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Speech Auditory Brainstem Responses: Effects of Background, Stimulus Duration,

Consonant-Vowel, and Number of Epochs

ABSTRACT

Objectives: The aims of this study were to systematically explore the effects ofyStimulus
duration, background (quiet versus noise), and 3 consonant-vowels on gSpeech-ABRs.
Additionally, the minimum number of epochs required to record speech+ABRsgwith clearly
identifiable waveform components was assessed. The purpose was to (evaluate whether shorter
duration stimuli could be reliably used to record speech-ABRs béth in ‘quiet and in background
noise to the 3 consonant-vowels, as opposed to longer duration stimuli that are commonly used
in the literature. Shorter duration stimuli and a smaller number of epochs would require shorter
test sessions and thus encourage the transitien of)theéyspeech-ABR from research to clinical
practice.

Design: Speech-ABRs in response to 40msida], S0ms [ba] [da] [ga], and 170ms [ba] [da] [ga]
stimuli were collected frem, 12 #orfhal-hearing adults with confirmed normal click-ABRs.
Monaural (right-ear) spee€h=ABRs were recorded to all stimuli in quiet, and to 40ms [da], 50ms
[ba] [da] [ga], and#®7Omsyfda] in a background of 2-talker babble at +10 dB SNR using a 2-
channel electfode “mentage (Cz-Active, Al and A2-reference, Fz-ground). Twelve thousand
epochs £(6000%per polarity) were collected for each stimulus and background from all
partieipants. Latencies and amplitudes of speech-ABR peaks (V, A, D, E, F, O) were compared
actoss backgrounds (quiet and noise) for all stimulus durations, across stimulus durations (50ms
and 170ms), and across consonant-vowels ([ba], [da], and [ga]). Additionally, degree of phase

locking to the stimulus fundamental frequency (in quiet versus noise) was evaluated for the
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frequency following response in speech-ABRs to the 170ms [da]. Finally, the number of epochs
required for a robust response was evaluated using Fs, statistic and bootstrap analysis at different
epoch iterations.

Results: Background effect: the addition of background noise resulted in speech-ABRs With
longer peak latencies and smaller peak amplitudes compared to speech-ABRs 4n quigt,
irrespective of stimulus duration. However, there was no effect of background noise, onythe
degree of phase locking of the frequency following response to the stimmulusgfundamental
frequency in speech-ABRs to the 170ms [da]. Duration effect: speechzABR peak latencies and
amplitudes did not differ in response to the 50ms and 170ms sfimuli. @onsonant-vowel effect:
different consonant-vowels did not have an effect on spee€h-ABRypeak latencies regardless of
stimulus duration. Number of epochs: a larger nufnber of&€poehs was required to record speech-
ABRs in noise compared to in quiet, and @smallér number of epochs was required to record
speech-ABRs to the 40ms [da] compared to the 170ms [da].

Conclusions: This is the first studyithat Systematically investigated the clinical feasibility of
speech-ABRs in terms of stimulusfdufation, background noise, and number of epochs. Speech-
ABRs can be reliably re@ondedite the 40ms [da] without compromising response quality even
when presented ingbaekgtound noise. Since fewer epochs were needed for the 40ms [da], this
would be th¢" optimal’stimulus for clinical use. Finally, given that there was no effect of
consongnt-vowelfon speech-ABR peak latencies, there is no evidence that speech-ABRs are

suitable for‘assessing auditory discrimination of the stimuli used.
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INTRODUCTION
The Auditory Brainstem Response (ABR) is an auditory evoked potential that is recorded from
the scalp in response to multiple short auditory stimuli such as clicks, tone bursts, or chirps (Hall
2015). The ABR to clicks and tone-bursts is a well-established clinical measure that is widely
used to evaluate hearing in patients that are unable to perform standard behavioral hearing
threshold measures. The ABR has advantages over other auditory evoked potential$ in that it'is
not influenced by attention or state of arousal, and that the response can be reliably gecorded
from infants and young children (Hall 2015; Hood 2015). The ABR could.alsotbe measured in
response to short consonant vowel (CV) stimuli (e.g., [ba] [da] [g&}). (Skoe & Kraus 2010). This
type of ABR will be referred to as the speech-ABR. It has b&n shown that the speech-ABR
waveform follows the temporal and spectral featufes of'the CV,stimulus, these features play an
important role in speech understanding in th@ta(i) onsetlof sound facilitates phoneme
identification; (ii) frequency transition§allow consonant identification; (iii) formant structure
facilitates vowel identification; and (i¥) the fundamental frequency (Fo) portrays non-linguistic
information such as gendepand emétioh (Kraus & Nicol 2005; Abrams & Kraus 2015). These
temporal and spectral featiites ofispeech cannot be measured through current clinical ABRs to
click and tone-burst'stimulit has therefore been proposed that the speech-ABR may be used as
a measure ofy{1ybramstem speech encoding (e.g., Kraus & Nicol 2005; Johnson et al. 2005;
Chandrdsckarams& Kraus 2010); (ii) speech-in-noise performance, where responses in noise are
moreydegraded with longer peak latencies and smaller peak amplitudes than responses in quiet,
andare more degraded in individuals who perform worse on behavioral speech-in-noise
measures compared to those who perform better (e.g., Anderson et al. 2011; Parbery-Clark et al.

2011; Song et al. 2011b); and (ii1) auditory discrimination of different CVs, where CVs with a
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higher second formant (F2) frequency have shorter peak latencies than CVs with a lower F2
frequency (e.g., Johnson et al. 2008; Hornickel et al. 2009b). Therefore, the speech-ABR may
have potential for clinical application in audiology as an objective measure of detection of
speech sounds, speech-in-noise performance, and discrimination of different speech sounds. The
speech-ABR could compliment currently available clinical ABRs that were introduged ito
audiology clinical practice in the 1980s (Galambos & Despland 1980) following agperiodyof lab-
based investigations since the discovery of ABRs in 1970 (Jewett et al. 1970)t The weader is
referred to Hall 2015 (chapters 4 and 5) for a review of the transition of {cusfent clinical ABRs
from research to clinical practice.

The length of CV stimuli used in the literature ranges from‘Short (e sustained vowel period), to
long, e.g. 40ms (e.g., Hornickel et al. 2009a; Keizman gt aly2010), 60ms (e.g., Akhoun et al.
2008), 170ms (e.g., Johnson et al. 2008; Sodget al. 20Tb), and 180ms (e.g., Bellier et al. 2015).
The shorter CV (40ms) contains anfonset butst and a formant transition period without a
sustained vowel period. Subsequently, speech-ABRs to the 40ms [da] contain onset peaks (V and
A), transition peaks (D, E,jand E)and offset peak (O) (e.g., Hornickel et al. 2009a). The longer
CVs (170 and 180ms) cefifain anyonset burst, a formants transition period, and a sustained vowel
period. Subsequentl¥gpspeeeh-ABRs to longer CVs contain onset and transition peaks and an
additional frequéncyfellowing response (FFR) (e.g., Johnson et al. 2008; Bellier et al. 2015).
Researchers whortised the speech-ABR to assess speech-in-noise performance mainly used the

1 70ms,[daf(c.g., Anderson et al. 2011; Parbery-Clark et al. 2011; Song et al. 2011a,b; Hornickel
etal. 2012), while the 40ms [da] was used only by a few (e.g., Russo et al. 2004; Anderson et al.
2013a). Additionally, 170ms [ba] [da] [ga] were researched in the context of evaluating

discrimination between CVs via the speech-ABR (e.g., Johnson et al. 2008; Hornickel et al.
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2009b). The rationale behind selecting longer stimuli over shorter stimuli for speech-ABRs in
noise and for speech-ABRs to different CVs has not been discussed in the literature. While the
use of longer stimuli that contain a sustained vowel period or a vowel with changing pitch
trajectories would be necessary to assess certain populations such as native speakers of tonal
languages (e.g., Krishnan et al. 2005; Swaminathan et al. 2008) or individuals with autisim
spectrum disorder (e.g., Russo et al. 2008), shorter stimuli may be appropriate to elicit speechs
ABRs in noise and speech-ABRs to different CVs. We postulate that longer stimuli@are
commonly used because they have a closer resemblance to natural speech afd their speech-
ABRs contain a sustained period (FFR) that would result in respofiges tha,contain more
components than responses to shorter stimuli. Although longer stimuli would require longer
recording sessions, which may hinder the speech~ABRS’ clinigal applicability. Nonetheless, the
effect of stimulus duration on the speech-ABRyin noise‘and the speech-ABR to different CVs has
not yet been assessed.

