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Abstract 24 

Understanding speech in background noise is difficult for many listeners with and 25 

without hearing impairment (HI).  This study investigated the effects of HI on speech 26 

discrimination and recognition measures as well as speech-evoked cortical N1-P2 and MMN 27 

auditory event-related potentials (AERPs) in background noise.  We aimed to determine which 28 

AERP components can predict the effects of HI on speech perception in noise across adult 29 

listeners with and without HI.  The data were collected from 18 participants with hearing 30 

thresholds ranging from within normal limits to bilateral moderate-to-severe sensorineural 31 

hearing loss.  Linear mixed effects models were employed to examine how hearing impairment, 32 

age, stimulus type, and SNR listening condition affected neural and behavioral responses and 33 

what AERP components were correlated with effects of HI on speech-in-noise perception across 34 

participants. Significant effects of age were found on the N1-P2 but not on MMN, and 35 

significant effects of HI were observed on the MMN and behavioral measures. The results 36 

suggest that neural responses reflecting later cognitive processing of stimulus discrimination may 37 

be more susceptible to the effects of HI on the processing of speech in noise than earlier 38 

components that signal the sensory encoding of acoustic stimulus features.  Objective AERP 39 

responses were also potential neural predictors of speech perception in noise across participants 40 

with and without HI, which has implications for the use of AERPs as a potential clinical tool for 41 

assessing speech perception in noise.   42 

Keywords: hearing impairment; speech perception; electrophysiology; event-related potentials 43 

Abbreviations: auditory event-related potentials (AERPs), consonant-vowel (CV), two-44 

frequency pure-tone average (PTA2), linear mixed-effects (LME), inter-trial phase coherence 45 

(ITPC), mismatch negativity (MMN) 46 
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1. Introduction 47 

Listeners with hearing impairment (HI) are known to show a wide range of performance 48 

on speech-in-noise tasks.  Differences in factors such as HI severity and etiology, 49 

spectrotemporal resolution, or age-related changes in working memory and cognitive processes 50 

may contribute to this variability in performance (Besser, Festen, Goverts, Kramer & Pichora-51 

Fuller, 2015; Buss, Hall, & Grose, 2004; Dubno, Dirks, & Morgan, 1984; Jin & Nelson, 2010; 52 

Lorenzi, Gilbert, Carn, Garnier, & Moore, 2006; Ruggles, Bharadwaj, & Shinn-Cunningham, 53 

2012). One approach to understanding the impact of age-related hearing loss is to obtain non-54 

invasive electrophysiological measures to determine how the timing and magnitude of the 55 

objective neural responses to speech along the auditory pathway may account for some of the 56 

behavioral variability across individuals in noise.  Previous studies have well established that the 57 

presence of background noise can impact auditory event-related potentials (AERPs) to speech as 58 

well as non-speech stimuli (Bidelman, Villafuerte, Moreno, & Alain, 2014; Billings, Tremblay, 59 

Stecker, & Tolin, 2009; Koerner & Zhang, 2015; Kozou et al., 2005; Maamor & Billings, 2017; 60 

Muller-Gass, Marcoux, Logan, & Campbell, 2001; Whiting, Martin, & Stapells, 1998).  61 

Furthermore, noise-induced changes in AERPs have been shown to be correlated with changes in 62 

the ability to perceive speech in background noise (Anderson, Parbery-Clark, White-Schwoch, & 63 

Kraus, 2013; Anderson, Parbery-Clark, Yi, & Kraus, 2011; Bennett, Billings, Molis, & Leek, 64 

2012; Billings, Mcmillan, Penman, & Gille, 2013; Koerner, Zhang, Nelson, Wang, & Zou, 2016; 65 

Song, Skoe, Banai, & Kraus, 2011). However, most neurophysiological data were from adults 66 

with normal hearing or with careful control of subject variables such as age and hearing 67 

sensitivity. As very few have systematically examined listeners with various degrees of hearing 68 
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loss, it remains unclear whether cortical electrophysiological measures can be a reliable predictor 69 

of speech perception performance in noise across individuals with HI.   70 

The present ERP study aimed to examine the roles of age and hearing impairment in the 71 

neural coding of speech sounds in terms of brain-behavior correlates to better understand the 72 

neural mechanisms underlying the highly variable performance of speech-in-noise perception in 73 

this clinical population. In previous neurophysiological work (Martin, Sigal, Kurtzberg, & 74 

Stapells, 1997; Martin & Stapells, 2005; Martin, Kurtzberg, & Stapells, 1999), noise-masking 75 

conditions were administered to normal hearing (NH) listeners in order to have a better control 76 

of subject characteristics. Behaviorally, reduced audibility from noise masking led to poorer 77 

discrimination and longer reaction times for detecting a /ba/-/da/ contrast, and the effects of 78 

reduced audibility were largest when noise masking encompassed the 1-2 kHz frequency range, 79 

which contains formant transition cues that are important for accurate discrimination of the /ba/-80 

/da/ stimuli.  These studies also documented latency increases and amplitude decreases in the N1, 81 

MMN, N2, and P3 AERPs in response to a /ba/-/da/ stimulus contrast after simulating reduced 82 

audibility caused by different degrees and configurations of hearing loss.  These findings are 83 

similar to those from previous work that examined the effects of noise masking on AERPs 84 

(Bennett et al., 2012, Billings et al., 2009, Billings et al., 2013; Koerner et al., 2016; 2017; 85 

Kozou et al., 2005; Anderson et al., 2013).  However, results showed that there was an important 86 

differential effect of noise on these AERP responses, such that the N1 response was present as 87 

long as stimuli were audible, while later AERP components such as the MMN and P3 responses 88 

were present only if stimuli were discriminable (Martin et al., 1997; Martin & Stapells, 2005; 89 

Martin et al., 1999). Thus, while each AERP component appeared to be sensitive to the effects of 90 
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reduced audibility on speech perception, the later cortical responses tended to be more 91 

susceptible to the effects of noise masking. 92 

Several studies have revealed HI-related deficits in the cortical encoding of speech 93 

stimuli in quiet using various AERP components (Oates et al., 2002; Polen, 1984; Wall et al., 94 

1991).  For example, in an attempt to examine the effects of different degrees of HI on AERPs 95 

and behavioral measures of speech discrimination, Oates, Kurtzberg, and Stapells (2002) found 96 

that the presence of HI tended to cause latency increase and amplitude decreases in N1, MMN, 97 

N2, and P3 responses to speech stimuli in quiet, which became more pronounced with greater 98 

decreases in hearing sensitivity.  These results suggest that reduced audibility from HI tends to 99 

manifest as increases in AERP latencies and decreases in AERP amplitudes in quiet.  However, 100 

more recent studies have also shown that the combination of increased age and hearing 101 

thresholds may actually enhance N1 and P2 responses in quiet or in high SNR listening 102 

conditions to both speech and non-speech stimuli (Alain, Roye, & Solloum, 2014; Bidelman et 103 

al., 2014; Harkrider, Plyler, & Hedrick, 2006; Tremblay, Piskosz, & Souza, 2003).  For instance, 104 

while assessing the effects of age-related HI on the P1, N1, and P2 responses to a voice-onset-105 

time /ba/-/pa/ continuum in quiet, Tremblay, Piskosz, and Souza (2003) showed that older 106 

participants with HI had significantly larger N1 amplitudes in response to more voiceless 107 

stimulus representations compared to both younger and older participants with HI, which the 108 

authors attributed to deficits in central inhibition.  Differences in results across these studies may 109 

be attributed to dissimilarities in experimental methodology, including speech stimuli, 110 

presentation levels, and SNRs, as well as variability in participant groups.  A large barrier to 111 

examining individuals with HI is the inherent lack of homogeneity across participants, which 112 

may cause difficulty in the interpretation of results.  For example, even if participants are 113 
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grouped based on audiometric hearing thresholds, there may be differences in the etiology and 114 

length of hearing impairment as well as suprathreshold auditory processing or cognitive abilities, 115 

which could greatly impact the neural coding and perception of speech.  Furthermore, it is 116 

difficult to control for other confounds such as the effects of aging on auditory processing as well 117 

as unknown effects due to other co-occurring health conditions.   118 

Despite differences in results across these previous studies, results suggest that reduced 119 

audibility from noise-masking or HI has a differential effect on the neural coding of speech along 120 

the auditory pathway.  Similar to results from earlier noise-masking studies using NH 121 

participants (Martin et al., 1997; Martin & Stapells, 2005; Martin et al., 1999), Oates et al. 122 

(2002) revealed that the effects of HI on AERPs in quiet appeared to be larger for later AERP 123 

components, such as the P3 response, compared to the earlier N1 and MMN responses (Oates, 124 

