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Objective: The speech-evoked auditory brainstem response (ABR) provides an objective measure of sub-
cortical encoding of complex acoustic features. However, the intrasubject reliability of this response in
both optimal and challenging listening conditions has not yet been systematically documented. This
study aimed to evaluate test–retest reliability of the speech-evoked ABR in young adults.
Methods: In each of two sessions, ABRs were obtained with: (1) a 170 ms /da/ syllable presented in quiet
as well as 2-talker and 6-talker babble background noise conditions and (2) a 40 ms /da/ syllable pre-
sented in quiet. Test–retest reliability of the responses was analyzed in the frequency and time domains.
Results: The speech-evoked ABR does not vary significantly across sessions within individuals on mea-
sures of temporal encoding (i.e., peak latencies, stimulus-to-response and response-to-response mea-
sures), frequency representation and response magnitude.
Conclusions: The subcortical auditory pathway produces a response to a complex sound that is stable and
replicable from session to session.
Significance: By demonstrating the high degree of replicability in optimal and challenging listening con-
ditions, the applicability of the speech-evoked ABR may be increased to examining a range of auditory
processing abilities in clinical and research settings.
� 2010 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

reserved.
1. Introduction

For decades, the highly predictable nature of the click-evoked
auditory brainstem response (ABR), demonstrated by its astound-
ing degree of both temporal precision and test–retest reliability,
has made it a widely used clinical measure to assess the integrity
of the subcortical pathway (Jacobson, 1985; Cone-Wesson et al.,
1987, 2000; Hall, 1992; Sininger, 1993; Sininger et al., 1997; Hood,
1998; Norton et al., 2000). It is a far-field response that reflects
stimulus-locked, synchronous neural firing from nuclei along the
brainstem (Møller and Jannetta, 1985; Chandrasekaran and Kraus,
2010). The intrasubject variability of absolute latencies of the click-
evoked ABR from one test to another is small (Edwards et al., 1982;
Oyler et al., 1991). Thus, temporal precision of the response is such
that even subtle divergences in peak latencies on the order of frac-
tions of milliseconds are clinically significant.

More recently, the ABR has been used to evaluate underlying
central processes involved in encoding more complex signals pre-
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sented in diverse listening contexts. Among these are syllables
that have been temporally and spectrally enhanced (Cunningham
et al., 2002), synthesized with Mandarin tones (Krishnan et al.,
2004, 2009; Song et al., 2008; Swaminathan et al., 2008) or pre-
sented in background noise (Russo et al., 2005; Parbery-Clark
et al., 2009; Anderson et al., 2010; Song et al., in press) as well
as words (Galbraith et al., 1995, 1997, 2004), musical notes and
chords (Musacchia et al., 2007; Lee et al., 2009) and emotion-
ally-valent vocal sounds (Strait et al., 2009). The brainstem re-
sponse to a consonant–vowel syllable, such as /da/, is composed
of two regions: the onset response that signals the beginning of
the sound and the frequency following response (FFR) that corre-
sponds to the periodicity of the vowel (Boston and Møller, 1985;
Akhoun et al., 2008; Johnson et al., 2008a; Hornickel et al.,
2009b). Although the morphology of the onset response of the
speech-evoked ABR is similar to that elicited by clicks (Song
et al., 2006), the FFR does not appear in the transient click-evoked
response. The FFR faithfully reflects the encoding of the funda-
mental frequency and harmonic structure of the speech stimulus
(Moushegian et al., 1973). Thus, an advantage of the speech-
evoked ABR is that it reflects both transient and sustained
portions of the stimulus which can be objectively assessed at
the level of the brainstem.
ed by Elsevier Ireland Ltd. All rights reserved.
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Investigating the brainstem encoding of more complex sounds
is important as responses to these stimuli can uncover auditory
processing deficits (Song et al., 2006; Banai et al., 2009) and expe-
rience-dependent enhancement (Musacchia et al., 2007; Song
et al., 2008; Krishnan et al., 2009; Lee et al., 2009; Parbery-Clark
et al., 2009; Strait et al., 2009; Bidelman et al., 2009) of subcortical
encoding that clicks alone cannot. Click and speech stimuli entail
different subcortical processing demands such that speech stimuli
impose larger desynchronizing influences on neural phase-locking.
Specifically, unlike the click (a nonperiodic, relatively simple sound
that is very brief in duration and contains a broad range of frequen-
cies), consonant–vowel speech syllables, such as the /da/ used in
this study, begin with rapid, relatively low amplitude transient on-
set features that are particularly vulnerable to disruption by back-
ground noise (Brandt and Rosen, 1980). The vowel that follows, a
sustained periodic acoustic signal that is more intense than the
consonant, may mask the brief consonant onset crucial for eliciting
the onset portion of the speech-evoked ABR. Susceptibility to neu-
ral phase-locking desynchronization due to the acoustics of the sig-
nal may in turn impart greater challenges in replicating the
response with good reliability from one session to another. This
may be especially apparent in suboptimal listening conditions
(e.g., background noise) where degradation and variability of the
response occur naturally. Establishing the degree of intrasubject
response reliability of speech-evoked brainstem responses re-
corded in quiet and noisy background conditions will enhance clin-
ical and research utility.

