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The most common complaint of individuals with hearing loss is their inability to understand 

speech in noisy environments; thus, speech-in-noise (SIN) has been an area of tremendous 

research. It has been established that a complex interaction of peripheral and central auditory 

systems underlies the ability to comprehend speech in degraded environments. 

Methodologically, however, behavioral and electrophysiological studies have been disparate: 

where behavioral and clinical testing establishes a variable signal-to-noise ratio (SNR) threshold 

based on an individual‟s performance, studies utilizing auditory event-related potentials (AERPs) 

tend to use fixed SNR values, resulting in variable performance. Both behavioral and AERP 

studies have illustrated the impact of stimulus effects on SIN performance, e.g., SNR and masker 

type.  

The purpose of this study was to use AERPs in order to evaluate the interactions between 

peripheral and central systems in the processing of speech. Using behaviorally-established SNR 
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levels (60% correct, 100% correct), two types of background noise (speech-shaped noise, 

multitalker babble), and two signal types (syllables, words) in an oddball task, AERPs were 

recorded and analyzed relative to the peak amplitudes and latencies of the N1, P2, and P3. 

Results from 21 young adults indicate that even when behavioral accuracy is controlled for, there 

are complex effects of stimulus factors on the neural underpinnings of speech processing.  
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CHAPTER 1 

INTRODUCTION 

Recognizing and understanding speech can be greatly impeded in the presence of 

background noise. Generally, as the world is a noisy environment, this is a common occurrence 

in daily life. Thus, speech understanding in noise (speech-in-noise; SIN) has been the subject of 

vast research for more than 40 years (Carhart & Tillman, 1970; Olsen & Carhart, 1967; Picou, 

Gordon, & Ricketts, 2016). Speech understanding involves a remarkably complex multi-stage 

transmission occurring from peripheral through central auditory processing networks, demanding 

that listeners integrate an acoustic signal with higher-order cognitive processes to extract 

meaning from this auditory information (Mehta, Jerger, Jerger, & Martin, 2009; Musiek & 

Chermak, 2007; Shinn-Cunningham & Best, 2008). The addition of background noise can act as 

a masker and cause breakdowns anywhere along the auditory processing pathway, which results 

in decreased ability to comprehend communication. Interactions between factors of the signal 

(and masker) and the listener result in changes in SIN processing abilities. 

Various types of maskers have been used in SIN experiments, including white noise, pink 

noise, speech-shaped noise, interrupted noise, and multi-talker speech babble. Broadly, these 

maskers can be categorized as providing either “energetic” or “informational” masking. 

Energetic masking, e.g., white noise, occurs when a signal and noise overlap in both frequency 

and time, rendering parts of the signal inaudible (Billings & Penman, 2013). Energetic masking 

is thought to result mainly from interference at the peripheral (cochlear) level. Informational 
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masking, conversely, cannot be explicitly due to peripheral interactions, although there is often 

an energetic component to informational masking. Rather, informational masking creates 

interference at higher levels of auditory and cognitive processing (Brungart, 2001; Brungart, 

Simpson, Ericson, & Scott, 2001; Durlach et al., 2003). An example of informational masking is 

multi-talker speech babble in competition with a target speech signal. The listener is able to 

detect the stimuli, but unable to identify the target due to the meaningful content of the 

competition noise in addition to the presence of additional acoustic energy (Billings & Penman, 

2013). Beyond the content of the masking noise, characteristics of the listener are uniquely 

integral to an individual‟s SIN abilities as well. 

Listener factors include age, hearing status, cognitive processing abilities, medical 

history, and past experiences. While SIN processing is often difficult even for normal-hearing 

young adults with no cognitive impairments (Assmann & Summerfield, 2004; Neff & Green, 

1987), it is the most common complaint among individuals with hearing loss (Shinn-

Cunningham & Best, 2008). Older adults with reduced cognitive processing abilities have been 

found to experience more difficulty understanding speech in the presence of noisy environments, 

as are persons with language/learning disorders and traumatic brain injuries (Humes et al., 2012; 

Schaier, 2012; Souza, Boike, Witherell, & Tremblay, 2007).  

Both behavioral and electrophysiological studies have explored the complex interaction 

of peripheral (sensory) and central (cognitive) auditory systems that underlie the ability or 

inability to comprehend speech in adverse environments. With the use of auditory event-related 

potentials (AERP), a more in-depth understanding can be acquired with regards to the cognitive 
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correlates of listening effort (e.g., waveform amplitude and latency), which would otherwise be 

difficult to grasp using traditional behavioral procedures.  

Specific AERP responses are associated with various aspects of auditory processing in 

noise. The N1/P2 complex, primarily an exogenous response, has been shown to be impacted by 

the signal-to-noise ratio (SNR) level, with less favorable SNRs resulting in amplitude changes 

(Billings, Tremblay, Stecker, & Tolin, 2009). Informational masking, as opposed to energetic 

masking, has been documented to have the largest impact on speech stimuli as evidenced by 

changes in the endogenous response (P3; a broad positive-going waveform occurring after 300 

ms)(Bennett, Billings, Molis, & Leek, 2012). Finally, interactions between masker type and 

signal type (e.g., tones and speech syllables) have been demonstrated for both the N1/P2 and P3 

(Billings, Bennett, Molis, & Leek, 2011; Bennett et al., 2012).  

AERP studies in noise have traditionally employed tonal or speech syllable stimuli, but 

clinical tests of SIN abilities employ neither of those stimuli routinely. Typically, behavioral 

tests apply masking noise to word, sentence, or paragraph stimuli. Furthermore, most studies 

have used fixed SNRs, while letting behavioral accuracy of individuals vary. The purpose of the 

current study was to employ more ecologically valid and clinically-similar stimuli (words and 

syllables) and techniques (establish SNR thresholds at a constant behavioral accuracy level; 

employ those SNRs in an AERP paradigm) to examine the interaction between SNR, masker, 

and signal types in young adults. 
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CHAPTER 2 

BACKGROUND 

2.1 Behavioral Studies of Speech-in-Noise 

Behavioral results have shown conclusively that when the level of presented speech is 

equal to or exceeded by the average level of background noise, i.e., a smaller signal-to-noise 

ratio (SNR), speech recognition performance is poorer than in quiet or in more favorable SNRs 

(e.g., Beattie, 1989; Dirks, Morgan, & Dubno, 1982; Olsen & Carhart, 1967). The majority of 

studies making this observation have focused on the comparison of younger adults‟ speech-in-

noise (SIN) abilities to those of older adults, as well as comparing SIN performance of normal-

hearing listeners to individuals with hearing loss to better understand the mechanisms 

responsible for SIN performance. In the last ten years, behavioral SIN testing has become an 

integral part of clinical audiometric test batteries in the evaluation of individuals with hearing 

difficulties. These measures include, for example, the Speech Recognition in Noise Test 

(SPRINT; Cord, Walden, & Atack,1992), the Quick Speech-In-Noise Test (QuickSIN; Killion, 

Niquette, Gudmundsen, Revit, & Banerjee, 2004), the Hearing in Noise Test (HINT; Nilsson, 

Soli, & Sullivan, 1994), the Bamford-Kowal-Bench Speech-in-Noise Test (BKB-SIN; Niquette 

et al., 2003; Wilson, McArdle, & Smith, 2007), and the Words-In-Noise Test (WIN; Wilson, 

2003; Wilson & Burks, 2005).  