Kurtzberg, & Stapells, 2002).  Bidelman et al. (2014) also revealed a potential differential effect 125 

of age-related HI on subcortical and cortical neural responses to a /u/-/a/ vowel continuum in 126 

quiet in which stimuli differed by the first fundamental frequency.  Results showed that the 127 

subcortical frequency following response (FFR) was weaker in older participants with HI 128 

compared to younger NH participants while the cortical N1 and P2 responses were stronger in 129 

older participants with HI compared to younger NH participants. This work provides evidence 130 

that the presence of HI may be impacting certain stages of auditory processing differently than 131 

others.   132 

Much less is known about how HI affects the cortical encoding of speech in background 133 

noise.  Billings et al. (2015) represents some of the first work to examine cortical AERPs in 134 

response to speech stimuli in noise in participants with HI.  Although there was a significant 135 

effect of HI on behavioral measures of speech perception, their results showed that HI did not 136 
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significantly alter cortical speech-evoked P1-N1-P2 responses in noise when a group of older HI 137 

participants were compared to a group of older NH participants.  In order to further examine the 138 

effects of HI on different levels of cortical processing in response to speech in noise, the current 139 

study examined N1-P2 and MMN responses in adult listeners with and without HI.  Cortical 140 

event-related potential components can be divided into exogenous, sensory potentials, and 141 

endogenous, cognitive potentials (Picton, 2000).  The N1-P2 complex is an obligatory response 142 

that is thought to reflect the sensory encoding of audible, acoustic information at the auditory 143 

cortex.  On the other hand, the mismatch negativity (MMN) reflects pre-attentive perceptual and 144 

cognitive processing mechanisms responsible for sensory discrimination.  This difference is 145 

evident in results from Martin and colleagues (Martin et al., 1997; Martin & Stapells, 2005; 146 

Martin et al., 1999), who showed that the N1 response was present as long as speech stimuli 147 

were audible, regardless of whether stimuli were discriminable, while the MMN response 148 

became absent as soon as participants were no longer able to discriminate speech stimuli.  149 

Similarly, research examining categorical perception using voice-onset time (VOT) contrasts has 150 

shown that while the N1 response is influenced by acoustic characteristics of the stimulus, it does 151 

not represent a neural correlate of VOT perception (Sharma, Marsh, & Dorman, 2000).  In 152 

contrast, the strength of the MMN response better reflected VOT discrimination, such that MMN 153 

responses to distinct across-category stimuli were larger and more robust than MMN responses 154 

to within-category stimulus pairs (Sharma & Dorman, 1999).  Together, the N1-P2 and MMN 155 

AERP components can provide information about the effects of various factors, such as the 156 

presence of HI or background noise, on different levels of cortical processing underlying 157 

auditory and speech perception.  To our knowledge, no previous studies have directly compared 158 

the systematic effects of HI on these cortical responses to speech in noise.  159 
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When paired with behavioral speech perception tests, AERPs can be used to examine 160 

neural correlates of behavior and to better understand mechanisms underlying impaired 161 

performance in background noise. Billings et al. (2015) showed that passive N1 and P2 162 

responses could predict the effects of HI on sentence-level perception in background noise.  Less 163 

is known about whether the passive MMN response is a neural correlate of hearing-related 164 

changes in speech perception in noise.  Since the MMN is recorded in the absence of attention or 165 

any overt behavioral response, it is considered a feasible clinical tool for assessing or predicting 166 

the effects of different factors, such as the presence of hearing loss of background noise, on 167 

behavior in a number of populations, including children or adults who are not able to make 168 

consistent or reliable behavioral responses.  However, it is well known that the MMN has high 169 

inter- and intra-subject variability (Kurtzberg et al., 1995; Lang et al., 1995; Martin et al., 1999, 170 

2008; Näätänen 2007; 1995; Stapells, 2002), which greatly limits its use in assessing 171 

performance at the individual level.  Recent findings suggest that a measure of cross-trial cortical 172 

oscillatory activity associated with the MMN response may represent a more robust measure of 173 

neural processing than MMN latency or amplitude (Koerner et al., 2016).  Traditional AERP 174 

waveform averaging focuses on capturing synchronous neural activity that is time- and phase-175 

locked to an auditory stimulus but does not allow for an examination of ongoing EEG oscillatory 176 

activity underlying AERP components, as any “random” trial-by-trial activity is canceled out 177 

during the averaging process.  It is possible that trial-by-trial latency jitter induced by factors 178 

such as HI or background noise is linked to reduced AERP amplitudes and delayed AERP 179 

latencies in the averaging process.  Therefore, not only are averaged AERP components distorted 180 

by this trial-by-trial variation, but they are also unable to reflect useful information from this 181 

underlying oscillatory activity.  The present study was designed to determine whether the MMN 182 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
Running Head: HI and the Neural Coding of Speech in Noise 

 9

and its associated event-related cortical oscillations can predict the effects of HI on speech-in-183 

noise perception.  184 

The current work extended a double oddball paradigm used in our previous studies on 185 

NH listeners (Koerner et al., 2016; Koerner et al., 2017) to examine the effects of HI on AERPs 186 

and event-related cortical oscillations in response to two speech contrasts in background noise.  187 

Behavioral tests of phoneme discrimination and sentence recognition were included to examine 188 

potential brain-behavior relationships.  It was expected that participants with poorer hearing 189 

thresholds would have lower performance on behavioral tasks, prolonged AERP latencies, as 190 

well as reduced AERP amplitudes and cortical oscillatory activity.  However, it was expected 191 

that HI would have a differential effect on N1-P2 and MMN responses, such that sensory 192 

processing of acoustic speech cues would be less impacted by HI compared to later mechanisms 193 

that reflect auditory change discrimination.  This study also aimed to examine the effects of 194 

several other factors on the neural coding and perception of speech in noise, including 195 

differences in signal-to-noise ratio, stimuli, and age.  Because background noise influences 196 

audibility, it was predicted that a change in SNR would also have a significant impact on neural 197 

and behavioral responses to speech.  It was also predicted that, consistent with previous work, 198 

neural and behavioral responses to the consonant change would be weaker than that to the vowel 199 

change.  In addition, it was predicted that there would be no effects of age on behavioral or 200 

neural responses in our group of adult participants.  Finally, it was expected that objective N1-P2 201 

and MMN responses as well as their associated event-related cortical oscillations would be 202 

significantly predictive of phoneme- and sentence-level behavioral performance across listening 203 

conditions and participants with various degrees of hearing sensitivity. 204 

2.  Materials and Methods  205 
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2.1 Participants 206 

The participants in this study were 18 right-handed, native speakers of American English 207 

(7 males, 11 females) between 40 and 71 years old (M = 62.11, SD = 8.27) with hearing 208 

sensitivity ranging from within-normal-limits to moderate-to-severe sensorineural hearing loss 209 

(Figure 1, Table 1, Supplementary Figure 6), as determined by a standard audiological 210 

assessment for pure tones from 0.25 – 8 kHz.  Participants were excluded from the study if 211 

audiometric evaluation revealed any conductive hearing loss, as defined as an air-bone gap 212 

greater than or equal to 15 dB, or any asymmetries that were greater than 20 dB at two or more 213 

frequencies. Participants had no history of speech, language, or cognitive difficulty.  The Human 214 

Research Protection Program at the University of Minnesota approved the research protocol and 215 

al participant provided informed consent prior to beginning the study.   216 

In order to assess the effects of HI on the neural coding and perception of speech in noise, 217 

a two-frequency pure-tone average (PTA2) was calculated for each participant based on the 218 

average of hearing thresholds at 1 and 2 kHz in the better ear.  Similar measures have been used 219 

in previous studies that examined the effects of reduced audibility or HI on neural responses to 220 

CV speech syllables (Oates et al., 2002); however, instead of using this measure to group 221 

participants into categories that quantify the degree of hearing loss (i.e. “mild” or “severe”), the 222 

current study used PTA2 as a continuous variable.  This method quantifies variability across 223 

participants that would normally be grouped together based on degree of hearing loss, which 224 

may allow for a better examination of how variability in hearing thresholds across participants 225 

impacts the neural coding of speech. 226 

----------------------------------------------------------- 227 

Figure 1 228 
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----------------------------------------------------------- 229 

----------------------------------------------------------- 230 

Table 1 231 

----------------------------------------------------------- 232 

2.2 Stimuli 233 

 A passive double-oddball paradigm was developed using the consonant-vowel (CV) 234 

syllables, /ba/, /da/, and /bu/, to elicit AERP responses.  Detailed methodology regarding the 235 

creation of these stimuli has been described previously (Koerner et al., 2016).  Each syllable had 236 

a duration of 170 ms and had a steady-state fundamental frequency of 100 Hz and a steady F4 at 237 