While studies that investigated the impact of auditory training
programs on subcortical responses have corroborated the reliabil-
ity of the speech-evoked ABR recorded over multiple sessions, a
thorough examination of the stability of the multiple components
of these responses was not performed. Russo and colleagues (2005)
found training related improvements in the precision of brainstem
encoding in noise in children, whereas control subjects showed
stable test–retest reliability on most measures of brainstem activ-
ity. Also in the context of a training paradigm, Song and colleagues
(2008) recorded over multiple sessions brainstem responses elic-
ited by a speech sound that was synthesized with different Manda-
rin tones in young adults. They examined the degree of accuracy to
which the response encoded the fundamental frequency (F0) tra-
jectory of the stimuli. Responses elicited by the control stimuli
did not change in F0 encoding from pre- to post-training test ses-
sions. The study did not include test–retest analysis of harmonic
encoding nor measures of timing, and by performing a wider scope
of analysis in the temporal and frequency domains of the speech-
evoked ABR, the current study aims to provide a broader under-
standing of the stability and highly predictable nature of the brain-
stem response in encoding complex sounds.

To determine whether test–retest reliability is a factor when
assessing response timing and morphology, we first need to describe
the nature and range of the response among normal subjects. This
delineation also benefits intrasubject clinical applications of the
speech-evoked ABR (e.g., neural index of change following auditory
training). The purpose of the present study was to evaluate test–ret-
est reliability of various speech-evoked ABR measures observed in
normal hearing young adults. Specifically, we hypothesized that
the neural system of a young adult produces a response to a complex
sound that is stable and replicable from session to session.
2. Methods

2.1. Participants

All participants had normal IQ P 90 as measured by the Wechs-
ler’s Abbreviated Scale of Intelligence (WASI) (Wechsler, 1999) or
Test of Nonverbal Intelligence-3 (TONI-3) (Brown et al., 1997), nor-
mal hearing (620 dB HL pure-tone thresholds from 125 to
8000 Hz), normal click-evoked auditory response wave V latencies
to 100 ls clicks presented at 31.1 Hz at 80.3 dB SPL, and no history
of neurological disease. All participants gave their informed con-
sent in accordance with the Northwestern University Institutional
Review Board regulations.

2.1.1. Study 1
Thirty-one young adults (20 females, ages 19–31 years, mean

age = 23.5, SD = 3 years) were tested with the 170 ms /da/ in quiet
and background noise. The mean time between Tests 1 and 2 was
58 (±33) days.

2.1.2. Study 2
Forty-five young adults (29 females, ages 19–36 years, mean

age = 24.5, SD = 4 years) were tested with the 40 ms /da/. The mean
test time between Tests 1 and 2 was 41 (±34) days.

2.2. Neurophysiologic stimuli and recording parameters

2.2.1. 170 ms /da/, quiet and background noise
Brainstem responses were elicited in response to the syllable

/da/ in quiet and two noise conditions in two test sessions sepa-
rated by a �2 month interval. /da/ is a six-formant syllable synthe-
sized at a 20 kHz sampling rate using a Klatt synthesizer (Klatt,
1980). The duration was 170 ms with voicing (100 Hz fundamental
frequency) onset at 10 ms. Formant transition duration was 50 ms
and comprised a linearly rising F1 (400–720 Hz), linearly falling F2

and F3 (1700–1240 and 2580–2500 Hz, respectively) and flat F4

(3300 Hz), F5 (3750 Hz) and F6 (4900 Hz). After the transition per-
iod, these formant frequencies remained constant at 720, 1240,
2500, 3300, 3750, and 4900 Hz for the remainder of the syllable.
The stop burst consisted of 10 ms of initial frication centered at fre-
quencies around F4 and F5. The syllable /da/ was presented in alter-
nating polarities via a magnetically shielded insert earphone
placed in the right ear (ER-3, Etymotic Research, Elk Grove Village,
IL) at 80.3 dB SPL at a rate of 4.35 Hz.

The noise conditions consisted of multi-speaker babble spoken
in English. Two-talker (1 female and 1 male, 20 s track) and 6-talk-
er (3 females and 3 males, 4 s track) babble were selected because
they provide different levels of energetic masking. To create the
babble, the speakers were instructed to speak in a natural, conver-
sational style. Recordings of nonsense syllables were made in a
sound-attenuated booth in the phonetics laboratory of the Depart-
ment of Linguistics at Northwestern University for unrelated re-
search (Smiljanic and Bradlow, 2005) and were digitized at a
sampling rate of 16 kHz with 24 bit accuracy (for further detail,
see Smiljanic and Bradlow, 2005; Van Engen and Bradlow, 2007).
The tracks were RMS amplitude normalized using Level 16 soft-
ware (Tice and Carrell, 1998). The 2-talker babble and 6-talker bab-
ble tracks were looped for the duration of data collection
(approximately 25 min per condition) with no silent intervals. This
presentation paradigm allowed the noise to occur at a randomized
phase with respect to the target speech sound. Thus, responses that
were time-locked to the target sound could be averaged without
the confound of phase-coherent responses to the background
noise.