The speech-ABR has the potential to becomegya clinical audiological measure. However, stimulus
duration would influence the implemefitation of the speech-ABR in the clinical setting.
Specifically, shorter stim@ligwvoulldpbe more clinically feasible as they would require shorter
recording sessionsgShertepstimuli have been used to record speech-ABRs in noise and thus may
have potential"uSe asSessing speech-in-noise performance with the speech-ABR (e.g., Russo et
al. 20045"Anderson et al. 2013a). With regards to the use of speech-ABRs to assess
discrimination between CVs, shorter stimuli may be sufficient to record speech-ABRs if the
difference in F> frequency between CVs is reflected in the vowel formant transition period for
each CV. Additionally, the method used to analyze discrimination between CVs should not

require the sustained period as a control condition as is required in cross-phasogram analysis
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(e.g., Skoe et al. 2011). Another factor that may influence the clinical implementation of the
speech-ABR is the minimum number of epochs (number of repetitions) required to obtain a
response with clearly identifiable waveform components (peaks). A larger number of epochs
requires longer recording sessions. Number of epochs used in speech-ABR literature ranges f#ém
4000 to 6000 (e.g., Johnson et al. 2008; Hornickel et al. 2009a; Skoe & Kraus 2010; Skeg et al.
2015). However, the minimum number of epochs required to obtain speech-ABRsWith €learly
identifiable peaks has not yet been addressed.

The aim of this study was to assess the effect of background (quiet vetsu§ noise) and stimulus
duration on speech-ABRs. Speech-ABR time domain waveformi§,evoked by 3 CVs ([ba] [da]
[ga]) of short duration (40ms and 50ms) and long duration ¢170ms)yin 2 backgrounds (quiet and
noise) were evaluated in order to: (i) assess if sheit, CVs gan be reliably used to measure speech-
ABRs in quiet and in noise; (i) evaluate th@uwdifferénces, in responses to short versus long CVs;
and (iii) determine if auditory discrimihation betwieen CVs ([ba], [da], [ga]) can be assessed with
short CVs. The issue of the minimum number of epochs required to obtain a speech-ABR with

clearly identifiable peaks was alsodddfessed.

MATERIALS AND METHODS
Participants
Twelveadults (age 22 — 49 years, mean = 31.42, SD = 7.88, 7 females) with normal hearing (<25
dBHIz,at 250 — 8000Hz), normal click-ABRs at 100 dB peak equivalent SPL (peak latencies
(ms); I: mean = 1.86, SD: 0.18, III: mean = 4.00, SD = 0.19, V: mean = 5.89, SD = 0.21), and no

history of neurological disorders or learning difficulties were tested. Participants were recruited
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from the University of Manchester and were compensated for their time. All participants
provided written informed consent before enrolment in this study.

This study was approved by the University of Manchester research ethics committee (Ref:
UREC 15487).

Speech-ABR recording

e Equipment

Raw EEG responses were collected with Cambridge Electronic Design (CED, Cambridge, UK)
‘Signal’ software (Version 5.11) using a CED power 1401 mkII data acquiSition interface (CED
Limited) and a Digitimer 360 isolated 8-channel patient amplifies (Digitimer Limited,
Hertfordshire, UK). Speech-ABR stimuli were presented fromWthe CED ‘Signal’ software
through the CED power 1401 mkIl and routedfthrough®a’Bucker-Davis Technologies (TDT,
Alachua, FL, USA) PAS5 Programmable @ttenuator and a TDT HB7 Headphone Driver to
E.A.RTONE 3A insert earphones (E.AxR Auditosy Systems, Aearo Company, Indianapolis, IN,
USA). Background noise was presented from Audacity (version 1.2.6) via an E-MU 0202 sound
card (Creative TechnologyjLimited; UK) and routed through the TDT HB7 Headphone Driver to
the E.A.RTONE 3A inseft'earphenes; splitters were used in order for the stimuli and noise to be
presented through gh@samepifisert earphone. Stimuli (CVs and background noise) were calibrated
in dB A usigg a Buiiel and Kjzr type 2250 (Briiel and Kjar, Nerum, Denmark) sound level
meter.

e Stimuli

Three stimulus durations were used: (i) 5-formant synthesized 40ms [da] (described in Banai et
al. 2009); (i1) 6-formant synthesized 50ms [ba] [da] and [ga]; and (iii) 6-formant synthesized

170ms [ba] [da] and [ga] (described in Hornickel et al. 2009b). The 40ms [da] and the 170ms
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CVs ([ba] [da] [ga]) are identical to those used in the literature; however, the 50ms CVs ([ba]
[da] [ga]) are not, but they are identical to the first 50ms of the 170ms CVs. The 170ms CVs
differed in the frequency of F» during the formant transition period with Fo and other formant
frequencies equal across the 3 CVs. The 50ms CVs were created by clipping the 170ms CVi§ at
the end of the formant transition period (50ms) using hamming windowing in MATLAB
(Version R2015a, MathWorks). The first 40ms of each CV was kept unaltered andy>"90%
reduction in amplitude was applied over the last 10ms. The resulting 50ms [ba] ¢da] and [ga]
contained the onset burst and transition period of the original 170ms CVsgWwithout the sustained
period. The 40ms [da] stimulus differed from the 50ms and 170ms CVs in that it contained a
longer onset burst and only 5 formants as opposed to th€ 6 formants in the other CVs (see
document, Supplemental Digital Content 1, Sectigh 1: €hdfagristics of CV Stimuli). Polarity of
all CVs was reversed using Adobe AuditighnCC (2018,1 Release, build 8.1.0.162) in order to
evoke speech-ABRs using 2 oppositestimulus ‘polarities as recommended by Skoe and Kraus
(2010).

Speech-ABRs in noise were, measuréd using a 2-talker-babble masker (used by Song et al.
2011a,b). Two-talker babble “was selected over speech spectrum noise as being more
representative of pealglifeysitiations, and to ensure that the ABR in noise fell between celling
(response in gui€t)andsfloor (EEG noise floor). Since 2-talker babble contains deep modulations,
it degrades thewspeech-ABR less than the 6-talker babble as shown by Song et al. (2011b).
Speeeh-ABRSs in 2-talker babble have been previously described in response to the 170ms [da]
(e'g Song et al. 2011b); however, to our knowledge, this is the first study to describe speech-
ABRs to the 40ms [da] in 2-talker babble.

e Recording Parameters
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CED °‘Signal’ software sampling configuration was set to gap-free sweep mode, sample rate of
20000 Hz, pulses with a resolution of 0.01ms as the output type, and outputs were set at absolute
levels and absolute times. Online artifact rejection was set to reject epochs that included any
activity above 20uV. Stimulus presentation rates were stimulus specific and were set basedfon
the stimulus duration plus an inter-stimulus interval sufficient to record the response’and ‘the
baseline (Skoe & Kraus 2010). Since recording time would influence the clinical @pplicability, of
the speech-ABR, presentation rates were therefore set to reduce recording fime t@ the shortest
possible per stimulus (See Table 1 for additional parameters). Two chamficlvertical electrode
montage recording with Cz active, earlobe reference (Al and A2)Wand high forehead ground (Fz)
was conducted, electrode sites were based on the internatiorfal, 10-2Q,EEG system.

Procedure

e Participant Preparation

Skin at Cz, earlobes (A1l and A2), andthigh forehead (Fz) was prepared using Nuprep Skin Prep
Gel. Ag/AgCI 10mm disposable disc electrodes were placed on prepared sites with Ten20
Conductive EEG paste andpsecured’with tape at A1, A2, and Fz.

e Recording Environmeént

Participants weregs€ated “and reclined in a comfortable recliner in a double-wall soundproof
booth, and ifistructédsto remain relaxed with their eyes closed in order to reduce myogenic
artifacts and ey€"blinks. Insert earphone was placed in the right ear with the appropriate sized
E.A'RLINK foam ear-tip while the left ear remained free. Right ear recording was selected due
to the reported right ear advantage for speech-ABR (Hornickel et al. 2009a).

e Recording Sessions
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Speech-ABRs in quiet were collected in response to the 40ms [da], SOms [ba] [da] [ga], and
170ms [ba] [da] [ga]. Speech-ABRs in 2-talker babble at +10 dB signal to noise ratio (SNR) (70
dB A noise and 80 dB A speech) were collected in response to the 40ms [da], 50ms [ba] [da]
[ga], and only the 170ms [da]. SNR of +10 dB was set based on speech-ABR literature.
Background babble was paused after each block and restarted at the next block to ensuge random
sections of the babble started with each block. Recordings were completed overg to Sisessions
(2 to 3 hours each) across 4 to 5 weeks. Order of the 2 backgrounds (quiet and noise) and order
of CVs and durations were randomized using a Latin square. A total of 12000 artifact free
epochs were collected per stimulus, 2 blocks of 3000 epochs weke collected for each stimulus
polarity resulting in a total of 6000 epochs per polarity. Eléetrode impedances were below 3 kQ
and impedances between electrodes were balageed andfbelew 1 kQ. Recording times were
documented from the start of the first bloeKsantil the*énd of the fourth block per stimulus and
background (quiet and noise); including rejectedyepochs and repeated blocks due to increased
EEG artifact. Recording times for speech-ABRs to the 40ms [da] were slightly shorter than to the
50ms CVs. Speech-ABRs fo the 170ms CVs took longest (see document, Supplemental Digital
Content 1, Section 2: Reg@ginSggme Per Stimulus).