Various signal types, such as words and sentences, and masker types, for example, 

babble, speech-shaped noise, and white noise, are employed in these clinical tests. As opposed to 
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reporting a percent-correct score to varying SNRs, most of these clinical evaluations result in an 

individual‟s SNR threshold. These thresholds are established by determining the level at which 

patients perform at 50% correct. Results from these SIN test measures are used for patient 

counseling, treatment, amplification, and measuring therapeutic outcomes (Wilson et al., 2007).  

Older adults are more likely to have hearing loss, especially in the higher frequencies 

which can result in a degraded sensory signal being delivered to higher-order cognitive areas 

(bottom-up processing). Studies have repeatedly shown that audiometric thresholds are only 

weakly related to SIN perception in the older population (Dubno, Dirks, & Morgan, 1984; 

Hargus & Gordon-Salant, 1995; Souza et al., 2007). Even older adults with normal hearing have 

poorer SIN abilities than younger listeners (Cruickshanks et al., 1998; Gordon-Salant & 

Fitzgibbons, 1993). These differences in performance are hypothesized to be due to age-related 

changes in cognitive factors, or top-down processing (Cruickshanks et al., 1998).  

Older adults with hearing loss are more likely to rely on other cognitive resources, such 

as semantic processing, working memory, and attention, to enhance their speech understanding. 

These resources are also documented to decline with age, leading to poorer understanding 

(Shinn-Cunningham & Best, 2008; Wong et al., 2009). Older adults are also more prone to the 

deleterious effects of informational masking (speech in babble) than younger adults (Tun, 

O‟Kane, & Wingfield, 2002), indicating the importance of top-down processing.  

The impact of informational masking on speech signal understanding is also evident 

depending upon the language of the masking babble in young adults. Studies have shown that 

individuals perform poorer when signals are presented in the presence of native-language babble 

(informational/meaningful masking) as compared to babble in a language foreign to the listener 
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(energetic/non-meaningful masking)(Calandruccio, Dhar, & Bradlow, 2010; Lecumberri, Cooke, 

& Cutler, 2010). Despite these and other behavioral studies, the exact neural mechanisms 

responsible for SIN performance cannot be explicitly evaluated or understood using only 

behavioral measures. Hence, functional measures (such as imaging and electrophysiological 

techniques) have been implemented to examine SIN processing in “normal” listeners to construct 

a neurological framework of what undermines typical understanding. 

2.2 Imaging Studies of Speech-in-Noise 

Several studies have utilized functional magnetic resonance imaging (fMRI) to evaluate 

neural mechanisms involved when speech is presented in noise. In these studies, speech stimuli 

have been presented in sentences or in word pairs in either the presence of background speech-

shaped noise or white noise (Davis, Ford, Kherif, & Johnsrude, 2011; Giraud et al., 2004; 

Golestani, Hervais-Adelman, Obleser, & Scott, 2013; Hwang, Wu, Chen, & Liu, 2006; Scott & 

McGettigan, 2013; Zekveld, Rudner, Johnsrude, Heslenfeld, & Rönnberg, 2012). Overall, these 

studies reveal that the networks which underlie speech intelligibility include the left inferior 

frontal gyrus (LIFG) and left superior temporal sulcus (LSTS; Golestani et al., 2013). When 

speech was presented with semantic context, the presence of noise evoked greater activation in 

higher-order components (cognitive; top-down) of the language networks (i.e., the left angular 

gyrus) (Davis et al., 2011; Giraud et al., 2004; Golestani et al., 2013; Zekveld et al., 2012). 

Conversely, if speech in noise is presented without semantic context, lower-order (sensory; 

bottom-up) auditory areas (i.e., bilateral superior temporal sulci) are more highly activated 

(Golestani et al., 2013; Zekveld et al., 2012).  
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Positron emission tomography (PET) studies have also reported on the use of energetic 

and informational maskers (Scott & McGettigan, 2013). The results from these studies are 

somewhat controversial, they nevertheless indicate that there are different areas of activation 

depending upon the masking signal used (Scott, Rosen, Wickham, & Wise, 2004; Scott, Rosen, 

Beaman, Davis, & Wise, 2009). That is, greater overall activity was reported for energetic 

masking, but this was dependent upon the presentation level of the stimuli (Scott et al., 2004; 

Scott et al., 2009). Conversely, informational masking resulted in increased activity in the 

dorsolateral temporal lobes which was level-independent (Scott et al., 2004). While imaging 

techniques provide useful information regarding gross activation areas, these measures are not 

sensitive to the time-course of the “online” processing. Alternately, electrophysiological 

methodologies provide more real-time information about neural processing as it is occurring. 

2.3 Subcortical Electrophysiological Studies of Speech-in-Noise 

Subcortical SIN processing has been examined extensively by Dr. Nina Kraus and 

colleagues at the Auditory Neuroscience Laboratory at Northwestern University. Their studies 

have evaluated the fine-grained and integrated representation of acoustic stimuli at the level of 

the auditory brainstem, measured by recording the auditory brainstem response (ABR) to 

complex sounds (cABR; Anderson & Kraus, 2010a, 2010b; Parbery-Clark, Marmel, Bair, & 

Kraus, 2011; Skoe & Kraus, 2010) and the frequency following response (FFR) to the cABR 

(Anderson & Kraus, 2010a; Song, Skoe, Banai, & Kraus, 2011). The cABR is a scalp-recorded 

electrophysiological response which arises from neural activity along the subcortical nuclei of 

the auditory pathway (Parbery-Clark et al., 2011). Both the cABR and FFR methodologies 



8 

 

 

provide insight into some of the fundamental bottom-up processing aspects of speech 

understanding in noise, such as the translation of pitch and temporal cues. 

Pitch encoding is vital to SIN abilities, as it allows a listener to “tag” a target speaker‟s 

voice (Anderson & Kraus, 2010b; Shinn-Cunningham & Best, 2008). Specifically, the lower 

harmonics (e.g., the fundamental frequency, F0) are most relevant to pitch encoding in noise. 

Members of the Kraus lab have conducted studies across the lifespan, as well as on individuals 

with and without hearing impairment (Anderson & Kraus, 2010a; Anderson, Parbery-Clark, Yi, 

& Kraus, 2011; Song et al., 2011). Individuals who are good SIN perceivers (as determined via 

behavioral testing) have had more robust responses in the cABR when presented with a series of 

the syllable /da/ in the presence of multitalker babble (e.g., Anderson, Skoe, Chandrasekaran, & 

Kraus, 2010; Anderson et al., 2011; Skoe & Kraus, 2010; Song et al., 2011). Conversely, 

individuals who are poor SIN perceivers exhibit reduced magnitudes of response and greater 

interference from the presence of background noise. These findings were concluded to be 

reflective of neural dyssychrony (Anderson et al., 2011; Anderson, Parbery-Clark, White-

Schwoch, & Kraus, 2013). Furthermore, the encoding of timing cues is also central to speech 

processing (Anderson & Kraus, 2010a). With regards to SIN abilities, those individuals who are 

poor SIN perceivers exhibit more significant effects (greater prolongations in peak latencies) in 

stimuli in the presence of noise versus stimuli in quiet when compared to good SIN perceivers 

(Anderson et al., 2010; Anderson & Kraus, 2010a, Anderson et al., 2013). 