3300 Hz.  Formant transitions were generated in the first 50 ms of each syllable by the HLsyn 238 

software (Sensimetrics Corp., USA).  The CV syllable /ba/ had onset frequencies at 328 Hz, 239 

1071 Hz, and 2298 Hz for F1, F2, and F3.  For /da/, the F1, F2, and F3 onset frequencies were 240 

362 Hz, 1832 Hz, and 2540 Hz. For the CV syllable /bu/, the formant onset frequencies were for 241 

F1, F2, and F3 were 230 Hz, 900 Hz, and 2480 Hz. The vowel portions (50-170 ms) of the /ba/ 242 

and /da/ syllables had steady-state center F1, F2, and F3 frequencies of 674 Hz, 1140 Hz, and 243 

2350 Hz while the vowel portion of /bu/ had the steady-state center F1, F2, and F3 frequencies of 244 

320 Hz, 860 Hz, and 2620 Hz. 245 

The double oddball paradigm was used to compare responses to a consonant change with 246 

weaker and transient acoustic cues to that of a more salient and stable vowel change.  This 247 

paradigm allows for a within-participant control condition, as responses to the two deviant 248 

stimuli that were recorded within the same testing session can be compared. These CV syllables 249 

were also used in an active listening condition to obtain phoneme-change detection sensitivity 250 
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and reaction time.  Participants were also presented with IEEE sentences (IEEE, 1969) to obtain 251 

sentence-level recognition scores.  252 

Speech and noise stimuli for the EEG test sessions were presented using EEvoke 253 

software (ANT Inc., Netherlands) and Goldwave (Goldwave, Inc., 2015) while all behavioral test 254 

materials were presented using MATLAB.   All CV and sentence-level speech stimuli were 255 

presented in speech-shaped background noise that was created using the long-term speech 256 

spectrum of the CV syllables and the IEEE sentence corpus, respectively.  The root mean square 257 

(rms) value for each speech and noise stimulus was normalized so that speech stimuli for all 258 

AERP and behavioral measures were always presented at 70 dB SPL in two listening conditions: 259 

speech-shaped background noise at a 0 dB signal-to-noise ratio (SNR) and at a -3 dB SNR.  260 

These SNRs were chosen to systematically reduce audibility across a group of NH and HI 261 

participants.  Articulation Index represents an estimation of audibility, which can be impacted by 262 

reduced hearing thresholds as well as by varying signal and noise levels.  A measure of AI was 263 

used to ensure that at a presentation level of 70 dB SPL, only 20-40% (AI values of 0.2 to 0.4) of 264 

the speech signal would be audible for participants with hearing thresholds ranging from within 265 

normal limits to mild sloping to severe sensorineural hearing losses.  An AI of around 0.3 has 266 

previously been shown to be a point at which listeners show wide variability in their abilities to 267 

perceive speech in noise (Nelson et al., 2012).  Therefore, AI values of 0.2-0.4 were chosen to 268 

ensure that participants had a range of performance on behavioral speech recognition tasks 269 

without reaching ceiling or floor performance.  All stimuli were presented via two sound field 270 

speakers (M-audio BX8a) located at 45 degrees to the left and right of the participant at a 271 

distance of approximately 1 meter.  272 

2.3 Procedure 273 
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Testing was completed in an electrically and acoustically treated booth (ETS-Lindgren 274 

Acoustic Systems) in Zhang Lab at the University of Minnesota.  The reported N1-P2 and MMN 275 

AERP data are from a passive EEG recording session and behavioral responses are from an 276 

active phoneme-change detection task.  Details regarding stimulus presentation have been 277 

reported previously (Koerner et al., 2016).  Stimulus presentation order was pseudo-randomized 278 

in a double-oddball paradigm so that no blocks began with a deviant stimulus and so that two 279 

deviants were never presented in succession.  The double-oddball paradigm contained two 280 

speech contrasts: a vowel change (from /ba/ to /bu/) and a consonant change (from /ba/ to /da/).  281 

The standard /ba/ stimulus had a probability of occurrence of 0.75 and a total of 832 trials while 282 

the two deviant stimuli, /bu/ and /da/, each had a probability of occurrence of 0.125 and a total of 283 

104 trials for each stimulus.  The SNR listening conditions were counter-balanced across 284 

participants to avoid potential order effects.  Each condition consisted of 10 blocks with a 5 285 

second inter-block interval.  The interstimulus interval (ISI) was randomized from trial to trial 286 

within the range of 600-700 ms.  Both deviant stimuli were presented alone as standard stimuli in 287 

4 separate alternating blocks of 30 repetitions each, for a total of 120 repetitions of each 288 

stimulus.  These “standard” presentations of /bu/ and /da/ elicited the N1-P2 responses and were 289 

subtracted from the deviant stimuli in the double-oddball paradigm to obtain MMN responses.  290 

This resulted in an “identity MMN” for each deviant stimulus, which avoids acoustic confounds 291 

between the standard and deviant stimuli in interpreting the MMN data (Kraus et al., 1995; 1995; 292 

Zhang et al., 2005; Pulvermuller and Shtyrov, 2006).  During the passive recording session, 293 

participants were instructed to relax, minimize excessive movements or eye blinks and stay 294 

awake while ignoring the auditory stimuli played through the speakers by focusing on a muted 295 

movie of their choice with subtitles.   296 
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 Behavioral responses for syllable detection were recorded in a separate discrimination 297 

task using the same stimuli and presentation levels as in the double-oddball paradigm described 298 

above.  The participants were asked to focus their attention on detecting phoneme-changes and to 299 

make button-press responses using a desktop keyboard whenever they heard a consonant or 300 

vowel change.  Sentence recognition scores were also recorded in response to randomized lists of 301 

IEEE sentences.  Participants were instructed to type word by word, as best as they could, the 302 

sentences that they heard.   303 

2.4 Data Analysis 304 

2.4.1 AERP Measures 305 

Continuous EEG data were recorded using the Advanced Neuro Technology EEG 306 

System (Advanced Source Analysis version 4.7) and a 64-channel Ag AgCl electrode 307 

WaveGuard cap with a REFA-72 amplifier (TMS International BV) (bandwidth = 0.016-200 Hz, 308 

sampling rate = 512 Hz). The average impedance of electrodes was below 5 kOhms.  ERP 309 

waveform analysis was completed offline in BESA (Version 6.0, MEGIS Software GmbH, 310 

Germany).  The offline EEG data were bandpassed at 0.5-40 Hz.  The ERP epoch length 311 

consisted of a 100 ms prestimulus baseline and a 700 ms poststimulus interval.  Automatic 312 

artifact rejection criteria were set at ± 50 µV.   The N1, P2, and MMN responses were analyzed 313 

with a common average reference at the Cz electrode.  Grand average waveforms in each noise 314 

condition were used to define analysis windows for measuring N1, P2, and MMN peak latency, 315 

which were confirmed by visual inspection of individual AERP waveforms.  N1 and P2 peak 316 

latency, relative to the pre-stimulus interval, was measured within a time window of 80-180 ms 317 

and 180-300 ms for the 0 dB SNR condition, respectively, and 100-200 ms and 200-350 ms for 318 

the -3 dB SNR condition.  Similarly, MMN latency was assessed within the time window of 100 319 
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-300 ms for the 0 dB SNR condition and 150-350 ms for the -3 dB SNR condition. Mean 320 

amplitude for the N1 and P2 responses were calculated using an averaging window of 10 ms 321 

centered at the peak, while MMN mean amplitude quantification used an averaging window of 322 

20 ms centered at peak.   323 

Trial-by-trial phase locking associated with the N1-P2 responses was calculated in delta 324 

(0.5-4 Hz), theta (4-8 Hz), and alpha (8-12 Hz) frequency bands using the inter-trial phase 325 

coherence (ITPC) measure from the EEGLAB software (Delorme & Makeig, 2004).  Previous 326 

studies have shown that the trial-by-trial synchronization of neural activity in delta, theta, and 327 

alpha frequency bands reflects auditory processing and the generation of the N1-P2 response 328 

(Edwards et al., 2009; Koerner & Zhang, 2015).  Inter-trial phase coherence estimates EEG trial-329 

by-trial mean normalized phase as a function of time and frequency.  These values range from 0, 330 

which indicates no synchronization across trials, to 1 which indicates perfect synchronization 331 

across trials.   Inter-trial phase coherence data was averaged across each frequency band at 332 

electrode Cz and averaged peak ITPC values in time windows corresponding to the N1 and P2 333 

components were extracted for each frequency band, listening condition, and participant.  334 

Induced power, known also as induced event-related spectral perturbation (ERSP), was also 335 

calculated in delta, theta, and alpha frequency bands at time points corresponding to the N1 and 336 

