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A survey of papers using auditory evoked potentials (AEPs) published over the last 10 years (Table
I) demonstrates that most AEP studies in animals have used subjective methods for auditory
threshold determination. Subjective methods greatly reduce the value of statistical hypothesis testing
and jeopardize tests of hypothetical experimental group differences in hearing sensitivity.
Correspondingly, many attempts have been made to develop objective threshold determination
methods, but these have not been used widely. Further, they seldom include an appreciation of the
effects of residual noise in the AEP. In this study, AEPs evoked by tonal and noise stimuli in goldfish
(Carassius auratus) were recorded and the residual background noise was measured and analyzed
in detail. High variability was found in residual noise, but can be effectively controlled with a simple
modification of averaging routines. Considerable interobserver disagreements were found using
subjective threshold estimation. An objective method of threshold determination was developed
based on comparison between AEP amplitude and controlled residual noise, using a signal detection
theory approach to set specific threshold criteria. The usefulness of AEP in hypothesis testing for
auditory function requires more control over residual background noise amplitudes and the use of

objective threshold determination techniques.

© 2008 Acoustical Society of America. [DOI: 10.1121/1.2982366]

PACS number(s): 43.64.—q, 43.64.Ri, 43.80.—n, 43.80.Lb [WPS]

I. INTRODUCTION

The surface recording of auditory evoked potentials
(AEPs) utilizes synchronous averaging of far-field neuronal
potentials evoked by repetitive presentations of auditory
stimuli. The technique remains popular for many reasons, but
especially because it is a noninvasive and time-efficient
means of measuring auditory system function. It has now
become widely used in clinical and basic hearing research in
both human and diverse vertebrate animal models [mammals
(e.g., Boettcher, 2002), birds (e.g., Brittan-Powell et al.,
2002), reptiles (e.g., Higgs et al., 2002), amphibians (e.g.,
Katbamna et al., 2006), and fishes (e.g., Kenyon er al.,
1998)].

Most recently, AEP audiometry has been used to statis-
tically test a wide variety of hypotheses on the function,
development, and evolution of audition. Examples include
the effect of chemical and noise exposure on auditory sensi-
tivity (e.g., Lu and Tomchik, 2002; Le Prell et al., 2004,
Popper et al., 2005; Porter et al., 2006; Cordova and Braun,
2007), ontogenetic changes in hearing abilities (e.g., Boet-
tcher, 2002; Higgs et al., 2003; Song et al., 2006), or com-
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parative studies of closely related species (e.g., Ramcharitar
and Popper, 2004; Ramcharitar ef al., 2006). The vast major-
ity of publications reporting AEP threshold estimates (in ani-
mals) in this and three other prominent journals over the last
10 years used subjective response determinations to estimate
thresholds (Table I). In some publications, no mention of
threshold determination technique at all was given. Typically,
subjective response determination relies on visual inspection
of the repeatability of replicate AEP averages using a subjec-
tive yes/no decision, occasionally based on expected mini-
mal response amplitudes (e.g., Boettcher, 2002) and/or
within a particular latency window (e.g., Ramcharitar and
Popper, 2004). The heavy reliance on visual inspection tech-
niques in the animal AEP literature is especially unfortunate
because unsatisfactory interobserver agreements of visual in-
spection have been shown in several independent studies of
experienced observers or clinicians (Arnold, 1985; Gans
et al., 1992; Vidler and Parker, 2004; Lv et al., 2007). Un-
fortunately, the use of such unreliable subjective threshold
determination techniques raises the possibility that hypoth-
esis testing could be compromised by confirmation bias, par-
ticularly in the absence of double-blind protocols (Nicker-
son, 1998).

Because of the obvious shortcomings of the subjective
threshold determination methods, attempts to objectively de-
termine AEP threshold have been made repeatedly, espe-
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TABLE 1. Summary of literature review. The table gives the number of
studies using AEP for animal hearing threshold determination with different
methods, including subjective methods of visual inspection and objective
methods based on the measure of the response amplitude or correlation
analysis. Some publications did not describe threshold determination tech-
niques at all (not given). The nonexhaustive survey covered four journals for
the years 1997-2006. HR: Hearing Research; JASA: The Journal of the
Acoustical Society of America; JEB: The Journal of Experimental Biology;
JCPA: Journal of Comparative Physiology A: (Neuroethology) Sensory,
Neural, and Behavioral Physiology.

HR JASA JCPA JEB
Visual inspection 178 20 8 7
Response level 12 11 2
Correlation 1° 5°
Not given 29
Total 220 31 15 8

“One paper in each category used both correlation analysis and visual in-
spection; they are both counted only in the correlation category.

cially in clinical research (see Hyde et al., 1998, for a re-
view). Two general approaches to objective AEP threshold
determination have been proposed: (1) Response repeatabil-
ity measurement, i.e., a graphical correspondence should ex-
ist in responses evoked by repeat stimulus presentations,
which can be measured with mathematical algorithms rather
than judged by subjective visual inspection. The implemen-
tation of this method has been generally based on correlation
analysis, either between AEP replicates evoked by the iden-
tical stimuli at the same level, or between recorded AEP and
a predetermined response template (e.g., Elberling, 1979;
Ozdamar et al., 1994; Yan, 1998; Lu and Tomchik, 2002).
(2) AEP amplitude analysis, wherein the amplitude (from
either time or frequency domain) of the AEP is used to de-
termine if a stimulus-evoked response is present. Studies em-
ploying response-amplitude-based threshold estimations
mainly involve a combination of three steps: (i) Measure-
ment of the response amplitude, usually in terms of peak-to-
peak (e.g., May et al., 2002) or root mean square (rms) (e.g.,
Elberling and Don, 1984) voltage in the time domain or
power in the frequency domain (e.g., Supin e al., 2001;
Popper er al., 2005); (ii) Estimation of the background noise
remaining in the average (see below); and (iii) Definition of
a criterion minimum AEP amplitude for an evoked response,
such as 3 dB above the background noise (Popper et al.,
2005), two standard deviations (SDs) above the average
background amplitude (May et al., 2002), or simply using an
arbitrary value with no stated relation to the background
noise (e.g., 0.1-0.2 uV in Mitchell er al., 1996). A simpler
AEP amplitude threshold determination approach uses the
relationship between response amplitude and stimulus level
to determine which stimulus levels are linearly related to
AEP amplitude, regardless of background noise amplitudes.
The threshold level can then be defined as the zero-crossing
value or inflection point, below which the response ampli-
tude does not change monotonically with the stimulus level
(e.g., Supin ef al., 2001; Brittan-Powell et al., 2002).