The aforementioned studies have examined the role of the cABR in evaluating pitch and 

temporal encoding, which are bottom-up processes, but the cABR has also been useful in 

demonstrating the effects of top-down influences on SIN abilities. Specifically, other work from 
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Northwestern has demonstrated the advantageous effects of musical and auditory training at the 

level of the brainstem (Kraus, 2012; Parbery-Clark et al., 2011; Strait, Parbery-Clark, Hittner, & 

Kraus, 2012; Strait, Parbery-Clark, O‟Connell, & Kraus, 2013). To more directly examine 

higher-order processes, for instance decision-making, cortically-evoked potentials are employed. 

These potentials have been used to explore cortically-mediated top-down processes (as opposed 

to training influences) as well as bottom-up processes in many areas. 

2.4 Auditory Event-Related Potentials 

Although behavioral techniques have been used experimentally and clinically to evaluate 

SIN performance, they are unable to explain the neural underpinnings of listening in noise. 

Imaging methods have examined the structural components involved in SIN activities, but these 

measures fail to provide insight into the “online” processing underway. Alternately, due to their 

high level of temporal resolution, responses measured by AERPs are more sensitive to the 

resources devoted to task performance during real-time. Event-related potentials (ERPs) are 

measurable changes in voltage in an ongoing electroencephalogram, recorded from the scalp, 

which are time-locked to sensory stimuli (Garnsey, 1993). ERPs can be influenced and elicited 

by varying aspects of the evoking stimuli, task, or modality (Jerger & Lew, 2004). In the 

auditory modality, exogenous (or bottom-up) factors of speech processing are manifested in 

AERP waveforms which occur relatively earlier in time (e.g., the N1/P2 complex). Long-latency 

AERPs (N400 and P3) are considered to reflect endogenous (or top-down) features of speech 

processing, such as cognitive processing, attention, and arousal. A typical AERP waveform is 

displayed in Figure 2.1 (adapted from figure 3.11 in Jerger, Martin, & Fitzharris, 2014). When 
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analyzing these waveform components, measures of latency reflect the time for processing and 

neural signal travel whereas measures of amplitude reflect the degree of neural synchrony, which 

can also indicate processing effort. 

The N1/P2 complex is comprised of a negative-going wave (N1 or N100) which peaks 

around 100 milliseconds (ms) in adults, and a positive-going wave (P2 or P200) peaking 

approximately 200 ms post-stimulus. These are the first two peaks labeled in Figure 2.1. The N1 

arises from several sources along the thalamo-cortical auditory pathway, specifically from the 

superior temporal gyrus and planum temporale and is robustly recorded from frontal areas 

(Näätänen & Picton, 1987; Picton, 2011). The P2 arises in part from the auditory cortex as well 

as from the reticular activating system and is robustly recorded from the centro-frontal region of 

Figure 2.1. Typical AERP waveform. AERP waveform with N1, P2, and P3 labeled. This 

response was elicited from an individual participating in a spectral-feature identification task. 

The electrode shown is PZ, typically where the P3 component is at its maximum amplitude. 

Adapted from Jerger, Martin, & Fitzharris (2014). 
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the scalp (Picton, 2011). The N1 and P2 have distinct sources from one another (Ross & 

Tremblay, 2009). The N1/P2 complex is involved in the “what” and “where” processing of 

auditory information, and can be greatly impacted by signal audibility (Picton, 2011). While 

mostly considered to be indicative of bottom-up processing, the N1/P2 can also be influenced by 

attention, arousal, musical experience, and auditory training, indicating the involvement of top-

down processing in the response as well (Campbell & Colrain, 2002; Jerger et al., 2014; Shahin, 

Bosnyak, Trainor, & Roberts, 2003; Tremblay, Kraus, McGee, Ponton, & Otis, 2001). 

Following the N1/P2 complex in time is the P3 (P300) response, a broad positive-going 

wave which peaks approximately 300 ms after a tonal target. P3 is labeled as the third peak on 

Figure 2.1, which can be seen to peak at approximately 750 ms. Prolonged P3 latencies are often 

evident when the evoking stimulus is more complex, such as the words employed in the 

experiment shown in Figure 2.1 (Picton, 2011). There are many neural generators involved in 

this waveform, primarily thought to be cortical sources. In their review, Nieuwenhuis and 

colleagues (2005) identified the involvement of the temporal-parietal junction (TPJ; involved in 

perceptual processing), the lateral prefrontal cortex, and the median temporal lobe structures as 

generators for the P3 response. In AERP recording, the P3 is usually maximal over the centro-

parietal areas, but there is a forward shift with increasing age (Nieuwenhuis, Aston-Jones, & 

Cohen, 2005). The P3 is thought to reflect the decision-making process or, rather, “[the] 

perceiver‟s uncertainty about the decision” (Picton, 2011). Additionally, several cognitive 

functions have been linked to the P3 which include stimulus evaluation and categorization, target 

selection, and memory updating (Donchin & Coles, 1988; Duncan et al., 2009; Jerger et al., 
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2014; Picton, 1992;). The amplitude and latency of the P3 also can be affected by stimulus 

probability, timing, sequence, audibility, task difficulty, and attention (Picton, 2011). 

The most common testing methodology to obtain AERP recordings is the oddball 

paradigm, which was first used by Squires, Squires, and Hillyard (1975) at UC San Diego. The 

oddball paradigm is characterized by the presentation of a stream of stimuli which contains both 

frequent (non-target) and infrequent/rare (target) stimuli. Responses can be recorded with or 

without the listener actively participating in a task. The rare stimuli will elicit a larger P3 even if 

the participant is not instructed with a specific task and merely presented with the series of 

stimuli, i.e., passively listening. An overt task, such as counting targets or pushing a button when 

a target stimulus occurs, will result in more robust AERPs (Billings et al., 2011).  

The classic oddball paradigm employs tonal stimuli which vary in pitch between the 

frequent and rare stimuli, e.g., non-targets that might be 50-ms tone bursts of 1000 Hz and 

targets that might be 50-ms tone bursts of 2000 Hz (Jerger et al., 2014). The a priori probability 

of targets in the stimuli train vary by experiment, but the range from 0.15 to 0.3 (i.e., out of 100 

trials, 15 to 30 are rare stimuli) typically yields P3 responses with the largest amplitudes and 

shortest latencies. Both the targets and non-targets could elicit similar latencies and amplitudes 

for the N1/P2 complex in oddball experiments. Nonetheless, the N1/P2 complex is most often 

analyzed to non-target stimuli, as there are considerably more sweeps from which to draw. The 

P3 component typically reaches its maximum amplitude when elicited by target stimuli, and non-

targets usually produce no P3 or a P3 of minimal amplitude.  

