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Abstract

Repeated stimulus presentation leads to neural adaptation and consequent

amplitude reduction in vowel-evoked envelope following responses (EFRs)—a

response that reflects neural activity phase-locked to envelope periodicity.

EFRs are elicited by vowels presented in isolation or in the context of other

phonemes such as consonants in syllables. While context phonemes could

exert some forward influence on vowel-evoked EFRs, they may reduce the

degree of adaptation. Here, we evaluated whether the properties of context

phonemes between consecutive vowel stimuli influence adaptation. EFRs were

elicited by the low-frequency first formant (resolved harmonics) and middle-

to-high-frequency second and higher formants (unresolved harmonics) of a

male-spoken /i/ when the presence, number and predictability of context pho-

nemes (/s/, /a/, /
Ð
/ and /u/) between vowel repetitions varied. Monitored over

four iterations of /i/, adaptation was evident only for EFRs elicited by the

unresolved harmonics. EFRs elicited by the unresolved harmonics decreased

in amplitude by �16–20 nV (10%–17%) after the first presentation of /i/ and

remained stable thereafter. EFR adaptation was reduced by the presence of a

context phoneme, but the reduction did not change with their number or pre-

dictability. The presence of a context phoneme, however, attenuated EFRs by

a degree similar to that caused by adaptation (�21–23 nV). Such a trade-off in

the short- and long-term influence of context phonemes suggests that the ben-

efit of interleaving EFR-eliciting vowels with other context phonemes depends

on whether the use of consonant-vowel syllables is critical to improve the

validity of EFR applications.
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1 | INTRODUCTION

The vowel-evoked envelope following response (EFR) is a
useful non-invasive method to assess the neural encoding
of the fundamental frequency of voice ( f0). EFRs are
commonly elicited by vowels that are presented in isola-
tion or amidst other phonemes, particularly consonants,
henceforth referred to as context phonemes in the present
study. Although context phonemes are commonly used
and are necessary in some instances, their influence on
vowel-evoked EFRs is not well understood. Recent stud-
ies have focused on immediate (short-term) effects of con-
text phonemes on EFRs (e.g. Easwar et al., 2021, 2022). In
the present study, we focus on the effects of context pho-
nemes over a longer timescale; we aimed to evaluate
whether the presence and properties of context phonemes
influence adaptation in vowel-evoked EFRs caused by
stimulus repetition. Adaptation refers to reduced neural
responsivity that occurs with repeated presentations of
the same stimulus (review by Wark et al., 2007; Pérez-
Gonz�alez & Malmierca, 2014) and is reflected as reduced
EFR amplitude over the course of the recording
(Bidelman & Powers, 2018; Gorina-Careta et al., 2016).

The use of context phonemes amidst vowel stimuli has
some advantages and caveats to consider. Advantages
include improving test validity for hearing aid-based appli-
cations of EFRs and increasing test efficiency. Temporal
characteristics of vowel stimuli embedded in consonant-
vowel (CV) or consonant-vowel-consonant (CVC) syllables
resemble that of running speech and are likely to facilitate
accurate representation of non-linear hearing aid function
(Easwar et al., 2012; Scollie & Seewald, 2002;
Stelmachowicz et al., 1990; Stone & Moore, 1992). Further,
if context phonemes could also elicit EFRs, that would
enable gathering more data in the same recording time
(e.g. Easwar, Purcell, et al., 2015a, 2015b). However, con-
text phonemes may influence the characteristics of vowel-
evoked EFRs by temporal masking, a phenomenon
thought to be caused by short-term adaptation (Meddis &
O’Mard, 2005). The susceptibility of vowel-evoked EFRs to
temporal masking has been shown in some studies (e.g.
Easwar et al., 2022; Hodge et al., 2018) but not in others
(Easwar et al., 2021). EFR peaks were delayed when
speech-shaped noise preceded the stimulus vowel (Hodge
et al., 2018), and the amplitudes of EFRs elicited by the
second and higher formants (but not the first formant) of
/i/ were attenuated by 14.9 to 27.9 nV when preceded by
/
Ð
/, /m/ or /i/ (Easwar et al., 2022). Together, these studies

suggest that although interleaving vowel stimuli with
other phonemes, particularly consonants, help improve
resemblance to running speech, it may influence the inter-
pretation and detection of EFRs when elicited by higher-
frequency vowel formants.

