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Abstract
The cortical auditory evoked potential (CAEP) is a change in neural activity in response to sound, and is of interest for audi-

ological assessment of infants, especially those who use hearing aids. Within this population, CAEP waveforms are known to

vary substantially across individuals, which makes detecting the CAEP through visual inspection a challenging task. It also

means that some of the best automated CAEP detection methods used in adults are probably not suitable for this population.

This study therefore evaluates and optimizes the performance of new and existing methods for aided (i.e., the stimuli are

presented through subjects’ hearing aid(s)) CAEP detection in infants with hearing loss. Methods include the conventional

Hotellings T2 test, various modified q-sample statistics, and two novel variants of T2 statistics, which were designed to exploit

the correlation structure underlying the data. Various additional methods from the literature were also evaluated, including

the previously best-performing methods for adult CAEP detection. Data for the assessment consisted of aided CAEPs

recorded from 59 infant hearing aid users with mild to profound bilateral hearing loss, and simulated signals. The highest

test sensitivities were observed for the modified T2 statistics, followed by the modified q-sample statistics, and lastly by

the conventional Hotelling’s T2 test, which showed low detection rates for ensemble sizes <80 epochs. The high test sensi-

tivities at small ensemble sizes observed for the modified T2 and q-sample statistics are especially relevant for infant testing, as

the time available for data collection tends to be limited in this population.
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Introduction
Approximately 1 in 1000 infants are born each year with per-
manent bilateral hearing loss (Davis et al., 1997; Fortnum
et al., 1997). When left untreated, hearing loss has been asso-
ciated with a cascade of long-lasting detrimental effects
(Hogan et al., 2014; Idstad et al., 2019; Moeller 2007;
Ramkalawan & Davis, 1992; Stevenson et al., 2015;
Theunissen et al., 2014; Yoshinaga-Itano et al. 1998). It is
therefore important that hearing loss is diagnosed and
treated (e.g., by fitting a hearing aid) at a young age,
ideally within the first 3 months of life (Ching et al., 2013;
Yoshinaga-Itano et al., 1998). However, this poses some
challenges, as behavioral hearing tests cannot be reliably per-
formed until a developmental age of 7–9 months (Widen,
1993). Early audiological intervention procedures have there-
fore been built around objective measures of hearing that do

not require voluntary responses, such as auditory evoked
potentials (AEPs).
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AEPs are defined as changes in brain activity in response
to acoustic stimuli (Picton, 2011). They are typically
recorded non-invasively using the electroencephalogram
(EEG), and comprise a series of peak and trough voltage
amplitudes falling within the first ∼1 s interval following sti-
mulus onset. The AEP can also be sub-categorized into
various components based on the underlying neural genera-
tors along the auditory pathway. These components can be
identified by the latencies (time following stimulus onset)
of various peaks and troughs; thus the cochlear microphonic,
the auditory brainstem response (ABR), the mid-latency
response, and the cortical auditory evoked potential
(CAEP) have been defined (e.g., Picton 2011), in order of
their peak and trough latencies.

For evaluating hearing function in infants, the most com-
monly used AEPs are the ABR and the CAEP (Lightfoot
et al., 2016; Lightfoot et al., 2019). A potential advantage
for the ABR over the CAEP is that it can be reliably recorded
during sleep (e.g., Jewett & Williston, 1971) and is unaf-
fected by attention (Picton & Hillyard, 1974). The drawback
is that it cannot be reliably recorded in some patients, such as
those with auditory neuropathy spectrum disorder (Roush
et al., 2011). Furthermore, when testing patients with their
hearing aids on, results may not reflect patients’ hearing, as
the hearing aids do not respond well to the rapid presentation
rate of ABRs which confuse noise reduction algorithms. It
might also be argued that the ABR provides a limited assess-
ment of the integrity of the auditory pathway, as it represents
neural activity generated by just the early components of the
pathway. This contrasts with the CAEP which represents
neural activity generated by thalmo-cortical brain regions.

Early audiological assessment using CAEPs is a challeng-
ing procedure, both in terms of evoking the CAEP, and in
accurately detecting it within clinically acceptable test
times. In terms of signal-to-noise ratios (SNRs), the CAEP
has typical peak amplitudes in the 5–10 µV range (e.g.,
Munro et al., 2020; Picton 2011), whereas the background
activity tends to be in the ∼50 µV range after pre-processing
and artefact rejection. It is therefore common practice to
record an ensemble of CAEPs following repeated stimuli,
and to average the recorded waveforms to reduce “noise.”
Clinicians are then given the task to visually inspect the
waveforms, and to determine whether a CAEP is absent or
present. This is especially challenging for hearing-impaired
infants, as waveforms can vary substantially across individu-
als due to different degrees of hearing-impairment (Oates
et al., 2002) and/or lack of maturation of the auditory
system (Ponton & Eggermont, 2007). As such, it is not
always clear to the examiners what to look for in the dis-
played waveforms. Various objective methods have therefore
been proposed to assist the clinicians with this task, and
improve the accuracy and efficiency of the test. However,
the challenges for visual CAEP inspection arising from the
variability in infant responses also impact objective detection
methods: infant responses can be considerably different from

adult responses, and template matching methods that per-
formed best in adults (Chesnaye et al., 2021a) are unlikely
to work well in this young population.

Perhaps the most commonly used objective method for
CAEP detection is the Hotelling’s T2 (HT2) test, applied in
the time domain (Golding et al., 2009). The HT2 test was pre-
viously shown to have a test sensitivity similar to experi-
enced clinicians when detecting CAEPs in infants (Carter
et al., 2010), and has some desirable properties in terms of
statistical power (Anderson, 2003). A drawback for the
HT2 test, however, is that it is known to suffer from low
test sensitivities at relatively small sample sizes. The latter
is also known as the “large p small n” problem (Li et al.,
2017) or the “effect of high dimension,” and has been
hypothesized to be due to poor estimates of the feature
covariance matrix (Bai & Saranadasa, 1996), which is a
key component in calculating the T2 statistic. The low test
sensitivity for the HT2 test was previously also observed
for CAEP detection in adults with normal hearing where it
was outperformed by various alternative detection methods
for ensemble sizes of ∼40 epochs or less (Chesnaye et al.,
2021a). Note that high test sensitivities for small ensemble
sizes are of particular interest for infant CAEP detection as
the time windows for high quality data collection tend to
be limited.

The present study aims to overcome the low test sensitiv-
ity of the HT2 test by exploiting the correlation structure
underlying the data to allow improved feature covariance
matrix estimation (section “Modified T2 statistics”). The T2

statistics with modified covariance matrices were compared
against the conventional HT2 test, along with various alterna-
tive detection methods from the literature. To keep this work
concise, results are presented for just the best-performing
methods from the literature, which were the modified
q-sample uniform scores statistics from Stűrzebecher et al.
(1999) and Cebulla et al. (2006). Methods that were excluded
from the results section are instead considered in the
Discussion. This includes the previously best-performing
adult CAEP detection method, that is, a template-based
dynamic time warping (DTW) approach (Chesnaye et al.,
2021a) and some of its variations. Comparisons were also
drawn with visual inspection results from three experienced
audiologists. Finally, test significance was evaluated using a
recently developed frequency-domain bootstrap approach
(Chesnaye et al., 2021b), and the assessment was carried out
using aided CAEP measurements from 59 infant hearing aid
users, as well as simulated signals.