Speech stimuli also have been used successfully in oddball paradigms. For example, 

syllables (e.g., /ba/ versus /da/), target names embedded in stories (e.g., „Jack‟ in “Jack and the 
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Beanstalk”), and words in specific semantic categories within a train of non-category words 

(e.g., „dog‟ for the category of animals) all educe the characteristic AERP response containing 

the N1/P2 and P3 components (Jerger et al., 2014).  

2.5 Using AERPs in Noise 

Auditory event-related potentials (AERPs) have been useful in evaluating the neural 

phenomena underpinning SIN performance from the level of the brainstem to the cortex 

(Whiting et al., 1998). Studies have been conducted which examine performance factors on SIN 

tasks including: the task itself, presentation level of the signal, signal-to-noise ratio (SNR), 

masker type, and signal type (Bennett et al., 2012; Billings et al., 2009; Billings et al., 2011; 

Sharma, Purdy, Munro, Sawaya, & Peter, 2014; Whiting, Martin, & Stapells, 1998). In one of the 

initial AERP studies with SIN, Whiting and partners (1998) examined the N1, N2, and P3 

response to the speech syllables /ba/ and /da/ in quiet and in the presence of broadband noise. 

Their experiment was designed to evaluate the effects of SNR and overall presentation level on 

the AERP via an oddball paradigm. The authors found that AERP amplitudes decreased for all 

three components with less favorable SNRs (i.e., 0 dB [decibels], -5 dB; Whiting et al., 1998). 

Latencies were noted to increase relative to those in quiet even when the masking noise was 20 

dB below the speech stimuli (+20 dB SNR), and latencies were most prolonged with poorer 

SNRs. These results led to the conclusion that, while the presence of background noise has an 

effect on both amplitudes and latencies of the N1, N2, and P3 AERP components, changes in 

waveform latency are more sensitive indicators of the effects of masking (Whiting et al., 1998). 
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Similar results regarding the decrease in N1 amplitudes were found in other studies using 

the oddball paradigm (Androulidakis & Jones, 2006; Billings et al., 2009). Some studies have 

found that the N1 amplitude increases in the presence of background noise (e.g., Alain, Quan, 

McDonald, & Van Roon, 2009, Parbery-Clark et al., 2011). Findings from another study 

documented both increases and decreases in the N1 amplitude when stimuli were presented in 

noise (Kaplan-Neeman, Kishon-Rabin, Henkin, & Muchnik, 2006). Parbery-Clark and associates 

(2011) recorded N1/P2 responses from 22 young adults to the syllable /da/ in quiet and in the 

presence of six multi-talker nonsensical babble presented at a constant +10 dB SNR. The 

presence of background noise increased the latencies of both the N1 and P2 peaks. Results for 

amplitudes of these components diverged: with background noise, the P2 peak amplitude 

decreased while the N1 amplitude increased (Parbery-Clark et al., 2011). With no overt task, 

there was little contribution of endogenous or cognitive factors for these findings or those 

reported by Alain et al. (2009). This lack of participant task may have contributed to the 

difference in amplitude effects between these and the aforementioned studies.  

2.5.1 Presentation Level and SNR 

With regards to the presentation level of the signal and SNR level, studies have shown 

that the relationship between a signal and masker, as opposed to overall presentation level, was 

responsible for the amplitude and latencies of neural responses in the central auditory system 

(Billings et al., 2009; Phillips, 1985, 1990; Whiting et al., 1998). A study by Billings and 

associates (2009) demonstrated that the SNR, as opposed to the presentation level of the signal, 

drove the changes in electrophysiological results (P1, N1, P2, and N2). In the experiment, 
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participants were tested with two presentation levels of a tonal stimulus (60 and 75 dB SPL) at 

six different SNRs constructed with white noise (Billings et al., 2009). These authors found no 

significant effect of the overall presentation levels of the stimuli on the AERP. At increasingly 

poorer SNRs, amplitudes were reduced and latencies were prolonged for the N1, P2, and N2 

waveforms (Billings et al., 2009). A recent study, which utilized speech syllable stimuli in the 

presence of white noise at a fixed SNR of +3 dB, examined the effect of signal level on the P1-

N1/P2 (Sharma et al., 2014). While the results from this study agreed with those from Billings et 

al. (2009) as far as the N1/P2 latency shifts and amplitude changes from quiet, Sharma and 

collaborators reported a significant interaction between signal level and the presence of noise. 

The authors attributed this finding to the wider range of presentation levels or the more complex 

stimuli (syllable versus tonal) utilized in their study (Sharma et al., 2014). Unfortunately, the 

effect of SNR level was not evaluated by Sharma et al. (2014) as a fixed SNR was used. 

2.5.2 Masker Type 

Components of the AERP have also been proven to be significantly affected by the type 

of masking stimulus. Billings and colleagues (2011) and Bennett and associates (2012) reported 

on a study which employed an oddball paradigm with tones and syllables in four masker 

conditions: quiet, speech-shaped noise, interrupted noise, and speech babble. Results from the 

P1-N1-P2 complex were described in the earlier paper (Billings et al., 2011) whereas Bennett 

and co-authors (2012) described the outcomes of the P3 response. The primary aim of the study 

(in both papers) was to elucidate the difference in signal type (tones and speech syllables; 

explored in the next section) and the differential effects of energetic (speech-shaped and 
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interrupted noise) and informational masking (speech babble). The noise conditions were 

conducted at a constant SNR of -3 dB.  

Significant effects of masker type were found for the amplitude of N1 and the latency 

measures of the P1 and N1 by Billings and colleagues (2011). Relative to the quiet condition, all 

waveforms of interest occurred later and smaller when stimuli were presented in noise. Out of 

the three noise conditions, the waveform peaks were reported to be most prolonged and smallest 

in the speech babble, while peaks in the interrupted noise condition yielded earlier latencies and 

greater amplitudes. It was their conclusion that the interrupted noise allowed participants to “dip” 

into the silent gaps to perceive the target signals better, which then resulted in the larger and 

earlier waveforms. Therefore, these silent gaps resulted in less effortful listening as compared to 

the continuous noise. The authors reported no significant differences in AERP measures between 

the continuous noise and speech babble, leading to the conclusion that the informational nature 

of the babble yielded no greater masking effects than the energetic masking of the continuous 

noise on these early AERP components. In other words, there were no effects of masker content 

on the exogenous (bottom-up) AERPs. 

Bennett and co-authors (2012) found significant effects for masker type and an 

interaction between signal and masker for latency measures of the P3. The most prolonged 

latency was found in the syllable/babble condition, illustrating the pronounced impact of 

informational masking on speech stimuli. Effects of signal type were reported for P3 amplitude 

measures, as was an interaction between signal and masker, but these failed to reach statistical 

significance. These researchers were also able to show a correlation between 

electrophysiological results for amplitude, latency, and reaction time measures and performance 
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on a behavioral SIN task (sentence repetition). They demonstrated significant correlations 

between the syllable/babble condition and behavioral results, but not for any of the other 

conditions (Bennett et al., 2012). These results illustrated the negative impact of informational 

masking on the top-down processing of speech as measured by the endogenous P3 waveform. 