Adaptation-related change in EFR amplitude has been
quantified; however, the estimates vary and the influence
of context phonemes on such changes remains unclear.
EFR amplitude reduced as much as �35 to 1000 nV over
the course of the first 200 to 300 stimulus repetitions
(Bidelman & Powers, 2018; Gorina-Careta et al., 2016).
The wide range of amplitude reduction in the two EFR
studies may, in part, be related to differences in the analy-
sis. EFR amplitudes over time were either compared after
averaging every 100 consecutive (non-overlapping) trials
(Gorina-Careta et al., 2016) or from every trial without
averaging (Bidelman & Powers, 2018). Further, differences
may also be due to the context in which the vowel was pre-
sented. A CV syllable (/wa/) was used in Gorina-Careta
et al. (2016), whereas the vowel stimulus was presented in
isolation in Bidelman and Powers (2018). Irrespective of
these methodological differences, both these studies sug-
gest that (i) stimulus-specific adaptation, similar to that
observed at cortical and subcortical levels (Anderson &
Malmierca, 2012; Duque et al., 2016; Kudela et al., 2018;
Malmierca et al., 2009; Ulanovsky et al., 2003; Zhao
et al., 2011), is evident in EFRs too, and (ii) the degree of
repetition-related attenuation of EFR amplitude could be
close to or larger than the short-term masking effects
caused by context phonemes preceding the EFR-eliciting
vowel (discussed above). However, due to the use of either
a vowel or a CV in these studies, it remains unclear
whether context phonemes and their characteristics affect
the degree of adaptation in EFRs.

The use of context phonemes between EFR-eliciting
vowels and their characteristics may influence repetition-
related changes in EFRs due to the auditory system’s
known sensitivity to stimulus history or novelty
(as reflected in EFRs). Repeating the same stimulus over
time as opposed to interleaving EFR stimuli with other
stimuli caused a continuum of changes in listeners rang-
ing from attenuation to enhancement of EFR amplitude
at f0 (Parbery-Clark et al., 2011; Skoe et al., 2013) or its
second harmonic (Chandrasekaran et al., 2009; Slabu
et al., 2012) and altering the accuracy of tracking dynamic
pitch (Lau et al., 2017). Further, the amplitude of EFRs
elicited by frequently occurring or equally probable stim-
uli tended to be enhanced compared to novel or deviant
stimuli (Gnanateja et al., 2013; Slabu et al., 2012). As
such, enhancements with stimulus repetition are some-
what contradictory to the adaptation-related attenuation
reported in near- and far-field studies (Bidelman &
Powers, 2018; Gorina-Careta et al., 2016; Prado-Gutierrez
et al., 2015) and the restoration of sensitivity in adapted
neurons with a change in stimulus or stimulus parameter
(e.g. level or modulation frequency; Prado-Gutierrez
et al., 2015). However, comparisons are challenged by dif-
ferences such as in stimulus probability, averaging
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method and specific conditions of enhancement observa-
tion. For example, enhancements in EFR amplitude have
been evident for /da/ and /ba/ but not /wa/ (Slabu
et al., 2012). Further, enhancements have been evident at
the second harmonic but not at f0 in some studies
(Chandrasekaran et al., 2009; Slabu et al., 2012) and vice
versa in others (Gnanateja et al., 2013). Likewise,
enhancements have been demonstrated in response to
the CV formant transition but not the steady-state vowel
(Chandrasekaran et al., 2009; Slabu et al., 2012) and in
musicians only (Parbery-Clark et al., 2011).

Two additional aspects about adaptation in EFRs
remain unclear. The first aspect is the stimulus-frequency-
dependent susceptibility. Frequency dependency in vowel-
evoked EFRs is difficult to infer from past work due to the
use of broadband vowels that provide a cumulative
response at f0 with contributions from more than one for-
mant (Aiken & Picton, 2006; Easwar et al., 2018). Fre-
quency specificity is an important consideration because
adaptation is greater in fibres with high characteristic fre-
quencies (>1.5 kHz) compared with those with low char-
acteristic frequencies (in ferrets; Sumner & Palmer, 2012),
and temporal masking effects are evident only for EFR
stimuli above �1200 Hz (Easwar et al., 2022). Further, the
influence of context phonemes on frequency-specific
repetition-related adaptation will inform EFR paradigms
for clinical applications in individuals with hearing loss
(e.g. Easwar, Purcell, et al., 2015b), where hearing loss
degree, and therefore, the effects of hearing loss will likely
vary by frequency. The second aspect is the time course of
adaptation. The time course remains uncertain since prior
studies either reported single-trial data that are susceptible
to changes in noise or they averaged over consecutive
stimuli leading to a loss of resolution in terms of stimulus
repetition order/number. To seek clarity in both these
aspects, in the present study, we (i) modified vowel stimuli
to elicit independent EFRs from first (F1) and second and
higher-frequency formants (F2+; Easwar, Purcell, et al.,
2015a; Easwar et al., 2019) and (ii) used a vertical averag-
ing approach that would maintain the vowel repetition
order during averaging and reduce the impact of noise
while evaluating the adaptation time course (e.g. Prado-
Gutierrez et al., 2015). Vertical averaging differs from tra-
ditional averaging in situations where each trial contains
several repetitions of the stimulus. Rather than averaging
over all stimulus repetitions in every trial, vertical averag-
ing averages across trials without collapsing across stimu-
lus repetitions within a trial. Therefore, vertical averaging
provides an across-trial average for each stimulus order
within a trial.