In each of the quiet and two noise conditions, 6300 sweeps of /
da/ were collected using Scan 4.3 Acquire (Compumedics, Char-
lotte, NC) in continuous mode at a sampling rate of 20 kHz. The
continuous recordings were filtered, artifact rejected (±35 lV),
and averaged off-line using Scan 4.3. Responses were band-pass fil-
tered from 70 to 1000 Hz, 12 dB/octave. Waveforms were averaged
with a time window spanning 40 ms prior to the onset and 16.5 ms
after the offset of the stimulus and baseline corrected over the
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pre-stimulus interval (�40 to 0 ms, with 0 corresponding to the
stimulus onset). Responses of alternating polarity were added to
isolate the neural response by minimizing stimulus artifact and co-
chlear microphonic (Gorga et al., 1985). The final average response
consisted of the first 6000 artifact free responses.

2.2.2. 40 ms /da/
The speech syllable is a 40-ms /da/ syllable synthesized at a

sampling rate of 10 kHz using a Klatt synthesizer (Klatt, 1980). It
contains a release burst and voiced formant transition with a fun-
damental frequency (F0) that linearly rises from 103 to 125 Hz with
voicing beginning at 5 ms and an onset release burst during the
first 10 ms. Although the stimulus does not contain a steady-state
vowel, it is psychophysically perceived as a consonant–vowel
speech syllable. By eliciting brainstem responses using a relatively
shorter plosive-initial syllable /da/, BioMARK reflects the encoding
of rapid acoustic offsets and onsets important for consonant
identification.

Stimulus and recording parameters followed BioMARK protocol
(Bio-logic, 2005), consistent with other studies (Banai et al., 2009;
Dhar et al., 2009; Hornickel et al., 2009a; Krizman et al., 2010). As
with the longer stimulus, responses were obtained to alternating
polarity stimuli and then added together to extract the neural re-
sponse from the cochlear microphonic and to eliminate stimulus
artifact (Gorga et al., 1985). The /da/ was presented at a rate of
10.9 Hz, and two blocks of 3000 responses to each polarity were
collected and averaged using a 74.67 ms time window (�15.8 ms
pre-stimulus). Responses were sampled at 6857 Hz and band-pass
filtered on-line from 100 to 2000 Hz, using a 12 dB/octave filter
roll-off. Trials with artifact exceeding ±25 lV were excluded from
the average. The 40 ms /da/ was presented via a magnetically
shielded Bio-logic Systems insert earphone placed in the right
ear at 80.3 dB SPL.

All responses were differentially recorded from Cz (active) to
right earlobe (reference), with forehead as ground. During testing,
the participants watched a captioned video of their choice with the
sound level set at <40 dB SPL to facilitate a passive yet wakeful
state.

2.3. Neurophysiologic analysis procedures

Speech-evoked brainstem responses were examined on a vari-
ety of measures in both time and frequency domains. Test–retest
stability of the physiological measures was defined as no change
from Tests 1 and 2 using a repeated measures analysis of variance
with test session as the within-subject factor. Because of the vari-
ability in the duration of time between Tests 1 and 2, the duration
of days between the recording sessions was used as a covariate in
the analysis. Results of post hoc pairwise t-tests were adjusted for
multiple comparisons by using a Bonferroni-correction.

2.3.1. Time domain analyses
Overall response magnitude: Root-mean-square (RMS) amplitude

and signal-to-noise (SNR) of the response assessed overall re-
sponse magnitude.

Inter-response and stimulus-to-response correlations: The effects
of background noise on the timing of the response were quantified
by performing inter-response (i.e., quiet vs. noise) correlations.
This analysis was performed over the region of the response which
included both the onset peaks and the FFR (5–180 ms). To assess
how well the FFR represented the periodicity of the vowel in which
the frequency of the F0 was constant, stimulus-to-response corre-
lations were performed on the FFR (170 ms /da/: 50–180 ms,
40 ms /da/: 11–40 ms). Because Pearson’s r-values were not nor-
mally distributed, stimulus-to-response and inter-response corre-
lation measures were converted to Fisher’s z0-scores prior to
subsequent parametric statistical analyses. For more detail on
auditory brainstem responses to complex sounds, see Skoe and
Kraus (2010).

Discrete peak measures: Measures of both timing and magnitude
were utilized to assess the discrete peaks. Using the software with
which the responses were collected (Neuroscan for the 170 ms /da/
and Bio-Logic for the 40 ms /da/), two experienced peak pickers
manually marked the peaks of waves at the onset and transition
portion in the averaged response in order to measure their laten-
cies and amplitudes. In cases where the two peak pickers were
not in agreement regarding the latency of a particular peak, a third
experienced peak picker was consulted. This task was accom-
plished by selecting the peak with the largest positive or negative
amplitude within the estimated time window that each was ex-
pected to occur (e.g., peak V: 9.00–10.00 ms and trough A:
10.00–11.00 ms for speech-evoked ABRs collected with Neuroscan)
if it was visibly above the noise floor provided by the pre-stimulus
period. When the background noise was introduced with the sylla-
ble, response peaks were often obscured or absent in the wave-
form, similar to the speech-evoked ABR collected in background
noise in children (Russo et al., 2005). These peaks were omitted
from statistical analyses.