2.5.3 Signal Type  

Finally, signal type has been shown to affect the AERPs in noise. The vast majority of 

AERP studies in noise employ either tonal or syllabic stimuli. These are not signals typically 

encountered in everyday listening situations and are inconsistent with the word and sentence 

stimuli used in behavioral SIN tasks. Using an oddball paradigm, Billings and colleagues (2011) 

reported that syllabic stimuli elicited N1/P2 responses with more prolonged latencies as 

compared to tonal stimuli. The authors attributed these findings to the slower signal rise times 

associated with speech. Similarly, slightly longer latencies have been noted in the P3 to syllabic 

stimuli as compared to tonal stimuli (Bennett et al., 2012). To date, only one AERP study has 

used word stimuli in the presence of background noise (Romei, Wambacq, Besing, Koehnke, & 

Jerger, 2011). In their study, Romei and collaborators employed a semantic priming paradigm 

where three words were presented and the participants judged if the third word was semantically 

related to the first (prime) and/or second (related or unrelated) word. The stimuli were presented 

in quiet and in 20-talker speech babble (energetic masking since, in this case, the competition 

would be unintelligible) at a fixed SNR of +9 dB (Romei et al., 2011). The AERP component of 

interest for this experiment was the N400, which is known to reflect semantic and higher-order 

cognitive, or top-down, processing (Jerger et al., 2014; Kutas & Hillyard, 1980). The results 

from Romei‟s study illustrated the increased processing necessary to complete a semantic 
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priming task even at a reasonably favorable SNR, as there were increased amplitudes and 

prolonged latencies measured for the N400 component in noise as opposed to quiet (2011). 

Moreover, this study demonstrated the feasibility of using whole words when evaluating SIN 

with AERPs. 

2.6 Summary 

Previous studies of SIN have been conducted using a variety of techniques: behavioral, 

imaging, and electrophysiological (both at the sub-cortical and cortical levels). Insight into 

behavioral performance in noise has been obtained in a large body of behavioral literature and a 

more thorough understanding of the anatomical structures responsible for understanding speech 

in noise has been gained via imaging studies. ERPs, alternately, have allowed closer examination 

of time-locked neural responses underpinning this complex task of SIN. AERP studies have 

demonstrated that the stimulus factors of task, presentation level of the signal, SNR, masker type, 

and signal type interact in dynamic, but inconsistent, ways. The presence versus absence of a 

task can lead to varied results for amplitude measurements, especially with regards to the N1/P2 

complex (Parbery-Clark et al., 2011; Whiting et al., 1998). Even though the N1/P2 is primarily 

an exogenous response reflective of bottom-up processing, it can be influenced by attention, a 

top-down process (Parbery-Clark et al., 2011; Whiting et al., 1998). Presentation level of stimuli 

has been shown not to impact the AERP in noise when examined using tones (Billings et al., 

2009). Yet an interaction between level and the presence of noise has been reported when 

syllabic stimuli is employed (Sharma et al., 2014). Studies by both Whiting and collaborators 

(1998) and Billings and associates (2009) reported that the SNR level was responsible for 

changes in the AERP components, with less favorable SNRs resulting in longer latencies and 
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variable amplitude changes, i.e., increased cortical processing/listening effort. Additionally, 

masker type, informational versus energetic, was evaluated by Billings and colleagues (2011) 

and Bennett and associates (2012). The authors reported no significant effects of masker type on 

the N1/P2 complex, but informational masking led to the greatest changes in the P3, indicative of 

the involvement of top-down processing. Furthermore, signal type, tonal versus syllabic, was 

examined in the same papers (Bennett et al., 2012; Billings et al., 2011). These papers reported 

distinctions between the stimuli types in the AERP latencies and amplitudes, as well as varied 

interactions with differing types of noise. In the current literature, there are a limited number of 

AERP studies evaluating words in the presence of background noise. One study (Romei et al., 

2011) documented the deleterious effects of noise on a semantic priming task, but this study did 

not explore the differential effects of masker types or variable SNRs on the AERP results.  

Recent AERP literature has yielded a tremendous amount of insight into the neural 

processes involved in SIN tasks. However, disconnects exist between these electrophysiological 

studies and those using more traditional behavioral or clinically-based methods. Experiments 

using AERPs examined the stimulus effects (e.g., SNR) on wildly variable performance, whereas 

clinical and behavioral studies seek to establish the stimulus parameters at which an individual 

attains a specific performance accuracy (usually 50%). AERP experiments also traditionally 

employed non-word stimuli, whereas clinical measures include word and sentence tokens to 

better represent an individual‟s performance in everyday environments. Finally, the effects of 

masker type (energetic versus informational) were briefly examined in the AERP literature, but 

never in a study utilizing word stimuli. Thus, the current study sought to explore these 

disparaging areas of testing parameters (equal SNRs versus equal accuracy) and stimulus type 
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(syllabic and tones versus words and sentences) to draw more linear connections between 

clinical and experimental AERP paradigms.  
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CHAPTER 3 

OBJECTIVES OF THE STUDY 

Overall, the primary objective of this study was to examine the effects of masking on the 

processing of speech signals with behaviorally-established masker parameters, as measured by 

AERPs. That is, participants were first tested behaviorally (i.e., repeat the words or syllables they 

heard) in speech-shaped noise and babble to establish the SNR thresholds at which they attained 

60% and 100% accuracy. These thresholds were then used in two AERP tasks: one with 

syllables, where participants were required to identify a specific target syllable; and one with 

words, wherein participants were required to identify target tokens belonging to a specific 

semantic category. These tasks were presented in quiet and in the presence of two maskers. To 

accomplish the overall objective of this study, there were three specific aims. 

The first aim was to examine the effects of and interactions between SNRs on the 

processing of words and syllables for the behavioral (reaction time and accuracy/discrimination) 

and physiological AERP components (N1, P2, P3). Reaction times typically lengthen with 

increasingly difficult listening environments, thus, there was an expected interaction of masker 

type and SNR. Previous experiments have had great variability in accuracy, stemming from their 

use of fixed SNRs. Accuracy measures in the current experiment were predicted to be different 

between the SNRs in that they were expected to be overall higher for the AERP experiment than 

for the behavioral testing. Findings from previous studies (e.g., Bennett et al., 2012; Billings et 

al., 2011, Whiting et al., 1998) illustrate that for the different AERP components, the presence of 
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any kind of noise alters the amplitude and latency results, reflecting the underlying increase in 

cortical processing due to competition which is not present in the quiet conditions. 