AEP amplitude analysis, while providing much needed
objectivity, cannot be simply applied if the experimental con-
ditions change. The amplitude of any AEP average is a re-
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flection of both the response and the residual background
noise in an average (RBN); the latter reflects multiple
sources, including other neural activity, muscular contrac-
tions, and ambient electrical pollution. When the stimulus
level is just above threshold levels, the AEP amplitude is
expected to be just greater than the RBN amplitude, thus
when the background noise amplitude varies greatly, either
spontaneously or as a result of experimental condition [such
as with or without administration of neuromuscular blocker
(Kenyon et al., 1998)], the estimate of threshold based on
response amplitude will be contaminated by variability in
noise amplitude, accordingly. Thus, AEP amplitudes cannot
be directly compared without concurrent measures of RBN
amplitude. Any estimates of response strength will be con-
taminated unless RBN amplitude differences are also consid-
ered.

Residual noise amplitudes in an AEP average roughly
reflect the number of signal sweeps composing the average
AEP, with a theoretical relationship of BN/ /N, where BN is
the instantaneous background noise amplitude and N is the
number of sweeps (Wong and Bickford, 1980). This relation-
ship holds only if the background noise is stationary, so col-
lecting a fixed number of sweeps [e.g., 500 sweeps by Kat-
bamna et al. (2006), 1000 sweeps by Brittan-Powell e al.
(2002), and 2000 sweeps by Kenyon et al. (1998)] does not
ensure that RBN will be the same in each average. The in-
stantaneous noise amplitude may vary across trials depend-
ing on the status of the test subject and the experimental
setup. More damagingly, episodic noise from different
sources can change the noise amplitude during averaging,
weakening the relationship between sweep number and RBN
amplitude. Therefore, objective response-amplitude thresh-
old determination techniques should be combined with the
control of RBN amplitude, especially in studies using statis-
tical hypothesis testing. Bayesian averaging techniques may
also be used to differentially weight individual sweeps (or
blocks of sweeps) in an average (Eberling and Wahlgreen,
1985).

The RBN amplitude can be measured in many ways.
Some authors have proposed to directly measure the ampli-
tude (e.g., rms amplitude) of averages composed of an equal
number of no-stimulus sweeps (e.g., Mann ef al., 2001) or of
averages within separate prestimulus or postresponse win-
dows of the stimulus sweep (e.g., May et al., 2002). This
approach may be a good approximation of the RBN ampli-
tude presented in AEP averages containing responses, how-
ever, it does require additional data collection, and it may
also be inaccurate if ongoing noise amplitude changes
greatly during the course of data collection.

To circumvent these complications, other authors have
proposed methods of directly estimating the RBN amplitude
in AEP averages that also contain a response. Elberling and
Don (1984) recorded the instantaneous voltage of a single
time-point from each sweep composing the AEP average. If
the noise is random and normally distributed, the standard
deviation of these instantaneous voltages should be equal to
the rms amplitude of the RBN embedded in the AEP average,
after being corrected by the total number of sweeps. The
ratio of the variance of the AEP to the single-point variance
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can be used as an F statistic, which allows for the estimation
of thresholds within specific confidence windows using ap-
proximated degrees of freedom (Elberling and Don, 1984).
In their subsequent studies, Don and Elberling and col-
leagues showed that this method is also an effective means of
estimating noise amplitudes in human audiometric data and
can be used to determine how many sweeps should be in-
cluded in an average (Don ef al., 1984; Don and Elberling,
1994; 1996). In the present report, the estimated RBN am-
plitude using this method will be presented as the RBNgp.

Signal averaging in AEP measurements is based on the
assumptions that the neural potential evoked by the repetitive
stimulus is identical in each sweep, and the averaging pro-
cess only reduces the amplitude of noise, i.e., potentials that
do not have a fixed time relationship with the stimulus pre-
sentation. Based on this idea, an alternate method of RBN
amplitude estimation was proposed by Wong and Bickford
(1980), following Schimmel (1967). The RBN in an average
AEP was estimated from the plus-minus (*) average, the
average of all sweeps following a polarity-reversal of one
half of the recorded sweeps. This * average represents the
same sweeps composing the AEP average, except that all
time-locked features have been effectively removed by the
polarity reversal of half of the sweeps. The rms of this *
average is an indirect estimate of the RBN amplitude in the
AEP average (assessed from the same sweeps) and is termed
as the RBN. hereafter.

The present report describes the measurement of RBN in
goldfish AEP averages, and provides the range and variabil-
ity of RBN amplitudes in multiple replicates of AEP tests.
We also report on the interobserver consistency of threshold
determination using visual inspection. Subsequently, we
present an evaluation of RBNgp and RBN .. and conclude that
RBN. is an effective and simple means of noise estimation.
Finally, we describe an objective method of threshold deter-
mination based on comparing the AEP amplitude and RBNgp
with fixed RBN amplitudes. We also show how the prin-
ciples of signal detection theory can be used to estimate the
equivalent hit and false alarm rates of specific AEP threshold
criteria.