2.3.2. Frequency domain analyses
Fast Fourier transform was used to evaluate the content and

strength of frequency encoding of the frequency following portion
of the response (i.e., F0 and its harmonics). In the analysis of the
170 ms /da/ response, average spectral amplitude within a 40 Hz
wide bin centered around the F0 and its harmonics were separately
obtained from the transition (20–60 ms) and steady-state (60–
180 ms) regions of the response. Separate spectral analysis was
performed because the encoding of the F0 in the region corre-
sponding to the formant transition is weakened by rapid shifts in
higher formants (Johnson et al., 2008a; Hornickel et al., 2009b)
compared to the sustained region in which the strength of F0

encoding is reinforced by unwavering formants that are integer
multiples of the F0. Moreover, because the frequency of the F0

was constant over a relatively long periodic portion compared to
the 40 ms /da/, the spectral encoding of the frequency components
was more focused and was encapsulated by the 40 Hz bins. For the
40 ms /da/, strength of frequency encoding was defined as the
average spectral amplitude within a 100 Hz wide bin centered
around the F0 and the harmonics. The larger bin size captured
the broader spread of frequency representation primarily due to
the absence of a steady-state vowel and a linearly rising F0 (103–
125 Hz) in the voiced formant transition.
3. Results

Study 1: Test–retest reliability of 170 ms /da/ in quiet and
background noise

3.1. Time domain analyses

3.1.1. Overall response magnitude (SNR and RMS amplitude)
Grand average speech-evoked ABRs for both testing sessions in

the three listening conditions: quiet, 2-talker and 6-talker babble
are shown in Fig. 1A. Stability of the magnitude of the speech-
evoked brainstem response was evaluated over the entire range
of the response (0–180 ms). The global magnitude of neural activa-
tion was replicable from test to retest sessions for each subject and
was consistently vulnerable to significant degradation in back-
ground noise (see Table 1 for means and standard deviations). A
two session (Test 1 vs. Test 2) � three condition (quiet, 2-talker
and 6-talker babble) two-way repeated measures ANOVA was



Fig. 1. (A) Overlay of grand average brainstem responses from Test 1 (black) and Test 2 (grey) to the 170 ms /da/ stimulus without background noise (top) and in two
background noise conditions, 2-talker (middle) and 6-talker (bottom) babble. (B) Acoustic waveform of the 40 ms /da/ (top). Overlay of grand average brainstem responses
from Test 1 (black) and Test 2 (grey) to the 40 ms /da/ stimulus. Transient peaks (V, A, C and O) and steady-state peaks (D, E and F) are labeled in the response. (C) Dot plot of
the individual subjects’ Test 1 (black square) and Test 2 (grey square) latencies of each peak in the response (V, A, C, D, E, F and O) with a horizontal line connect the Tests 1
and 2 values. Here, and in all figures showing individual-subject data, subjects are sorted by pre-test values independently in each plot.
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performed separately on each of the two dependent variables
which reflected overall response magnitude (i.e., SNR and RMS
amplitude). There were no significant main effects of SNR
(F = 1.726, p = 0.199), RMS amplitude (F = 0.180, p = 0.674) nor
interaction between test session and condition (SNR: F = 0.095,
p = 0.910, RMS: F = 0.131, p = 0.877). However there was a signifi-
cant main effect of condition (SNR: F = 18.636, p < 0.0001; RMS:
F = 10.441, p < 0.0001). Post hoc pairwise t-tests showed that 2-
and 6-talker background noise significantly degraded both mea-
sures of overall magnitude compared to quiet during Test 1 (RMS:
t = 3.145, 4.437, t < 0.0001; SNR: t = 3.660, 3.981, p = 0.001,
<0.0001, respectively) and Test 2 (RMS: t = 2.518, 3.735, p = 0.017,
0.001; SNR: t = 2.993, 4.041, p = 0.005, <0.0001).

3.1.2. Quiet-to-noise inter-response analysis (5–180 ms)
The relationships among brainstem responses recorded in quiet

and background noise were explored using cross-correlation anal-
ysis. The impact of noise on the speech-evoked brainstem response
for each subject was similar across test sessions. The stability of the
Table 1
Mean (±1 SD) RMS and SNR of the 170 ms /da/ response for each listening condition
(Quiet, 2- and 6-talker babble) from Tests 1 and 2.

170 ms /da/

Overall response magnitude

Test 1 Test 2
Mean ± SD Mean ± SD

RMS Quiet 0.14 ± 0.04 0.14 ± 0.03
2-Talker 0.13 ± 0.04 0.13 ± 0.03
6-Talker 0.13 ± 0.03 0.13 ± 0.03

SNR Quiet 1.86 ± 0.33 1.90 ± 0.45
2-Talker 1.65 ± 0.40 1.68 ± 0.40
6-Talker 1.56 ± 0.41 1.63 ± 0.34
degree of similarity between the response across listening condi-
tions was analyzed performing a two-way repeated measures AN-
OVA separately for each of the two dependent variables arising
from quiet-to-noise correlation analysis (i.e., lag time and z0-score
of Pearson r-value). A two session (Test 1 vs. Test 2) � two condi-
tion (quiet vs. 2-talker and quiet vs. 6-talker babble) repeated mea-
sures ANOVA for lag time showed no significant main effects of
session or condition (F = 0.300, 0.385, p = 0.588, 0.540, respec-
tively) nor a significant interaction between session and condition
(F = 0.385, p = 0.540). Moreover, a two-way repeated measures AN-
OVA of the z0-score of the Pearson’s r-value showed no significant
main effect of session (F = 1.734, p < 0.198) nor a significant inter-
action between session and condition (F = 0.243, p = 0.626). How-
ever, there was a significant main effect of condition (F = 19.627,
p < 0.0001), with post hoc pairwise t-tests showing that the 6-talk-
er babble consistently imposed significantly greater challenge than
the 2-talker noise in the neural phase-locking of periodic informa-
tion found in the stimulus as shown by a lower Pearson’s r-value
within a given test session (Test 1: t = 3.532, p = 0.001, Test 2:
t = 3.472, p = 0.002). See Table 2 and Fig. 2 for means and standard
deviations as well as individual test-rest data.
3.1.3. Stimulus-to-response correlation (50–180 ms)
The stability of the degree of similarity between the FFR and the