Methods
This section describes the infant CAEP data and the objective
detection methods, after which the procedures for evaluating
test performance are described, which include an assessment
of specificity, sensitivity, and reliability.
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CAEP Data
Aided CAEP measurements were previously recorded from
103 infants (aged 3–7 months) with mild to profound bilat-
eral hearing loss. Standard otoscopy and tympanometry
examinations were carried out, and hearing aids were
checked to confirm that these were working as intended.
For the CAEP examination, the infants were seated in a
soundproof booth on their caregiver’s lap, approximately
1.1 m directly in front of an Eminence Alpha-6A 8 Ω loud-
speaker (Eminence Speaker LLC, Eminence, KY). CAEPs
were then evoked using 70 ms duration synthetic speech
tokens with 10 ms duration raised-cosine onset and offset
ramps, presented at a rate of approximately 0.9 Hz. These
synthetic stimuli comprised either harmonics 6–11 of a
tone with a 140-Hz fundamental—henceforth denoted as
the mid-frequency stimulus, or MF—or an inharmonic
series of closely-spaced tones spanning 2800–4500 Hz, to
produce a fricative-like phoneme—henceforth denoted as
the mid-high frequency stimulus, or HF. The levels of the
individual components in each stimulus were chosen so as
to produce a uniform excitation of the cochlea in a bandwidth
that was at least the width of four normal auditory filters
(Glasberg & Moore, 1990). The relative levels of the
stimuli were referenced to the power contained within the
same bandwidth of the International Speech Test Signal
(ISTS, Holube et al., 2010) compared to the overall level
of the full-bandwidth level of the ISTS. The relative levels
were −14.5 and −20.6 dB for the MF and HF signals, respec-
tively, compared to the full-bandwidth level. For clarity, we
reference the presentation levels of each stimulus to the full
bandwidth level of the ISTS from which they would have
been derived, and label this the “Speech Reference Level”
(SpRefL). So, for the MF stimulus presented at 65 dB
SpRefL, the actual level of the stimulus during its
steady-state portion was (65–14.5) = 50.5 dB SPL. A more
extensive description and rationale for the design of the
stimuli is described in Stone et al. (2019).

The stimuli were presented at 65 dB SpRefL (for 66
infants), 75 dB SpRefL (29 infants), and either 79 dB
SpRefL (MF stimulus, 8 infants) or 85 dB SpRefL (HF stimu-
lus, 8 infants). Throughout the CAEP test, an experienced pae-
diatric audiologist aimed to keep the infant’s attention facing
towards the loudspeaker by using a selection of silent toys.
The stimuli were then presented repeatedly until 20 artefact-
free epochs had been recorded using an artefact rejection
threshold of ± 110 μV and a band-pass filter of 1–100 Hz. A
total of four blocks for the MF stimulus and four for the HF sti-
mulus were presented using an interleaved approach. This pro-
cedure was then repeated, with the stimulus order reversed,
giving 160 artefact-free epochs, per stimulus (although in
some recordings there were 159 epochs). The full CAEP test
procedure was repeated within seven days. If the repeat
session was on the same day, a break of at least 1 h was
given before starting the next session. Finally, CAEP

measurements were made using electrodes placed at the high
forehead (Fpz; active electrode), the right mastoid (reference
electrode), and the left mastoid (ground electrode), and were
recorded at a sampling rate of 30 kHz (downsampled to 500
Hz for further analysis) using the Eclipse system
(Interacoustics, Middelfart, Denmark). Data were filtered
offline from 1 to 15 Hz using 3rd-order Butterworth filters.
Ethics approval was obtained from the North West National
Research Ethics Service Ethics Committee (reference 15/
NW/0736).

Visual Reinforcement Audiometry. To determine the audibility of
the stimuli presented during the CAEP sessions, aided beha-
vioral hearing thresholds to the same stimuli were estimated
using visual reinforcement audiometry (VRA; BSA, 2014). As
VRA requires behavioral conditioning, it was performed
several months after the CAEP sessions. Infants were aged
between 7.4 and 21 months, with a mean age of 10.8 months.
VRA was performed by two experienced pediatric audiologists
who followed the British Society of Audiology recommended
procedure as a guideline (BSA, 2014). During the VRA sessions,
stimuli were presented at a rate of 4 Hz using the same set-up
previously described for the aided CAEP sessions. Infants
were first conditioned at a high test level with simultaneous pre-
sentation of a visual reinforcer. An adaptive procedure was then
used to find threshold in 5 dB step sizes. One audiologist kept the
child’s quiet attention in the room, and the other controlled the
sounds from the observation room, and judged when a response
was present. Intermittent control trials and long gaps were
included to judge for false responses, but the tester was not
blind to these. At the VRA session, standard hearing aid
checks, otoscopy examinations, and tympanometry examina-
tions were again carried out. If hearing aid settings had
changed since the CAEP sessions, the VRA was performed
while wearing temporary hearing aids of the same model as
used during the CAEP session and set to their previous settings.
Hearing aid settings were also checked in a test box for consis-
tency between the CAEP and VRA sessions. The decibel
Sensation Level (dB SL) was estimated as CAEP presentation
level minus the aided VRA-estimated behavioral threshold,
both recorded in dB SpRefL in the sound field.

Which Participants to Include. To accurately evaluate the per-
formance of the detection methods, it is important that the
estimated audibility of the CAEP stimuli is accurate.
Participants were therefore excluded if the dB SL of the
CAEP stimulus could not be accurately estimated. More spe-
cifically, the criteria for exclusion were: (i) middle ear dys-
function during CAEP or VRA test sessions, which could
affect the recorded sensation level, (ii) progressive or fluctu-
ating hearing loss between the sessions, and/or (iii) unreliable
or missing behavioral thresholds. Additionally, one infant
was excluded who was not aided at the time of the CAEP
test, and another who used a bone conduction hearing aid.
This resulted in a total of 59 and 57 infants with reliable
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dB SL estimates for the MF and HF stimuli, respectively
(Table 1). Two recordings were available per participant
giving a total of 118 recordings from 59 participants for
MF, and 114 recordings from 57 infants for HF.

Objective detection methods
All objective detection methods were applied to the 700 ms
windows following stimulus onset, as some infants had rela-
tively late and/or long-lasting responses (see also Figure 1).
For the frequency-domain detection methods, all 700 ms
windows following stimulus onset were transformed to the
frequency domain using the fast Fourier transform (FFT),
giving a spectral resolution of ∼1.43 Hz. Note that the FFT
was applied to the individual epochs, and not to their coher-
ent average data.

The one-sample Hotelling’s T2 test. The one-sample Hotelling’s
T2 (HT2) test is the multivariate equivalent to Student’s one-
sample t-test (Hotelling, 1931), and is one of the more com-
monly used methods for CAEP detection (e.g., Carter et al.,
2010; Chang et al., 2012; Chesnaye et al., 2021a; Golding
et al., 2009; Van Dun et al., 2012). When applied in the
time domain, features consist of mean voltages, taken
across short time intervals within epochs, henceforth referred
to as “voltage means.” Extracting Q voltage means from an
ensemble of N epochs gives an NxQ-dimensional matrix of
features, say V. A vector of Q mean feature values, say �x,
is then found by averaging down the Q columns of V. The
one sample HT2 test evaluates the hypothesis that the �x
values are equal to Q hypothesized values, say μ. Under
the null hypothesis H0 of “no CAEP present,” the μ hypoth-
esized values are all zero, because the mean of the recordings
are shifted to zero due to the high-pass filter. The T2 statistic
itself is given by (Rencher 2001):

T2 = N(x− μ)S−1(x− μ)H Eq.1

where S−1 is the inverse of the covariance matrix of V, and H

denotes Hermitian transpose. With respect to the choice for
Q, additional simulations presented in the Supplemental
Digital Content demonstrate a good performance when
taking voltage means across 50 ms intervals, giving Q =
14 for the 700 ms analysis window. The HT2 test applied
to Q = 14 voltage means is henceforth referred to as “T2

Time.”