Il. GENERAL METHODS

Goldfish (Carassius auratus, comet variety) [N=21;
standard length: 10* 0.8 (SD) c¢m; body mass: 39+ 11.4 g]
were obtained from a commercial distributor, maintained in
filtered aquaria under 12L:12D light cycle and fed commer-
cial food. The protocol of animal use in the study was ap-
proved by the Institutional Animal Care and Use Committee
of Hunter College, CUNY.

Each animal was lightly anesthetized in 100 mg L'
MS222 (3-aminobenzoic acid ethyl ester, Sigma) before an
intramuscular injection with Flaxedil (gallamine triethiodide,
Sigma; 5 ug g~! body weight). The animal was then held in
a sling constructed of a foam-lined aluminum strip strung
from the sides of the tank [6 mm acrylic: 45X40X 15
(depth) cm]. The tank contained 10 cm deep water and the
animal was suspended with the top of skull above the water
surface (no more than 2 mm). The exposed part was covered
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with a small piece of tissue paper to retain moisture. The
animal was respirated by a gravity-fed water circulation sys-
tem through a tube inserted in the mouth. To reduce the
disturbance from environmental vibration and noise, the tank
rested on a vibration-isolation table (Nano-K™, Minus K
Technology, Inc., Inglewood, CA) within a 1.2X1.2X2 m
single wall sound-attenuating booth (Controlled Acoustical
Environments, Industrial Acoustics Company, Inc., New
York, NY).

All stimuli presentation, data acquisition, and data man-
agement were operated via a TDT System 3 system (Tucker-
Davis Technologies, Inc., Gainesville, FL; sampling
frequency=24.4 kHz) controlled by customized routines in
MATLAB® 7 and TDT RPvdsEx© 5.4.

Two stimulus types were presented to evoke the AEPs:
1000 Hz tone pips of 9 ms duration, with 2 ms linear rise/
fall ramps, and band-limited (600-1400 Hz) white noise
bursts of 7 ms duration with 0.01 ms linear ramps. These
were presented with an interstimulus interval of 33.17 ms.
The stimuli were generated by a TDT RP2.1 processor. Ana-
log outputs were attenuated (TDT PAS5), amplified (Crown
D-75A), and broadcasted from a JBL Control® 29AV
Speaker (frequency response: 45 Hz—18 kHz * 3 dB), sus-
pended ~60 cm above the water surface. To monitor the
stimulus level, a B&K 8103 hydrophone was placed under-
water adjacent to the fish. The hydrophone signal was fed
through a B&K Nexus conditioning amplifier (with a
30—10 000 Hz band-pass filter) and digitized by the TDT
RP2.1 processor. Estimation of tone pip level was based on
averaged hydrophone signals, expressed as the largest rms
value obtained over any 1-ms window (one stimulus cycle)
during the burst [following Burkard (1984)]. To estimate
noise-burst levels, ~2% of the individual stimulus sweeps
were evenly sampled. The rms amplitude of each sweep was
estimated over a 7-ms window, starting at stimulus onset.
The stimulus level was calculated as the mean rms of all the
samples and was expressed in dB re 1 uPa.

The AEPs were measured with a pair of silver-wire elec-
trodes. The active electrode was positioned on the midline of
the skull above the medulla region, and the reference one
between the nostrils. The tank water near the fish was
grounded to the ground of the headstage (TDT RAA4LI).
Electrical activity was amplified (TDT RA4PA preamplifier),
then band-pass filtered (30—3000 Hz) and digitized with a
TDT RA16 processor. Sweeps with peak-to-peak amplitude
higher than 15 wV were rejected by an artifact rejection cir-
cuit. The average AEP responses were recorded over an 800-
point (i.e., 32.8 ms long) window, beginning with stimulus
onset.

lll. EXPERIMENT 1: THRESHOLD ESTIMATION WITH
UNCONTROLLED VARIATION IN RBN AMPLITUDE

A. Introduction

Repeated AEP tests were carried out to examine the
variation in RBN amplitudes and the interobserver reliability
of visual inspection for hearing threshold estimation.
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B. Methods

Sixteen animals were tested with tone (N=10) and/or
noise (N=15) bursts in this experiment. Stimulus level was
decreased initially with steps of 10 dB (starting at
120-130 dB re 1 uPa) and then by 5 dB near threshold,
until several steps below a provisionally estimated threshold.
At each level, the stimuli were presented in four blocks of
500 sweeps, with alternating stimulus polarity by block
(starting phases of 0° and 180°), forming a total of 2000
sweeps. These blocks were used to create two subaverages of
1000 sweeps each composed of an equal mix of both stimu-
lus polarities. We defined threshold as the lowest stimulus
level that evokes a response with all higher stimulus levels
also evoking responses. The presence or absence of a re-
sponse was judged by both visual inspection and by compari-
son of AEP and RBN amplitudes.

1. Visual inspection

Visual inspection of two replicate 1000 sweep subaver-
ages for each single trial was performed by three experienced
observers independently. The waveforms of the two subav-
erages were graphically overlapped and visually examined
for their repeatability by each observer. The recorded signal
was determined to contain a response when the two traces
were judged to be repeatable.