stimulus and the time displacement that produced the highest
Pearson’s r-value were assessed by using stimulus-to-response
correlations. The fidelity of the FFR in encoding the timing features
of the stimulus was replicable and demonstrated good intrasubject
test–retest reliability. Moreover, these properties were consis-
tently affected by noise over multiple test sessions; see Table 3
and Fig. 3 for means and standard deviations as well as individual
test–retest data. To determine the reproducibility of response
fidelity to the stimulus from one session to another, a two session
(Test 1 vs. Test 2) � three conditions (quiet, 2- and 6-talker babble)



Table 2
Mean (±1 SD) lag time and Pearson’s r-value derived from an inter-response analysis
(i.e., Quiet vs. 2-Talker and Quiet vs. 6-Talker) from Tests 1 and 2.

Inter-response measures

Test 1 Test 2
Mean ± SD Mean ± SD

Lag time (ms) Quiet vs. 2-Talker 0.26 ± 0.16 0.25 ± 0.16
Quiet vs. 6-Talker 0.28 ± 0.27 0.27 ± 0.20

Pearson’s r-value Quiet vs. 2-Talker 0.66 ± 0.15 0.67 ± 0.14
Quiet vs. 6-Talker 0.62 ± 0.15 0.63 ± 0.14

Table 3
Mean (±1 SD) lag time and Pearson’s r-value derived from stimulus-to-response
analysis for each listening condition from Tests 1 and 2.

Stimulus-to-response measures

Test 1 Test 2
Mean ± SD Mean ± SD

Lag time (ms) Quiet 8.91 ± 0.58 8.93 ± 0.62
2-Talker 9.19 ± 0.75 9.19 ± 0.74
6-Talker 9.25 ± 0.83 9.21 ± 0.78

Pearson’s r-value Quiet 0.26 ± 0.07 0.26 ± 0.07
2-Talker 0.21 ± 0.07 0.21 ± 0.07
6-Talker 0.22 ± 0.07 0.21 ± 0.06
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two-way repeated measures ANOVA was performed separately for
each of the two dependent variables of the stimulus-to-response
analysis (lag time and z0-score of Pearson r-value). There was no
significant main effect of session for either the lag time or z0-score
measures (F = 0.011, 1.529, p = 0.915, 0.226, respectively) nor a sig-
nificant interaction between session and condition (lag time:
F = 1.208, p = 0.313, z0-score: F = 0.127, p = 0.881). However, there
was a main effect of condition for both measures (lag time:
F = 7.045, p < 0.003, z0-score: F = 17.082, p < 0.0001). Post hoc pair-
wise t-tests showed that while the stimulus-to-response measures
of lag time and z0-score did not differ from test to retest in any of
the three listening conditions (lag time: t = �0.949, �0.309,
1.062, p = 0.350, 0.759, 0.297; z0-score: t = �1.102, �0.490,
�1.022, p = 0.279, 0.628, 0.315, for quiet, 2-talker, and 6-talker,
respectively), the presence of 2- and 6-talker background noise sig-
Fig. 2. (A) Mean (±1 SEM) lag time and correlation from Test 1 (black) and Test 2 (grey) d
Quiet vs. 6-talker). (B) Individual subjects’ Test 1 (black square) and Test 2 (grey square
nificantly degraded both measures compared to quiet during both
Test 1 (lag time: t = �3.499, 3.597, p = 0.001, 0.001; z0-score:
t = �5.682, �5.306, p < 0.0001, <0.0001) and Test 2 (lag time:
t = �3.752, �3.584, p = 0.001, 0.001; z0-score: t = �5.273, �4.881,
p < 0.0001, <0.0001). However, there were no significant differ-
ences between 2- and 6-talker babble for either lag time or z0-score
calculated from the responses within each test session (Test 1: lag
time: t = �1.472, p = 0.151, z0-score: t = 0.916, p = 0.367; Test 2: lag
time: t = �0.450, p = 0.656, z0-score: t = 0.095, p = 0.925).
3.1.4. Discrete peak measures
Onset peaks (Waves V and A): Detectability: In the quiet condi-

tion, the onset response peaks (Waves V and A) were detected in
all 31 participants’ responses in Tests 1 and 2. In the 2-talker
erived from inter-response comparisons for the 170-ms /da/ (Quiet vs. 2-talker and
) lag times and r-values with vertical lines connecting Tests 1 and 2 values.