Frequency Domain Features for T2Freq. When the HT2

test is applied in the frequency domain—henceforth referred
to as “T2

Freq”—features are the real and imaginary parts of the
Fourier components of W spectral bands (e.g., Chesnaye
et al., 2018), and form the Nx2W-dimensional feature
matrix V. The mean feature vector �x is then again found by
averaging down the 2W columns of V. Under the null
hypothesis of “no CAEP present,” it is assumed that the
phases of each spectral band are uniformly distributed
between 0 and 2π, and hence that the real and imaginary
parts are randomly distributed around zero. The hypothesized
values to test against (i.e., μ) are therefore given by a
2W-dimensional vector of zeros. Additional simulations,
presented in the Supplemental Digital Content, were
carried out to determine which spectral bands to include
in the analysis. Results show a good performance when
using the 5.7, 4.3, 7.1, 2.9, 1.4, and 8.6 Hz bands (in
rank order), which were the six top-ranking spectral
bands in terms of their estimated SNRs.

Evaluating Test Significance. Statistical inference on the
T2 statistic was carried out using conventional
F-distributions, which can be derived from theory based on
the assumption that epochs are independent, and that data
are stationary and normally distributed. The T2 statistic is
transformed into an F-statistic using N−Q

Q(N−1) T
2, which is

F-distributed with v1 and v2 degrees of freedom under H0.
When using Q voltage means, v1 = Q and v2 = N−Q,
whereas when using W spectral bands, v1 = 2W and v2 =
N−2W. For the remaining detection methods, test signifi-
cance was evaluated using a bootstrap, described below.

Modified T2 statistics. The aim for the modified T2 statistics is to
prevent low HT2 test sensitivities at small sample sizes by
exploiting prior knowledge of the correlation structure underly-
ing the data, which allows an improved estimate of the feature
covariance matrix. In the time domain, data is assumed to
follow a Toeplitz covariance structure, whereas in the frequency
domain, independence between spectral bands is assumed.

Time Domain Modification T2Toep. A time series with
Toeplitz covariance implies that the expected covariance
between any two data points is dependent only on their time
difference (Mukherjee & Maiti, 1988), which is satisfied for
random stationary signals. When Toeplitz covariance is met,
then the covariance matrix of the voltage means (previously
denoted by S) can be found from the autocorrelation function
of the continuous recording (further described below). This
contrasts with the usual method, where each value in S is esti-
mated individually from pairs of columns in the epoched data,
and thus from a much smaller set of samples.

In what follows, note the distinction between voltage
means extracted from the epochs, and the voltage means
extracted from the continuous recording. For the voltage
means extracted from the continuous recording, Toeplitz

Table 1. An overview of the number of recordings available for the

analysis, per dB SL category and per stimulus type.

Stimulus

Decibel sensation level (dB SL)

<0 0–10 10.1–20 >20

MF 22 42 36 18

HF 22 34 44 14
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covariance implies the following property:

E[cov(xi, xi+ λ1)] = E[cov(xi+ λ2, xi+ λ1 + λ2)] Eq.2

where xi is the ith voltage mean, cov denotes covariance, E is the
expectation operator, and λ1 and λ2 denote time lags, which can
take any integer value (in samples for digital signals). Note that
the expected covariance is not dependent on time lag λ2.

When Toeplitz covariance (Equation 2) is met, then
covariance matrix S (i.e., the covariance matrix estimated
from V) has the property that the diagonals (descending
from left to right) are constant, and can be derived from the
autocovariance function of the voltage means of the continu-
ous recording. More specifically, the first row of S is given by
the first Q−1 time lags of the autocovariance function using
(Xiao & Wu, 2012):

γ(λ1) = cov(xi, xi+ λ1) Eq.3

where time lag λ1 takes values of λ1 = 0, 1, 2, . . . , Q− 1.
The remaining rows of S are then rotated versions of the
first row, which becomes evident when inspecting the follow-
ing characteristic Toeplitz covariance structure (Mukherjee

& Maiti, 1988):

SToep =

γ(0) γ(1) γ(2) · · · γ(Q− 1)
γ(1) γ(0) γ(1) . .

. ..
.

γ(2) γ(1) . .
. . .

.
γ(2)

..

. . .
. . .

.
γ(1) γ(1)

γ(Q− 1) · · · γ(2) γ(1) γ(0)

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
Eq.4

Note that the number of unknown parameters in SToep is
nowQ, as opposed toQ(Q + 1)/2 in S. The final test statistic,
say T2

Toep, is given by Equation 1, after replacing S with
SToep:

T2
Toep = (�x− μ)SToep−1(�x− μ)H Eq.5

The degrees of freedom for this modified version of HT2

test differ from the conventional HT2 test, which prevents the
convenient use of the F-statistic usually employed with HT2,

Figure 1. All 45 CAEP template waveforms where a CAEP was deemed present by all three audiologists. Each panel shows waveforms

from a single infant, and includes waveforms evoked by either the mid frequency (MF) or the mid-high frequency (HF) stimulus from sessions

one or two, giving a maximum of four waveforms per infant. These waveforms were used to emulate CAEPs in simulations for the sensitivity

assessment. Note that these waveforms were obtained by averaging across ensembles of 160 epochs, whereas the audiologists were

originally reviewing coherent average replicates of 80 epochs.
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but the bootstrap approach provides a simple, albeit compu-
tationally intensive, alternative (section “Frequency Domain
Bootstrap”).

Frequency Domain Modification T2Diag. For the fre-
quency domain HT2 modification, the asymptotic inde-
pendence between spectral bands and real and imaginary
components, expected from theory for stationary signals,
is exploited. This leads to all covariances being zero,
giving the following diagonal covariance matrix:

SDiag =

S1 0 0 · · · 0

0 S2 0 . .
. ..

.

0 0 . .
. . .

.
0

..

. . .
. . .

.
S2W − 1 0

0 · · · 0 0 S2W

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

Eq.6

where Si is the variance of the ith feature, for example,
S1 and S2 would be the variance of the real and imagi-
nary parts, respectively, of the Fourier components of
the 1st spectral band (the ∼1.43 Hz band), S3 and S4
would be the variances of the real and imaginary
parts, respectively, of the second spectral band (∼2.66
Hz), etc.

Additional analysis presented in the Supplemental Digital
Content shows that the SNR was not equal across spectral
bands, which suggests that it may be beneficial to include
band-specific weights, with larger weights being placed on
the high SNR bands relative to the low SNR bands. The
weighted T2 statistic is then given by:

T2
Diag = (w�x− μ)S−1

Diag(w�x− μ)H Eq.7

where w is a 2W-dimensional vector of weights. The weight
vector was previously optimized in terms of statistical power
in the Supplemental Digital Content (Table A.1), and was
later simplified to the following rules of thumb: (i) All
bands between 1 and 8 Hz received a weight of 1, (ii) all
bands between 8 and 9 Hz received a weight of 0.75, and
(iii) all bands between 9 and 15 Hz a weight of 0.5. As
was the case with T2

Toep,, the statistical significance of T2
Diag

was evaluated using a bootstrap approach (section
“Frequency Domain Bootstrap”).

Modified q-sample uniform scores test. The original q-sample
uniform scores test (Mardia, 1972) can be used to test
whether the phases of multiple spectral bands share the
same underlying distribution. The modifications proposed
by Sturzebecher et al. (1999) and Cebulla et al. (2006)
consider the amplitudes of the spectral bands, in addition
to the phases. The modifications are furthermore applied
either to the actual values, or to the ranks of the phases
and amplitudes, where the ranking is performed across
all spectral bands and all epochs, that is, rank values
(for either the phases or the amplitudes) range from 1 to

N·W, where W is the number of frequency bands included
in the analysis. The current study includes four variations:
(i) QMod V1, applied to phase ranks and amplitude
values, (ii) QMod V2, applied to phase ranks and ampli-
tude ranks, (iii) QMod V3, applied to phase values and
amplitude ranks, and (iv) QMod V4, applied to phase
values and amplitude values. The test statistic, say
QMod, is given by (Cebulla et al., 2006):

QMod =
∑W
j=1

∑N
i=1

rij cos
aij2π
N ·W

( )2
⎡
⎣

+
∑N
i=1

rij sin
aij2π
N ·W

( )2
⎤
⎦ Eq.8

Where rij is either the rank or the actual value of the
amplitude of the jth spectral band from the ith epoch,
and where aij is either the rank or the actual value of the
phase of the jth spectral band from the ith epoch. The mod-
ified q-sample statistics were applied to the 1.4, 2.8, 4.3,
5.7, 7.1, 8.6, and 10 Hz frequency bands, chosen based
on additional simulations presented in the Supplemental
Digital Content. The significance of QMod was evaluated
using a bootstrap, as described next.