P2 responses at electrode Cz.  The ITPC measure described above represents evoked oscillatory 337 

activity, which is phase-locked to the stimulus (Bidelman, 2015; Shahin, Picton, & Miller, 2009).  338 

In contrast, induced oscillatory activity is not phase-locked to the stimulus.  Trial-by-trial 339 

induced power was calculated in the current study by subtracting the evoked response from the 340 

EEG response on each trial.  In other words, this measure allows for an estimation of oscillatory 341 

power that cannot be explained by the power of the averaged event-related potential response 342 
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(David, Kilner, & Friston, 2006).  In order to estimate spectral characteristics of the MMN 343 

response, logarithmic spectral power in the theta band was extracted using the subtracted MMN 344 

waveform at electrode Cz over the entire analysis epoch, including the pre-stimulus baseline 345 

from -100 to 700 ms, using the EEGLAB software (Delorme & Makeig, 2004).  It has been 346 

shown that modulation of theta power is linked with cognitive memory processes and likely 347 

contributes to the generation of the MMN response during auditory processing (Fuentemilla, 348 

Marco-Pallarés, Münte, & Grau, 2008; Hsiao, Wu, Ho, & Lin, 2009; Ko et al., 2012; Koerner et 349 

al., 2016). Each spectral calculation used a modified short-term Fourier Transform (STFT) with 350 

Hanning window tapering that was implemented in EEGLAB (Koerner & Zhang, 2015), which 351 

is recommended for the analysis of low frequency activities. The modified STFT method used 352 

overlapping sliding windows that are adapted to the target frequency bins to overcome 353 

limitations due to the use of fixed windows in conventional analysis.  Zero-padding was applied 354 

to short epochs with insufficient sample points for Fourier transform.  The frequency range for 355 

calculating ITPC and spectral power was 0.5 to 40 Hz with a step interval of 0.5 Hz.   356 

All statistical analyses were completed in R (R Core Team, 2014).  Linear mixed-effects 357 

(LME) models were created, with α = 0.05, to examine the statistical significance of each fixed 358 

effect, including stimulus type (/da/ or /bu/), SNR condition (0 or -3 dB SNR), age, and HI 359 

(PTA2), on each AERP measure using a “by-subject” intercept as a random effect. 360 

2.4.2 Behavioral Measures 361 

 In the phoneme discrimination test, sensitivity (d') and reaction time for the detection of 362 

consonant and vowel changes in the double-oddball paradigm were obtained from the button-363 

press responses recorded during each noise condition.  Linear mixed-effects regression models 364 

were used to determine statistical significance of each fixed effect, including stimulus type (/da/ 365 
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or /bu/), SNR condition (0 or -3 dB SNR), age, and HI (PTA2), on behavioral discrimination 366 

accuracy and reaction time across all participants using a “by-subject” random intercept.   367 

Participants completed two lists of IEEE sentences (IEEE, 1969) spoken by a female and 368 

two lists spoken by a male for each listening condition.  Each list consists of 10 low context 369 

sentences with 5 key words in each sentence.  Therefore, each participant was presented with 4 370 

sentence lists for 200 key words total per SNR listening condition.  Word-by-word responses 371 

were automatically scored by MATLAB and all incorrect responses were checked by a 372 

researcher to ensure that spelling mistakes did not result in an incorrect response.  An additional 373 

LME model was carried out to examine the significance of SNR listening condition (0 or -3 dB 374 

SNR), age, and HI (PTA2) on sentence recognition across participants. 375 

2.4.3 Brain-Behavior Relationships 376 

 Linear mixed-effects (LME) models were developed in R (R Core Team, 2014) and the 377 

nlme package (Pinheiro, Bates, DebRoy, Sarkar, & R Core Team, 2016) to determine whether 378 

objective AERPs and measures of event-related cortical activity were predictive of behavioral 379 

speech perception at the syllable- and sentence-levels (Koerner & Zhang, 2017).  Data 380 

transformations included an arcsine transform on percent correct behavioral sentence recognition 381 

data as well as re-scaling AERP latency and behavioral reaction time values to make their scales 382 

comparable to other variables.  Participants were treated as a random effect using a “by-subject” 383 

random intercept in each LME model while speech stimulus (/bu/ or /da/), SNR condition (0 or -384 

3 dB SNR), age, and PTA2 were included as blocking variables to account for repeated measure 385 

and inherent differences within and across participants.  AERP latency, amplitude, ITPC, 386 

induced ERSP, or spectral power values were added as fixed effects to predict percent correct 387 

phoneme detection, reaction time, and sentence recognition scores across participants.  Separate 388 
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models were developed for neural responses to the consonant and vowel change for prediction of 389 

sentence-level performance.  The significance of each fixed-effect in predicting each behavioral 390 

outcome measure was assessed with a α = 0.05.   391 

3. Results  392 

 Statistical analysis revealed that HI had a significant effect on behavioral speech tasks 393 

(Table 3) as well as the MMN response, but did not significantly impact N1 or P2 AERPs (Table 394 

2).  In contrast, results showed that age had a significant effect on N1 and P2 AERPs but not the 395 

MMN response (Table 2).   Results also showed significant effects of stimulus (/bu/ vs. /da/) and 396 

SNR listening condition (0 vs. -3 dB SNR) across AERP and behavioral responses (Tables 2-3, 397 

Figure 2-5).  Linear mixed-effects regression analysis showed that AERPs represent neural 398 

correlates of phoneme-and sentence-level performance across participants (Tables 4-6). 399 

3.1 Brain measures 400 

 Results from the LME models showed that there was a significant effect of stimulus on 401 

N1 latency (F(1,52) = 21.29, p < 0.001) as well as ITPC associated with the N1 response in delta 402 

(F (1,52) = 7.23, p = 0.010), theta (F (1,52) = 11.51, p = 0.010), and alpha (F (1,52) = 7.64, p = 403 

0.008) frequency bands across listening conditions.  There was also a significant effect of 404 

stimulus on P2 latency (F (1,52) = 4.48, p = 0.039) as well as ITPC associated with the P2 405 

response in the theta (F (1,52) = 8.93, p = 0.004) and alpha (F (1,52) = 7.94, p = 0.007) 406 

frequency bands across listening conditions. N1 and P2 latencies were significantly delayed in 407 

response to the consonant change compared to the vowel change across listening conditions.  In 408 

contrast, trial-by-trial phase locking in frequency bands associated with the N1 and P2 responses 409 

was stronger in response to the consonant change compared to the vowel change.  Post-hoc 410 

analysis revealed that this trend was driven by a significant difference between ITPC values in 411 
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the 0 dB SNR listening condition for delta (t(33) = -2.68, p = 0.011), theta (t(32) = -2.98, p = 412 

0.005), and alpha (t(33) = -2.78, p = 0.009) frequency bands associated with the N1 response and 413 

theta (t(33) = -3.07, p = 0.004) and alpha (t(33) = -2.81, p = 0.008) bands associated with the P2 414 

response. 415 

The LME models also revealed that there was a significant effect of SNR listening 416 

condition on N1 latency (F (1,52) = 8.27, p = 0.006), N1 amplitude (F (1,52) = 7.65, p = 0.008) 417 

as well as ITPC associated with the N1 response in the delta (F (1,52) = 10.82, p = 0.002), theta 418 

(F (1,52) = 12.20, p = 0.001), and alpha (F (1,52) = 7.80, p = 0.007) frequency bands across 419 

stimuli.  The N1 amplitude as well as ITPC across frequency bands was smaller in the 0 dB SNR 420 

condition compared to the more difficult -3 dB SNR condition.  There was also a significant 421 

effect of SNR condition on P2 latency (F (1,52) = 25.85, p < 0.001), such that latency was longer 422 

in response to speech stimuli in the -3 dB SNR condition compared with the 0 dB SNR 423 

condition. 424 

Finally, the LME models showed that there was a significant effect of age on ITPC in the 425 

delta band associated with the N1 response (F (1,15) = 7.43, p = 0.016) as well as an effect of 426 

age on P2 latency (F (1,15) = 6.94, p = 0.019) and ITPC in the theta band associated with the P2 427 

response (F (1,15) = 5.43, p = 0.034) across stimuli and listening conditions.  Younger 428 

participants tended to have shorter P2 latencies and higher ITPC in the N1 delta band and P2 429 

theta band compared to older participants. 430 

The linear-mixed effects regression models revealed that there was a significant effect 431 

stimulus (F (1,52) = 9.93, p = 0.003) and listening condition (F (1,52) = 10.43, p = 0.002) on 432 