Fig. 3. (A) Mean (±1 SEM) lag and correlation from Test 1 (black) and Test 2 (grey) derived from the stimulus-to-response comparisons for the 170-ms /da/ (Quiet, 2-talker, 6-
talker). (B) Individual subjects’ Test 1 (black square) and Test 2 (grey square) lag times and r-values with vertical lines connecting Tests 1 and 2 values.
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condition, Waves V and A were present in 17 participants’ re-
sponses during Tests 1 and 2. For one participant, the onset re-
sponse present in Test 1 was absent in Test 2 and conversely, for
another participant, it was present in Test 2 but absent in Test 1.
In the 6-talker condition, the onset response was present in 15 par-
ticipants’ responses during Tests 1 and 14 during Test 2. The re-
sponses of two participants who exhibited an onset response
during Test 1 did not show it during Test 2. One participant showed
an onset response during Test 2 which was absent during Test 1.
Pearson’s v2 showed that detectability of the onset waves was
not statistically different from Tests 1 and 2 in either the 2-talker
(p = 0.108) or 6-talker (p = 0.252) conditions.

Response latency: A two session (Test 1 vs. Test 2) � three condi-
tion (quiet, 2-talker and 6-talker) two-way repeated measures
Table 4
Mean (±1 SD) latencies of peaks (positive and negative) in the onset and transition region

Quiet 2

Test 1 Test 2 T
Mean ± SD Mean ± SD M

Positive peak V 9.57 ± 0.58 9.56 ± 0.57
Latency (ms) 33 33.21 ± 0.46 33.19 ± 0.51 3

43 43.31 ± 0.46 43.30 ± 0.47 4
53 53.48 ± 0.68 53.47 ± 0.71 5

Negative peak A 10.92 ± 0.88 10.93 ± 0.89 1
Latency (ms) 35 35.28 ± 0.64 35.29 ± 0.58 3

45 45.55 ± 0.63 45.54 ± 0.64 4
56 56.09 ± 0.59 56.01 ± 0.61 5
MANOVA was performed with Waves V and A latencies as the depen-
dent variables. There was no significant main effect of session
(F = 2.109, p = 1.84) nor significant interaction between session
and condition (F = 3.257, p = 0.096). As expected, there was a main
effect of condition (F = 19.229, p = 0.001) suggesting that the desyn-
chronizing influence of noise on neural firing resulted in a later la-
tency, see Table 4 for means and standard deviations of Wave V
and A latencies. In summary, neither the intrasubject detectability
nor the latencies of V or A differed significantly from test to retest.

Formant transition period (20–60 ms): Peaks in the transition
region of the brainstem response collected in either quiet or
background noise, were replicable over a test–retest period. This
result is important as the neural timing of these peaks, particu-
larly in background noise, has been found to be associated with
s for each listening condition from Tests 1 and 2.

-Talker babble 6-Talker babble

est 1 Test 2 Test 1 Test 2
ean ± SD Mean ± SD Mean ± SD Mean ± SD

9.99 ± 0.43 9.99 ± 0.45 10.23 ± 0.48 10.23 ± 0.50
3.81 ± 0.59 33.82 ± 0.62 34.34 ± 0.64 34.34 ± 0.67
3.33 ± 0.56 43.33 ± 0.60 43.45 ± 0.75 43.49 ± 0.74
3.46 ± 0.79 53.47 ± 0.76 53.56 ± 0.83 53.60 ± 0.77

1.29 ± 0.60 11.29 ± 0.59 11.31 ± 0.64 11.32 ± 0.68
5.58 ± 0.58 35.60 ± 0.62 35.81 ± 0.63 35.83 ± 0.64
5.53 ± 0.59 45.54 ± 0.63 45.51 ± 0.75 45.29 ± 0.78
6.20 ± 0.55 56.23 ± 0.73 56.22 ± 0.77 56.22 ± 0.76



Fig. 4. (A) Average fundamental frequency (F0) and harmonic (H2-H10) amplitudes (±1 SEM) of the transition region (20–60 ms, top) and steady-state region (60–180 ms,
bottom) of the response elicited by the 170 ms /da/ for each listening condition. (B) Overlay of grand average responses from the FFR region (11–40 ms) from Test 1 (black)
and Test 2 (grey) for the 40 ms /da/. (C) Mean stimulus-to-response correlation values (±1 SEM) for the 40 ms /da/ from Tests 1 and 2. (D) Mean fundamental frequency (F0)
and harmonic (H2–H10) amplitudes (±1 SEM) of the frequency following region (11–40 ms) of the response elicited by the 40 ms /da/.
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the speech perceptual ability (Anderson et al., 2010). Table 4
lists the means and standard deviations of peak latencies from
the formant transition period. Analysis was conducted on the
latencies of peaks in the formant transition period (three posi-
tive- and negative-going peak pairs at mean latencies of approx-
imately 33, 35, 43, 45, 53 and 56 ms). The voicing onset peaks,
occurring approximately at 23 and 24 ms after the response on-
set, were excluded from analysis as their amplitudes did not ex-
ceed the noise floor, especially in the babble conditions. A two
session (Test 1 vs. Test 2) � three condition (quiet, 2-talker and
6-talker babble) two-way repeated measures MANOVA was per-
formed with the latencies of these peaks as dependent variables.
Results showed no significant main effects of session (F = 0.740,
p = 0.642) or condition (F = 1.817, p = 0.117, respectively) nor a
significant interaction between session and condition (F = 1.635,
p = 0.161).