In summary, we aimed to (i) evaluate the effect of
presence, length and predictability of the preceding con-
text phonemes on adaptation in vowel-evoked EFRs and
(ii) evaluate frequency-specific effects of adaptation in

vowel-evoked EFRs. We hypothesised that adaptation, if
present, will be the largest for EFRs elicited by vowel
stimuli without any interleaving context phonemes and
will be the smallest for EFRs elicited by vowel stimuli
preceded by the least predictable sequence of context
phonemes. Given the high-frequency bias in adaptation
for tonal stimuli and greater susceptibility of F2+ EFRs
than F1 EFRs to immediately preceding phonemes, we
predicted larger adaptation effects for F2+ than F1 EFRs.

2 | METHOD

2.1 | Participants

A total of 21 young adults (mean age = 21.9 years;
SD = 2.3; 16 females) provided written consent to partici-
pate in the study. Eligibility for participation included
(i) detection of pure tones at 20 dB HL in both ears, pre-
sented using headphones (AD629, Interacoustics,
Denmark), (ii) no contraindications observed in otoscopy,
(iii) type A tympanogram (Titan, Interacoustics,
Denmark) and (iv) no self-disclosed neurological disor-
ders. The study protocol was approved by the University
of Wisconsin-Madison Health Sciences Institutional
Review Board. Participants were either offered extra
credit or compensated at $10/h for their time.

2.2 | Stimulus

The vowel /i/ spoken by a 24-year-old male from
Wisconsin, USA, was chosen to elicit EFRs. The vowel
was spoken in isolation with an average f0 of 100.51 Hz
(range = 100.1–100.9 Hz). The vowel /i/ was chosen
because it is commonly used in vowel-evoked EFR stud-
ies (Aiken & Picton, 2006, 2008; Choi et al., 2013; Easwar,
Purcell, et al., 2015a), and the effects of preceding pho-
neme have been evaluated for /i/-elicited EFRs (Easwar
et al., 2022). The first and second formant peak frequen-
cies of /i/ were 228.97 and 2215.96 Hz, respectively. The
phonemes /a/, /u/, /

Ð
/ (“shh”) and /s/, also spoken in

isolation by the same male, were chosen as the context
phonemes. The five phonemes were chosen as they have
been used as stimuli in prior EFR studies (Easwar, Pur-
cell, et al., 2015a, 2015b; Easwar et al., 2020). Multiple
recordings of each phoneme were made, and one of the
iterations was chosen based on sound quality. Since the
phonemes were produced in isolation, no co-articulation
was evident in any of the phoneme productions and they
were all truncated to 360 ms from their varied original
length. For all phonemes, 10 ms of sin2 rise and fall
ramps were added at the beginning and end. Spectra of
phonemes are provided in Figure 1.
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The vowel /i/ was modified to elicit two EFRs simul-
taneously, one from the low-frequency first formant
(F1) and one from the second and higher formants
(F2+). As done in previous studies for improved fre-
quency specificity of vowel stimuli (Easwar, Purcell,
et al., 2015a; Easwar et al., 2019), differentiation of the
two formant bands was maintained to examine the pres-
ence and nature of adaptation in EFRs elicited by for-
mants dominant in different spectral regions (Figure 1).
The vowel was modified using the following steps to
enable eliciting two EFRs simultaneously: (i) The average
f0 of the vowel was reduced by 8.57 Hz in Praat, (ii) the
F1 was obtained by low-pass filtering the lowered-f0
vowel at 1140 Hz, (iii) the F2+ was obtained by high-pass
filtering the original f0 vowel at 1250 Hz and (iv) the F1
and F2+ were combined without changes in their relative
levels. The F1 consisted of the first 12 harmonics, while
the F2+ consisted of the 13th and higher harmonics.