2. Measurement of AEP and RBN amplitudes

The AEP rms amplitude was calculated over the first
16.4 ms (400 samples) rather than the whole sampling win-
dow (800 samples) from the average AEP of all 2000
sweeps. We adopted a shorter window because the duration
of the response decreases as the stimulus level declines.
Close to threshold, the response itself may only last a few
milliseconds, so longer windows will underestimate the am-
plitude of near threshold AEP. We chose a 16.4-ms window
as a compromise between accurate RBN. measurements
(see below) and sensitive AEP amplitude measures. Noise
amplitudes in the AEP were estimated as RBNgp and RBN ...
To calculate RBNgp, the instantaneous voltage at one fixed
time-point (sample number 144, ~6 ms) was recorded in
every sweep. The amplitude of the RBN presented in the
average AEP was estimated as RBNgp=SDgp/ (N, where
SDgp is the standard deviation of the instantaneous voltages
and N is the total number of sweeps in the average (Elberling
and Don, 1984). For tests with tonal stimuli (where stimulus
polarity was alternated to reduce stimulus artifacts), the vari-
ances in instantaneous voltages were calculated individually
from the sweeps of each stimulus polarity and averaged be-
fore calculating the overall SDgp. To calculate RBN., we
used the two 1000 sweep subaverages for each trial as de-
scribed for visual inspection, each representing both stimulus
polarities. One subaverage was subsequently reversed (mul-
tiplied by —1) before averaging with the other subaverage to
generate the = average. The RBN. was calculated as the
rms of this * average based upon all 2000 sweeps (Wong
and Bickford, 1980). The AEP amplitude was then compared
with the RBN amplitude estimate to determine the threshold
(see below).
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C. Results

Figure 1 shows pairs of representative mean AEP wave-
forms (each from 1000 sweeps) and the corresponding *+
average noise waveforms (and the rms amplitude of each).
Characteristic features can be seen from the AEP waveforms,
such as declining amplitude, increasing latency and decreas-
ing response duration with decreasing stimulus level, as have
been observed before in this (Cordova and Braun, 2007) and
other laboratories (e.g., Kenyon et al., 1998; Lu and Tom-
chik, 2002).

1. Interobserver reliability of visual inspection

Each observer judged 25 detection thresholds using vi-
sual inspection of pairs of 1000 sweep averages at each
stimulus level. The interobserver disagreement was pro-
found. Cohen’s Kappa values, which measure interobserver
reliability (Cohen, 1960), were 0.76, 0.80, and 0.87 for the
three pairs of observers. Complete agreement (all three ob-
servers in agreement) only occurred 16% of the time, and the
three observers made entirely different decisions for 20% of
the judgments. The average maximum difference between
any two observers was 8 +6.1 dB for all the tests, and the
average difference between all three observers was
6 4.0 dB. Across all the tests, 28% of the mean differences
between all three observers were at least two stimulus level-
steps (=10 dB), and only 52% of the average differences
were within one level-step (5 dB).

When the observers made different judgments, the me-
dian judgment was reported as threshold for that stimulus
level in that subject. Across animals, the mean detection
threshold was 91 =3.2 dB re 1 uPa (N=10) for tonal stimuli
and 92+4.1 dB re 1 wPa (N=15) for noise stimuli.

2. Noise estimation accuracy

Since one of the basic assumptions behind the use of
RBNgp is that noise is normally distributed, we examined the
distribution of instantaneous voltages to assess the validity of
this assumption. In our recordings, instantaneous voltages
frequently deviated from a normal distribution (judged by
Kolmogorov—Smirnov tests). The single-point recordings in
221 of 1028 (21.5%) 500-value blocks were not drawn from
normal distributions. The non-normal percentages were
21.7% and 21.4% for responses evoked by tonal and noise
stimuli, respectively. Examining the dataset by individual
subject, the portion of data that appears to contain non-
normal noise varied from 9.6% to 50.0%, with a mean of
22.6% *13.18%. Further examination of the distribution of
the single-point recordings showed that most of the non-
normal 500-value blocks were not significantly skewed
(84.6%) but were kurtotic. Of those blocks with significant
kurtoses beyond a 95% confidence interval, the vast majority
were leptokurtic (97.9%), rather than platykurtic (2.1%).

To further evaluate the accuracy of both noise estimates,
we compared them to the rms amplitude of the AEP evoked
by the stimuli at the lowest level presented in each series for
all animals (at least 10 dB below threshold, mean difference
from threshold was ~15 dB for tonal stimuli and ~28 dB
for noise bursts). At these stimulus levels, the AEP may be
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FIG. 1. Representative waveforms of average AEPs (two replicate averages of 1000 sweeps each are superimposed) evoked by tonal pips (top) and noise
bursts (bottom). Corresponding = average waveforms are plotted beside the average AEPs. Amplitude (rms) amplitudes of the average of all 2000 sweeps and
of the * average are given on the top of corresponding traces. Values on the left side of AEP traces are the sound pressure level of the evoking stimuli (re
1 wPa) and the threshold values are in bold font. A sample waveform of the tonal stimulus is given below the AEP waveforms. The schematic envelope of
noise burst is also given as a rectangular shape. The time-window used to measure AEP amplitude is indicated as a heavy black bar at the top of the figure.

expected to contain only noise, and the rms of the average
should be equal to the true RBN amplitude using the same
sweeps. Therefore, we compared these no-response AEP rms
values with the corresponding estimates obtained with both
single-point and * average methods. Since the evoked activ-
ity measured from the subject was filtered between 30 and
3000 Hz, but a 16.4-ms analysis window limits the noise to a
bandwidth above 61 Hz (1/.0164), we recalculated the no-
response AEP rms with the full 800-point window when
comparing the AEP rms and the RBNgp. Results of the com-
parisons showed no significant difference between the AEP
rms and the RBN. (Wilcoxon matched-pairs signed-ranks
test: P=0.9158, N=25). However, the RBNgp estimates were
significantly higher than the no-response AEP rms (P
<0.0001, N=25). Similar results were found for both stimu-
lus types: comparing RBN. and no-response AEP rms, P
=0.2324 for tonal stimuli (N=10) and 0.3028 for noise
bursts (N=15); using RBNgp estimates, P=0.0195 (tone, N
=10) and 0.0001 (noise, N=15). Based on these results, fur-
ther analysis was based on RBN. rather than RBNgp

3. Background noise variation

Across the 16 individual animals tested, the mean RBN.
rms ranged between 32.2 and 54.6 nV after averaging 2000
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sweeps. The overall average was 42.5+6.96 nV rms (N
=16), with a CV (coefficient of variation) of 16.4%. Obvious
fluctuation in RBN amplitudes was observed both within in-
dividual test series and among series collected on different
days (Fig. 2). The CV of RBN for each individual test day
varied from 11.3% to 51.6% around a mean of
309+ 12.65% (N=16).