Frequency Domain Bootstrap. The frequency domain boot-
strap (FDB) is an approach for generating many additional
recordings, or “surrogates” (Chesnaye et al., 2021b;
Dahlhaus & Janas, 1996). By applying the adopted detection
method to a large number of surrogate recordings that satisfy
the null hypothesis (i.e., no response present), a distribution
of test statistics can be generated, henceforth the “boot-
strapped distribution.” It is assumed that the bootstrapped
distribution approximates the true null distribution underly-
ing the test statistic. In order to obtain a good approximation,
it is important that the surrogate recordings are representative
of data under the null hypothesis, which requires certain data
characteristics to be emulated, such as power and serial cor-
relation between samples in each recording. In particular, for
a given recording, say Xt, the FDB aims to generate surrogate
recordings with similar power and serial correlation as Xt
using the following steps (Chesnaye et al., 2021b):

1. Estimate the power spectral density (PSD) underlying Xt,
say Pj, where j is the index of the frequency bin ( j = 1, 2,
…, T). Welch’s method (Welch, 1967) was used in the
present study to estimate Pj (further details below).

2. Generate random surrogate PSDs by adding random var-
iation to the estimated PSD through: Pj∗=P̂j · εj∗, where
P̂j is an estimate of Pj, and εj∗ is randomly sampled from
a standard exponential distribution with a mean of one
(Dahlhaus & Janas, 1996). To clarify, note that the stan-
dard exponential distribution is related to the χ2 distribu-
tion through 0.5χ22 = Exp(1) (Leemis & McQuestion,
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2008), and that the χ2 distribution describes the sum of
the squared real and imaginary parts (i.e., a sum of
squares or the square of the amplitude) of the FFT com-
ponents at frequency j.

3. Transform the random surrogate PSDs to magnitudes,
and assign a random phase to each frequency bin where
the phases are randomly sampled from a uniform distribu-
tion on the [−π, π] interval. For the time domain detection
methods, take the inverse FFT to obtain time-domain
surrogates.

4. Analyze the random surrogates with the detection method
to generate a distribution of test statistics, which can be
assumed to approximate the recording-dependent null
distribution underlying the test statistic.

A crucial parameter underlying the performance of the FDB
is the length of the sliding window within Welch’s method,
applied to Xt, which determines the spectral resolution and
hence the “smoothness” of P̂j. Smoothing helps to reduce
variance in the P̂j estimate, and helps to mitigate
stimulus-induced peaks, which would otherwise bias P̂j
towards the PSD of the alternative hypothesis of “CAEP
present,” as opposed to the null hypothesis of “no CAEP
present.” The current study used a window length of 2 s,
which was chosen based on pilot simulations (details not pre-
sented). Each bootstrapped distribution was generated from a
total of 1000 surrogates. A more formal description along
with an illustrative example can be found in Chesnaye
et al. (2021b).

Visual Inspection by Audiologists
The infant CAEP data were first evaluated by three experi-
enced audiologists who determined whether a CAEP was
present or absent in accordance with guidelines provided
by the British Society of Audiology (Lightfoot et al.,
2016). Data were presented to the audiologists as two repli-
cates of the coherently averaged epoch where each replicate
was obtained by averaging 80 epochs. The coherent average
replicates were presented from −150 to + 750 ms relative to
stimulus onset, with the y-axis fixed at −15 to + 15 μV. The
examiners then made the decision of either (i) response
present, (ii) response absent, or (iii) ambiguous. The ambig-
uous option was included to more accurately represent real-
world test conditions where clinician’s similarly have the
choice to remain undecided, and potentially collect more
data to resolve any ambiguities (Lightfoot et al., 2016).
Data were furthermore presented to the examiners randomly,
with no knowledge of subject ID or stimulus level, and with
no knowledge of the output of the statistical detection
methods. The aim for the visual inspection was to obtain a
score to compare the performance of the objective detection
methods against. Audiologists’ assessments also formed the
basis for constructing a sample of CAEP waveforms, which

were later used to emulate CAEP signals in simulations, as
described in section “Test Sensitivity”.

Test Specificity
The specificity of the detection methods was evaluated using
false-positive rates (FPRs), defined as the rate at which H0 is
rejected when H0 is true. Ideally, the FPR should equal the
significance level of the test, also known as the nominal
α-level, set here to 0.01. Data for the specificity assessment
consisted of the inaudible (<0 dB SL) CAEP recordings, as
well as simulated data to provide a more powerful assessment
using a large number of tests where the ground truth of
response absence was known.

Simulations. Data for the simulations consisted of stationary,
Gaussian-distributed colored noise with spectral content
similar to the inaudible (<0 dB SL) infant CAEP recordings.
The colored noise was generated by filtering Gaussian white
noise with all-pole filters, where the poles of the filters were
given by the parameters of 20th-order autoregressive (AR)
models. The AR parameters were estimated using the
Yule-Walker approach (Hayes, 1996) with a new model
being fitted to the EEG signals of each inaudible CAEP
recording (44 in total). The resulting colored noise was
then processed in a manner similar to the recorded EEG
signals, that is, band-pass filtered from 1 to 15 Hz using a
3rd-order Butterworth filter, and structured into ensembles
of either N = 20, N = 40, N = 80, or N = 160 approxi-
mately 1111 ms long epochs, corresponding to an approxi-
mately 0.9 Hz stimulus rate. The initial 700 ms windows of
the ensembles were then analyzed with the detection
methods. A total of 10,000 ensembles were simulated, per
ensemble size.

Infant CAEP Data. The inaudible CAEP recordings were
structured into ensembles of N epochs, where N again took
values of either 20, 40, 80, or 160 epochs, to probe specificity
with clinically more desirable small numbers of epochs. As
the stimuli were deemed inaudible (<0 dB SL), no distinction
was made between data from the MF and HF stimuli, nor
between test sessions. There were sufficient data to assemble
347, 171, 83, and 44 ensembles, for N = 20, 40, 80, and 160
epochs, respectively. The 700 ms post-stimulus windows of
the ensembles were analyzed with the objective detection
methods. For the visual assessments, FPRs were evaluated
for the N = 160 test condition, that is, 44 waveforms were
visually inspected by each examiner.

Post-hoc Analysis. To determine whether the FPRs deviated
significantly from the 0.01 α-level, 99% confidence intervals
were constructed using binomial distributions. A binomial
distribution represents the distribution of m “successful”
Bernoulli trials out of M total trials performed. For the
current analysis, a successful Bernoulli trial is defined as a
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false-positive, and hence has a theoretical probability equal to
the nominal α-level of 1%. The total number of Bernoulli
trialsM is furthermore given by the total number of tests per-
formed, and equals 10,000 for the simulations, which
resulted in 99% confidence intervals of [0.0076, 0.0127]
for α= 0.01. For the infant CAEP recordings, there were suf-
ficient data for 44 tests (N = 160), 83 tests (N = 80), 171
tests (N = 40), and 347 tests (N = 20), giving 99% confi-
dence intervals of [∼0, 0.081], [∼0, 0.055], [∼0, 0.038],
and [∼0, 0.028], respectively.