Analyses

e Processing ABRs

Raw EEG data'were processed and analyzed in MATLAB R2015a (MathWorks). The ipsilateral
channel (channel 2) was processed for each response. The 2 blocks of each polarity were
averaged separately then low-pass filtered at 2000Hz as reported in the speech-ABR literature
(e.g., Russo et al. 2004; Banai et al. 2009; Anderson et al. 2013b), using the eegfilt function of

the EEGLAB toolbox (Delorme & Makeig 2004). Filtered responses for each polarity were then

10
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averaged together for a final averaged alternating polarity response. Alternating polarity was
used in order to reduce stimulus artifact and cochlear microphonics (Skoe & Kraus 2010). Final
responses were then baseline corrected via de-meaning and the first 70ms were plotted in the
time domain to assess peak latencies and peak amplitudes. Time domain analyses were pre&
in order to maintain clinical applicability. Although other analyses techniques are &me

clinical practice may change in the future, to date clinical audiologists analyzeg€lic

burst ABRs in the time domain. Final high-pass filter setting (70 Hz) used for the [da] [ga]
CVs in this study was different than the setting (300 Hz) used by J et al. (2008) and
Hornickel et al. (2009b). Johnson et al. and Hornickel et al. repotted initially high-pass filtering

at 70 Hz, then applying an additional high-pass filter of 3 z toyemphasize the differences in

%BRS recorded for this study were

document, Supplemental Digital Co @ Section 3: Filtering Speech-ABRs to Emphasize

peak latencies between [ba] [da] and [ga]. How

Peak Latency Differences Be W@, [da], and [ga], Section 4: Why Speech-ABRs Contained
0

No Spectral Peaks Abo . Thus all results presented for the [ba] [da] [ga] CVs below

were high-pass fil Z.

a

negative peaks A, D, E, F, and O that have been reported in the 40ms [da] speech-ABR literature
(e.g., Skoe & Kraus 2010; Skoe et al. 2015) were visually identified based on published peak

latency normative data (Skoe et al. 2015) and their latencies were measured for the 40ms [da]

11
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speech-ABRs. For the 50ms and 170ms CVs, peaks that corresponded to the 40ms [da] peaks in
terms of peak latency and order of occurrence in the response were visually identified and their
latencies were measured. In order to remain consistent, the same peak nomenclature was used for
responses to the 50ms and 170ms CVs. Thus, peak O in response to the 40ms and 50ms CVS§is
an offset peak, but it is an early FFR peak in response to the 170ms CVs. Peak (V)to tiough (A)
amplitudes were measured. For negative peaks D, E, F, and O, the positive peak preceding €ach
peak was used for peak to trough amplitude measurements.

e Verifying speech-ABR quality and identified peaks

Two methods were used to assess quality of responses and ensuf€y95% eonfidence that visually
identified peaks were above the EEG noise floor. First, the Fspistatistic was applied with a
criterion of Fsp > 3.1 (as described by Don et al. @9845 Elbetling & Don 1984). Fsp is a measure
of the variance in the response over the véfiance in the background EEG noise, measured by
comparing the EEG data within a timégegion where the response is expected to occur (variance
in the response) to the variance of the EBG data at a single time point (variance in the EEG
background noise) across ayeraged epochs (Don et al. 1984; Elberling & Don 1984). Elberling
and Don (1984) reported™that an#Fsp of 3.1 equated to 99% confidence that their click-ABRs
were present and above thesEEG noise floor, and this was measured based on what they termed
as a “worst gase” (ed participants with the highest variance in their background EEG noise).
The criterion 0fFsp > 3.1 set for this study was informed by the work by Don et al. (1984) and
Elbetling and Don (1984) on click-ABRs as there is no literature on Fsp and speech-ABRs. This
was, applied with the knowledge that there may be individual variability between participants
depending on their background EEG noise, differences in filter settings used in this study

compared to those used by Don et al. and Elberling and Don, and differences in stimuli (CVs

12
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versus clicks). Fsp analyses time windows were: 5 — 60ms for responses to 40ms [da], 8 — 70ms
for responses to both the 50ms and 170ms stimuli. The position of Fsp single point was set in the
middle of each time window specified above. Speech-ABRs in quiet were considered present if
Fsp > 3.1. Fsp was measured for speech-ABRs in noise; however, since Fsp literature ‘ofily
reported results from testing in quiet and there has not been criterion reported for testingin noise,
the criterion of 3.1 was not applied to speech-ABRs in noise. Additionally, speech=ABRs, in
noise have been shown to have lower SNRs compared to speech-ABRs in quiet) (Song et al.
2011a; Hornickel et al. 2012); therefore, it is likely that Fsp values will alSojbe lower. Fsp was
measured to no sound recordings and Fsp values were <1.5 (m€an = 95, SD = 0.25) for all
participants, and Fsp values of speech-ABRs in noise that didnot réach 3.1 were all >1.7 (mean =
2.67, SD = 0.45). Therefore, speech-ABRs in nbise were considered present when the Fsp at

% 6

12000 epochs was above the participants’ ‘fieysound” Esp. Second, the bootstrap method (Efron
1979a,b; Efron 1981); a method that e§timates confidence intervals; was applied (as described by
Lv et al. 2007). The bootstrap method doeswot rely on the variability between participants and
can estimate the significange off Fsp values for each individual recording. Bootstrap was used to
confirm that visually identified“peaks were with 95% confidence above the noise floor (Fig. 1),
any visually identified,peaksthat fell outside the 95% confidence lines were considered absent.
Both Fsp andgbootstrapswere applied to the 12000-epochs of speech-ABRs evoked by all stimuli.
¢ Detérmining@Number of Epochs Required for a Robust Response

Esprand bootstrap were used to evaluate the number of epochs required to record speech-ABRs
with clearly identifiable peaks in response to the 40ms and 170ms [da] in quiet and in noise.

Both methods were applied to the averaged alternating polarity speech-ABRs at 15 iterations

starting at 800 epochs and increasing by 800 up to 12000 epochs. The first criterion was the

13
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minimum number of epochs required to reach an Fsp > 3.1. Once this value was reached, the
number of epochs (at or above the number required for Fsp > 3.1.) required for all speech-ABR
peaks that were detected at 12000 epochs to be detected with 95% confidence via bootstrap were
evaluated for each participant.
e Degree of FFR Phase Locking
To assess the effect of background noise on the FFR, inter-trial phase clustering (degrectef phase
locking) to Fo of the stimulus was implemented on the FFR period (70 — 190ms) ofithe raw EEG
responses to the 170ms [da] in quiet and in noise using the method tegdmmended by Cohen
(2014). Inter trial phase clustering is the length of the average vettor measured by extracting the
phase angle for a specific frequency (Fo in this study) at each timepoint from each epoch, and
calculating the average vector length from the @istribution ef phase angles in a polar plane,
resulting in a value between 0 and 1. Value§ieloserito Tyindicate similar phase angles and thus a
higher degree of phase locking, and values closégyto 0 indicate minimal degree of phase locking
at a particular time point (Cohen 2014). Phase locking analyses focused on Fo as it was the most
robust component present in speeci-ABRs of all participants.
e Statistical Analyses

o Effect of Bagkgtound
The effect offbackgreund (quiet versus noise) on peak latencies and peak amplitudes of speech-
ABR pgaks (V,"&, D, E, F, O) was evaluated through fitting linear mixed models (LMM) in R (R
Coretkeam 2016) using lemer of the Ime4 package (Bates et al. 2015) and ImerTest (Kuznetsova
etal. 2016). LMMs allow for unbalanced designs and account for missing data points (e.g.,
missing peaks in some participants). Two LMMs were fit to the data: (1) latency model was set

up with ‘background’ (quiet and noise), ‘duration’ (40ms, 50ms, and 170ms), ‘peak’ (V, A, D, E,
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F, O), and interaction between ‘duration’ and ‘peak’ as fixed effects and ‘participants’ as random
effects, (2) amplitude model was set up with ‘background’, ‘duration’, ‘peak’, interaction
between ‘background’ and ‘peak’, interaction between ‘background’ and ‘duration’, and
interaction between ‘duration’ and ‘peak’ as fixed effects and ‘participants’ as random effeéts.
LMMs were built by conducting a likelihood ratio test to compare an LMM with a fixed effectito
a LMM without the fixed effect as described by Winter (2013). Fixed effects that had a
significant effect on the LMM (p < 0.05) plus LMMs that resulted in a better fit ¢o the data in
terms of lower Akaike’s information criterion (AIC) were finally selected.d¥fote complex LMMs
with random intercepts were attempted; however, these modelsidid nog converge. The LMM
without ‘CV’ ([ba], [da], [ga]) as a fixed effect was a bettct fit tothe data; therefore, ‘CV’ was
dropped as a fixed effect from both latency and amiplitidednodels.
Next, the effect of background on the FFR¥period\ofithe speech-ABR to the 170ms [da] was
evaluated by conducting a 2-tailed paired sample ¢ test using R on the Fisher-Z transformed
maximum degree of phase locking to the fundamental frequency (Fo) in quiet versus in noise.

o Effect of Stimulus Duration;
The effect of stimulus dufation ongpeak latencies and peak amplitudes of speech-ABR peaks (V,
A, D, E, F, O) wasgevaluated*via conducting 2 LMMs that were the best fit to the data: (1)
latency modelwas setafp with ‘background’ (quiet and noise), ‘duration’ (50ms, and 170ms),
‘peak’ V, A, DpE_ F, O), and interaction between ‘duration’ and ‘peak’ as fixed effects and
“partieipants’ as random effects, (2) amplitude model was set up with ‘background’, ‘duration’,
‘peak’, and interaction between ‘duration’ and ‘peak’ as fixed effects and ‘participants’ as
random effects. The duration comparison was restricted to the S0ms and 170ms CVs and the

40ms [da] was excluded due to the spectral differences in the stimulus that may influence results.
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342 o Effectof CV:
343  In order to evaluate the effect of CV on peak latencies, a simpler LMM latency model was built
344  using only speech-ABRs in quiet to 50ms and 170ms [ba] [da] [ga], with ‘CV’ and interaction

345  between ‘peak’ and ‘CV’ as fixed effects and ‘participants’ as random effects.