4. Quantitative threshold estimation

The direct measure of RBN amplitude from AEPs re-
corded at very low stimulus levels (no response) was further
used to estimate the error in RBN.. measures. We calculated
the mean ratio of the no-response AEP to RBN. amplitudes
and its variance. If RBN. was identical to the true noise
amplitude (as estimated by the no response condition), this
ratio should equal one and its deviation from that value rep-
resents the degree of error in the RBN .. estimate. In our data,
this noise estimate error ratio (NER) did not significantly
deviate from a normal distribution (Kolmogorov—Smirnov
tests, P=0.1855, N=16). The distribution of NER (mean
=1.0 and SD=0.16) can be used to estimate the distribution
of AEP amplitudes at specific signal-to-noise ratios (SNRs).
For example, with a 3 dB SNR in the AEP, 82.7% of average

3057



70 7

(a) r 100%

I Mean RBN. —©—RBN CVi
60 4
~ F 80%
Z 50 A
2 101 L 60% O
z Z
= 304 F40% 2
g 20 -
=
L 200
10 4 »
0%
GF15 GFl16 GF17 GF18 GF19 GF20 GF21 GF22 GF23 GF25 GF26 GF27 GF28 GF29 GF30 GF31
- 80 (C)
E 60 %
H 60
Z 56
M 40 )
~ Tone Noise 30
zo 0
22 27.9 54.0 80.2 106.3 132.5

Trlal number

RBN, (nV)
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of all RBN.. levels in 2000 sweep averages collected from all 16 animals.

AEP amplitudes would be expected to be at least 20% larger
than the corresponding RBN. Conversely, when there is no
response present (AEP amplitude is equal to RBN on aver-
age: 0 dB SNR), only 10.6% of the individual AEP averages
will be at least 20% greater than their corresponding RBN
estimates. Thus, using a criterion of 120% of RBN.. to define
a threshold response, we correctly categorize over 80% of
responses positively when the SNR in the AEP is at least
3 dB, with a false positive rate of approximately 10%.
Greater or lesser stringency may be achieved by using
higher or lower criteria, respectively. Differences in NER SD
between datasets will result in altered hit and false alarm
rates, but a SD as high as 0.25 (while mean NER=1.0) still
provides high detectability of 3 dB AEP signals (Fig. 3).
Similarly, changes in the mean NER can also affect the hit
and false alarm rates slightly, by increasing both rates with
increasing mean NER and vice versa (figure not shown).
However, dividing the present dataset into two subgroups of
eight animals resulted in similar NER estimates (1.0+£0.15
and 1.0 = 0.22), and other samples from unpublished datasets
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FIG. 3. Probabilities of positive judgments (false alarms at 0 dB SNR, filled
circles, and hits at 3 dB SNR, open circles) as functions of varying ampli-
tude criteria (percentage of the corresponding RBN level estimate). Curves
are based on the NERs obtained from experiment 1, expressed as the ratio of
no-response AEP amplitude to corresponding RBN. with an average of
1.0£0.16. Predictive curves (dotted lines) are also given for datasets with
the same average NERs but different SDs (values beside the curves).
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and from the same subjects (not shown) also produced very
similar values (also see Sec. IV C).

Using 20% above the corresponding RBN.. as the crite-
rion to define a minimum response amplitude, the mean de-
tection threshold is 89+4.6dB re 1 uPa (N=10) for
1000 Hz tonal burst and 92+5.3 dB re 1 uPa (N=15) for
noise burst.

IV. EXPERIMENT 2. THRESHOLD ESTIMATION USING
STANDARDIZED AND CONTROLLED RBN
AMPLITUDES

A. Introduction

Because intra- and interindividual RBN variation can be
quite large, we adopted an averaging technique advocated by
Don and Elberling (1996), wherein stimulus presentations
were stopped after RBN amplitudes decreased below a fixed
criterion, rather than after collecting a fixed number of
sweeps. Given the results of experiment 1, we used the
RBN. rms estimate and collected as many sweeps as needed
to produce AEP averages with less than 30 nV RBN. rms.
We then compared threshold estimates in individual animals
at varying target RBN amplitudes.

B. Methods

Five animals were tested with both tone pips and noise
bursts, as in experiment 1. The stimulus level was decreased
in steps of 2.5 dB near threshold level, until several (3-5)
steps below a provisionally estimated threshold. Unlike the
test in experiment 1, each trial in experiment 2 was com-
posed of flexible number of 200 sweep blocks, each contain-
ing four subblocks of 50 sweeps, with alternating stimulus
polarity by subblock (100 sweeps per stimulus polarity in
each block). The cumulative RBN amplitude after each ad-
ditional block (200 sweeps) was monitored by calculating
the RBN. of all accumulated sweeps after each block. At
each stimulus level, data collection continued until the cu-
mulative RBN.. decreased below 30 nV rms (if this was
reached with fewer than 2000 sweeps, additional sweeps
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FIG. 4. Interindividual variation of RBN.. obtained in experiment 2 after (a)
2000 sweeps and (b) collecting enough sweeps lowering the RBN.. below
the fixed target RBN amplitude (40 nV rms). Error bars are SDs.

were collected to allow for comparisons with 2000 sweep
averages). In order to test the effects different RBN ampli-
tudes might have on the threshold estimates, we extracted
subaverages with RBN. amplitudes of 50, 40, and 30 nV
rms from each trial. We also used the first 2000 sweeps (un-
fixed RBN..) of this sample in our comparisons. Following
the results in experiment 1, the minimal AEP amplitude con-
taining an evoked response was defined as 120% of the cor-
responding RBN ...