MMN latency.  In particular, MMN latency was longer in response to the consonant change 433 

compared to the vowel change across conditions and was also longer in the -3 dB SNR condition 434 
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compared to the 0 dB SNR condition across stimuli.  The LME models also revealed a 435 

significant effect of hearing loss, as measured by PTA2, on MMN amplitude (F (1,15) = 4.68, p 436 

= 0.047) and power in the theta band (F (1,15) = 5.97, p = 0.027).  Results showed that MMN 437 

amplitude and theta power were significantly weaker with poorer PTA2 values across listening 438 

conditions and stimuli.   439 

----------------------------------------------------------- 440 

Table 2 441 

----------------------------------------------------------- 442 

----------------------------------------------------------- 443 

Figure 2 444 

----------------------------------------------------------- 445 

----------------------------------------------------------- 446 

Figure 3 447 

----------------------------------------------------------- 448 

----------------------------------------------------------- 449 

Figure 4 450 

----------------------------------------------------------- 451 

3.2 Behavioral Measures  452 

 Results from the LME models showed that there was a significant effect of stimulus (/bu/ 453 

vs. /da/) on phoneme change-detection sensitivity (F (1,52) = 1339.95, p < 0.001) and reaction 454 

time (F (1,52) = 12.12, p = 0.001), such that the ability to accurately detect the consonant change 455 

was drastically poorer than the ability to detect the vowel change across listening conditions.  456 

Linear mixed-effects regression analysis also revealed a significant effect of SNR listening 457 
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condition on percent correct sentence recognition (F (1,15) = 135.68, p < 0.001), such that 458 

performance was poorer in the -3 dB SNR listening condition compared to the 0 dB SNR 459 

listening condition across participants.  There was also a significant effect of hearing impairment 460 

on phoneme-change detection sensitivity (F (1,52) = 12.00, p = 0.003), such that those with 461 

better hearing thresholds had higher behavioral performance scores compared to those with 462 

poorer hearing sensitivity.   463 

----------------------------------------------------------- 464 

Table 3 465 

----------------------------------------------------------- 466 

----------------------------------------------------------- 467 

Figure 5 468 

----------------------------------------------------------- 469 

3.3 Brain-Behavior Relationships  470 

 The linear mixed-effects regression models revealed that ITPC in the delta frequency 471 

band associated with the P2 (F (1,9) = 5.15, p = 0.049) response to /da/ as well as P2 latency in 472 

response to /da/ (F (1,9) = 6.72, p = 0.029) were significant predictors of sentence-level 473 

perception across listening conditions.  Results showed that decreased delta ITPC or increased 474 

P2 latency resulted in decreased sentence recognition performance.  Additionally, the LME 475 

regression analysis showed that MMN amplitude was a significant predictor of phoneme change-476 

detection sensitivity (F (1,49) = 4.82, p = 0.033) and that theta power was a significant predictor 477 

of phoneme change-detection reaction time (F (1,49) = 14.53, p < 0.001).  Results showed that as 478 

MMN amplitude decreased, behavioral phoneme detection sensitivity tended to decrease and as 479 

spectral power in the theta band decreased, behavioral reaction time for phoneme detection 480 
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increased.  An examination of residual plots revealed that all residuals were normally distributed 481 

without any trend toward heteroscedastic variance for each model. 482 

----------------------------------------------------------- 483 

Table 4 484 

----------------------------------------------------------- 485 

----------------------------------------------------------- 486 

Table 5 487 

----------------------------------------------------------- 488 

----------------------------------------------------------- 489 

Table 6 490 

----------------------------------------------------------- 491 

4. Discussion  492 

 This work primarily aimed to examine the effects of age and HI on the N1-P2 and MMN 493 

responses to a consonant versus a vowel change.  In addition, this study was designed to 494 

determine whether AERPs could predict the effects of HI on phoneme- and sentence-level 495 

speech perception in noise. 496 

4.1 Effects of HI on the Neural Coding and Perception of Speech in Noise 497 

Our results showed that the presence of hearing loss did not have a significant impact on 498 

speech-evoked N1-P2 responses.  This is consistent with results from Billings et al. (2015), 499 

which showed no significant effect of HI on N1-P2 responses to speech across various 500 

presentation levels and SNRs.  However, the current results are not fully consistent with previous 501 

studies that have shown enhanced N1-P2 responses in older participants with HI when 502 

participants were tested in quiet listening conditions or conditions with more low-level noise 503 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
Running Head: HI and the Neural Coding of Speech in Noise 

 23

(Alain et al., 2014; Bidelman et al., 2014; Harkrider et al., 2006; Tremblay et al., 2003).  It has 504 

been suggested that these enhanced neural responses may be a result of greater release from 505 

neural inhibition caused by hearing impairment (Alain et al., 2014; Bidelman et al., 2014; 506 

Billings et al., 2015; Harkrider et al., 2006; Tremblay et al., 2003).  Disagreement between 507 

previous studies and the current results may be due to differences in experimental methodology, 508 

such that under certain quiet listening conditions or noise conditions with better SNRs, greater 509 

release from neural inhibition occurs and enhances N1-P2 responses in those with poorer hearing 510 

sensitivity.  Studies examining the subcortical encoding of speech using the frequency following 511 

response (FFR) have also revealed significant effects of hearing impairment on the neural coding 512 

of speech in quiet listening conditions (Anathakrishnan, Krishnan, & Bartlett, 2016; Bidelman et 513 

al., 2014) and in background noise (Anderson, Parbery-Clark, White-Schwoch, Drehobl, & 514 

Kraus, 2013).  Anderson et al. (2013) examined the effects of hearing loss on the FFR to the 515 

speech stimulus /da/ in background noise presented at a 10 dB SNR and showed that while HI 516 

participants had similar encoding of temporal fine structure information in noise compared to 517 

NH participants, HI participants had stronger responses to temporal envelope cues than NH 518 

participants in noise.  It would be reasonable to expect that HI-related effects on the subcortical 519 

FFR might also appear in the later cortical N1-P2 response.  However, to our knowledge, no 520 

studies have examined the subcortical encoding of speech in noise at more difficult SNRs similar 521 

to those used in the current study.  As mentioned above, these differences in experimental stimuli 522 

and listening conditions may influence the effects of HI on the passive neural coding of speech. 523 

This work adds to our current body of knowledge by revealing how HI impacts the 524 

encoding of speech in noise at different stages of cortical processing.  While HI did not have a 525 

significant effect on N1-P2 AERPs or MMN latency in response to speech in noise, our results 526 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
Running Head: HI and the Neural Coding of Speech in Noise 

 24

showed that it did significantly impact MMN amplitude and theta power as well as CV syllable 527 

discrimination across listening conditions.  These results may suggest that later cortical 528 

mechanisms that are involved in perceptual and cognitive stimulus discrimination processes may 529 

be more sensitive to detrimental effects of HI on the neural coding of speech in noise.  This 530 

pattern of results is consistent with those from earlier studies which showed that reduced 531 

audibility from simulated HI (Martin et al., 1997; Martin & Stapells, 2004; Martin et al., 1999) 532 

and the presence of actual HI (Oates et al., 2002) tended to have a differential effect on AERP 533 

components.  Several possible explanations support our findings regarding the differential effect 534 

of HI on the N1, P2, and MMN AERPs, including the presence of cognitive processing deficits 535 

occurring in addition to reduced audibility from HI.  In addition to neural generators in the 536 

auditory cortex, frontal areas have also been implicated in the neural generation of the MMN and 537 

have been associated with an involuntary orienting response to stimulus change (Bidelman & 538 

Dexter, 2015; Girard, Perrin, Pernier, & Bouchet, 1990; Näätänen, Paavilainen, Rinne, Alho, 539 

2007; Yago, Escera, Alho, & Girard, 2001).  Since the MMN is thought to index this attentional 540 

switch to a change in auditory stimuli, it is possible that our results reflect that this involuntary 541 

attention trigger underlying the MMN is less sensitive in individuals with HI.  In other words, 542 

factors associated with the presence of HI may be impacting more top-down central processing 543 

mechanisms, such as attention, the effects of which would be most evident in the MMN response 544 

compared to earlier AERP components.  Another possible explanation for the differential effect 545 

of HI on AERPs seen in the current study involves potential differences in temporal integration 546 

and the formation of sensory percepts across participants with varying degrees of hearing 547 

sensitivity.  The MMN reflects the violation of a predictable sensory memory trace of repeating, 548 

“standard” stimuli by an occasional “deviant” stimulus and is therefore dependent on the 549 
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accurate formation of memory traces of preceding “standard” stimuli (Winkler & Näätänen, 550 

1992; Näätänen, 1995; Yabe et al., 1995).  Studies have previously shown that the MMN is 551 

sensitive to deficits related to the formation of a memory trace and abnormal temporal 552 

integration in clinical populations (Grau, Polo, Yago, Gual, & Escera, 2001; Kujala et al., 2000; 553 