Exploration of the effects of and interactions between masker types on the processing of 

words and syllables for the behavioral and physiological AERP components was the second aim 

of this study. In the current experiment, behavioral accuracy on the AERP task was controlled 

with behavioral testing prior to the AERP tasks, thus, no effect of masker type was predicted to 

be observed for accuracy. Alternately, reaction times have been documented to vary based on 

masker type. Bennett and colleagues (2012) found that reaction times were longest to syllabic 

stimuli in the presence of speech babble, so it is reasonable that results from the current study 

would have also illustrated an effect of masker type on reaction time. AERP components are 

impacted differently due to their endogenous or exogenous nature. The N1 and P2 waveforms 

have shown similar changes in amplitude and latency regardless of masker type for syllabic 

stimuli (Billings et al., 2011). Yet, for the same stimuli, the P3 component shows greater 

susceptibility to informational masking (speech babble), wherein there are greater prolongations 

of latency and reductions in amplitude as compared to the changes observed in the presence of 

energetic masking (Bennett et al., 2012). Similar findings were expected in the current study: the 

presence of noise would have impacted all three components, but only the P3 component would 

have an interaction between masker types. 

Finally, the third aim was to examine the effects of and interactions between signal types 

in varying masker and SNR conditions for the physiological and behavioral AERP components. 

Although both are considered to be speech signals, word and syllabic stimuli are inherently 

different. The current study used analyses so that the various responses recorded in the noise 
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conditions were normalized to the same measures elicited in the quiet condition for each signal 

type. Still, these stimuli are processed differently due to different task demands (i.e., 

phonological discrimination for syllables versus semantic categorization for words) and there is 

more redundant information to be found within a word than a syllable. Similar to behavioral 

findings with speech in sentences versus single words, performance typically improves with 

increased amounts of context (Wilson et al., 2007). The exogenous nature of the N1 and P2 

AERP components was predicted to lead to slightly different effects of signal type with some 

interaction between signal and masker type, but to a lesser degree than the interactions found 

between tonal and syllabic stimuli (Billings et al., 2011). Reaction time and the P3 amplitudes 

and latencies have been shown to both reflect interactions between signal and masker types 

(Bennett et al., 2012). Thus, similar results were expected in the current experiment. 
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METHODS 

Participants 

The participants consisted of 21 young adults (10 male, 11 female; mean age = 22.3 

years, SD = 2.99) who met the inclusion criteria and completed all testing procedures. In total, 38 

individuals were recruited: seven failed to meet inclusion criteria from history forms, four were 

excluded based on audiometric results, and seven failed to return for all sessions. All participants 

were right-handed as determined by the Annett Handedness Questionnaire (Annett, 1970) and 

native speakers of American English. Participants had no self-reported history of neurological or 

otological disorders, and a negative history of cognitive, language, learning, and hearing 

difficulties. 

The majority of the participants were students at The University of Texas at Dallas 

enrolled as either undergraduate (n=12) or graduate (n=8) students. One participant had recently 

graduated from high school and planned to soon attend The University of Texas at Dallas. 

Participants were recruited by word-of-mouth, posted flyers, and as a part of undergraduate 

psychology course requirements. Either course credit was granted or volunteers were paid for 

their time. The mean level of education was 15.6 years (SD 2.26). Informed consent was 

obtained for all participants within guidelines set forth by the Institutional Review Board (IRB) 

at The University of Texas at Dallas. 



25 

 

 

4.1 Audiometric Exclusion Criteria 

All participants underwent otoscopy, pure tone audiometry, and immittance testing. 

Otoscopic examination yielded clear or minimally occluding cerumen (<20% of the canal was 

blocked). The participants exhibited hearing threshold levels (HL) at 20 dB or better across all 

pure-tone octave frequencies (.25-8kHz) bilaterally using a GSI-61 audiometer (ANSI, 2010). 

Average thresholds for both ears are shown in Figure 4.1. Pure-tone thresholds were symmetrical 

between ears (<10 dB HL difference) across all frequencies for all participants. All participants 

had normal middle ear function and tympanic membrane mobility as measured with Type A 

tympanograms and present ipsilateral acoustic reflexes at .5, 1, 2, and 4kHz. A Maico 

easyTymp
TM

 handheld impedance system was used for middle ear evaluation. 

Figure 4.1. Mean, standard deviation (error bars) and range (dashed lines) of pure tone 

thresholds. (N=21) 
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All participants also had normal performance on the Words In Noise test (WIN; Wilson 

& Burks, 2005). The WIN is a clinical speech-in-noise test composed of 70 monosyllabic words 

from the Northwestern University Auditory Test No. 6 (NU-6) recorded by a female speaker 

presented in the presence of babble (Wilson & Burks, 2005). The babble level is fixed and the 

word level varies. The test consists of five unique words presented at seven SNRs ranging from 

+24 dB to 0 dB in 4 dB decrements. Recommendations for clinical use are as follows: the WIN 

is presented monaurally under headphones with the noise at 65 dB HL. However, to simulate the 

experimental procedures, the WIN was presented in the soundfield (with the noise at 65 dB HL) 

in addition to under headphones. Participants were instructed to repeat the words they heard. As 

each list of 35 words was completed, the total number of correct responses were tallied and data 

were referenced to a value on a table provided with the WIN. The table contains values which 

were calculated via the Spearman-Kärber equation to represent a 50% correct word-recognition 

point and also correspond to an SNR threshold (Wilson & Burks, 2005). Patients with normal 

hearing and SIN abilities are expected to have SNR thresholds of 6 dB or less, whereas 

thresholds of 6.8-10 dB are expected with mild hearing losses, 10.8-14 dB are expected with 

moderate hearing losses, severe hearing loss yields thresholds of 15.6-19.6 dB, and profound 

hearing loss are expected to obtain thresholds of 20 dB or greater (Wilson & Burks, 2005). All 

included participants performed within normal limits (<6 dB) across all conditions, mean scores 

were the following: right: 3.03 dB (SD: 1.6), left: 3.90 dB (SD: 1.5), soundfield: 2.15 dB (SD: 

0.9). 
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4.2 Experimental Stimuli 

4.2.1 Target Signals 

The target signals used in the experimental paradigm were words and syllables. All 

stimuli were recorded in a sound-treated room by an adult male, monolingual speaker of English. 

Recordings were created using Cool Edit Pro
TM

 2.1 software (Syntrillium Software Corporation, 

2003) sampled at a rate of 22,050 Hz with 16-bit amplitude resolution. Syllable stimuli were 300 

ms in duration and consisted of voiced- and voiceless consonant-vowel pairs (CVs): /ba/, /da/, 

/ga/, /pa/, /ta/, and /ka/. The word stimuli were monosyllabic and were rated similarly (re: MRC 

Psycholinguistic database; Coltheart, 1981) in the following areas: familiarity, imageability, and 

concreteness (see Appendix A for alphabetized words and ratings). The average duration of the 

word stimuli was 544 ms (SD: 23). Overall intensities of the stimuli were equated based on their 

total root mean square (rms) amplitudes. Stimuli were recorded as .wav files and presented 

through a Koss loudspeaker via the NeuroScan Stim
2
 presentation software (Stim

2
, 

Compumedics).  

4.2.2 Masker Stimuli  

Four-talker speech babble (babble) was created from previously-recorded 61-minute 

continuous discourse of one female and one male reading “The Wonderful Wizard of Oz” by L. 

Frank Baum using Cool Edit Pro
TM

 2.1 software (New York: Harper Collins Publishers, 2000). 