Four stimulus conditions were created. (i) No-context:
The stimulus /i/ was presented without any context,
(ii) single-context: The stimulus /i/ was preceded by the
context phoneme /s/ (i.e. /si/), (iii) multiple-context: The
stimulus /i/ was preceded by the same sequence of con-
text phonemes /u

Ð
as/ (i.e. /u

Ð
asi/), and (iv) random-

context: The stimulus /i/ was preceded by one of the four
sequences created with the same four context phonemes
(i.e. /a

Ð
usi/, /

Ð
ausi/, /

Ð
uasi/ and /ua

Ð
si/). The random

nature of context in the “random-context” condition
refers to the presentation of the three phonemes (/

Ð
/, /u/

and /a/). Since the immediately preceding context pho-
neme could influence the amplitude of EFRs, especially
the ones elicited by F2+ (Easwar et al., 2022), the same
context phoneme /s/ was used in all conditions with a

context phoneme. Maintaining the same context pho-
neme improved the separation of context influence in the
short-term and the long-term, the latter being the goal of
the present study. All the vowels were equated in root-
mean-square (RMS) level in Praat. The RMS level of the
fricatives was 10 dB lower than that of the vowels. The
difference in level between the vowels and the fricatives
approximated relative levels in naturally produced CV
syllables (Easwar, Purcell, et al., 2015a; Easwar et al.,
2020). Stimulus waveforms are shown in Figure 2.

The first half of each stimulus trial consisted of the
stimulus (sequence in the case of single-, multiple- and
random-contexts) presented four times without intersti-
mulus intervals. The second half of each stimulus trial
consisted of the same four stimulus iterations in the
opposite polarity. A silent interval of 500 ms was
included at the beginning of each half trial in all condi-
tions. A total of 250 stimulus trials were presented in all
conditions. The four iterations of the /i/ within each trial
will henceforth be referred as per the order in which they
were presented (i.e. i1, i2, i3 and i4). The duration of
recording varied by condition; recording lasted for
�16 min for the no-context condition, �28 min for the
single-context condition and �64 min for the multiple-
and random-context conditions.

2.3 | Stimulus presentation and EFR
recording

Stimulus presentation and EFR recording was controlled
by the Auditory Research Lab Audio software (Goodman,
2017; github.com/myKungFu/ARLas) developed at the

F I GURE 1 Spectra of the envelope

following response (EFR) stimulus /i/ and

other phonemes. The vertical dashed line in

the first panel demarcates the two

simultaneously presented formant bands F1

and F2+. The 92 and 100 Hz refer to the f0
in F1 and F2+, respectively.
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University of Iowa. Digital-to-analogue conversion of the
stimulus was completed by Fireface UCFx+ (RME,
Haimhausen, Germany). The sampling rate of both the
stimulus and electroencephalogram (EEG) was 96,000
samples/s. EEG was later downsampled to 8000 samples/
s. The stimulus was presented in a randomly chosen test
ear using an ER2 insert earphone (Etymotic Research,
IL) at an RMS level of 70 dB SPL measured over the
entire duration of /i/. Stimulus level calibration was com-
pleted in an ear simulator (Brüel & Kjær ear simulator
Type 4517) using a sound conditioner (Type 1704;
Nærum, Denmark). The test ear was the right ear for
10 participants.

EEG was recorded using one of the channels of the
Intelligent Hearing Systems OptiAmp with sintered Ag-
AgCl electrodes placed at the vertex (Cz; non-inverting),
the nape (inverting) and the collar bone (ground). Elec-
trode sites were prepped with alcohol wipe and NuPrep
to achieve impedances of <3 kΩ. Analogue-to-digital con-
version of the EEG was completed by the RME Fireface
UCFx+. During EEG recordings, participants were seated
in a comfortable chair that reclined and watched a silent
movie of choice with subtitles. Recordings were com-
pleted in an electromagnetically shielded double-walled
sound booth.