Test Sensitivity
Test sensitivity was evaluated using the true-positive rate,
defined as the rate at which H0 is rejected when H0 is
indeed false. Test sensitivity should ideally be as high as pos-
sible, albeit for a fixed FPR and ensemble size N. Test sensi-
tivity was evaluated using the audible (≥0 dB SL) CAEP
recordings and simulated signals.

Simulations. Data for the simulations consisted of simulated
colored noise for representing the EEG background activity
(generated as described in the specificity assessment above)
and CAEP template waveforms for simulating a response.
The CAEP templates were given by the coherently averaged
waveforms where all three audiologists agreed that a clear
CAEP was present, that is, a relatively strict criterion was
used. This helps to ensure that the simulated CAEPs are
indeed CAEPs, as opposed to background activity. A total
of 45 CAEP template waveforms were available for the sim-
ulations, presented in Figure 1. For each ensemble of colored
noise, a CAEP was simulated by randomly selecting one of
the 45 templates, rescaling the template to obtain a certain
SNR, and adding it to all epochs within the ensemble in ques-
tion. The SNRs for the simulated CAEPs furthermore ranged
from −20 to −8 dB, which covered the range of SNRs esti-
mated from the infant CAEP recordings. The SNR was esti-
mated using:

SNR = 10log10
psignal
pnoise

Eq.9

where psignal is the mean power of the coherently averaged
epoch, and pnoise is the mean square of the unaveraged, con-
tinuous recording.

Infant CAEP Data. The audible CAEP recordings were
divided into three categories, including the 0–10 dB SL,
the 10.1–20 dB SL, and the >20 dB SL categories. A distinc-
tion was now also made between the MF and HF stimuli, but
no distinction was made between test sessions. The record-
ings were again structured into ensembles of size N = 20,
40, 80, or 160 epochs, and the 700 ms post-stimulus intervals
were analyzed with the objective detection methods.

Post-hoc Statistical Analysis. Post-hoc analysis was carried out
to test whether the detection rates of the methods differed
when considered across all audible dB SL conditions,
stimuli, and test sessions, but per ensemble size. For each
detection method, the total number of detections (using α=
0.01) and non-detections were counted, after which
Fisher’s exact test (Fisher 1922; Fisher 1932) was used to
test whether the number of detections and non-detections dif-
fered between methods, per ensemble size. The same
approach was used when drawing comparisons between the
detection methods and the examiners, except that there was
now just a single ensemble size, equal to N = 160.

Test Reliability
This section evaluates intra- and inter-test reliability for the
examiners and the objective detection methods. For CAEP
detection, intra-test reliability—also known as test-retest reli-
ability—is the extent to which a detection method or an
examiner tends to reach the same conclusion in two separate
recordings, where both recordings were obtained under the
same test conditions, that is, the same test subject, the same
stimulus type, stimulus rate, pre-processing parameters, etc.
Inter-test reliability, on the other hand, is the extent to
which detection methods and/or examiners agree on
whether a CAEP is indeed present or not in any given record-
ing. Both intra- and inter-test reliability were evaluated using
Cohen’s kappa statistic (Cohen, 1960; McHugh, 2012),
further described below. In what follows, all “ambiguous”
test outcomes for the examiners were treated as non-
detections, giving a binary “CAEP detected” versus “no
CAEP detected” test outcome. This facilitates the compari-
son between the examiners and the detection methods, as
the detection methods similarly give a binary “H0 rejected”
(CAEP detected) or “H0 not rejected” (no CAEP detected)
test outcome.

Intra-Test Reliability. Data for the assessment comprised the
infant CAEP recordings from sessions one and two (using
N = 160). Cohen’s kappa (Cohen, 1960) was calculated,
per detection method and per examiner, which represents
the probability of reaching the same conclusion in both test
sessions, after having adjusted for the probability of reaching
the same conclusion by chance (McHugh, 2012). When cal-
culating Cohen’s kappa, it is helpful to first construct Table 2,
which shows how often the test outcome from session 1 did,
and did not, match with the test outcome from session 2 (see
also the caption for Table 2). The observed probability of
reaching the same conclusion in both sessions, say Po, is
then found using:

Po = C1,2 + C¬1¬2

n
Eq.10

where n is the total number of repeat recordings available for
the analysis (here equal to 116), C1,2 is the number of times
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an ABR was detected in both sessions 1 and 2, and C¬1,¬2 is
the number of times an ABR was not detected in both ses-
sions 1 and 2. Next, the probability of reaching the same con-
clusion by chance, say Pc, is found using:

Pc = A+ B
n

Eq.11

where A and B are given by:

A = (C1,1 + C1,¬2) · (C1,1 + C¬1,2)
n

Eq.12

B = (C¬1,2 + C¬1¬2) · (C1,¬2 + C¬1,¬2)
n

Eq.13

and where C1,¬2 is how often an ABR was detected in session
1 but not in session 2, and vice versa for C¬1,2. Finally,
Cohen’s kappa is given by (Cohen, 1960; McHugh, 2012):

κ = Po − Pc
1− Pc

Eq.14

which takes values ranging from −1 to 1, with 1 representing
perfect agreement, −1 perfect disagreement, and 0 the
amount of agreement expected by chance.

Inter-Test Reliability. Data for the assessment again comprised
the infant CAEP recordings, except that no distinction was
made between test sessions. For the inter-test assessment,
Cohen’s kappa represents the extent to which detection
methods and/or examiners agreed on whether a CAEP was
present or not. It is again helpful to first construct Table 2
(right panel); Note that C1,2 now refers to the number of
ABRs that were detected by both methods and/or examiners,
and similarly for C¬1,¬2, C1,¬2, and C¬1,2 (see also Table 2
caption). For each pair of detection methods and/or examin-
ers, Equations 10–14 were used to estimate the κ values. The

total number of recordings available for the analysis (i.e., n)
was now 232.

Post-hoc Statistical Analysis. To help interpret the estimated κ
values, standard errors were constructed, per κ, using
(McHugh, 2012):

SE =
������������
Po(1− Po)

n(1− Pc)2

√
Eq.15

giving 95% confidence intervals of κ ± 1.96·SE. For the
intra-test reliability assessment, the 95% confidence intervals
ranged from κ ± ∼0.16 to κ ± ∼0.21, whereas for the
inter-test reliability assessment, the intervals ranged from κ
± ∼0.06 to κ ± ∼0.12.

Results
This section presents the results from the specificity, sensitiv-
ity, and reliability assessments. Within the interest of remain-
ing concise, results were not presented for all four q-sample
modifications. Instead, just the best-performing modification
was presented, which was QMod V3 (applied to phase values
and amplitude ranks). The performance between all 4
q-sample modifications was, however, quite similar, and
can be seen in Figure A.2. in the Supplemental Digital
Content.

Examiner Results
The visual inspection results from the examiners are pre-
sented as stacked bar plots in Figure 2, which show the
rates at which (1) a clear response (CR) was detected, (2) a
response was deemed absent (response absent, or RA), or
(3) the waveform was deemed ambiguous in terms of CR
or RA. Results are presented for all three examiners (indi-
cated by E1, E2, and E3), per dB SL category, and per stimu-
lus type (i.e., MF or HF). Note that for the <0 dB SL
category, no distinction was made between stimuli. If it is
assumed that the inaudible recordings were indeed inaudible
and did not contain a CAEP, then results show true-negative
rates (TNRs; it is correctly concluded that a CAEP was
absent) ranging from ∼0.3 (for E3) to ∼0.8 (for E1). For
the audible test conditions, non-detection rates ranged from
0 to ∼0.55. Whether these non-detections can be considered
as false-negative (i.e., it is concluded that a CAEP was absent
when a CAEP was in fact present) is not clear—see also the
Discussion. Detection rates for the inaudible recordings
(assumed to be FPRs) were 0.068 for E1 and 0 for both E2
and E3. For the audible recordings, detection rates ranged
from ∼0.15 to ∼0.65.