Ahveninen et al., 1999).  It is possible that differences in the MMN across participants with 554 

greater degrees of hearing loss are related to the faster decay or improper formation of a sensory 555 

memory trace.  Even in the absence of HI, AERPs have been shown to be sensitive to mild 556 

cognitive impairment (Baldeweg, Klugman, Gruzelier, & Hirsch, 2004; Bidelman, Lowther, Tak, 557 

& Alain, 2017; Golob, Irimajiri, & Starr, 2007).  Possible cognitive deficits in auditory attention 558 

or memory that occur in addition to reduced audibility from HI may also be responsible for the 559 

pattern of results seen in our behavioral sentence recognition task.  Unlike results from Billings 560 

et al. (2015), the current study showed that the effects of HI on sentence recognition approached 561 

but did not reach statistical significance.  Given that there was a wide range in sentence 562 

recognition scores across participants and listening conditions, it is possible that additional 563 

factors beyond reduced audibility from HI, including potential cognitive effects related to 564 

impaired sensory memory or attention that would also impact the MMN response, were affecting 565 

higher-level sentence-level recognition in noise for the stimulus presentation level and SNRs 566 

used in this study.   567 

Although Oates et al. (2002) only recorded AERPs in quiet, our AERP findings showed 568 

consistent patterns with HI having a significant effect on MMN amplitude, but not MMN latency 569 

in response to speech.  A possible explanation is that the presence of HI can induce large 570 

variability in AERP amplitude while HI related effects on AERP latency are more predictable 571 

and stable.  It is possible that the presence of hearing loss exacerbates trial-by-trial latency jitter 572 
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such that during the averaging process, amplitudes are more affected in the final averaged AERP 573 

waveform (Koerner & Zhang, 2016).  This potential issue further highlights the use of time-574 

frequency analysis measures to extract and examine cortical oscillatory activity in frequency 575 

bands of interest that are typically ignored by traditional AERP averaging techniques. 576 

4.2 Effects of Stimuli and SNR Listening Conditions on the Neural Coding and Perception 577 

of Speech in Noise 578 

 Our results showed that the neural coding of the consonant change was weaker than that 579 

of the vowel change for N1 latency and MMN latency, which is consistent with results from the 580 

behavioral phoneme detection task. These results are consistent with previous neural and 581 

behavioral findings which suggest that weaker, more aperiodic consonants are impacted more in 582 

background noise than stable, periodic vowel sounds (Cunningham, Nicol, King, Zecker, & 583 

Kraus, 2002; Russo, Nicol, Musacchia, & Kraus, 2004; Shetake et al., 2011; Song et al., 2011).  584 

However, our current results also revealed weaker trial-by-trial neural synchrony in response to 585 

the vowel change compared to the consonant change across participants, primarily in the 0 dB 586 

SNR listening condition. These unexpected results in the more favorable SNR listening condition 587 

may be understood by examining acoustic differences between the two stimuli.  F1, F2, and F3 588 

formant transitions as well as steady F1, F2, and F3 center frequencies for the vowel portion of 589 

the CV syllables were higher in frequency for /da/ compared to /bu/.  It is possible that trial-by-590 

trial neural phase locking associated with N1 and P2 is stronger in response to higher compared 591 

to lower frequency stimuli, but that this higher cortical synchrony does not translate to shorter 592 

neural processing times for the CV syllable /da/.  Future studies are needed to examine the 593 

potential differential effects of stimuli on the neural coding of speech contrasts in noise to 594 
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determine how stimulus presentation level, SNR, or noise type may impact responses across 595 

participant populations.   596 

4.3 Effects of Age on the Neural Coding and Perception of Speech in Noise 597 

 Although this study attempted to control for potential effects of age by only using a group 598 

of adult participants, it was not possible to adequately match participants by age across a wide 599 

range of hearing sensitivities.  It has been shown that aging may impact a range of cognitive and 600 

auditory processes that are important for speech perception (Gallun, Diedesch, & Beasley, 2012; 601 

Ruggles, Bharadwaj, & Shinn-Cunningham, 2011).  Indeed, our analysis showed that age was 602 

significantly correlated with PTA2 in the current group of participants (r = 0.52, p = 0.001), such 603 

that older participants tended to have poorer hearing sensitivity. Even though age and PTA2 were 604 

correlated, age was included as a factor in our LME models to ensure that any potential effects of 605 

HI on the neural coding and perception of speech were not driven by underlying variables 606 

associated differences in age.  Our data is consistent with Billings et al. (2015), showing that 607 

while there was no effect of HI on N1 and P2 responses, age had a significant impact on N1 and 608 

P2 responses to speech in noise when a group of older NH participants were compared to a group 609 

of younger NH participants.  This trend was unexpected given the narrow age ranged used in the 610 

current study.  A possible explanation for these results is given by Billings et al. (2015), which 611 

speculated that impaired neural synchrony due to central aging effects may impact obligatory 612 

N1-P2 responses to speech in noise.  However, our data revealed that differences in age did not 613 

have a significant impact on the MMN response, which may suggest that variability in the pre-614 

attentive auditory change discrimination in noise may not be driven by aging effects, but may be 615 

more related to differences in hearing abilities.  Furthermore, our results did not show a 616 

significant effect of age on sentence perception across listening conditions used in this study.  617 
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Since this study only used a group of adult listeners with varying degrees of hearing loss, future 618 

studies could systematically examine how age may modulate the effects of HI on neural and 619 

behavioral measures of speech perception in noise.  620 

4.4 Neural Correlates of the Effects of HI on Speech-in-Noise Perception 621 

Our results show that both cortical P2 and MMN responses may be predictors of speech 622 

perception in noise in participants with HI.  These results are consistent with those from Billings 623 

et al. (2015), who showed that N1 and P2 responses are predictive of speech perception in noise 624 

across participants with HI.  However, although previous studies have examined whether the 625 

MMN response is able to predict speech perception in noise in NH individuals (Koerner et al., 626 

2016), no studies have examined whether the MMN is predictive of the effects of HI on speech 627 

perception in noise.  Therefore, our data added to the extant literature in showing that the MMN 628 

here on individuals with HI represented a potential neural correlate of speech perception in 629 

background noise. There is also novel evidence that measures of trial-by-trial neural synchrony 630 

and spectral power associated with these AERP components are potential indicators of 631 

behavioral performance across participants with and without HI.  While it has been established 632 

that the sensory, perceptual MMN response represents an index of auditory change detection, the 633 

high inter- and intra-subject variability typically seen in this AERP represents a tremendous 634 

barrier to using this passive cortical response for clinical assessment of speech perception 635 

difficulties (Kurtzberg et al., 1995; Lang et al., 1995; Martin et al., 1999, 2008; Näätänen, 2007; 636 

1995; Stapells, 2002).  In addition, although the passive MMN depends on sensory and cognitive 637 

processing mechanisms for pre-attentive change discrimination, it may not fully reflect 638 

additional central processing mechanisms necessary for active discrimination tasks.  Despite this 639 

limitation, our results suggest that the MMN may be a useful measure for exploring the effects of 640 
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HI and background noise on speech perception, and that spectral power analysis may represent 641 

an additional, complementary tool to examine mechanisms how various factors impact cognitive 642 

processes related to the perception of speech in noise.   643 

4.5 Novelty, Limitations, and Future Directions 644 

 Previous work that examined the effects of HI on the neural coding of speech in noise 645 

showed that HI did not have a significant effect on N1 and P2 responses to speech in noise 646 

(Billings et al., 2015).  The current work replicated these findings and further revealed that, for 647 

the stimuli and listening conditions tested in this study, hearing sensitivity may have a 648 

differential effect on perceptual and cognitive processes for recognizing speech in the presence 649 

of background noise.  More specifically, results suggest that variations in hearing sensitivity do 650 

not have the same effect on the early sensory encoding of acoustic cues in noise as the later 651 

cognitive processing of speech discrimination in background noise.  These results provide 652 

valuable information regarding the effects of HI on the encoding of speech-in-noise at different 653 

stages of cortical processing and suggest that the MMN may be more sensitive measure to track 654 

hearing-related changes in the neural coding of speech in background noise.  Future research 655 

should compare these AERP responses to speech in noise in individuals who receive 656 

amplification from hearing aids, as this would allow for an examination of whether greater 657 

accessibility to speech cues alters the differential effect of HI on neural responses that reflect 658 

sensory and cognitive processing mechanisms.  These findings could influence rehabilitation 659 

strategies for individuals who have difficulty communicating in noise, as solutions targeting top-660 

down cognitive processing mechanisms may result in improved neural coding and perception of 661 

speech in noise compared to those that focus on improving the bottom-up neural processing of 662 

acoustic cues.  663 
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Previous studies that examined the neural coding and perception of speech in noise have 664 

determined that AERPs represent potential neural correlates of the effects of background noise 665 

on speech perception (Bennett et al., 2012; Billings et al., 2013; Koerner et al., 2016; Koerner et 666 

al., 2017).  However, less is known about whether these neural responses can track variability in 667 

speech-in-noise perception caused by HI.  Although previous studies have established significant 668 

brain-behavior links between the passive MMN response and the ability to perceive speech in 669 

noise in NH listeners (Bidelman & Dexter, 2015; Oates et al., 2002; Koerner et al., 2016; Kozou 670 

et al, 2005; Zhang et al., 2009), this is the first study to explore these relationships in HI 671 

listeners.  Furthermore, our results showed that time-frequency analysis techniques represent 672 

additional tools that can be used to assess speech processing across individuals, which has both 673 

theoretical and practical implications.    674 

Our analysis revealed that trial-by-trial induced oscillatory power associated with the N1-675 