2.4 | EFR analysis

Analysis steps were similar to previous EFR studies using
naturally spoken vowels as the stimulus (Choi
et al., 2013; Easwar, Beamish, et al., 2015; Easwar, Pur-
cell, et al., 2015a). The analysis window of /i/ entailed
the central 350 ms and excluded 5 ms on both ends. EFRs
were estimated with a Fourier analyser that utilized the
original and lowered f0 time courses obtained using Praat
(Choi et al., 2013; Easwar, Beamish, et al., 2015; Easwar,

Purcell, et al., 2015a; Easwar et al., 2021). Reference
cosine and sine sinusoids were created using the f0 time
courses. EEG was multiplied with the reference sinu-
soids, after accounting for a 10-ms brainstem processing
delay (Choi et al., 2013; Easwar et al., in press), to obtain
real and imaginary components of the EFR. Each compo-
nent was averaged over the entire 350-ms-long window
to estimate the amplitude and phase of EFRs. Residual
noise was calculated from EEG amplitudes at 14 frequen-
cies surrounding the original and lowered f0, except for
120 Hz. EFR amplitudes were unbiased to reduce the
influence of noise (Picton et al., 2005). When the ratio of
EFR to noise amplitude exceeded 1.25, the EFR ampli-
tude was divided by an overestimation factor, computed
as 1 + 0.965*e�1.348*X + 0.078*e�0.285*X, where X refers
the ratio between EFR and noise amplitude (Picton
et al., 2005).

2.5 | Data exclusion

Participants were excluded based on residual noise levels.
Two participants were excluded as their residual noise
was greater than the third quartile+1.5*interquartile
range of the noise computed for the group, in at least
three of 32 (10%) recordings. Data from the remaining
19 participants were included in the statistical analysis.

2.6 | Statistical analysis

A three-way repeated measure analysis of variance (RM-
ANOVA) was completed with condition (no-context,
single-context, multiple-context and random-context),
order (i1, i2, i3 and i4) and formant (F1, F2+) as the
three within-subject factors. Following significant effects
in the main model, pairwise comparisons using paired

F I GURE 2 Waveform of each stimulus
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t tests were completed. To account for inflation of alpha
error due to multiple tests, p-values were corrected using
the false-discovery rate approach (Benjamini &
Hochberg, 1995). Corrected p-values are reported
throughout the manuscript, and therefore, p < 0.05 are to
be interpreted as statistically significant. All statistical
analyses were completed in R (v 4.0.4; R Core Team,
2021).

2.7 | Results

Figure 3 illustrates EFR amplitudes as a function of
vowel order for F1 and F2+ stimuli within each condi-
tion. The RM-ANOVA indicated a significant three-way
interaction between condition, vowel order and formant
(F[9,162] = 2.38, p = 0.015, partial-η2 = 0.14) suggesting
that the EFR amplitude varied as a function of all three
factors. None of the main effects were significant in the
three-way RM-ANOVA. That is, EFR amplitudes did not
vary by the context condition (averaged over all vowel
orders; F[3,54] = 1.63, p = 0.194, partial-η2 = 0.08), the
formant eliciting the EFR (F[1,18] = 0.26, p = 0.616,
partial-η2 = 0.01) as well as the vowel order (averaged
across all context conditions; F[3,54] = 0.21, p = 0.892,
partial-η2 = 0.01). Further, none of the two-way interac-
tions were significant (condition � vowel: F[9,162]
= 0.99, p = 0.450, partial-η2 = 0.05; condi-
tion � formant: F[3,54] = 0.52, p = 0.668, partial-
η2 = 0.03; vowel � formant; F[3,54] = 0.56, p = 0.646,
partial-η2 = 0.03).

Posthoc analyses following the significant three-way
interaction were completed to assess the presence of
adaptation as well as the effect of varying preceding

context. To evaluate the presence of adaptation, paired
t tests were completed to compare EFR amplitude
between multiple vowel orders within each stimulus. For
F1 EFRs, none of the pairwise comparisons were statisti-
cally significant suggesting no reduction in EFR ampli-
tude with stimulus repetition (all p > 0.05). For F2+
EFRs, pairwise comparisons were statistically significant
for the no-context condition only. In the no-context con-
dition, the amplitude of EFRs elicited by i1 was signifi-
cantly larger than those elicited by i2, i3 and i4, by mean
differences of 16.9 (SD = 25.9), 20.4 (SD = 20.4) and
16.2 nV (SD = 26.7), respectively (paired t test between i1
and i2: t[18] = 2.84, p = 0.032, Cohen’s d = 0.65;
between i1 and i3: t[18] = 4.36, p = 0.002, Cohen’s
d = 1.0; between i1 and i4: t[18] = 2.65, p = 0.032,
Cohen’s d = 0.61). EFR amplitude did not vary between
i2, i3 and i4 in the no-context condition (all p > 0.05).
Likewise, EFR amplitudes did not vary as a function of
vowel order in single-, multiple- and random-context
conditions (all p > 0.05). In terms of percent reduction
relative to the amplitude for i1 in the no-context condi-
tion, F2+ EFRs reduced by 10.5% (SD = 24.6), 16.8%
(SD = 15.5) and 13.2% (SD = 23.6) by the second, third
and forth repetition, on average. In summary, a reduction
in EFR amplitude with stimulus repetition was evident
only for the EFR elicited by F2+ and only in conditions
without a preceding context phoneme.