Table 2. Tables that were constructed when calculating Cohen’s

kappa statistic for the intra- and inter-test reliability assessment.

Intra-test reliability Inter-test reliability

S1 M1

Yes No Yes No

S2 Yes C1,2 C¬1,2 M2 Yes C1,2 C¬1,2

No C1,¬2 C¬1,¬2 No C1,¬2 C¬1,¬2

For the intra-test assessment, each table indicates how often an ABR was

detected in both session 1 (S1) and session 2 (S2) by some detection method

or examiner, and is indicated by C1,2. Similarly, C¬1,¬2 indicates how often an

ABR was not detected in both S1 and S2, C1,¬2 is how often an ABR was

detected in S1 but not in S2, and vice versa for C¬1,2. For the inter-test

assessment, the same notation was used, except that no distinction was

made between test sessions. C1,2 is now how often both Method 1 (M1) and

Method 2 (M2) agreed that a CAEP was present, C¬1,¬2 is how often both M1

and M2 agreed that a CAEP was not present, C1,¬2 is how often M1 detected

a CAEP when M2 did not, and vice versa for C¬1,2.
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Test Specificity
Simulations. The FPRs of the detection methods (Table 3)
mostly fell within the 99% confidence intervals for α= 0.01.
The exception was QMod V3, which showed a liberal (FPR
>α= 0.01) test performance at N = 40. In general, FPRs
show a small bias towards a liberal test performance for the
bootstrapped test statistics at small ensemble sizes of N = 20
and N = 40, which decreases for increasing N, and can likely
be attributed to variance in the power spectral density estimates
(P̂j) used in the frequency domain bootstrap. To ensure a fair
comparison in the subsequent assessments of test sensitivity,
the nominal α-levels were adjusted, per test statistic, such
that their FPRs equal 0.01. The adjusted α-levels are also
shown in Table 3 (middle panel).

Infant data. The FPRs of the detection methods for the
inaudible infant CAEP recordings are also shown in
Table 3 (right panel). All FPRs fell within the expected
99% confidence intervals for α = 0.01. However, it is
worth emphasizing that there was relatively little data for
the assessment, which resulted in wide confidence intervals
for α = 0.01. This may have prevented small deviations
from the α-levels from being detected.

Test Sensitivity
Simulations. The detection rates using the adjusted α-levels
are shown in Figure 3 for N = 20, 40, 80, and 160. Results
show that detection rates for the conventional HT2 test
were relatively poor for N = 20 and N = 40 (panels A and
B, respectively), but improved for larger ensemble sizes:
For N = 80, similar detection rates were observed for HT2

and QMod V3, whereas for N = 160, HT2 outperformed
QMod V3. The highest detection rates were consistently
observed for the modified T2 statistics.

Infant data. The detection rates for the objective detection
methods are presented per dB SL category and per ensemble
size in Figure 4, for both the MF stimulus (top panels) and the
HF stimulus (bottom panels). For the smaller ensembles sizes
of N = 20 and N = 40, results again suggest that the modi-
fied T2 statistics and QMod V3 outperformed the conven-
tional HT2 test (i.e., T2

Time and T2
Freq), which was confirmed

by results from the post-hoc statistical analysis, shown in
Table 4. For N = 80, T2

time was also significantly (p< .05)
outperformed by both QMod V3 and T2

Diag, whereas for N
= 160, no significant differences between the detection
rates were observed (p > .05).

Figure 2. Results from the visual inspection by audiologists, presented as stacked-bar plots. Each bar represents the rates at which a clear

response (CR) was detected, a response was deemed absent (response absent, or RA), and the waveform was deemed ambiguous in terms

of CR or RA. Results are presented per dB SL category, for both the mid-frequency (MF) and the mid-high frequency (HF) stimulus, and for

all three examiners, indicated by E1, E2, and E3. Note that for the <0 dB SL condition, no distinction was made between the MF and HF

stimuli, as the stimuli were deemed inaudible.

Table 3. False-positive rates (FPRs) for the objective detection methods in simulations (left panel) and for the inaudible (<0 dB SL) infant

CAEP recordings (right panel).

FPRs simulations Adjusted α-levels simulations FPRs infant data

N = 20 N = 40 N = 80 N = 160 N = 20 N = 40 N = 80 N = 160 N = 20 N = 40 N = 80 N = 160

T2
Time 0.01 0.0107 0.0081 0.0089 0.01 0.01 0.012 0.012 0.006 0 0 0

T2
Freq 0.0089 0.0105 0.0081 0.0089 0.01 0.01 0.012 0.012 0.023 0 0 0

QMod V3 (b) 0.0122 0.0129* 0.0109 0.0116 0.008 0.008 0.008 0.008 0.009 0.006 0 0

T2
Toep (b) 0.0112 0.0124 0.0088 0.0115 0.008 0.008 0.012 0.008 0.006 0.006 0.012 0

T2
Diag (b) 0.0126 0.0124 0.0104 0.0109 0.008 0.008 0.01 0.008 0.02 0 0 0.023

Significant (p< .01) deviations from α= 0.01 are indicated by an asterisk to ensure that the comparison in test sensitivity in subsequent analyses were fair, the

nominal α-levels were adjusted, per detection method, such that their FPRs equal 0.01 (middle panel). The (b) indicates that test significance was evaluated using

the frequency domain bootstrap.
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To help facilitate the comparison between the examiners
and the detection methods (at N = 160), examiner detection
rates from Figure 2 were also included in Figure 4 (right
panels). Examiner detection rates ranged from ∼0.15 to
∼0.4 for the HF stimulus, and from ∼0.3 to ∼0.65 for the
MF stimulus. For the best-performing detection methods
(i.e., the modified T2 statistics and QMod V3), detection
rates for N = 160 were in the ∼0.2 to ∼0.65 range for the
HF stimuli, and in the ∼0.3 to ∼0.8 range for the MF
stimuli. Results from the post-hoc statistical analysis
(Table 4) confirm significantly higher detection rates for
QMod V3, T2

Diag, and T2
Toep relative to the examiners.

Finally, increasing the α-level to 0.05 for the objective
detection methods resulted in detection rates ranging from
∼0.45 to ∼0.75 for the HF stimuli, and from ∼0.45 to ∼0.9
for the MF stimuli. Additional analysis (details not presented)
also demonstrate similar detection rates when using both the
adjusted and the non-adjusted α-levels. Results in Figure 4
were generated using the non-adjusted α-levels.

Test Reliability
Results from the reliability assessment are presented in
Table 5, and show Cohen’s kappa values for the intra- and
inter-test reliability assessments. For the intra-test reliability
assessment (i.e., test-retest reliability), κ values ranged
from just 0.16 for Examiner 1, up to 0.49 for T2

Time. This sug-
gests that the test outcome from session one was a relatively
poor predictor for the test outcome for session two. The 95%
confidence intervals ranged from κ ± ∼0.16 to κ ± ∼0.21,
and suggest a significantly (p < .05) lower intra-test reliability
for Examiner 1 relative to T2

Time, T
2
Freq, T

2
Diag, and T2

Toep. For
the inter-test reliability assessment, κ values ranged from
0.48 to 0.9. Results also suggest that agreement amongst
examiners was generally lower than agreement amongst
detection methods, that is, κ values for the examiners
ranged from 0.65 to 0.71, whereas for the detection
methods κ values ranged from 0.72 to 0.9. The lowest κ
values, however, were observed when considering the
amount of agreement between detection methods and exam-
iners: κ values now ranged from 0.48 to 0.64 (see also the
Discussion). For all κ values, the 99% confidence intervals
ranged from κ ± ∼0.06 to κ ± ∼0.12, thus indicating
many significant (p < .05) differences in the level of agree-
ment amongst detection methods and examiners.