Pauses between sentences and phrases were previously removed to minimize the influence of 

silent intervals of the speech competition (Duquesnoy, 1983). Overall intensity of the 

competition was calculated by averaging rms amplitudes from several random two-minute 

samples from the recording. To create the second pair of talkers, the original file was shifted up 
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in frequency by 10%, which resulted in higher-pitched but still natural sounding discourse. One- 

and two-minute selections of the recording were taken and reordered to ensure that, at no point in 

the discourse all four talkers are presenting the same material simultaneously. 

Speech-shaped noise (SSN) was created in MATLAB R2011B (The Mathworks, Natick, 

MA) by first calculating the long-term average speech spectrum (LTASS) of the entire babble 

file and then applying the resulting spectral envelope to white noise. The amplitude envelope of 

the babble was extracted using a Hilbert transform and imposed on the LTASS-white noise to 

create the SSN file with the same spectral and amplitude-modulated characteristics as the babble. 

The babble and SSN were divided into 10 five-minute long tracks and burned to a CD via Cool 

Edit. Two-second examples of the SSN and the four-talker babble are shown in Figure 4.2. 

Figure 4.2. Two-second amplitude spectra for the competition noise used in the experiment. 
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4.3 Procedures 

Each of the particpants underwent testing in three test sessions (as shown in Table 4.1) 

which took place at least seven days apart. The first session included informed consent 

procedures, measures to determine participant eligibility, behavioral testing in each signal and 

masker condition, and the Words in Noise Test (WIN). These procedures were 40-60 minutes. 

The second and third sessions consisted of the experimental electrophysiological test measures: 

words in noise and syllables in noise. Each experiment lasted 45-60 minutes with rest breaks. 

The order of the experiments (words first or syllables first) were counterbalanced across 

participants and test sessions. In total, participants underwent approximately five hours of 

testing. 

Table 4.1. Table showing various procedures completed at each of the three test sessions. 
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4.4 Tasks 

4.4.1 Experimental Behavioral Task 

Individuals differ to a great extent in their SIN abilities, either measured in fluctuating 

SNR thresholds or by variable accuracy at fixed SNR (e.g., Smoorenburg, 1992; Billings, 

McMillan, Penman, & Gille, 2013). In the current study‟s paradigm, each individual‟s SNR 

threshold was established at pre-determined performance levels (i.e., 60% and 100% correct) via 

behavioral testing, similar to the procedures followed in clinical SIN testing. The rationale for 

the selected levels was based on ceiling effects: 100% was chosen to investigate if changes in 

AERP measures could be elicited when behavioral performance was at ceiling, similar to 

performance in quiet, and 60% was chosen to assure that ceiling effects were avoided, but that 

performance was above chance. These SNRs were then employed during the 

electrophysiological tasks. To this end, participants were asked to (via verbal instruction and 

visual prompts) listen and repeat monosyllabic words and syllables presented in SSN and babble 

at various SNRs. Specific task instructions are included in Appendix B. The stimuli used in this 

behavioral task were the same as those used in the electrophysiological task (see Stimuli section).  

Both masker and signal stimuli were presented from two Koss loudspeakers vertically 

stacked located one meter in front of the participant. Signal stimuli were delivered through a 

loudspeaker connected to the NeuroScan Stim
2 
computer and masker stimuli were delivered 

through a loudspeaker directly above the signal speaker via a Sony CD player. Signals (syllables 

and words) were presented at a constant intensity level of 60 dB SPL while the maskers (SSN 

and babble) were adjusted by 3 dB steps (beginning with a +3 dB SNR, i.e., 57 dB SPL) to 

adaptively establish SNR thresholds at 60% (+10%; SNR60) and 100% (+10%; SNR100) 
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performance levels. Participants were seated in an adjustable-height exam chair so that the mid-

vertical line of the loudspeakers was consistently maintained at ear level. 

4.4.2 Electrophysiological Tasks 

 Tasks were completed across a total of five conditions for the AERP experiments: quiet, 

SNR60 in SSN, SNR100 in SSN, SNR60 in babble, and SNR100 in babble. Practice items were 

presented prior to the beginning of each experiment and session. There were 240 trials in the 

quiet condition (80/160 targets/non-targets), 150 trials in each SNR100 condition (50/100 

targets/non-targets), and 240 trials in each SNR60 condition (80/160 targets/non-targets), for a 

total of 1020 trials in each experiment. The breakdown of trials per block across test sessions for 

syllables and words is shown in Appendix C. The uneven distribution of trials was calculated to 

obtain at least 40 accepted sweeps per condition while minimizing effects of fatigue on 

participants. The overall a priori value for target trials was .33 for each condition.  

The total number of trials was divided between the two testing sessions to reduce the 

effects of fatigue. Additionally, the trials were divided into 10 blocks per session for the syllable 

experiment and 12 blocks per session for the word experiment; ample opportunities for breaks 

were given to participants between blocks and between experiments. Two blocks of the quiet 

condition were presented during each session per experiment. Mixed-blocks of each masker 

condition were presented during each session, i.e., SSN trials were presented pseudo-randomly at 

both the SNR60 and SNR100 within a block; babble trials were presented similarly. The 

competing noise was played continuously throughout each masker block, beginning at least three 

seconds prior to the start of the word or syllable signals. The order of word and syllable AERP 

experiments were counterbalanced across participants and test sessions. 
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Syllable Experiment 

In the syllable experiment, participants were instructed to listen and respond to the target 

syllable /da/. Listeners were given a response pad and tasked with pushing the „yes‟ button if 

they heard a /da/ or pushing the „no‟ button if they hear /ba/, /ga/, /pa/, /ta/, or /ka/. These 

instructions appeared on a computer screen located one meter in front of the participants prior to 

each block; these instructions are included in Appendix B. As shown in Appendix C, a total of 

10 listening blocks were presented per session: two quiet, four SSN, four babble. The masker 

blocks alternated masker types (e.g., quiet, SSN, babble, SSN, babble, quiet, babble, SSN, 

babble, SSN) and this was counterbalanced across participants and testing sessions. Each block 

lasted approximately four minutes and ample opportunities for breaks were provided. To ensure 

task vigilance, each trial was preceded by a visual cue of „READY‟ appearing on a computer 

screen one meter in front of the participants. A diagram of the trial timing is shown in Figure 4.3.  

Word Experiment 

In the word experiment, participants were instructed to listen and respond to target words 

in pre-determined semantic categories: animals, body parts, clothing, colors, things made of 

wood, food, and kitchen items. These categories were derived from the category exemplars from 

the updated Battig and Montague (1969) category norms (Van Overschelde, Rawson, & 

Dunlosky, 2004). Instructions as to target category type appeared on a computer screen prior to 

each listening block; these instructions are included in Appendix B. Listeners were given a 

response pad and tasked with pushing the „yes‟ button if they heard a word in the target category 

or pushing the „no‟ button if a word was not in the target category. A diagram of the trial timing 

is shown in Figure 4.4. 
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Figure 4.3. Sample trial timing for each syllable trial. The visual cue appeared, then one second 

elapsed prior to the onset of a syllable. After the participant responded yes/no, there was another 

second before the next visual cue was presented. 