C. Results

The mean RBN. after the first 2000 sweeps
(34.8=4.94 nV rms, N=5) was slightly lower than that ob-
served in experiment 1 [Fig. 4(a)]. In four of five animals,
target noise amplitudes of 40 nV rms (the average amplitude
in experiment 1) were obtained in fewer than 2000 sweeps
(mean sweep number=1633+501; N=5).

As shown in Figs. 4(a), 5, and 6(a), the noise amplitude
varied considerably within and between individuals when us-
ing a fixed number (2000) of sweeps, as observed in experi-
ment 1. The CV of mean RBN.. across all individuals after
2000 sweeps in experiment 2 was 14.2%. Within individuals
(or per experimental day) noise variability was similar, rang-
ing from 10.6% to 22.0% (mean within-individual CV
=15.4% *4.71; N=5). As expected, however, the cumula-
tive background noise amplitudes were less variable when
averaging was stopped at a target RBN amplitude [Figs. 4(b),
5, and 6(b)], even though the decision to stop averaging is
made rather coarsely, based on the cumulative noise ampli-
tudes after each 200 sweep block. Using a target amplitude
of 40 nV rms as an example, the RBN. showed a much
narrower distribution compared to 2000 sweep averages (CV
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FIG. 5. Within individual fluctuation of RBN.. obtained in consecutive trials
from one representative animal in experiment 2 after (a) 2000 sweeps and
(b) collecting enough sweeps to lower the RBN.. below the fixed target
RBN amplitude (40 nV rms).
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FIG. 6. Frequency distribution of RBN.. obtained from all five animals used
in experiment 2 after (a) 2000 sweeps and (b) collecting enough sweeps to
reach the criterion RBN.. amplitude (40 nV rms).

across individuals=1.0%). Variability within a subject was
also greatly reduced, with a mean CV of 4.5% *+0.74 (N
=3).

Figure 7 shows a detailed view of the effects of sweep
number on RBN amplitudes. With increasing number of
sweeps, the cumulative noise amplitude generally decreases
monotonically as a power function of the number of sweeps.
The AEP amplitude also declines initially as well, although it
appears to asymptote or decreases its rate of attenuation after
some minimum number of sweeps, if a response is contained
in the average. If a criterion of the absolute amplitude of the
AEP average or one relative to the RBN amplitude is used to
judge the presence of an evoked response, it is clear that
stopping averages at different RBN amplitudes could pro-
duce different threshold estimates. For instance, the AEP am-
plitude evoked by a 85.7 dB re 1 uPa tone was not 20%
larger than the RBN if averaging was stopped at a target
RBN amplitude of 40 nV rms, but if enough sweeps were
collected to reduce the RBN.. to less than 30 nV rms, then
this stimulus did evoke a response 20% above RBN (Fig. 7).
It is also important to note, as did Don and Elberling (1994),
that the noise declines only as an approximate function of
sweep number. Episodic noise sources, such as muscular
contraction or external pollution can cause substantial devia-
tions from the expected attenuation of RBN as a function of
1/ N (Fig. 7, arrows).

The mean NER obtained from this dataset at a target
RBN amplitude of 40 nV rms was 1.0+0.18 (the NERs
were computed using AEPs evoked by stimulus levels at
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FIG. 7. Cumulative AEP and RBN. amplitudes of one representative ani-
mal in experiment 2 as functions of number of sweeps collected at several
different stimulus levels (values given above the plots; re 1 uPa). Horizontal
dashed line indicates two potential target RBN levels, the cumulative RBN .
lower than which the collecting and averaging more sweeps can be stopped.
Threshold was determined to be 88.1 dB for 40 nV rms target RBN and
85.7 dB for 30 nV rms. Arrows indicate where the cumulative RBN ampli-
tude did not decrease at the theoretical rate of 1/(N (number of collected
sweeps).

J. Xiao and C. B. Braun: Threshold estimation and residual noise levels 3059



- 3500
I 3000 &
3
L2500 2
2
k2000 B
g
L 1500 2
E 1000 2
500

=)
S
—~
()
N

Threshold (dB re 1 pPa)
= <] O
=1 (=] (=]

ml

5 100 ~ (b) r 3500
=l L3000 &
2 90 - 2500 £
g - 2000 5
2 g0 L1500 £
=

g L 1000 2
<=

=70 500

30 40 50

Target RBN level (nV)

FIG. 8. The mean threshold estimates (=SD) for (a) tonal and (b) noise
stimuli based on average AEPs with fixed target RBN amplitudes of 30, 40,
and 50 nV rms. Histograms show the mean number of sweeps required to
reach the target RBN levels.

least 5 dB lower than the estimated threshold, on average
14.0+6.79 dB below threshold). Since it was very similar to
what we found and used to determine the response criterion
in experiment 1, the same response criterion, 120% of the
corresponding RBN.., was used to estimate the threshold in
this experiment.

Figure 8 shows mean detection thresholds (=SD) esti-
mated with this method at three target RBN amplitudes. Over
a range between 50 nV rms and 30 nV rms, the estimated
threshold decreased by 3 dB for tonal pips (from 89 +5.7 dB
re 1 pwPato 86+5.9 dB re 1 uPa) and 6 dB for noise bursts
(from 94+7.0dB re 1 uPato 88 *7.1 dB re 1 uPa), re-
spectively. Repeated measures analysis of variance found
significant differences among the thresholds for tonal pips
(P=0.0049; P=0.1723 for noise bursts). However, signifi-
cant differences in threshold were only found between those
with target RBN amplitudes of 30 nV rms and higher ampli-
tudes for tonal stimuli (30 nV rms versus 40 nV rms: P
>0.05; 30 nV rms vesus 50 nV rms: P>0.01; post hoc mul-
tiple Tukey comparison), and to decrease the RBN. from
40 nV rms to 30 nV rms, an average of 77% more sweeps
(mean sweep number for 30 nV rms=2894 = 1025 sweeps;
N=5) were required. Nonetheless, it is clear that RBN am-
plitude has an impact on estimated threshold and should be
reported with AEP results.