Figure 4 illustrates EFR amplitudes as a function of
context condition at each vowel order for both F1 and
F2+ vowel formants. To assess the effect of the different
types of preceding context on EFRs, paired t tests were
completed on EFR amplitudes between conditions at
each vowel order. EFRs elicited by F1 did not vary
between conditions at any of the vowel positions

F I GURE 3 Envelope following

response (EFR) amplitude as a function

of vowel order in each condition for F1

and F2+ stimuli. Coloured symbols

with black outline represent group

means. Coloured symbols represent

individual data. Filled grey squares

represent group mean noise amplitude.

Error bars represent within-subject

standard deviation. * indicates a

statistically significant pairwise

comparison.
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(all p > 0.05). In contrast, the amplitude of EFRs elicited
by F2+ varied as a function of condition. However, this
was only evident for the first vowel i1. At i1, the EFR
amplitude was significantly larger in the no-context con-
dition compared with single-, multiple- and random-
context conditions by mean differences of 20.6
(SD = 26.7), 21.9 (SD = 34.1) and 22.7 (SD = 35.4) nV,
respectively (paired t test between no-context and single-
context: t[18] = 3.38, p = 0.020, Cohen’s d = 0.77; no-
context and multiple-context: t[18] = 2.80, p = 0.024,
Cohen’s d = 0.64; no-context and random-context: t[18]
= 2.79, p = 0.024, Cohen’s d = 0.64). EFR amplitudes did
not vary between the different context conditions at any
of the other vowels (all p > 0.05). In terms of percent
reduction relative to the amplitude for i1 in the no-
context condition, F2+ EFRs reduced by 15.6%
(SD = 24.1), 16.3% (SD = 34.4) and 15.2% (SD = 29.6) in
the single-context, multiple-context and random-context,
on average. In summary, the presence of a preceding con-
text led to a reduction in the amplitude of EFRs elicited
by /i/ F2+; however, this was evident only for the first
stimulus presentation.

Changes in EFR amplitude with vowel repetition or
preceding context summarised above could not be
explained by changes or differences in noise amplitude.
Similar to EFR amplitude, a three-way RM-ANOVA was
completed for the noise amplitude. ANOVA results sug-
gested that the noise amplitudes varied significantly only
by the vowel formant. Residual noise in F1 EFRs was
larger than that in F2+ EFRs by 1.1 nV (SD = 0.99), on
average. No other main or interaction effects were statis-
tically significant (all p > 0.05).

2.8 | Discussion

The purpose of the present study was to evaluate if the
presence, length and predictability of context phonemes

preceding the EFR-eliciting vowel influenced adaptation
in EFRs. We found that interleaving vowel stimuli with
other phonemes reduces adaptation-related EFR attenua-
tion, irrespective of the length and predictability of the
other phonemes.

2.9 | Reduction in response amplitude
with stimulus repetition was evident only
for EFRs elicited by the second and higher
vowel formants (unresolved harmomics)

A novel aspect of this study is the frequency-specific
investigation of adaptation in EFRs elicited by vowel
stimuli. Our results indicate a reduction in response
amplitude with stimulus repetition only for EFRs eli-
cited by F2+ (Figure 3). Such frequency dependency is
consistent with greater adaptation-related attenuation
evident at high characteristic frequencies (>1.5 kHz) in
ferrets (Sumner & Palmer, 2012). A speculated cause
for frequency dependency is the presence of phase-
locking at the lower frequencies. With dual-f0 vowels
used in the present study, the EFR elicited by /i/ F1
was predominantly initiated by harmonics resolved in
the cochlea, whereas the EFR elicited by /i/ F2+ was
predominantly initiated by unresolved harmonics
(Micheyl & Oxenham, 2004; Laroche et al., 2013;
Easwar, Beamish, et al., 2015; Easwar et al., 2019).
Phase-locked responses to the stimulus fine structure
or vowel harmonics have been detected at frequencies
as high as 1120 (Bidelman & Powers, 2018) to 1500 Hz
(Aiken & Picton, 2008). These upper limits would
suggest that the lower-frequency harmonics in the F1
stimulus of the present study likely facilitated
phase-locking to the individual harmonics and
that may have played a role in the lack of adaptation
or change observed with stimulus repetition for
F1 EFRs.