346  All post hoc pairwise comparisons were conducted using the Ismeans (Lenth 20 1@ R

347  Bonferroni correction was applied to all p values to correct for multiple comparis(&

348  significance was considered p < 0.01. C)

349

350 RESULTS 0
351  Detected Peaks Q
A

352  Most peaks were detected with 95% confidence

353  in quiet, with more peaks missing in s
354  Supplemental Digital Content 2, Sdgtion 1: tection of Speech-ABR Peaks). The most

355  commonly missing peak was V in no @ peech-ABRs to all stimuli excluding the 40ms [da],

356  where F was the peak mos m@nissing in speech-ABRs in noise.
357  Effect of Background &

358 e Peak latencies

359 Background@@cant effect on speech-ABR peak latencies (b = 0.91, #(796.10) =9.42, p
360 <0.01 @ d 3). Peak latencies in noise were longer than peak latencies in quiet for all
361 ations. Post hoc pairwise comparisons to investigate the effect of ‘background’ on
362  speeific peak latencies revealed that latencies of all peaks were significantly longer (p <0.01) in

363  speech-ABRs in noise compared to in quiet regardless of stimulus duration (see document,

364  Supplemental Digital Content 2, Section 2: Speech-ABR Mean (SD) Peak Latencies and

16



365 Amplitudes, Section 3: Effects of Background on Speech-ABRs — Post Hoc Pairwise
366 Comparison Results).
367 e Peak amplitudes

368  Peak amplitudes for speech-ABRs in noise were significantly smaller than peak amplitudes &

369  quiet (b=-0.12,#(687.00) = -6.24, p < 0.01) (Figs. 2 and 3). There was a significanginter @
370  between ‘background’ and ‘peak’ (¥*(1) = 30.09, p < 0.01) as revealed by the likeli 0&1
371  test. Post hoc pairwise comparisons to investigate the effect of ‘background’ on spe€ific peak
372  amplitudes revealed that all speech-ABR peaks had significantly smalle%udes (»<0.01)in
373  noise compared to in quiet regardless of stimulus duration, exclu peak O that had a similar

374  amplitude in quiet and in noise (see document, SupplementdfDigi ontent 2, Section 2:

375  Speech-ABR Mean (SD) Peak Latencies and A

itudes é yon 3: Effects of Background on
376  Speech-ABRs — Post Hoc Pairwise Comparq
377 e Degree of phase locking

378  Greater FFR degree of phase locking to s found in speech-ABRs in noise relative to in

379  quiet (Fig. 4), though this c@s not significant (#(21.97) =-0.29, p = 0.78).

380  Effect of Stimulus D @

381 e Peak latencieQ

382  Stimulus du@Oms versus 170ms) did not have a significant effect on speech-ABR peak

383 latenciesi(b —0.74, (667) = -2.815, p = 0.09 ) (Fig. 5).

384 eak amplitudes
385  Peak amplitudes for speech-ABRs to the 50ms CVs were significantly smaller than to 170ms
386 CVs (b=-0.07,#578)=-3.83, p<0.01) (Fig. 5). There was a significant interaction between

387  ‘duration’ and ‘peak’ (x*(1) = 18.46, p < 0.01) as revealed by the likelihood ratio test. Post hoc
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pairwise comparisons to investigate the effect of ‘duration’ and ‘the interaction between
‘duration’ and ‘peak’ on specific peak amplitudes revealed that only peak D amplitude was
significantly smaller (p < 0.01) in speech-ABRs to the 50ms CVs compared to the 170ms CVs
both in quiet and in background noise.

Effect of CV

‘CV’ had no effect on peak latencies ([da]: b =-0.04, #(396) =-0.10, p =0.92, [ga]: b =$0.04,
1(396) =-0.10, p =0.99)( Fig. 5); however, there was a significant interactiofi betwgen ‘peak’
and ‘CV’ (*(1) = 2201.90, p < 0.01) as revealed by the likelihood ratio test#Post hoc pairwise
comparison to investigate this interaction revealed no significant &ffect ofy)CV’ on peak latencies
when comparison was on the same peak and a different CV {€.g., peéak D and CV [ba] versus
peak D and CV [ga]). Some authors (e.g., Skoe etfal. 201 1) have suggested using a ‘cross-
phaseogram’ approach to explore how the phase of ¢omponents in speech-ABRs to different
CVs may vary. This approach uses thefeross-power spectral density between the responses to 2
CVs to calculate phase differences between'the responses over time and frequency. Use of this
approach for analyses of speech=ABRsfrom this study was not appropriate due to the following:
(1) phase measurements aféweryasensitive to background noise and this generally increases when
responses are combified; (ipsthe analyses will include frequencies that are not harmonics of the
fundamental ffequeneyfin the response and hence phase would be calculated at frequencies
where 1o response€ would be expected, which introduces difficulty in interpretation; and (iii) the
robustaess and efficacy of the cross-phaseogram has not yet been well tested.

Number of Epochs

The numbers of epochs required to reach Fsp> 3.1 varied among participants, which may reflect

variations in the background EEG noise characteristics between participants. In general, speech-
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411  ABRs in quiet required a smaller number of epochs to reach Fsp> 3.1 than speech-ABRs in noise
412  to both 40ms and 170ms [da]. In 2 participants, speech-ABRs in noise to the 170ms [da] did not
413  reach Fsp> 3.1 (Fsp = 2.96, Fsp = 2.95) at 12000 epochs; however, their speech-ABR peaks were

414  detected with 95% confidence via bootstrap. Although criterion of Fsp > 3.1 indicates&

415  response is present, it does not imply that all peaks can be detected, as some particigan S
416  more epochs for all peaks to be detected with 95% confidence via bootstrap thaﬁ
417  3.1. Specifically, in speech-ABRs to the 40ms [da], 4 participants required 800 more epochs in

418  order for all peaks to be detected in their speech-ABRs in quiet, and ipants required a

419  larger number of epochs (1 required 800, 2 required 1600, and 2 @000 more epochs) for
420  all peaks to be detected in their speech-ABRs in noise. I@ABRS to the 170ms [da], 7
421  participants required larger number of epochs (@, requi 0, 2 required 2400, 2 required

422 3200, 1 required 4000, and 1 required 48

s) for all peaks to be detected in their

423  speech-ABRs in quiet, and 5 participants required larger number of epochs (2 required 800, 2

424  required 4000, 1 required 2400, and 2

425  their speech-ABRs in nois@ent, Supplemental Digital Content 2, Section 4: Bootstrap

p values where all peaks were detected with 95% confidence

426  Results and Examples).
427  via bootstrap for@ s in quiet were 4.17 (SD = 0.91, range: 3.16 — 6.17) for the 40ms

428 [da] and 6.9 , range: 3.25 — 12.42) for the 170ms [da], and for speech-ABRs in noise

2d 4800 more epochs) for all peaks to be detected in

429  were 4 S .15, range: 3.14 — 6.16) for the 40ms [da] and 4.30 (SD = 1.82, range: 3.21 —
430 170ms [da] (see document, Supplemental Digital Content 2, Section 5: Fsp Values
431 an@Number of Epochs).

432
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DISCUSSION

The aims of this study were to evaluate the effects of: background, stimulus duration, and CV on
speech-ABRs. Hence, the differences in speech-ABRs recorded to 3 CVs of short duration (40
and 50ms) and long duration (170ms) presented in 2 backgrounds (quiet and noise) Were
assessed. This was done in order to establish if shorter CVs, that would be more &linically
applicable due to shorter test-time: i) can be reliably used for speech-ABRs in n@ise;"ii) cueke
robust ABRs comparable to ABRs evoked by long CVs; and iii) can(be used”to assess
discrimination between CVs. A secondary aim of this study was to{evaluate the number of
epochs required to achieve a speech-ABR with clearly identifiable,peaksy It is worth noting that
results from this study apply to recording speech-ABRs at 80 .dB Ajand response quality may be
reduced if lower presentation levels are to be used!