P2 response was not affected by changes in stimulus (/da/ vs. /bu/), SNR listening condition (-3 676 

vs. 0 dB SNR), participant age, or PTA2 (Table 2, Figure 3).  In addition, this measure did not 677 

appear to be predictive of any of the behavioral tasks examined in this study across participants 678 

(Table 4-5).  In other words, unlike the ITPC, which reflects evoked oscillatory activity 679 

(Bidelman, 2015; Shahin et al., 2009), trial-by-trial induced oscillatory activity does not appear 680 

to be related to changes in neural activity due to differences in speech stimulus (/da/ vs. /bu/), 681 

SNR (-3 vs. 0 dB SNR), or participant variables such as age or HI, and does not appear to be 682 

underlying variability in speech perception across participants.  A lack of change in trial-by-trial 683 

power with a concomitant change in trial-by-trial phase locking (ITPC) across experimental 684 

factors is thought to support the idea that stimulus-evoked phase alignment of oscillatory activity 685 

at least partially contributes to the neural generation of AERPs (Makeig, Debener, Onton, & 686 
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Delorme, 2004), which is consistent with the current pattern of results and those of previous 687 

studies (Fuentemilla, Marco-Pallarés, Grau, 2006; Koerner & Zhang, 2015; Koerner et al., 2017).  688 

Therefore, these results may provide additional evidence supporting the idea that stimulus-689 

related phase alignment of cortical oscillations plays an important role in the neural generation of 690 

N1 and P2 responses. 691 

The current work is the first to treat HI as a gradient variable among listeners in 692 

examining the effects of HI on the cortical encoding of speech in noise.  This method may allow 693 

for more precise examination of how slight differences in hearing thresholds impacts the neural 694 

coding of speech, as participants were not grouped together simply based on ranges of hearing 695 

sensitivity.  For instance, previous studies often grouped participants with a PTA2 less than 25 696 

dB HL in a “normal hearing” group and those with a PTA2 between 25-49 dB HL in a “mild 697 

hearing loss” group (Oates et al., 2002).  To ensure that the pattern of our results was not driven 698 

by the four participants who had PTA2 values greater than 25 dB HL, we also repeated our 699 

analysis of the effects of hearing loss on each MMN measure using a categorical grouping 700 

method similar to previous studies.  The results showed that there was actually no significant 701 

effect of “hearing loss group” on our MMN measures when our four participants with PTA2 702 

values greater than 25 dB HL were compared against the remaining participants with PTA2 703 

values less than 25 dB HL (latency: F(1,15) = 1.40, p = 0.25; amplitude: F(1,15) = 1.87, p = 704 

0.19; theta power: F(1,15) = 2.81, p = 0.11).  These results suggest that our participants with 705 

PTA2 values greater than 25 dB HL were not driving the pattern of results, but that the variability 706 

in MMN measures across all participants who varied in PTA2 values was able to better identify 707 

effects of hearing sensitivity on neural responses, even when hearing sensitivity was considered 708 

normal as measured by the standard pure-tone audiogram.  However, it should be noted that the 709 
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disparity in sample sizes between our “normal hearing” and “hearing impaired” participants in 710 

this categorical grouping is a limitation which makes it difficult to make a strong claim.   711 

Limitations in our study need to be acknowledged. As stated previously, it is difficult to 712 

control for factors that likely vary across participants with HI.  The current study estimated HI 713 

using a two-frequency PTA (PTA2, Oates et al., 2002; Korzcak et al., 2005), which represents 714 

only one attempt to estimate a participant’s degree of peripheral hearing impairment.  There is a 715 

growing body of evidence showing that a standard pure-tone audiogram is not able to accurately 716 

predict difficulties perceiving speech perception in complex auditory environments (Killion & 717 

Niquette, 2000; Kujawa & Liberman, 2009).  Estimating the effect of HI using pure-tone hearing 718 

thresholds may not be sensitive to other factors that impact auditory perception above and 719 

beyond the effects of reduced audibility, such as reduced suprathreshold spectrotemporal 720 

processing abilities, deficits in cognitive processing, or impaired central auditory processing 721 

abilities. As discussed above, it is possible that the differential effects of HI on AERPs observed 722 

in this study are related to factors beyond reduced audibility as measured by PTA2, including 723 

cognitive factors such as reduced sensory memory or attention (Füllgrabe, Moore, & Stone, 724 

2015; Moore, Edmondson-Jones, Dawes, Fortnum, McCormack, Pierzycki, & Munro, 2014).  725 

Therefore, attempting to examine and control for the effects of these other factors may help to 726 

improve our understanding of how HI and potentially co-occurring cognitive deficits impact 727 

these neural measures and how AERPs relate to behavioral performance in background noise 728 

across participants in this clinical population.   729 

An additional limitation of the current study is the use of a single, fixed presentation level 730 

across participants with varying degrees of HI, which resulted in stimulus presentation at 731 

different sensation levels for each participant.  In other words, stimuli were presented closer to 732 
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hearing thresholds for participants with greater degrees of hearing loss. However, previous 733 

studies (Billings et al., 2009) and our own data here show that such signal level differences in 734 

our experimental setup do not significantly impact the N1-P2 responses.  Thus, our findings on 735 

the later-occurring MMN response are likely not attributable to differences in sensation levels 736 

across participants.  Due to time constraints and considerations on fatigue-related EEG artifacts, 737 

testing sessions using multiple presentation levels and listening conditions were not completed 738 

for each participant.  Future work could include systematic control of the presentation levels set 739 

above a defined speech or pure-tone hearing threshold.  Recent work has suggested that there 740 

may be a differential effect of noise type on AERPs across participants with and without HI 741 

(Maamor & Billings, 2017).  Therefore, future work should additionally explore the effects of 742 

stimulus factors and SNRs on AERPs and their relationship with behavioral performance in this 743 

clinical population.  Inclusion of a quiet listening condition would also allow for a more 744 

comprehensive examination of the effects of HI on the neural coding of speech in noise, as the 745 

AERPs elicited in background noise could be compared to “baseline” responses in a quiet 746 

listening condition for each participant.  The role of attention is another important factor to 747 

consider as it has been shown to affect not only AERP responses but also how consonants and 748 

vowels differentially contribute to speech intelligibility (Koerner et al., 2017).  Larger sample 749 

sizes and more diverse participant populations are also needed to determine the reliability of 750 

these measures.  Despite these limitations, the current findings contribute new evidence that 751 

AERPs may be useful in assessing and predicting performance in clinical populations who have 752 

difficulty communicating in complex listening environments. 753 

5. Conclusion 754 
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This study was designed to determine how hearing impairment impacts N1-P2 and MMN 755 

AERPs and their associated event-related cortical oscillations in response to speech in noise.  756 

Furthermore, this work aimed to determine whether these neural measures can predict phoneme- 757 

and sentence-level perception in background noise across participants with and without HI.  758 

Consistent with our predictions, HI had a significant impact on the MMN response, but not on 759 

the sensory N1-P2 complex.  Results were also consistent with our hypothesis that these 760 

objective neural responses represented potential predictors of speech-in-noise perception across 761 

listening conditions.  These findings have important clinical implications regarding the use of 762 

electrophysiological measures in assessing and predicting speech perception in clinical 763 

populations with hearing impairment. 764 
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 966 

Figure Captions 967 

Figure 1. Mean pure-tone hearing thresholds (from .25 to 8 kHz) for the right and left ears of 968 

each participant displayed as a solid black line.  The shaded envelope depicts maximum and 969 

minimum pure-tone hearing thresholds for the group of 18 participants. 970 

Figure 2. Grand average ERP waveforms in response to standard (blue) and deviant (red) 971 

presentations of /bu/ (left column) and /da/ (right column) speech stimuli in 0 dB SNR (top row) 972 

and -3 dB SNR (bottom row) listening conditions.  Note that these waveforms are averaged 973 

across all participants.  Data used for analysis in the current study included N1-P2 responses 974 

from the standard (blue) presentations of /bu/ and /da/ across listening conditions as well as 975 