F I GURE 4 Envelope following

response (EFR) amplitude as a function

of condition at each vowel order for F1

and F2+ stimuli. “c” in the x-axis refers

to condition. Coloured symbols with

black outline represent group means.

Coloured symbols represent individual

data. Filled grey squares represent group

mean noise amplitude. Error bars

represent within-subject standard

deviation. * indicates a statistically

significant pairwise comparison.
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2.10 | EFRs elicited by the second and
higher formants of /i/ are influenced only
by the immediately preceding fricative

F2+ EFRs were attenuated by an average of �21 to
23 nV when the stimulus /i/ was preceded by /s/
(Figure 4). The influence of immediately preceding pho-
neme on F2+ EFRs is consistent with our previous work
where a preceding /

Ð
/, presented 15 dB lower than EFR-

eliciting vowel /i/, reduced response amplitude by
16.04 nV (SD = 21.42), on average (Easwar et al., 2022).
F2+ EFRs were more susceptible than F1 EFRs to the
influence of preceding phonemes possibly because (i) /i/
F2+ was �18 dB lower than /i/ F1 and (ii) the spectral
overlap or similarity was greater between /s/ and /i/ F2+
than between /s/ and F1 due to the high-frequency
emphasis of fricatives. As shown in several studies inves-
tigating temporal masking, larger level differences and
greater spectral similarity increase the probability and
extent of temporal (forward) masking (Abbas &
Gorga, 1981; Gao & Berrebi, 2015; Kramer & Teas, 1982;
Lasky & Rupert, 1982; Nelson et al., 2009). Of note is the
lack of any masking effects of surrounding phonemes on
/i/-elicited EFRs in our other recent study (Easwar
et al., 2021); lack of differentiation of F1 and F2+ EFRs
and/or shorter duration of interleaving phonemes in the
previous study may have contributed to the differences.

Our data also suggest that EFRs were likely insensi-
tive to stimulus history earlier than the immediately pre-
ceding phoneme. That is, varied length or predictability
of the sequence of phonemes (at constant probability of
occurrence) did not influence vowel-evoked EFRs over
time. This is supported by two comparisons: first, the lack
of differences in EFR amplitude between the single-
context, multiple-context and random-context conditions
at i1 (Figure 4) and second, the similar degree of differ-
ences between the no-context condition and each of the
three conditions at i1 (Figure 4). These results are some-
what inconsistent with Skoe et al. (2013), where EFRs eli-
cited by tones were found to be larger in amplitude when
stimuli were presented in randomised stimulus sequences
compared to when tone pairs were fixed in sequence and
repeated. Differences could be largely methodological
and possibly participant-related. First, the timing of the
“i” was predictable in the present study. That is, “i”
always occurred after four other phonemes to control for
the difference in temporal gap between two iterations
and was always preceded by “s” to control for short-term
temporal masking effects, whereas the timing of tones in
Skoe et al. (2013) was less or not predictable. The second
reason may relate to the degree of randomness intro-
duced between the conditions being compared. In the
present study, the multiple-context repeated the same
exact sequence, while Skoe et al. presented stimulus

(tone) dublets amidst a random sequence of other tones.
The third reason may be individual variability related to
musical training (Parbery-Clark et al., 2011) or ability to
detect pattern in stimuli (Skoe et al., 2013), both of which
were not probed in the present study.