Speech-ABR in Background Noise

Speech-ABR peak latencies were lofger and amplitudes were smaller in noise than in quiet
across the 3 durations and the 3 CVs, excluding amplitude of peak O that was not affected by
background noise. Additionally, theré were more speech-ABR peaks missing in noise than in
quiet. These results are w*generalgagreement with published results on speech-ABRs in noise for
the 40ms and 170msy[dajp(Russo et al. 2004; Parbery-Clark et al. 2011; Song et al. 2011a).
Results are al§0"in agie€ment with published results on click-ABRs in noise that found a delay in
click-ABR" pcaksV (analogous to speech-ABR peak V) latency when background noise was
addedy(e.g.; Burkard & Sims 2002; Mehraei et al. 2016). However, Parbery-Clark et al. (2011)
reported that only onset peaks had reduced amplitudes in noise compared to in quiet, with longer
latencies of both onset and transition peaks in noise, and Song et al. (2011a) reported that only

onset peaks V and A had delayed latencies with no difference in latencies of transition peaks
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between quiet and noise. Parbery-Clark et al. recorded speech-ABRs binaurally to the 170ms
[da], binaural presentation is known to result in more robust responses (Skoe & Kraus 2010),
which may explain the lack of change in amplitudes in transition peaks found by Parbery-Clark
et al.. While there were no notable methodological differences between this study and Song et
al.. The reasons behind our longer peak latencies and smaller peak amplitudes in ngise gdmpated
to in quiet are unclear. Burkard and Sims attributed click-ABR peak V latency delay ‘te neural
desynchronization. Mehraei et al. also stipulated that neural desynchromizatioa resulted in
delayed click-ABR peak V latency, more specifically that low spontangeous tate auditory nerve
fibers that are slower to fire are the main contributors to ABRs idtmoise; while high spontaneous
rate auditory nerve fibers contribute less because they are“more affected by background noise.
Another reason may be that the addition of back@round mgoise,may result in a shift in cochlear-
place of the response, as it has been showfinthat speeeh-ABRs in quiet that originated from a
lower-frequency cochlear region had longer peakylatencies and smaller peak amplitudes (Nuttall
et al. 2015). Furthermore, the lack of diffetence in peak O amplitudes in noise compared to in
quiet may be a result of gompensation that occurs in the brainstem pathway as stipulated by
Russo et al. (2004). In terfms,of'the effect of background on the FFRs degree of phase locking to
Fo of the stimulus gweyfoundmo significant difference between speech-ABR FFRs in quiet and in
noise. This la€k”of'effect of background noise on Fy is consistent with earlier reports (Li & Jeng
2011; Song etalw2011b; Smalt et al. 2012). Li and Jeng (2011) also found that Fo of the FFR did
not“decrease in amplitude with positive dB SNR levels, it was only affected at 0 dB SNR and
negative dB SNR levels. While AlOsman et al. 2016 and Prévost et al. 2013 found an
enhancement in FFR Fy in background noise compared to in quiet. AlOsman et al. stipulated that

this enhancement was modulated by top down processing in order to improve speech
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understanding in background noise, while Prévost et al. attributed this enhancement to the phase
locking to the stimulus envelope of auditory nerve fibers that are further away from the
characteristic frequency of Fo, in order to compensate for the effect of background noise.
Involvement of the auditory cortex in the FFR has been shown by Coffey et al. (2016) in their
FFR and Magnetoencephalography (MEG) study where auditory cortical activation atgFo of the
stimulus was found in normal hearing adults. This supports top down modulationdf the'EFRyand
may explain the lack of effect of background noise on phase locking to Fo that wasgfotund in this
study. However, a significant effect of background on peak latencies and amiplitudes occurring in
the first 60—70ms of the speech-ABR was found. Physiologicdlyreasons behind these effects
remain unclear as physiological mechanisms related to speech pesception in noise within the
peripheral auditory system and the brainstem aregtill notdfully resolved in the literature. Further
investigation of these physiological me€hanisms 1§, needed. Nonetheless, the effect of
background noise on speech-ABR pe@k latencies,and amplitudes was similar across the 3 CV
durations in this study, and the FFR perigd (70 — 190ms) of the speech-ABR to the longer
duration stimulus was not affectedfby‘background noise at +10 dB SNR. These results suggest
that peaks occurring in thedfirst€0-70ms’s of speech-ABRs to all stimulus durations are equally
influenced by noise®™with“the’FFR period to the longer stimulus durations not being affected by
noise. The EFR pemied would likely require higher background noise levels in order to be
affected] which®would require higher presentation levels that may be uncomfortably loud to some
mdividuals®as was revealed during the pilot for this study.

Speech-ABRs and Stimulus Duration

Speech-ABR peak latencies and peak amplitudes were similar across the 50ms and 170ms CVs.

Although faster presentation rates have been reported to delay onset peak latencies (Krizman et
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al. 2010), this was not the case in this study. Peak latencies of speech-ABRs to 170ms CVs
(presented at 4.35 stimuli per second) were similar to those in response to the 50ms CVs
(presented at 9.1 stimuli per second). These results suggest that stimulus duration does not affect
speech-ABR peak latencies or peak amplitudes when shorter and longer versions of the Sathe
stimuli are used, and all speech-ABR peaks are identifiable across the 2 durations (50ms,
170ms). Therefore, any stimulus duration may be used to record speech-ABRs, ‘assuming
stimulus specific normative data is established.

Speech-ABR and CV Discrimination

Speech-ABR peak latencies to the 3 CVs ([ba] [da] [ga]) were Similariacross the 3 CVs and 2
durations (50ms and 170ms) in quiet. These results are at 8dds with results from Johnson et al.
(2008) and Hornickel et al. (2009b) who found ewerall earlienpeak latencies for the 170ms [ga]
compared to the 170ms [da] and [ba], addyoverall later peak latencies for the 170ms [ba]
compared to the 170ms [da] and [gajySpeech-ABR high-pass filter cut-off frequency used by
Johnson et al. and Hornickel et al. was 300'Hz. High-pass filtering speech-ABRs from this study
at such a high frequency resultedgin €omplete loss of the response, thus the major and minor
peaks that were identifiedaby Jehnson et al. and Hornickel et al. could not be identified in
speech-ABRs fromsthis, study. The reasons behind differences between speech-ABRs recorded in
this study and"thosesseCorded by Johnson et al. and Hornickel et al. are unclear. Speech-ABRs
from this studymeontained little to no spectral peaks above 300 Hz, which rendered high-pass
filtering at'300 Hz redundant. Additionally, the spectra of speech-ABRs from this study were a
vety good match to the predicted spectra obtained from analyzing the half-wave rectified
acoustic CV stimuli (these same CVs were used in Johnson et al. 2008; Hornickel et al. 2009b)

that also contained no clear spectral peaks above 300 Hz. Therefore, it is unclear what is driving
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the high frequency content in speech-ABRs reported by Johnson et al. and Hornickel et al.. Also,
the 3 CVs only differ in the vowel formant frequency of F», which is above the reported
maximum frequency (approximately 1034 Hz) that the brainstem is able to phase-lock to (Liu et
al. 2006). Results from this study suggest that the speech-ABR may not be a useful tool to ass€ss
auditory discrimination between these specific CVs that differ in F» frequency regardless of CV
duration.

Number of Epochs

Number of epochs required for recording speech-ABRs with clearly identifiable peaks varied
between participants, they were as low as 1600 in quiet and 2400%n noisgyand as high as 6400 in
quiet and 12000 in noise. Number of epochs required for Speech-ABRs in noise was generally
larger than in quiet to both the 40ms and 170ms [da]. Spegch-ABRs to the 40ms [da] in quiet and
in noise of most participants (total = 8)¢equired ajsmaller number of epochs to reach a
combination of Fsp > 3.1 and peaksddetected with 95% confidence via bootstrap than to the
170ms [da]. Plus, speech-ABRs in naise to 'h70ms [da] did not reach Fsp > 3.1 at 12000 epochs
in 2 participants. Fewer gpochs 40 achieve speech-ABRs with clearly identifiable peaks in
response to the 40ms [dalswouldgencourage its’ clinical application as fewer epochs combined
with the shorter stimmlusyduration would require shorter testing sessions than longer duration
stimuli combified withsmore epochs.

Due to ghis variability in the number of epochs, implementing an automated method such as the
combination of Fsp and bootstrap during speech-ABR recording would assist clinicians and
researchers in identifying the number of epochs required for a particular individual, in addition to
being confident that responses are present and that identified/detected peaks are above the

background EEG noise. Applying such methods online while recording would save time in those
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that require fewer epochs and would increase the likelihood of response detection in those that
require a larger number of epochs. Bootstrap approaches have the advantage over the Fsp in that
they are less influenced by variability in recordings between participants; however they are more
computationally complex to implement. Therefore, applying Fsp online during recording until a
certain criterion is reached (e.g. 3.1), then applying bootstrap online after this critetion is reached
would likely be more feasible. However, more work is needed to determine the appropsiateyFsp
values that correspond to 99% confidence response presence in speech-ABRs ingqutiet and in
noise and to determine the most sensitive measure for detection of speech-ABRs.