3.2. Frequency domain analysis

3.2.1. Representation of fundamental and formant frequencies
The strength of frequency encoding in the transition and stea-

dy-state regions of the response elicited by the different listening
conditions was examined in the frequency domain using the fast
Fourier transform (FFT). Individual responses were segmented
into two time ranges: (1) 20–60 ms, which includes the response
to the formant transition of the stimulus and (2) 60–180 ms,
which includes the response to the steady-state vowel. To exam-
ine the strength of frequency encoding, average response magni-
tudes were calculated for 40 Hz wide bins surrounding the F0

(100 Hz) and subsequent nine harmonics (200 Hz,
300 Hz . . . 1000 Hz). These test–retest results indicate that the
strength of frequency encoding was stable and was not suscepti-
ble to change for each subject; refer to Fig. 4A for the average and
standard deviation of FFT amplitudes from Tests 1 and 2 for each
listening condition and response time range. A two session (Test
1 vs. Test 2) � three condition (quiet, 2-talker and 6-talker bab-
ble) two-way repeated measures ANOVA was separately per-
formed on the formant transition (20–60 ms) and steady-state
(60–180 ms) regions of the response. There was no significant
main effect of test session (F = 1.168, 1.585, p = 0.366, 0.179,
respectively) nor a significant interaction between test and condi-
tion (F = 0.538, 0.725, p = 0.886, 0.744, respectively). As expected,
there was a significant main effect of condition (F = 3.564, 3.909,
p = 0.022, 0.012), indicating that the presence of multi-speaker
babble degraded the subcortical encoding of frequencies com-
pared to responses recorded in quiet.



Table 7
Mean (±1 SD) VA measures (i.e., duration, amplitude, slope and area) of the 40 ms /da/
onset response from Tests 1 and 2.

VA measures

Test 1 Test 2
Mean ± SD Mean ± SD

Duration 0.98 ± 0.23 0.94 ± 0.21
Amplitude 0.33 ± 0.09 0.34 ± 0.08
Slope �0.35 ± 0.11 �0.37 ± 0.12
Area 0.16 ± 0.05 0.15 ± 0.05
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3.3. Time domain analysis

3.3.1. Overall response magnitude (SNR and RMS amplitude)
Grand average responses are shown in Fig. 1B. Stability of the

overall magnitude of the response was evaluated over the entire
range of the response from test to retest. The global magnitude
of neural activation is replicable and is resistant to gain or reduc-
tion over time for each subject, see Table 5 for means and standard
deviations. A two session (Test 1 vs. Test 2) one-way repeated mea-
sures ANOVA was performed on each of the two dependent vari-
ables measuring overall response magnitude (i.e., SNR and RMS
amplitude). There was no significant main effect of session for
SNR (F = 0.107, p = 0.745) or RMS amplitude (F = 0.489, p = 0.488).

3.3.2. Stimulus-to-response analysis
The FFR (11–40 ms) was evident in all subjects, see Fig. 4B for

an overlay of grand average responses in this time region from
both testing sessions. The stability of the degree of similarity be-
tween the FFR and the stimulus as well the time displacement that
produced the highest r-value was assessed using stimulus-to-re-
sponse correlations. Intrasubject response fidelity to the stimulus
was replicable and demonstrated good test–retest reliability, see
Fig. 4C for means and standard deviations. A two session (Test 1
vs. Test 2) one-way repeated measures ANOVA was performed
on each of the two dependent variables which measured the preci-
sion to which the FFR mimics the stimulus (i.e., lag time and z0-
score of the Pearson’s r-value). There was no significant main effect
of session for lag time (F = 1.615, p = 0.211) or the z0-score of the
Pearson’s r-value (F = 0.006, p = 0.941).

3.3.3. Peak analysis
Latencies and amplitudes of peaks V, A, C, D, E, F and O, as well

as composite VA measures (i.e., duration, amplitude and slope and
area) obtained during Test 1 were comparable with those obtained
during Test 2; within-subject latency values are shown in Fig. 1C.
Peak responses fall into two categories: those that encode transient
events in the stimulus (V, A, C and O), and those that encode the
periodicity of the vowel (D, E and F) (Russo et al., 2004; Kraus
and Nicol, 2005; Dhar et al., 2009; Hornickel et al., 2009a; Krizman
Table 5
Mean (±1 SD) RMS and SNR of the 40 ms /da/ response from Tests 1 and 2.

40 ms /da/

Overall response magnitude

Test 1 Test 2
Mean ± SD Mean ± SD

RMS 0.09 ± 0.02 0.09 ± 0.02
SNR 3.01 ± 1.11 2.89 ± 1.22

Table 6
Mean (±1 SD) latencies and amplitudes of the 40 ms /da/ response peaks (V, A, C, D, E,
F and O) from Tests 1 and 2.