2.11 | Interleaving EFR vowel stimuli
with other phonemes reduced the degree
of adaptation

A reduction in F2+ EFRs with vowel repetition was evi-
dent only when there were no phonemes between the
vowel repetitions (no-context condition; Figure 3). The
reduction in amplitude with repeated exposure to the
same stimulus is consistent with adaptation previously
observed with vowel-evoked EFRs at f0 (Gorina-Careta
et al., 2016; Bidelman & Powers, 2018). The reduction in
EFR amplitude of 16–20 nV (about 10%–17%) mainly
occurred after the first vowel repetition (i.e. EFR ampli-
tude was similar between the second, third and fourth
repetitions). Although the rapid reduction in EFR ampli-
tude during the initial repetitions is consistent with previ-
ous studies (Gorina-Careta et al., 2016; Bidelman &
Powers, 2018), the number of repetitions over which the
rapid reduction occurred differ across studies. Single-trial
data from Bidelman and Powers (2018) demonstrate a
steep reduction of �1 μV (1000 nV; about 30% drop) in
the first 200 of 2000 trials—an estimate much larger than
the present study as well as Gorina-Careta et al (2016),
who reported an average reduction of 35 nV (about 18%
drop) over the first 300 trials when EFR amplitude was
estimated from non-overlapping 100-trial averages (i.e. 1–
100, 101–200 etc.). As acknowledged by Bidelman and
Powers (2018), the influence of change in residual noise
over time on the large adaptation-related attenuation
cannot be ruled out in their study. Although the degree
of adaptation is more comparable between the present
study and Gorina-Careta et al. (2016), the time, or the
number of repetitions by which stable amplitude is
achieved, is difficult to compare due to the different types
of averaging. While the vertical averaging in the present
study provides better stimulus-order resolution in the
time course of adaptation, it does not evaluate past four
repetitions. By contrast, data by Gorina-Careta et al.
(2016) allowed for monitoring the time course over a lon-
ger period albeit with lower stimulus-order resolution.
Based on data from Gorina-Careta et al. (2016), it is possi-
ble that further changes in amplitude will be evident past
four repetitions.

The present study data suggest that interleaving
vowel stimuli with context phonemes presents a trade-off
between attenuation due to temporal masking and reduc-
tion or avoidance of adaptation. While the presence of
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context phonemes caused �21–23 nV of attenuation in
EFR amplitude on average, it avoided �16–20 nV of
adaptation-related attenuation. Given the similarity in
magnitude between the two effects and the additional
benefit of resembling temporal characteristics of running
speech with the use of CV syllables, we infer that inter-
leaving EFR stimuli with other phonemes is favourable,
especially for aided (i.e. with hearing aid) applications in
individuals with hearing loss. The favourable situation
exists even for one phoneme interleaving the EFR-
eliciting vowel stimuli in a predictable manner.

The present study did not incorporate interstimulus
intervals between repeated stimuli in an attempt to simu-
late stimulus designs in previous studies that have impli-
cations for aided applications (e.g. Easwar, Purcell, et al.,
2015b). Given the similarity in the degree of adaptation
between the present study and the study by Gorina-
Careta et al. (2016), who used interstimulus intervals of
about 196 ms, we speculate that the lack of interstimulus
interval was not a confound in our measurements.

Introducing a context phoneme between two repeti-
tions of the EFR-eliciting /i/ necessarily increased the
duration between two consecutive repetitions of /i/. There-
fore, the effective inter-repetition duration increased
between the no-context condition, the single-context con-
dition and the conditions that included multiple contexts
presented in a predictable or randomised order. It is possi-
ble that the change in the inter-repetition duration contrib-
uted to our inference that the use of a context phoneme
reduces adaptation in EFRs. However, our data in Figure 3
suggest that the inter-repetition duration was not the main
or sole factor influencing adaptation in EFRs; the degree
of adaptation was no greater in conditions with a single-
context compared with that in multiple- or random-
context conditions with five times the inter-repetition
duration as in the single-context condition. We thus infer
that the reduction in adaptation is predominantly due to
the presence of at least one context phoneme.

3 | SUMMARY AND
CONCLUSIONS

The present study findings suggest that EFRs elicited by
low-frequency first vowel formants are neither suscepti-
ble to repeated stimulation and subsequent adaptation
nor are they susceptible to the nature of preceding stim-
uli or context phonemes. In comparison, EFRs elicited by
the second and higher vowel formants are not only sus-
ceptible to attenuation from repeated stimulus presenta-
tion but also sensitive to the immediately preceding
phoneme. Although the immediately preceding phoneme
attenuates EFRs elicited by the higher-frequency for-
mants, the presence of even one such phoneme between

repetitions of /i/ reduces the degree of adaptation. Using
a single phoneme between EFR-eliciting vowels provided
no lesser benefit than using multiple phonemes in a pre-
dictable or pseudorandom sequence. Given such a trade-
off in the influence of context phonemes, we conclude
that the benefit of interleaving EFR-eliciting vowels with
other phonemes likely depends on whether the use of CV
syllables to simulate running speech is desired for the
intended application of EFRs.
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