Conclusions

This is the first study that systematically investigated the clinical feasibility of speech-ABRs as
an objective audiological measure. The speech-ABR was gvaluated in terms of stimulus duration,
background noise, and number of epochs within the\same participants. The results show that the
40ms [da] in quite and in noise is the fmost appropriate stimuli for the clinical implementation of
the speech-ABR to evaluate speech detectiomand speech-ABRs in noise, based on the following:
(1) The influence of backgroundféonfipeak latencies and amplitudes is similar across stimuli
regardless of duration, gwith, noyeffect of background on the FFR in speech-ABRs to longer
duration stimuli;

(i) The lackfof pealkefdatency differences in speech-ABRs between the 3 CVs (regardless of
duratiod) suggests that the speech-ABR may not be an appropriate tool to assess auditory
disctimination of the CV stimuli used in this study.

(i11), Fewer epochs are required to record speech-ABRs with clearly identifiable peaks to the
40ms [da], this combined with the short stimulus duration leads to shorter session times.

Future Directions

25



571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

Several features of the speech signal may be recorded via speech-ABRs, these include: (i) sound
onset; (i1) frequency transitions; (iii) formant structure; and (iv) Fo (Kraus & Nicol 2005; Abrams
& Kraus 2015). Such features cannot be measured using current clinical click and tone burst
ABRs. The speech-ABR could therefore be a valuable clinical tool in the assessment of
subcortical encoding of speech in quiet and in background noise. In this study, 4 issues selatedto
the clinical feasibility of speech-ABRs were addressed: (1) stimulus duration, (2) background
(quiet versus noise), (3) CV, and (4) number of epochs. Results from this study add¢o €xisting
speech-ABR literature and are a step forward towards the development @f.elinical protocols for
speech-ABRs. More specifically, for speech-ABRs as a measure 6fisubcostical encoding of
speech and of speech-in-noise performance. However, ampl&work's still needed before speech-
ABRs can be introduced to clinical practice. For gkample prios to the clinical application of
speech-ABRs as a measure of speech-in-noi§eyperformance, stimulus specific normative data on
speech-ABRs in quiet versus in noise ifa,normal hearing individuals and in clinical populations
(e.g. individuals with hearing loss) arenecessary, such studies should ideally include criteria for
what is considered a normal changein§peech-ABRs with the addition of background noise and
what would indicate degradationyin speech-in-noise performance. Further investigation is also
needed using CVsdiffereatthan those used in this study to evaluate the speech-ABRs usability
as a measureft disemimiation of speech sounds prior to its’ clinical application for this purpose.
Finallygthere isvaneed to establish a sensitive clinically feasible measure for speech-ABR
deteetion and confirmation of response presence (e.g. appropriate Fsp values that correspond to

99% confidence response presence combined with bootstrap).
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Figure Legends

Fig. 1. Speech-ABR with pre-stimulus baseline to the 40ms [da] from one participant (12000

epochs) after bootstrap showing all peaks above/below the 95% confidence lines.

Fig. 2. Grand average speech-ABRs with pre-stimulus baseline in quiet and in ngise toythef(A)
40ms [da] and (B) 170ms [da]; showing longer peak latencies and smaller(peak @amplitudes in

noise compared to in quiet across the 2 [da] durations. Shade in all panels zeprésents 1 SE.

Fig. 3. Grand average speech-ABRs with pre-stimulus bas€line infguiet and in noise to the: (A)
50ms [ba], (B) 50ms [da], and (C) 50ms [ga]; sHewing longer peak latencies and smaller peak

amplitudes in noise compared to in quiet acgdss,the 3 CVs. Shade in all panels represents 1 SE.

Fig. 4. Grand average speech-ABRs{in quiet and in noise to the 170ms [da]: (A) time domain
waveforms with pre-stimulus baseling) showing greater effect of noise on onset and transition
peaks (0 — 70ms) than on*the latep FFR period (70-190ms), (B) FFR degree of phase locking to
Fo, showing a nonzsignificant trend for higher degree of phase locking to Fo in noise compared to
quiet. Shadegdn all"pane€ls represents 1 SE. And (C) spectrum (FFT) of the onset and transition

period (0-70msyshowing the greater effect of noise on Fy in the first 70ms or the response.

Fig) 5. Grand average speech-ABRs with pre-stimulus baseline in quiet to the: (A) 50ms [ba]

[da] [ga] and (B) 170ms [ba] [da] [ga]; showing no differences in peak latencies and amplitudes

between the 2 stimulus durations, and no differences in peak latencies between the 3 CVs across
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Speech-ABRs

752 the 2 stimulus durations. While responses to 170ms [ba] appear to have longer peak latencies,

753  this was not significant. Shade in all panels represents 1 SE.
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Table_1

Table 1. Speech-ABR Recording Parameters including presentation rate (in stimulus per
second), epoch length (recording time window including inter stimulus interval, in milliseconds),

sound intensity, high-pass and low-pass filter cut-off frequency (Hz), and amplification (gai

40ms [da] 50ms CVs 170ms C
Rate 11.1 9.1
Epoch Length 90 110 %
Intensity (dB A) 80 80 080

High-pass filter™

Low-pass filter

Gain




Supplemental Digital Content 1

Speech Auditory Brainstem Responses: Effects of Background, Stimulus Duration,

Consonant-Vowel, and Number of Epochs

Section 1: Characteristics of CV Stimuli &\

Table 1. Formant Frequency Components (Fo— Fs, in Hz) of CV Stimul'% cord Speech-
ABREs.

A = frequency rises during vowel formant transition.

WV = frequency falls during vowel formant transition.

40ms 50ms 170ms
[da] [ba] [da] [ba] [da] [ga]
Fo 103 AN 125 100
F, 220 A\ 720 400 AN 400 A 720
900 A 1700 2480 W
e, 1700 ¥ 1240 9(@ Vo 2480 W 1240 1240 1240
1240 1240 Frequency transition during the
first 50ms
2580 W 2500 2580 W 2500
3300 3300
3750 3750
4900 4900

(Banai et al. 2009)
1 s [ba] [da] [ga] from (Hornickel et al. 2009)


Ghada BinKhamis


Ghada BinKhamis



BinKhamis et al, Speech-ABR
Supplemental Digital Content 1

Time Domain Waveforms of Stimuli
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Fig. 1. Time domain waveform of a single polarity 40ms [da}'stim

\@
QQ’Q
O

Fig. 2. Time domain waveforms of a single polarity: (A) 50ms [ba] stimulus, (B) 50ms [da]

stimulus, (C) 50ms [ga] stimulus
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e@%s) of a single polarity: (A)

stimulus

Fig. 3. Time domain waveforms of the transiti

170ms [ba] stimulus, (B) 170ms [da] stimulus, (C)
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Fig. 4. Time domain waveforms of a single polarity: (A) 170ms [ba] stimulus, (B) 170ms [da]

stimulus, (C) 170ms [ga] stimulus



BinKhamis et al, Speech-ABR
Supplemental Digital Content 1

Spectrum of Stimuli

0\‘ ?
Fig. 5. Spectrum (FFT of the full stimulus) of a single polarity, 40ms§y[da] stimulus
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Fig. 6. Spectrum (FFT of the full stimulus) of a single polarity: (A) 50ms [ba] stimulus, (B) 50ms
[da] stimulus, (C) 50ms [ga] stimulus



0\‘ ?
Fig. 7. Spectrum (FFT of the first 50ms of the sti ulu%Qansition period (first 50ms) of a
u

single polarity: (A) 170ms [ba] stimulus, (B) 170 lus, (C) 170ms [ga] stimulus
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Fig. 8. Spectrum (FFT of the full stimulus) of a single polarity: (A) 170ms [ba] stimulus, (B)
170ms [da] stimulus, (C) 170ms [ga] stimulus



Section 2: Recording Time Per Stimulus

Table 2. Mean, SD, and Range of Recording Times (in minutes) required for completing 4

Speech-ABR blocks (i.e. 12,000 epochs) per stimulus, across durations (40ms, 50ms, 170ms),

and in each background (quiet and noise).

Shaded cells indicate that stimulus was not tested in noise.

N

Quiet Noise ¢
Mean SD Range Mean
40ms [da] 23.17 5.22 20-31 21.75
[ba] 27.08 3.94 24 -36 30.17 7.
50ms [da] 27.75 6.45 24 -45 28.1 %4 23 -45
[ga] 29.17 5.75 25-40 7.45 25 -47
[ba] 56.08 15.92 48 — 106
170ms [da] 54.50 8.92 7.48 49 - 71
[ga] 53.92 7.04

O
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Section 3: Filtering Speech-ABRs to Emphasize Peak Latency Differences Between [ba],
[da], and [ga]

Johnson et al. 2008 and Hornickel et al. 2009 reported first band-pass filtering speech-ABRs to
each stimulus polarity from 70 — 2000 Hz, then adding speech-ABRs to the 2 pola&
Following filtering and adding speech-ABRs, an additional high-pass filter of 300 a
applied to the added speech-ABRs.

In speech-ABRs that were recorded in this study, applying the additional high-

peaks (Figs.9, 10, 11, 12). A spectrum of speech-ABR onset and tra ods to these 3
stimuli shows that speech-ABRs from this study have little to no s aks above 300 Hz
(Fig. 13), which explains why responses were obliterated wh iltered at 300 Hz.

<
O

Fig: 9. Grand average speech-ABRs with pre-stimulus baseline (onset and transition period: 0 —
70ms) in quiet to the 170ms [ba] [da] [ga] overlaid, band-pass filtered 70 — 2000 Hz. Shade

represents 1 SE.