V. DISCUSSION

As a method of threshold estimation, visual inspection
has the clear advantage of being immediate and easy to
implement. It is potentially effective, given the great human
capability for visual pattern recognition and the general ro-
bustness of AEP average waveform shape. Multiple trained
observers are not highly consistent, however. Both the
present study and studies of trained audiologists (Arnold,
1985; Gans et al., 1992; Vidler and Parker, 2004; Lv et al.,
2007) have reported poor agreement between observers in
judging AEP threshold. In the present study, we reported that
disagreement between all three observers was found for 20%
of all threshold judgments, which is higher than what Lv et
al. (2007) reported for three experienced audiologists (one
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out of twelve judgments in their Fig. 4). Cohen’s Kappa
values, which measure observer agreements, were very simi-
lar in Arnold (1985), Lv et al. (2007), and the present study
and were all below 0.9, a standard minimum criterion for
independent observer reliability. This lack of reliability
makes visual inspection particularly unsuited for hypothesis
testing using AEP unless double-blind data collection and
examination is carried out, which is generally not practical.
Moreover, the need to have the AEP examined by multiple
experienced observers, which might be necessary for reduc-
ing the subjective bias, is not always satisfied in AEP studies
on animals. Nor is there a clear method for resolving ob-
server discrepancies, other than averaging. Given these rea-
sons, an objective method of threshold determination is
highly desirable.

The determination of detection threshold depends on the
quality of recorded average responses, and is therefore very
likely affected by changes in background noise amplitude.
Methods that depend on response repeatability (e.g., visual
inspection or correlation analysis) can be affected by the dis-
torting effects of noise in near threshold AEP waveforms
(Elberling and Don, 1984). Methods that depend on response
amplitude (e.g., Supin et al., 2001) must also consider noise
amplitude because the AEP amplitude reflects the sum of the
RBN and the evoked potential together, rather than the size
of the evoked response alone. Moreover, even methods based
on the relationship between AEP and RBN amplitude, like
the one proposed herein, may still differ in sensitivity if dif-
ferent target RBN amplitudes are sought (or if RBN is not
controlled). For example, we found a significant effect of
reducing RBN amplitudes on threshold estimation when us-
ing tonal stimuli (Fig. 8). In our samples, and in similar
reports in the literature (Elberling and Don, 1984), RBN am-
plitude can vary greatly after equal numbers of sweeps, and
it is also possible that experimental treatments (such as drug-
effects) could alter background physiological noise ampli-
tudes. Standardized noise amplitudes would therefore mini-
mize one confounding source of variability in AEP studies
and should be used in all studies, regardless of threshold
estimation technique. We therefore suggest that the presence
of a response should be judged in relation to background
noise amplitude, and that in hypothesis testing all compari-
sons should be made at equal or similar RBN amplitudes.

One advantage of the present method over subjective
methods is that it allows for estimation of the accuracy of the
technique based on the particular combinations of empirical
noise reliability estimates and amplitude criteria (e.g., Fig.
3), as do other objective methods (Elberling and Don, 1987).
Elberling and Don (1984) have advocated a parametric sta-
tistical approach using the F-distribution to compare the ratio
(Fgp) of EP variance (the square of AEP rms) to noise vari-
ance (the square of RBNgp). After estimating the degrees of
freedom in an AEP average, the Fgp can be compared to
standard critical values of the F-distribution. The variance in
single point amplitudes is a robust estimate of RBN variance
and is thought to have degrees of freedom equal to the num-
ber of samples (i.e., sweeps). The AEP rms, however, is a
different kind of time average whose degrees of freedom are
not equal to the number of sweeps, but rather are limited by
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the frequency content present in the averaged time-window.
Elberling and Don (1984) have provided estimated degrees
of freedom for AEPs that range from 8 to 22. Unfortunately,
much of our single-point values were not normally distrib-
uted and our attempts to fit an F-distribution to no-signal
AEP rms?/RBN3, ratios were not effective for estimating the
degrees of freedom of our AEP rms. Instead we used an
estimate of noise reliability that was amenable to a detection
theory analysis rather than analysis by F-distribution critical
values. Although the RBN. has lower degrees of freedom
than RBNgp, it is equal in degree of freedom to the AEP rms
estimate.

Error rates (misses and false alarms) can be predicted
using our measure of noise estimate reliability (Fig. 3). Dif-
ferent values used as a minimum response amplitude (120%
in present study) would result in different error rates (for
both false alarms at 0 dB SNR and misses at higher SNRs) if
the reliability of the noise estimate is unchanged, as shown in
Fig. 3. Further, if the reliability of the RBN estimate differs,
error rates will also change for any specific criterion value.
Nevertheless, as long as the NER is empirically measured
and a minimum response criterion is chosen, hit and false
alarm rates for any specific SNR of AEP averages can be
easily predicted. Moreover, our approach could also be used
to estimate the expected detectability [in standard signal de-
tection measures such as d’ (Green and Swets, 1988)] of a
given SNR or the lowest SNR that would result in a specific
d’ value. For instance, if NER=1.0%0.16 and a criterion of
120% of RBN. is used to judge the presence of a response,
d’ values greater than 1 are expected to occur whenever the
AEP SNR is greater than 1.24 dB.

The choices of target RBN amplitudes and the criteria
depend on the experimental preparation and the amount of
environmental noise present in the laboratory, both of which
will influence the time required (number of sweeps) to reach
the target noise amplitudes. Although a lower target RBN
amplitude might provide a more sensitive threshold estimate
(Figs. 7 and 8), the number of sweeps required will also
increase and may prolong data collection beyond practical
limits (Fig. 8). Therefore, the choice of the target RBN am-
plitude can only be made by a tradeoff between the desired
quality of the AEP, i.e., the RBN amplitude, and the afford-
able time expense.