Discussion
This study evaluated various new and existing objective
methods for aided CAEP detection in infants with hearing
loss, and aimed to improve the accuracy and efficiency of
CAEP measurements in this population. Results firstly
confirm the “large p small n” problem (Li et al., 2017) for
the HT2 test, which was previously hypothesized to be due
to poor estimates of the feature covariance matrix (Bai &

Saranadasa, 1996). Indeed, improved test sensitivities were
obtained by replacing the conventional feature covariance
matrix with either the Toeplitz (Equation 4) or the diagonal
(Equation 5) covariance matrix.

Some alternative modifications for preventing low HT2

test sensitivities have previously also been proposed in the
literature. These have been categorized by Dong et al.
(2016) as: (1) the “unscaled T2 statistics” where the feature
covariance matrix is removed from the T2 statistic (e.g.,
Bai & Saranadasa, 1996; Zhang & Xu, 2009), (2) the “regu-
larized T2 statistics” where a regularization factor is applied
to the feature covariance matrix (Chen et al., 2011), and (3)
the “diagonal T2 statistics” where all covariances are set to
zero, giving a diagonal covariance matrix (e.g., Witten &
Tibshirani, 2011). The T2

Diag statistic proposed in the
current work falls in the third category, but is specifically jus-
tified for the frequency domain HT2 test due to statistics of
the Fourier Transform coefficients from stationary signals.
The T2

Toep statistic falls outside this classification scheme,
but is again based on prior knowledge (or the assumption)
of signal stationarity.

Alternative Detection Methods
Other detection methods published in the literature were ini-
tially also included in the assessment, but were removed from
the final results to remain concise. These include various
alternative modified q-sample statistics from Cebulla et al.
(2006), the Fsp (Elberling & Don, 1984), the Fmp (Martin
et al., 1994), the “mean power” statistic (Lv et al., 2007),
the DTW approach (Chesnaye et al., 2021a), and the diagonal
HT2 test from Bai and Saranadasa (1996).

Starting with the diagonal HT2 test (Bai & Saranadasa,
1996), this approach—not previously evaluated for CAEP
detection—is essentially the conventional time domain HT2

test where the feature covariance matrix is replaced with
the diagonal covariance matrix, that is, covariances
between all voltage means are set to zero. The approach
also includes a rescaling factor for transforming the modified
T2 statistic into a standard normally-distributed random var-
iable, after which the asymptotic (for N, Q � ∞) null distri-
bution is given by the standard distribution (theorem 2.1 in
Bai & Saranadasa, 1996). Results from additional simula-
tions (details not presented) suggest that the standard distri-
bution is indeed a close approximation, but still slightly
inaccurate when using typical values for Q and N. Using Q
= 14 and N = 50, for example, resulted in a slightly liberal
FPR of ∼0.014 for α = 0.01. Test sensitivity for the diagonal
HT2 test from Bai & Saranadasa (1996) was also slightly
lower than the modified T2 and q-sample statistics from the
current study, and was therefore excluded from the final
results. However, it is worth noting that the diagonal HT2

test from Bai & Saranadasa (1996) does not require a boot-
strap to evaluate test significance, and is therefore computa-
tionally less demanding than the modified test statistics from
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the current study for which the bootstrap (or similar surrogate
data method) is required.

In a previous study on CAEP detection in adults with
normal hearing, the best-performing method was a DTW
approach, which correlates the (time-warped) ensemble
coherent average to an a priori assumed CAEP template
(Chesnaye et al., 2021a). Due to the wide variation in
CAEP waveforms across infants (Figure 1), the DTW
approach was not expected to perform optimally in this
young population. Indeed, detection rates for the DTW
approach were around 0.4 or lower in the infant data, even
at N = 160, and detailed results were excluded from the
results section. We also attempted a range of template match-
ing variants, such as using a database of templates, but none
provided encouraging results.

Test Specificity, Sensitivity, and Reliability
Results from visual inspection by examiners show good test
specificities but relatively low test sensitivities, that is, detec-
tion rates (using N = 160) for the audible (≥0 dB SL) CAEP
recordings were in the ∼0.3 to ∼0.65 range for the MF
stimuli, and in the ∼0.15 to ∼0.4 range for the HF stimuli.
The low test sensitivity for visual inspection appears poten-
tially problematic for clinical decision making with aided
CAEP. For the best-performing objective detection
methods, detection rates for N = 160 were slightly higher,
for example, T2

Toep had detection rates in the ∼0.25 to

∼0.65 range for the HF stimulus, and in the ∼0.3 to ∼0.8
range for the MF stimulus. Increasing the α-level to 0.01
from 0.05 further resulted in slightly higher detection rates,
at the cost of a reduced test specificity.

Detection rates in this study were approximately in the
same range as those observed in previous studies. For
example, Van Dun et al. (2012) observed detection rates
(using the conventional HT2 test) for aided CAEPs in
hearing-impaired infants of ∼0.53 for the 0–9.9 dB SL cate-
gory, ∼0.67 for the 10–19.9 dB category, and ∼0.77 for the
20 + dB SL category. Similarly, Chang et al. (2012)
observed detection rates (using the conventional HT2 test)
of ∼0.63 for the >0 dB SL category, ∼0.68 for the >10 dB
SL category, and ∼0.69 for the >20 dB SL category, for
aided and unaided CAEP detection in hearing-impaired
infants. Note that these studies used an α-level of 0.05,
whereas the current study used an α-level of 0.01.

With respect to intra-test reliability (or test re-test reliabil-
ity), relatively low κ values were observed for both the objec-
tive detection methods and the examiners (κ values ranged
from 0.16 to 0.49). This indicates that the test outcome
(i.e., CAEP present or not) often changed from one session
to the next, which, in turn, suggests that CAEPs might not
always have been successfully evoked in all recordings.
The latter is supported by results from Visram et al. (under
review), who carried out a more in-depth assessment of test
re-test reliability, and note that, “in 42% of the cases where
the stimulus was audible, but the CAEP was not detected

Figure 3. Simulation results showing the detection rates as a function of the SNR for different ensemble sizes N. To ensure a fair

comparison between methods, the detection rates were generated using adjusted α-levels (Table 3). Note that the y-axis and x-axis for
panels (C) and (D) are on a different scale than panels (A) and (B). The (b) in the legend indicates that test significance was evaluated using

the frequency domain bootstrap.
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at the initial test, the CAEP was detected on retest.” Visram
et al. accordingly emphasize that non-detections should be
interpreted with care, even when test conditions appear
good. These results underline the challenge in efficiently
and reliably evoking CAEPs in infants with hearing loss.

For the inter-test reliability assessment, κ values were
considerably higher. Note again that κ now represents the
level of agreement (in terms of CAEP present or not)
between pairs of detection methods and/or examiners.
The highest κ values were observed when comparing the
detection methods (κ ranged from 0.72 to 0.9), which can
be attributed to the features (i.e., the actual data analyzed
by the detection methods) being highly correlated. For
example, the T2

Time and T2
Toep detection methods both con-

sider the same voltage means, and only differ in terms of
the feature covariance matrix. Similarly, T2

Freq, and T2
Diag

both consider the real and imaginary parts of the same spec-
tral bands, and differ only in terms of the feature covariance
matrix. Finally, QMod V3 excludes the feature covariance
matrix altogether, and is applied to the phases and magni-
tude (ranks) of the spectral bands, as opposed to the real
and imaginary parts, and thus also has considerable
overlap with T2

Freq, and T2
Diag.