Fig. 10. Grand average speech-ABRs with pre-st
70ms) in quiet to the 170ms [ba] [da] [g

applied, showing the drastic decrease in ampli and overall absence of responses. Shade

represents 1 SE

\@
oQ’Q
O



BinKhamis et al, Speech-ABR
Supplemental Digital Content 1

<
o‘bo
Q
?

%

Fig. 11. Grand average speech-ABRs pre-stimulus baseline (onset and transition period: 0 —

70ms [da], (C) 170ms [ga] plotted separately, band-

70ms) in quiet to the: (A) 170 ,
pass filtered 70 — 2000 Hz.\ panels represents 1 SE.
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Fig. 12. Grand average speech-ABRs
70ms) in quiet to the: (A) 170

additional high-pass filter (\'

<
00

e-stimulus baseline (onset and transition period: 0 —
70ms [da], (C) 170ms [ga] plotted separately, with
ied. Shade in all panels represents 1 SE.
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Fig. 13. Spectrum of grand average speech-ABR tered 70 — 2000 Hz (FFT of onset

and transition period: 0 — 70ms) in quiet 1 ba], [da], and [ga] showing little to no
spectral peaks above 300 Hz.
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Section 4: Why Speech-ABRs Contained No Spectral Peaks Above 300 Hz

In order to best predict the expected spectra of the speech-ABRs, half-wave rectifying the
acoustic signals of the 2 stimulus polarities then processing their waveforms through the same
analyses as the speech-ABR raw data provides a prediction of the spectral characteristics e
speech-ABR in idealized circumstances (i.e. if the auditory system encodes the t1
waveform with absolute accuracy). Therefore, for the acoustic stimulus spectra to b‘ e
to the speech-ABR spectra, the 170ms [ba] [da] [ga] acoustic stimuli were proce e&m to
the speech-ABRs for comparison. The following steps were conducted:

1. For each stimulus (170ms [ba], 170ms [da], and 170ms [ga]), e i s polarity was

half-wave rectified.
2. The half-wave rectified 2 polarities of each stimulus added (as speech-ABRs to the 2

w
stimulus polarities were added). Q
3. FFTs were performed on the transition peri t 50ms) of the added half-wave

rectified stimuli.

The resulting spectra of the half-wave recti uli (Fig. 14) are similar to the speech-

ABR spectra, i.e. they contain 3 peakséat 100 Hz;3200 Hz, and 300 Hz and no clear spectral peaks

above 300 Hz. It would therefore not

any spectral peaks above 300 H@

ected for the speech-ABRs to these stimuli to contain

12
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Fig. 14. Spectrum (FFT of the first 5 of the transition period of the half-wave rectified and
added 170ms [ba] [da] and [ga] sti ing 3 peaks at 100 Hz, 200 Hz, and 300 Hz with

little to no spectral content b& Z.
References: Q ;

Banai, K., ic ., Skoe, E., et al. (2009). Reading and subcortical auditory function.
Cer , 19,2699-2707.

elWr; Skoe, E., Nicol, T., et al. (2009). Subcortical differentiation of stop consonants
elates to reading and speech-in-noise perception. Proceedings of the National Academy of

ciences, 106, 13022-13027.

Johnson, K., Nicol, T., Zecker, S., et al. (2008). Brainstem encoding of voiced consonant—vowel

stop syllables. Clinical Neurophysiology, 119, 2623-2635.
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¢ 2
Section 1: Detection of Speech-ABR Peaks K\
Table 1. Peaks that were missing in each participant’s speech-ABRs @Q and in noise

(N) to all stimuli.

Shaded cells indicate no peaks were missing

V' N

170ms stimuli
[ba] [da] [ga]
Q Q N Q

50ms stimuli
[ba] [de
Participant Q N Q N

40ms [da]

Q \‘\t'

1
;
3 V. V,A v
4 v
5 V,A
¢
’ D
8
9

v %
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Section 2: Speech-ABR Mean (SD) Peak Latencies and Amplitudes

Table 2. Mean and SD speech-ABR peak latency values (corrected for insert tube length) in

quiet and in noise to the three [da] durations.

40ms [da] 50ms [da] 170ms [da]

Quiet Noise Quiet Noise Quiet

Peak Mean SD Mean SD Mean SD Mean SD Mean SD

\% 7.15 026 7.73 048 828 043 881 030 847 04l

831 0.77 884 0.52 1065 0.74 11.08 0.61 11.26 0.67 ’1 .85 0.86

2346 094 24.10 1.22 24.67 056 26.18 1.65 25684 064 2633 147

3223 0.77 3234 0.73 33.80 1.53 35.23 1.6&35.36 1.48 3597 1.44

Ol = = S| »

41.00 1.50 41.87 2.14 4444 0.86 46.29 g 45¢65 1.75 46.53 1.67
48.68 0.38 4896 045 5544 1.79 5% 37 ©55.778 1.68 5739 2.15

Table 3. Mean and SD speech-ABRs peak laténcyaalues (corrected for insert tube length) to the
50ms [ba] and [ga] in quiet and in noiséjand to the’170ms [ba] and [ga] in quiet.

50ms [ba] 170ms, [ba] 50ms [ga] 170ms [ga]

Quiet Nois Quiet Quiet Noise Quiet
Peak Mean SD Me Mean SD Mean SD Mean SD Mean SD

\% 820 046 046 880 042 839 049 894 0.70 8.68 0.44

10.42 075’1 0.59 11.55 0.81 1096 0.65 11.39 0.74 11.00 0.81

25.41gml 91 }.96v 1.91 2591 0.73 2426 1.59 26.03 143 2515 1.02

34.7%, 3.25 3650 4.82 3532 124 3396 090 3445 1.14 35.17 1.70

44841 333 46.47 3.63 46.10 095 4454 0.76 45.19 0.92 4522 0.75

ol = = S >

55.18 140 57.17 1.78 5543 1.17 5540 1.73 5584 1.62 5545 1.52



Table 4. Mean and SD speech-ABR peak amplitude values in quiet and in noise to the three [da]

durations.

40ms [da] S50ms [da] 170ms [da]

Quiet Noise Quiet Noise Quiet Noise

Peak Mean SD Mean SD Mean SD Mean SD Mean SD Mean

VA 032 0.11 0.18 0.06 025 0.09 0.14 0.05 0.23 0.09‘0.

D 031 0.15 020 0.18 028 0.10 022 0.09 034 0.12

E 034 0.11 021 0.06 028 0.07 0.19 0.07 036 O 217 0.07
F 023 0.10 0.16 0.13 042 0.10 034 0.09 047 16 10.30 0.06
0 032 0.09 027 0.09 024 0.10 021 0.08 0. 07 0.23 0.09

Table 5. Mean and SD speech-ABR peak amplitude v the”50ms [ba] and [ga] in quiet

and in noise, and to the 170ms [ba] and [ga] in qud

50ms [ba] 170 50ms [ga] 170ms [ga]

Quiet Noise Qu

Quiet Noise Quiet

Peak Mean SD Mean SD Mean SD Mean SD Mean SD

VA 024 0.07 0.08 024 0.07 0.14 0.06 022 0.07

025 0.09 0.18 0.10 0.27 0.13 0.16 0.09 036 0.13

0.36 0.25 038 0.09 034 0.11 020 0.08 038 0.10

044 0.14 0.55 022 041 0.10 031 0.09 049 0.17

O = = O

0.24 0@. 0.14 030 0.10 0.27 0.07 031 0.16 027 0.09



Section 3: Effects of Background on Speech-ABRs — Post Hoc Pairwise Comparison Results \

Table 6. Post hoc pairwise comparisons of speech-ABR peak latencies comparing the two backgrounds: d versus noise (N) per
stimulus duration, showing differences in peak latencies in quiet versus in noise (Q minus N), stand(\ , degrees of freedom

(df), ¢ ratio, and bonferroni corrected p values.

