE magnitude (> �5 dB SPL), SFOAE SNR

(>15 dB), noise floor (< �15 dB SPL), measurement validity (group delay

based on at least 3 of the 5 surrounding frequencies, including the test fre-

quency, with SNR> 6 dB and resulting correlation coefficient �0.96;

Lapsley Miller et al., 2004b), flatness of the SFOAE spectrum (nearest

neighbors within 2.5 dB), spacing (at least 0.35 kHz apart), and proximity

of SOAEs (at least 1 microstructure period away from SOAEs; Shera,

2003). All potential frequency triplets were determined, and the triplet

with the largest average amplitude was chosen.
6In one case, the two additional frequencies in the cluster were both above

the test frequency (Subject 70), and in two cases, a cluster in the 1 to

1.5 kHz band (Subject 73) or 2 to 2.5 kHz band (Subject 31) was chosen.

This was typically because of SOAE proximity or because the SFOAE

spectrum in the test region was not flat enough to find appropriate neigh-

boring frequencies.
7A percent change is easily converted to a dB change. MOC-induced OAE

changes are usually measured as the difference in OAE level without and

with a MOCR elicitor with both in dB SPL, which yields a dB change.

MOCRSF is different because it takes phase into account, and to help indi-

cate this difference, Backus and Guinan (2007) used percent instead of dB

for MOCRSF. Since MOCRTE was also calculated from a vector differ-

ence, we also used percent instead of dB for it too.
8In these box-plots, the median is represented by the horizontal line within

the box. The top and bottom of the box represents the interquartile range.

The top and bottom whisker heights are the most extreme values within

1.5 times the interquartile range from the ends of the box. The circles rep-

resent outliers that fall outside the whiskers.
9Each individual MOCR measurement series (consisting of �15 MOCR%

estimates, and excluding those series with fewer than 5 trial-pairs meeting

OAE quality control criteria), was subsampled without replacement to

obtain a number of trial-pairs varying from 1 to the maximum number of

trial-pairs available, and the aggregate MOCR% of the resulting dataset

was calculated. Each random subsampling was repeated 250 times (with

replacement) to build up a distribution of the MOCR% SD for each trial-

pair length. As the number of trial-pairs increased, the mean of the MOCR

SD tended to increase asymptotically, converging to the SD for all trial-

pairs. This brute force method was considered sufficient for the problem at

hand, compared with a more accurate, but computationally more resource-

intensive combinatorial method where all combinations are accounted for.
10Goodman et al. (2013) has suggested de-trending techniques to nullify

the effects of slow stimulus level drift, which are not completely con-

trolled by interleaving the noise-on condition with the noise-off condi-

tion. This was not possible with our implementation. Visual inspection of

the data did not indicate drift was a major contributor to MOCR variabili-

ty, possibly because our MOCR% derivation is applied on a trial-by-trial

basis, and not calculated over the entire interleaved measurement series.
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