The choice of noise measurement may also affect the
sensitivity of the threshold estimation (e.g., Cebulla et al.
2000; Stiirzebecher et al., 2001). In the present study, mea-
sures of RBNgp were not always normally distributed, which
did not match the assumptions required to use this measure
in the statistical fashion proposed by Elberling and Don
(1984). It is difficult to explain the difference in our data
from those presented by Elberling and Don (1984). One po-
tential explanation may be that the noise distribution was
skewed by episodic noise from either the subject (e.g.,
muscle activity) or nearby electronics. However, we did not
find obvious correlation between the non-normal blocks and
the RBN amplitude or the number of sweeps rejected within
the collection of the data, and few of the non-normal single-
point blocks were significantly skewed. In any case, we
found that RBN. was statistically indistinguishable from no-
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response AEP amplitudes while RBNgp was significantly
higher than direct measures of RBN amplitude in no-
response averages. Other studies (in humans) have not re-
ported such difficulties, and some have indicated that RBNgp
may be a more sensitive measure than RBN.. (Don et al.,
1984; Stiirzebecher et al. 2001).

We also prefer the RBN.. because it can be easily mea-
sured by most commercial software packages with few
modifications; the procedure with a controlled RBN ampli-
tude can be simply implemented by postprocessing of blocks
of small numbers of sweeps and manually deciding to con-
tinue or stop collecting sweeps. It can be performed either
with or without a true on-line analysis or the storage of
single sweeps. In any case, the procedures advocated above,
including controlling RBN and using an AEP:RBN ratio to
determine threshold, may be applied using any potential
method of noise amplitude estimation, including Fgp. Fur-
ther, we advocate an internal measure of RBN reliability that
can be used in a signal detection analysis. Specific hit and
false alarm rates can be achieved by adjusting the exact
AEP:RBN ratio criterion based on each noise estimate, much
like defining « in an F-ratio with a given degree of freedom
(as with Fgp: Elberling and Don, 1987).

The threshold values reported herein are higher than
most behavioral thresholds (see Fay, 1988 for review; but
also see Wolski et al., 2003 for a discussion of differences
between behavioral and AEP thresholds in the same subjects)
and some AEP thresholds (e.g., Kenyon et al., 1998, 65 dB
re 1 uPa), but are similar to those published by Lu and Tom-
chick (2002, ~80 dB re 1 uPa) and are consistent across
multiple groups of subjects in this laboratory (e.g., Cordova
and Braun, 2007, 83 dB re 1 uPa). Similar large differences
between laboratories have been greatly discussed (Popper
et al., 1973; Hawkins, 1981; Fay, 1988), and may reflect
large differences in the acoustics of underwater sound propa-
gation in different tanks (Parvulescu, 1967; Akamatsu et al.,
2002). Stimuli with wavelengths larger than the arena (the
wavelength of 1000 Hz underwater is 1.5 m) result in hydro-
dynamic fields with great (and unpredictable) inhomogene-
ities in the particle velocities in the sound field. The size,
shape, and material properties of the arena greatly influence
the pressure-to-velocity ratio for any given sound source,
thus the position of the fish and speaker will change the true
stimulus to the subject. A threshold measured only in pres-
sure will not guarantee equivalent stimuli across different
positions within the arena. Laboratories also differ in the
method of holding the subject, which could easily affect the
response of displacement sensitive otolithic organs. These
factors greatly complicate the comparison of threshold val-
ues across laboratories, and future studies should examine
the role of tank acoustics and AEP methodologies for mea-
suring fish auditory thresholds.

It is less appreciated, however, that objective measures
of AEP threshold are even more important for comparisons
of hearing function within the same laboratory. Subjective
threshold determination techniques are not consistent across
observers, which raises the potential for subjective bias.
Since physiological experiments are generally not conducted
in a double-blind fashion, some objective thresholding tech-
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nique is essential for statistical hypothesis testing. We sug-
gest that controlled and clearly reported RBN amplitudes
will effectively eliminate potential bias and intralaboratory
variability in AEP audiometry.

VI. SUMMARY AND CONCLUSIONS

In this report, we evaluated the interobserver reliability
of subjective response determination in goldfish AEP audi-
ometry using tone and noise stimuli. We found, as has been
reported in several similar studies of clinical audiologists,
that visual inspection and subjective evaluation is only mod-
estly reliable at best. Among the three experienced observers
in this study, complete and partial agreement on threshold
level was found in 80% of their judgments. One potential
explanation for this disagreement is that low signal-to-noise
ratios in near-threshold AEPs make these judgments difficult.
This phenomenon raises the added problem that if noise am-
plitudes vary, either between animals or experimental treat-
ment groups, the difficulty, and hence, the reliability of sub-
jective threshold determination techniques will differ
between groups. This represents a serious pitfall for the use
of AEPs in testing hypotheses about auditory function, for
example after sonic or toxic insult. To develop a more objec-
tive response determination technique and measure the po-
tential for noise variability, we evaluated two measures of
residual noise in AEP averages. We found that while both
measures provided relatively similar estimates of noise am-
plitude, RBNgp did not meet the normality assumption re-
quired for its use (Elberling and Don, 1984) in our data.
Noise estimates as RBN. were indistinguishable from direct
measurements of AEP physiological noise from no-response
AEP recordings and has the added advantage of being easy
to calculate with nearly any commercial evoked-potential
software package. We further described the statistical struc-
ture of the ratio between RBN_.. and direct measures of AEP
noise to estimate the reliability of our noise estimate, and to
estimate the hit and false alarm rates of objective criteria for
specific minimal response AEP SNRs. We conclude that ob-
jective measures of threshold determination with RBN am-
plitude control are relatively simple to apply and should be
used in hypothesis testing using AEP audiometry. At a mini-
mum, future AEP studies should include the verification of
equal noise amplitudes in experimental treatment groups.
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