MMN difference waves which were computed by subtracting the neural response to the standard 976 

stimuli (blue) from that of the deviant stimuli (red) for /bu/ and /da/ across listening conditions.    977 

Figure 3. Means and standard deviations (error bars) for N1 and P2 latency, amplitude, ITPC, 978 

and induced power measures in response to /bu/ (circle) and /da/ (triangle) stimuli in 0 and -3 dB 979 

listening conditions across all participants. 980 
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Figure 4. Means and standard deviations (error bars) for MMN latency, amplitude, and theta 981 

power measures in response to /bu/ (circle) and /da/ (triangle) stimuli in 0 and -3 dB listening 982 

conditions across all participants. 983 

Figure 5. Means and standard deviations (error bars) for phoneme change detection sensitivity 984 

(d') and phoneme change detection reaction time (ms) in response to /bu/ (circle) and /da/ 985 

(triangle) stimuli in 0 and -3 dB listening conditions across all participants and percent correct 986 

sentence recognition scores in 0 and -3 dB listening conditions across all participants. 987 
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Table 1. Sex, age, and PTA2 values for each participant (n = 18).  Means and standard deviations 
for the distribution of age and PTA2 are provided.  
 

Sex Age (years) PTA2 (better ear) 
F 50 0 

F 58 7.5 

F 60 5 

F 61 15 

F 65 42.5 

F 71 42.5 

M 40 2.5 

M 50 2.5 

M 65 15 

M 62 40 

M 69 32.5 

F 65 5 

F 60 12.5 

F 67 20 

M 68 0 

M 69 12.5 

F 69 22.5 

F 69 15 

M (SD) 62.11 (8.27) 16.25 (14.41) 
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Table 2.  F-statistics of the effects of stimulus (/da/ vs. /bu/), SNR listening condition (-3 vs. 0 dB SNR), 
age, and PTA2 across participants for N1, P2, and MMN measures.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 

 

 

 

 

 

                          *** p < 0.001, ** p < 0.01, * p < 0.05 

N1 
 

Effect of 
Stimulus 

 
Effect of 

SNR 
Condition 

 
Effect of 

Age 

 
Effect of 

PTA2 

Latency  21.29**  8.27**  3.10  0.78 

Amplitude  3.40  7.65**  0.15  3.98 

Delta ITPC  7.23**  10.82**  7.43*  0.62 
Theta ITPC  11.51**  12.20**  2.37  0.11 

Alpha ITPC  7.64**  7.80**  2.23  0.13 
Induced Delta ERSP  0.40  1.42  0.29  0.21 

Induced Theta ERSP  0.11  1.22  1.21  0.05 
Induced Alpha ERSP  0.28  0.53  0.97  0.02 

P2         

Latency  4.48*  25.85***  6.94*  0.02 

Amplitude  3.75  1.00  2.27  2.11 

Delta ITPC  2.38  1.20  1.87  0.00 

Theta ITPC  8.93**  2.66  5.43*  0.11 
Alpha ITPC  7.94**  1.49  4.17  0.17 

Induced Delta ERSP  0.43  0.10  0.40  3.87 
Induced Theta ERSP  0.10  0.08  0.00  0.94 
Induced Alpha ERSP  0.01  0.51  0.01  0.36 

MMN         

Latency  9.93*  10.43**  0.04  1.47 

Amplitude  2.59  1.32  0.73  4.68* 

Theta Power  3.34  0.02  0.63  5.97* 
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Table 3.  F-statistics of the effects of stimulus (/da/ vs. /bu/), SNR listening condition (-3 vs. 0 dB SNR), 
age, and PTA2 across behavioral speech-in-noise measures.   
 

Behavioral Measure 
 

Effect of 
Stimulus 

 
Effect of 

SNR 
Condition 

 
Effect 
of Age 

 
Effect of 

PTA2 

Phoneme 
Discrimination 
Accuracy (d′) 

 

1339.95***  2.39  0.29 

 

12.00** 

Phoneme 
Discrimination 
Reaction Time (ms) 

 

12.12**  0.12  1.58 

 

0.65 

Sentence 
Recognition (% 
correct) 

 
-  135.68***  3.18 

 
3.29 

                                   
 

                                    *** p < 0.001, ** p < 0.01, * p < 0.05 
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Table 4. F-statistics (F) and regression coefficients (β) for fixed effects (N1 latency, amplitude, ITPC, and 
induced ERSP in delta, theta, and alpha frequency bands) in response to the vowel change (/bu/) and 
consonant change (/da/) for predicting speech perception across participants. 
 

     *** p < 0.001, ** p < 0.01, * p < 0.05   

N1 
 

Percent Correct 
Phoneme 
Detection 

 Phoneme 
Detection 
Reaction 

Time 

 Percent Correct 
Sentence 

Recognition 
(/bu/) 

 Percent Correct 
Sentence 

Recognition 
(/da/) 

 F β  F β  F β  F β 

Latency 0.19 0.34  0.87 0.84  1.61 -0.12  2.19 0.09 

Amplitude 0.16 0.06  0.44 -0.17  2.27 0.05  0.75 0.05 

Delta ITPC 0.18 -1.65  0.06 0.49  3.32 0.05  3.53 0.26 

Theta ITPC 0.67 0.04  0.03 -6.79  0.00 -0.12  0.17 0.62 

Alpha ITPC 0.15 2.28  1.28 6.87  2.04 0.69  0.02 -0.29 

Induced Delta ERSP 2.95 0.08  0.25 0.09  0.17 0.13  0.17 -0.07 

Induced Theta ERSP 0.80 -0.29  0.17 0.19  1.63 -0.33  0.05 0.23 

Induced Alpha ERSP 0.01 -0.04  0.11 -0.27  3.13 0.17  1.76 -0.16 
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Table 5. F-statistics (F) and regression coefficients (β) for fixed effects (P2 latency, amplitude, ITPC, and 
induced ERSP in delta, theta, and alpha frequency bands) in response to the vowel change (/bu/) and 
consonant change (/da/) for predicting speech perception across participants.   
 

      *** p < 0.001, ** p < 0.01, * p < 0.05 

P2 
 

Percent Correct 
Phoneme 
Detection 

 Phoneme 
Detection 
Reaction 

Time 

 Percent Correct 
Sentence 

Recognition 
(/bu/) 

 Percent Correct 
Sentence 

Recognition 
(/da/) 

 F β  F β  F β  F β 

Latency 0.26 0.11  2.20 0.52  0.42 0.02  6.72* -0.07 

Amplitude 1.42 0.10  1.11 -0.24  0.35 -0.33  2.69 0.00 

Delta ITPC 2.97 4.97  2.04 1.61  1.91 1.67  5.15* 0.12 

Theta ITPC 2.51 -8.06  0.34 15.03  3.67 -1.35  2.28 0.13 

Alpha ITPC 2.25 5.16  2.53 -14.31  0.27 0.33  0.56 0.72 

Induced Delta ERSP 0.56 0.22  3.65 0.37  0.62 0.09  0.07 0.07 

Induced Theta ERSP 2.26 -0.05  3.42 -0.99  2.74 -0.29  0.97 -0.05 

Induced Alpha ERSP 0.49 -0.38  0.00 -0.06  2.34 0.17  0.03 -0.03 
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Table 6. F-statistics (F) and regression coefficients (β) for fixed effects (MMN latency, amplitude, and 
theta power) in response to the vowel change (/bu/) and consonant change (/da/) for predicting speech 
perception across participants.   

        *** p < 0.001, ** p < 0.01, * p < 0.05 

MMN 
 

Phoneme 
Detection 
Sensitivity 

 Phoneme 
Detection 

Reaction Time 

 Percent Correct 
Sentence 

Recognition 
(/bu/) 

 Percent Correct 
Sentence 

Recognition 
(/da/) 

 F β  F β  F β  F β 

Latency 0.10 -0.07  2.26 0.08  4.10 -0.00  0.82 -0.00 

Amplitude 4.82* -0.25  2.86 0.26  0.72 -0.03  0.41 0.03 

Theta Power 1.61 -0.02  14.53*** -0.09  1.10 -0.00  0.00 -0.00 
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Highlights 

• Hearing impairment (HI) significantly affected MMN responses to speech in noise.  
• Age but not HI significantly impacted N1-P2 responses to speech in noise.  
• The neural measures predicted the effects of hearing impairment on behavior. 