Significant p values are shown in blue
Stimulus duration: 40ms Stimulus duration: S0ms % Stimulus duration: 170ms
Peak Q—N(ms) SE df fratio p Q-N(@ms) SE df #ratio —N@ms) SE df tratio p

\4 -0.91 0.10 796.07 -9.42 0.0054 -0.91 0.10 796.07 - -0.91 0.10 796.07 -9.42 0.0054

-0.91 0.10 796.07 -9.42 0.0054 -0.91 0.10 796. .0054 -0.91 0.10 796.07 -9.42 0.0054

-0.91 0.10 796.07 -9.42 0.0054 -0.91 0.0054 -0.91 0.10 796.07 -9.42 0.0054

-0.91 0.10 796.07 -9.42 0.0054 -0.91 0.0054 -0.91 0.10 796.07 -9.42 0.0054

-0.91 0.10 796.07 -9.42 0.0054 -0. 0.0054 -0.91 0.10 796.07 -9.42 0.0054

S| = = S| B>

-0.91 0.10 796.07 -9.42 0.0054 -0. .10 796.07 -9.42 0.0054 -0.91 0.10 796.07 -9.42 0.0054
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Table 7. Post hoc pairwise comparisons of Speech-ABR peak amplitudes comparing the two backgrczmd xersus noise (N)

per stimulus duration, showing differences in peak amplitudes in quiet versus in noise (Q minus N) x or (SE), degrees of
freedom (df), ¢ ratio, and bonferroni corrected p values. K

Significant p values are shown in blue

Stimulus duration: 40ms Stimulus duration: S0ms timulus duration: 170ms
Peak Q-N (nV) SE df tratio p Q-N@V) SE df ftratio . p (nvV) SE  df rtratio p
VA 0.11 0.02 687 5.06 0.0045 0.10 0.02 687 Q 0.14 0.02 687 7.21 0.0045
0.09 0.02 687 4.19 0.0045 0.08 0.02 687 . 0.0045 0.12 0.02 687 624 0.0045
0.14 0.02 687 6.47 0.0045 0.13 0.02 0.0045 0.17 0.02 687 8.78 0.0045
0.12 0.02 687 5.68 0.0045 0.11 0.0045 0.15 0.02 687 791 0.0045
0.03 0.02 687 134 0.1823 0.02 0.3263 0.06 0.02 687 3.07 0.1035
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Section 4: Bootstrap Results and Examples

Speech-ABRs to 40ms [da]
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Fig. 1. Speech-ABRs to the 40ms [d3
3.1 and all peaks that wer:

peaks were detect

in quiet (black) and noise (grey) at 15 iterations per participant: shaded cells indicate that Fsp >
@e at 12000 epochs were detected with 95% confidence via bootstrap. White cells indicate that not all

onfidence via bootstrap.



Speech-ABRs to 170ms [da]
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Fig. 2. Speech-ABRs to the 170ms [da]gan_quiet (black) and noise (grey) at 15 iterations per participant: shaded cells indicate that Fgp
> 3.1 and all peaks that were dgtected ats12000 epochs were be detected with 95% confidence via bootstrap. White cells indicate that

not all peaks were detectedgwith 95 % confidence via bootstrap.
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Fig. 3. Speech-ABRs wit -le baseline to the 40ms [da] in quiet at 8 iterations from a participant (5) with better responses.

Peaks that were detected 95% confidence once Fsp reached > 3.1 are marked with a “*’.
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Fig. 4. Speech-ABRs w1t‘® s baseline to the 40ms [da] in noise at 8 iterations from a participant (5) with better responses.
/o

Peaks that were d d confidence once Fsp reached > 3.1 are marked with a “*’
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Fig. 5. Speech-ABRs w1t:® s baseline to the 40ms [da] in quiet at 8 iterations from a participant (10) with poorer responses.
/o

Peaks that were d d confidence once Fsp reached > 3.1 are marked with a “*’
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Fig. 6. Speech-ABRs withfpre-s s baseline to the 40ms [da] in noise at 8 iterations from a participant (10) with poorer responses.

Peaks that were d % confidence once Fsp reached > 3.1 are marked with a **’.

11



BinKhamis et al, Speech-ABR
Supplemental Digital Content 2

X,
0’&2
S

x &
<&

Fig. 7. Speech-ABRs wit:mgs baseline to the 170ms [da] in quiet at 8§ iterations from a participant (5) with better responses.

Peaks that were d d % confidence once Fsp reached > 3.1 are marked with a “*’.
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Fig. 8. Speech-ABRs wit - s baseline to the 170ms [da] in noise at 8 iterations from a participant (5) with better responses.

Peaks that were d d % confidence once Fsp reached > 3.1 are marked with a *’.
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Fig. 9. Speech-ABRs w1® lus baseline to the 170ms [da] in quiet at 8 iterations from a participant (10) with poorer

responses. Peaks ere ed with 95% confidence once Fsp reached > 3.1 are marked with a ¢
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Fig. 10. Speech-ABRs Wﬂ ulus baseline to the 170ms [da] in noise at 8 iterations from a participant (10) with poorer

responses. Fsp di ea n this participant to the 170ms [da] in noise, therefore peaks that were detected with 95% confidence

are only marked wi 12000 epochs.
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Section S: Fsp Values And Number of Epochs

Table 8. Number of epochs where Fsp> 3.1 for speech-ABRs to 40ms and 170ms [da] in quiet
and in noise (per participant), Fsp value, difference in number of epochs between quiet and&
(diff).

Blank cells shaded in red indicate that participant speech-ABRs did not reach Fgp > 31

40ms [da]
Quiet Noise Quiet
Diff
Epochs Fsp Epochs Fgp Epochs Fgp

1 1600 337 2400 446 800 800  4.88 328 800
2 2400 472 4800 3.83 2400 600 322 4000
3 2400 423 3200 334 800 . 4000 323 800
4 2400 435 2400 3.79 65 2400 3.88 800
5 2400 346 3200 3.58 415 4800 3.50 3200
6 3200 3.50 6400 3.35 341 7200 3.44 5600
7 1600  3.50 5600 3. 2400  3.67 _
8 1600 6.17 1600 0 1600  3.19 2400 3.99 800
9 1600  3.47 800 1600 325 4000 321 2400
10 4800 3.16 4800 2400  4.15 _
11 3200 1600 3200 332 6400 327 3200
12 3200 325 800 4000 3.47 8800 3.26 4800

3.54 1666.67 2133.33 3.76 4720 3.43 2181.82

Mean 2533
SD 3 86 2240.13 0.39 1580.18 923.76 0.56 2307.86 0.28 2293.39



Table 9. Number of epochs (at or above epochs required for Fsp> 3.1) where peaks were detected

with 95% confidence via bootstrap for speech-ABRs to 40ms and 170ms [da] in quiet and in noise

(per participant), Fsp values, difference in number of epochs between quiet and noise (diff).

* A larger number of epochs than required to reach Fy, > 3.1 was required to detect all peaks

Blank cells shaded in red indicate that participant speech-ABRs did not reach Fgp> ’3 1.

40ms [da] 170ms [da]
Quiet Noise Diff Quiet & Diff
Epochs Fsp Epochs Fgp Epochs Fsp Epo SP
1 1600 337 2400 4.46 800 2400* 12.42 6.82 1600
2 2400 4.72 8800* 6.16 1600 3.40
3 2400 423 3200 3.34
4 3200* 5.46 4000* 5.07
5 2400 428 3200 3.58
6 4000* 4.12 6400 3.35
7 1600 3.50 5600 3.14
8 1600  6.17 3200* 5.2 4800* 7200* 8.86 2400
9 1600 4800 1600 3.25 4000 3.21 2400
10 4800 5600  6400%  9.73 _
11 4000* 800 3200 3.32 6400 3.27 3200
12 3200 800 6400*  4.66 8800 3.26 2400
Mean 2733.33 00.00 4.24 2466.67 3933.33 6.94 7066.67 4.30 3133.33
8.00 1.15 2142.78 1943.44 3.65 3123.32 1.82 2630.36

o
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Table 10. F, values for speech-ABRs to the three [da] durations in quiet and in noise (per
participant) at 12000 epochs and ‘no sound’ F, values (per participant).

F,p values in red are those below 3.1

40ms [da] S50ms [da] 170ms [da] No So
Quiet Noise Quiet Noise Quiet Noise
1 23.69 19.00 23.06 18.63 22.32 17.83 .
2 15.84 9.15 22.41 4.47 10.74 5.09
3 16.00 9.30 8.34 13.41 8.22 11.4
4 20.87 11.96 17.88 13.70 5.51 13. 1.27
5 15.46 8.45 7.86 5.58 10.94 % 0.70
6 10.99 5.01 13.93 5.22 7.2‘) > 15 1.02
7 20.04 6.95 9.82 3.46 4 2.96 0.76
8 36.69 19.99 21.96 11.38 .6 14.45 1.05
9 25.71 10.04 16.67 A48 8.81 1.46
10 5.63 3.88 2.95 0.72
11 11.12 5.86 5.34 0.87
12 12.84 8.14 4.28 1.09
Mean 17.91 9.81 8.39 0.95
SD 8.23 .05 4.97 0.25
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Table 11. F, values for speech-ABRs (per participant) to the 50ms [ba] and [ga] in quiet and in
noise and to the 170ms [ba] and [ga] in quiet at 12000 epochs.

F,p values in red are those below 3.1

50ms [ba] 170ms [ba] 50ms [ga] 170ms [ga]
Quiet Noise Quiet Quiet Noise Qui
1 50.91 24.51 48.21 18.15 8.85 .
2 8.11 3.06 29.92 5.92 1.79
3 11.05 3.27 16.12 4.17 2.83 10282
4 8.81 7.55 28.48 11.68 10. 25.38
5 11.55 4.61 21.60 8.88 % 25.37
6 13.47 431 17.36 11.90 : 13.90
7 9.89 7.03 12.22 1 3.98 15.74
8 29.63 13.60 11.21 19.36
9 17.48 12.44 8.78 41.69
10 7.19 2.37 3.56 12.66
11 6.64 4.12 3.44 7.38
12 6.42 4.36 15.3 11.25 2.86 12.76
Mean 15.10 7.60 23 11.29 5.69 20.47
SD 12.99 12.24 5.67 3.34 10.20
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