Finally, inter-test reliability scores for the examiners were
lower than those of the objective detection methods (κ ranged
from 0.65 to 0.71). This suggests that examiners varied, to
some extent, in how they chose to evaluate the waveforms.
The lowest reliability scores, however, were observed when
pairing examiners with detection methods (κ ranged from
0.48 to 0.64), which suggests that examiners and detection
methods differed in terms of what information they consid-
ered when evaluating CAEPs. One hypothesis is that exam-
iners strove to identify credible morphologies in the
coherently averaged waveforms, whereas the objective detec-
tion methods did not. In some cases, this may have led to
CAEPs with small amplitudes, but credible waveform mor-
phologies, being detected by the examiners, but being classi-
fied as non-detections by the detection methods. Vice versa,
some CAEPs with less conventional morphologies may have
been detected by the detection methods, but classified as non-
detections by the examiners.

Study Limitations and Future Work
This study aimed to provide a fair comparison between aided
CAEP detection methods, and therefore carried out feature

Figure 4. Detection rates for the audible infant CAEP recordings for both the objective detection methods and the examiners. Results are

presented for the mid-frequency (MF) stimuli (top panels) and the mid-high frequency (HF) stimuli (bottom panels), per dB SL category. The

numbers associated with each dB SL category indicate how many ensembles were tested.
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optimizations (presented in the Supplemental Digital Content)
prior to the main assessments. Feature optimizations prevent
some methods from having an unfair advantage over others
due to sub-optimal feature sets, but have a potential risk in
that some methods have more capacity to be optimized than
others, that is, some methods may have been overfitted to
the sample of CAEP recordings. Although results in the
Appendix suggest that test performance was relatively robust
across a range of test parameters, it is important that results
are confirmed using alternative data sets in future work.

An additional limitation for this work is that there were rel-
atively few inaudible (<0 dB SL) CAEP recordings available
for the specificity assessment. As a result, statistical power
was low, which may have resulted in small biases in the
FPRs of the detection methods going undetected. The large
sample of simulated signals overcomes this limitation to
some extent, but does not fully emulate real-world recordings,
and was not carried out for visual inspection due to the substan-
tial load on the clinicians. In future work, it may be necessary to
estimate FPRs for the detection methods and examiners using a
much larger sample of no-stimulus recordings.

It should also be noted that any longitudinal studies that
compare tests on children at different ages (in this case
CAEP testing at 3–7 months followed by VRA testing at
mean age 10.8 months), and where the tests have some
source of variability, have inherent limitations. Both VRA
and CAEP have some test variability due to the attention of
the child and measurement noise resulting from child move-
ment, that is, neither test is entirely a gold standard measure-
ment of audibility. Although the current study strived to
reduce sources of variability in measurements—e.g., by (1)
carrying out otoscopy and tympanometry examinations to
rule out variations due to conductive elements, (2) excluding
infants with progressive or fluctuating hearing loss, and (3)
testing hearing aids using a test box prior to the examina-
tions—data should be treated with some caution.

Finally, the detection methods in this study made no dis-
tinction between epochs within an ensemble, and therefore
implicitly assumed that the CAEP was a deterministic
response, unchanging throughout the examination.
However, the CAEP is known to be affected by habituation
(Özesmio et al., 2000) and subjects’ drowsiness or state of

Table 4. Results from the post-hoc statistical analysis for the sensitivity assessment, i.e., the p-values generated by Fisher’s exact test (section
“Test Sensitivity”) when comparing the detection rates amongst objective detection, and between detection methods and examiners.

T2Time T2Freq QMod V3 (b) T2Toep (b) T2Diag (b)

N = 20
T2
Time 1 0.008* <0.001* <0.001* <0.001*

T2
Freq 1 <0.001* <0.001* <0.001*

QMod V3 (b) 1 0.5 0.9

T2
Toep (b) 1 0.39

T2
Diag (b) 1

N = 40
T2
Time 1 0.091 <0.001* 0.005* 0.003*

T2
Freq 1 0.033* 0.082 0.061

QMod V3 (b) 1 0.742 0.844

T2
Toep (b) 1 0.95

T2
Diag (b) 1

N = 80
T2
Time 1 0.571 0.029* 0.177 0.035*

T2
Freq 1 0.123 0.48 0.142

QMod V3 (b) 1 0.45 1

T2
Toep (b) 1 0.493

T2
Diag (b) 1

N = 160
T2
Time 1 1 0.154 0.389 0.389

T2
Freq 1 0.184 0.45 0.45

QMod V3 (b) 1 0.64 0.64

T2
Toep (b) 1 1

T2
Diag (b) 1

Examiner 1 0.112 0.091 0.002* 0.011* 0.011*

Examiner 2 0.198 0.167 0.005* 0.025* 0.025*

Examiner 3 0.136 0.112 0.003* 0.015* 0.015*

This analysis considered all audible (≥0 dB SL) CAEP recordings simultaneously and made no distinction between sessions or stimulus type. All pair-wise

comparisons with significantly (p< .05) different detection rates are indicated by an asterisk. Results show that T2Time and T2Freq were significantly outperformed

by T2Toep, T
2
Diag, and QMod V3, primarily at N = 20 and 40. The (b) indicates that test significance was evaluated using the frequency domain bootstrap.
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alertness (e.g., Celesia & Puletti, 1971; Johnson & Yonovitz,
2007), thus rendering significant trial-to-trial variations plau-
sible. Indeed, Johnson & Yonovitz (2007) observed gradual
changes in CAEP amplitudes and latencies over the course of
a 90-min test paradigm and found these changes to be asso-
ciated with fluctuations in alertness and attentiveness. Further
work is required to explore these variations in infants with
hearing loss, quantify their impact on CAEP detection
methods, and test potential solutions.

Conclusion
The overall best-performing methods to detect CAEPs in this
study were the modified T2 statistics, which outperformed
QMod V3 in simulations, and the conventional HT2 test in
both simulations and aided CAEP recordings from 59
hearing-impaired infants. The reduced test sensitivity for the
conventional HT2 test was primarily for small ensemble
sizes, and was attributed to the “small n large p” problem
underlying HT2. For larger ensemble sizes of 80 epochs or
more, the low test sensitivity was less pronounced. With
respect to the visual inspection results of the examiners, good
test specificities were observed, but relatively low test sensitiv-
ities, which could be problematic for clinical applications.
Finally, results from the reliability assessment suggest that
some audible CAEP recordings might not have contained
clear CAEP waveforms. Future developments in CAEP detec-
tion might therefore aim to optimize CAEP test paradigms for
efficiently and reliably evoking CAEPs in infants with hearing
loss, and to further improve objective CAEP detection methods
to assist clinicians with interpreting the CAEP waveforms.
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Table 5. Cohen’s Kappa values from the intra- and inter-test reliability assessments.

Intra-test reliability

T2
Time T2

Freq QMod V3 T2
Toep T2

Diag E1 E2 E3

0.49 0.48 0.35 0.48 0.41 0.16 0.35 0.32

Inter-test reliability

T2
Time T2

Freq QMod V3 T2
Toep T2

Diag E1 E2 E3

T2
Time 1 0.90 0.80 0.80 0.85 0.55 0.63 0.61

T2
Freq 1 0.79 0.77 0.83 0.54 0.62 0.62

QMod V3 1 0.72 0.89 0.54 0.58 0.63

T2
Toep 1 0.77 0.48 0.57 0.57

T2
Diag 1 0.59 0.64 0.64

E1 1 0.65 0.67

E2 1 0.71

E3 1

For the intra-test reliability assessment, κ indicates how consistent a detection method or examiner is at arriving at the same conclusion when presented with a

repeat recording. For the inter-test reliability assessment, κ represents the amount of agreement amongst examiners and/or detection methods when

determining whether a CAEP is present or not. Results generally show higher κ values for the detection methods relative to the examiners—further considered

in the main text.
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