Peak Latency Amplitude

Test 1 Test 2 Test 1 Test 2
Mean ± SD Mean ± SD Mean ± SD Mean ± SD

V 6.65 ± 0.27 6.68 ± 0.27 0.13 ± 0.05 0.13 ± 0.04
A 7.62 ± 0.35 7.62 ± 0.37 �0.20 ± 0.06 �0.21 ± 0.06
C 18.60 ± 0.68 18.47 ± 0.68 �0.03 ± 0.06 �0.03 ± 0.05
D 22.67 ± 0.59 22.72 ± 0.58 �0.13 ± 0.07 �0.14 ± 0.07
E 31.12 ± 0.53 31.20 ± 0.57 �0.22 ± 0.06 �0.21 ± 0.07
F 39.70 ± 0.57 39.71 ± 0.50 �0.14 ± 0.09 �0.13 ± 0.08
O 48.26 ± 0.43 48.34 ± 0.39 �0.15 ± 0.06 �0.16 ± 0.06
et al., 2010). For analysis, the peaks were divided in this way. The
timing and robustness of these response peaks were highly stable
and were reliably replicated over time for each subject. First, a one-
way 2 session (Test 1 vs. Test 2) repeated measures MANOVA was
performed with V, A, C and O latency and amplitude and VA dura-
tion, amplitude, slope and area serving as dependent variables.
There were no significant main effects of session (F = 0.989,
p = 0.500). A second one-way two session (Tests 1 vs. 2) repeated
measures ANOVA was performed with D, E and F latency and
amplitude serving as dependent variables. There were no signifi-
cant main effects of session (F = 1.436, p = 0.231), refer to Tables
6 and 7 for means and standard deviations.

3.4. Frequency domain analysis

3.4.1. Representation of fundamental and formant frequencies
The strength of frequency encoding in the FFR (11–40 ms) elic-

ited by the 40 ms /da/ obtained during Test 1 was comparable to
that obtained during Test 2, see Fig. 4D. A two session (Test 1 vs.
Test 2) one-way repeated measures MANOVA with the average re-
sponse magnitudes from each of the 10 frequencies bins reflecting
the F0 (100 Hz) and the subsequent harmonics (200, 300 . . . 1 kHz,
with a 100 Hz bin size) serving as dependent variables of frequency
encoding was performed to examine the reliability of frequency
encoding over the two separate recording sessions. There were
no significant main effect of session (F = 0.560, p = 0.834). Thus,
magnitude of frequency encoding of the periodic elements of this
stimulus was stable for each subject over time.

4. Discussion

Overall, we found high test–retest reliability of the brainstem
response to speech syllables recorded in quiet and noisy listening
conditions in young adults. There were no significant test–retest
differences in measures that quantify the response in either time
nor frequency domains regardless of the type of stimulus used
(40 ms vs. 170 ms /da/) or background listening conditions (quiet
vs. 2- and 6-talker babble). Demonstrating stability of the response
is critical, especially as the speech-evoked brainstem response
plays an increasingly important role in the objective assessment
of auditory processing.

Like the click-evoked brainstem response, the speech-evoked
brainstem response also possesses the attribute of having a highly
predictable nature shown by its remarkable degree of both tempo-
ral precision and test–retest reliability in young adults. For in-
stance, the stop-consonant of both the 40 ms and 170 ms /da/,
characterized to be brief and spectrally stochastic, consistently
elicited an onset response in the quiet condition at the expected
latencies for all subjects. This finding points to the reliability of
these speech stimuli to elicit an onset response as well as the ro-
bust nature of the neural encoding of young adults to consistently
encode this feature from test to retest. Also, for both stimuli, the
region of the response reflecting the encoding of the formant
transition in the stimulus (analogous regions between the short
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and long /da/ stimuli), showed faithful representation of stimulus
timing corresponding to F0 and formants during both test sessions.
This attribute allows for accurate and valid evaluation of the
speech-evoked brainstem activity elicited in quiet or noisy back-
grounds over multiple test sessions. Thus, due to the steadiness
of the response, changes that are observed between the initial test
and retest, in a study involving auditory training, can be inter-
preted in terms of training related outcomes. Additionally, tracking
changes in a physiologic response such as the speech-evoked ABR
can be used to objectively evaluate the effectiveness of a particular
training program (Tzounopoulos and Kraus, 2009; Kraus and
Chandrasekaran, 2010), thereby enhancing the clinical utility of
aural rehabilitation programs.

The high test–retest reliability of the speech-evoked ABR ob-
tained in the present study is commensurate with a previous study
conducted in children. In a study conducted on eight normal hear-
ing children whose speech-evoked brainstem responses were ob-
tained on two separate sessions spaced 2–10 months apart, Russo
and colleagues (2004) found that most brainstem measures did
not change significantly over the test–retest time interval. Excep-
tions included the VA interpeak amplitude and slope in quiet.
While in the present study, these measures did not differ at retest,
these exceptions may be partly explained by known factors, such
as the variability of the onset response amplitude (Starr and Don,
1988), as well as the developmental changes that are observed in
children for the auditory brainstem response to sounds composed
of acoustic elements relevant to speech, often manifested as de-
layed and less synchronous onset responses (Johnson et al., 2008b).

We have shown that the test–retest reliability of the speech-
evoked ABR test was excellent across listening conditions and stim-
ulus durations, with no significant differences at the group level and
high levels of agreement at the individual level. Given the high test–
retest reliability, the speech-evoked ABR test holds promise as a use-
ful investigative instrument to quantify with confidence the degree
to which the neural system of young adults is consistent in encoding
a complex sound at the preconscious level. Establishing this level of
stability has positive broad implications on research and clinical
assessment whenever auditory processing is of interest. This in-
cludes investigations of ABRs to complex sounds in challenging lis-
tening conditions in populations with auditory specialization (e.g.,
musicians, native language speakers) and the management of audi-
tory deficits (e.g., auditory processing disorders, language-based
learning impairments, hearing loss and age-related hearing decline).
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