Figure 4.4. Sample trial timing for each word trial. The visual cue appeared, then one second 

elapsed prior to the onset of a word. After the participant responded yes/no, there was another 

second before the next visual cue was presented. 
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 To reduce familiarity effects, each word was presented once in the masker conditions per 

session. The four blocks of the Quiet condition contained categories and trials which occurred in 

the masker blocks as well; there were no significant effects on the repeated trials in post-hoc 

analyses. Table 4.2 displays the block order with the masker condition and target category across 

the two test sessions. Although some categories were repeated across blocks, the trials were 

unique within each block. As shown in Table 4.2, each block that was presented in SSN was then 

presented in babble and vice-versa; this was counterbalanced across sessions and participants. As 

shown in Appendix A, word stimuli are alphabetically listed with their respective age of 

acquisition, concreteness, familiarity, and imageability ratings (Coltheart, 1981). 

Table 4.2. Order of categories in blocks and conditions across the two test sessions of the 

word experiment. Sessions A and B were counterbalanced across participants. 
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Each test session of the word experiment contained 12 listening blocks. Two blocks of 

the quiet condition and five mixed-blocks of each noise condition were presented during each 

session. Like in the syllable experiment, the masked blocks alternated noise type within and 

across sessions. Each block lasted 3-5 minutes and ample opportunities for breaks were 

provided. To ensure task vigilance, each trial was preceded by a visual cue of „READY‟ 

appearing on a computer screen one meter in front of the participants. A diagram of the trial 

timing is shown in Figure 4.4. 

4.5 Electrophysiological Recording Methods 

Auditory event-related potential (AERP) data were collected using the Neuroscan 

electrophysiological data acquisition system (SCAN 4.5.1, Compumedics). 

Electroencephalographic (EEG) activity was recorded from the scalp via five midline gold (Au) 

electrodes at positions FZ, FCZ, CZ, CPZ, and PZ according to a modified International 10-20 

system as shown in Figure 4.5 (Jasper, 1958). Electrode impedances were maintained below 5 

kΩ. An electrode on the forehead served as ground while online EEG was referenced to 

electrodes placed on both mastoids (M1 and M2). Recorded EEG activity was sampled at the rate 

of 500 Hz, amplified, analog-filtered 0.10 to 70 Hz, digitized, and stored for later analysis.  

After the testing was complete, the EEG was low-pass filtered with zero-phase shift at 20 

Hz with a slope of -48 dB per octave. Each epoch for the word task was derived from intervals 

extending from 200 ms pre-stimulus onset to 1400 ms post-stimulus onset; for the syllable task, 

the epoch interval extended to 1000 ms post-stimulus onset. These epochs were linearly 

detrended, baseline corrected, and artifact rejected for activity which exceeded + 75 µV. The 

epoch data was then separated by stimulus type, conditionalized based on correct-responses, and 
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averaged.  Data was averaged for each trial type across test sessions; a minimum of 40 accepted 

sweeps were included in each individual average.  

4.6 Data Analysis 

Statistical analyses were completed using IBM SPSS Statistics 22. Significance for 

analyses was determined at a 0.05 alpha level unless Bonferroni corrections were warranted, 

where an alpha level of 0.0125 was employed. 

4.6.1 Experimental Behavioral Task 

Data regarding SNR threshold were used to create stimuli for the electrophysiological 

tasks. A 2x2x2 repeated-measure analysis of variance (ANOVA) was evaluated to examine the 

 

Figure 4.5. Diagram of electrode placement. Gray-filled circles represent ground and references 

(linked mastoids). Black-filled circles represent active electrodes. Midline labels are below 

corresponding electrodes. 
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differences between masker condition (SSN, babble), signal condition (syllable, word), and SNR 

(SNR60, SNR100). 

4.6.2 Electrophysiological Task 

Behavioral accuracy, defined as percentage of trials correctly identified as either target or 

non-target, was obtained for 16 participants. These results were converted into d‟ values, which 

are based on the difference of Z scores between hit and false alarm rates, i.e., d‟ = Z(false alarm 

rate) – Z(hit rate)(Yanz, 1984). D‟ is often used as a measure of discriminability (Bennett et al., 

2012). Then shifts in d‟ were calculated from the quiet baseline and analyzed via separate 2x2 

repeated-measure ANOVA for each stimulus type, with masker condition (babble, SSN) and 

SNR (SNR60, SNR100) serving as within-subject variables. To evaluate interactions between 

the signal types, a 2x2x2 repeated-measure ANOVA was conducted with masker type, SNR, and 

signal type serving as within-subject factors.  Reaction times to correctly-identified target and 

non-target trials were normalized to the quiet conditions (i.e., reaction time for quiet was 

subtracted from reaction time for SNR100 in babble). These shifts from the quiet baseline were 

then analyzed similarly to behavioral accuracy. Significant effects were analyzed via post-hoc 

student‟s t-tests with appropriate Bonferroni corrections utilized as necessary. Data for reaction 

time and accuracy were irretrievably lost for five participants, thus analyses were performed on 

data from 16 of the 21 participants (9 male; 7 female). 

4.7 Electrophysiological Data Analysis 

Individual-averaged waveforms were analyzed separately for target and non-target 

stimuli across all five electrodes. Specifically, data were collected from conditionalized trials: 
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correctly identified targets (P3) or non-targets (N1 and P2). AERP amplitude and latency 

measurements were collected for the N1, P2, and P3 peaks. “Peak” was defined as the maximum 

positivity or negativity in a preselected time window for each individual participant. Peak 

latencies were measured relative to stimulus onset. Peak amplitudes were measured relative to 

pre-stimulus baseline. Absolute peak amplitudes were measured for the P3 component, whereas 

relative peak-to-peak amplitudes were measured for the N1/P2, due to the variable nature of this 

component. Each participants‟ amplitude and latency data from the masked conditions were 

normalized to the measures from the quiet conditions to obtain relative shifts from the quiet 

baseline. In other words, amplitude data for masked conditions were subtracted from amplitude 

data for quiet (i.e., expected reductions in amplitude in noise) and latency data for quiet was 

subtracted from latency data for masked conditions (i.e., expected prolongations in latency in 

noise). Amplitude and latency data were analyzed separately. Within signal type (word or 

syllable) data were analyzed using 2x2 repeated-measure ANOVA with two levels of masker 

(babble, SSN) and two levels of SNR (SNR60, SNR100). To evaluate the effect of signal type, 

these data were subjected to 2x2x2 repeated-measure ANOVA. Significant effects were analyzed 

via post-hoc student‟s t-tests with appropriate Bonferroni corrections utilized as necessary. 
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CHAPTER 5 

RESULTS 

5.1 Behavioral Results 

5.1.1 Overview 

Recall that during Session I, as shown in Table 4.1, participants repeated words and 

syllables at adaptive SNRs to establish the dB SNR levels at which they were able to perform at 

60% and 100% accuracy. These procedures were undertaken to parallel commonly-utilized 

clinical test measures and the resultant data were then applied to the AERP experiment 

completed in the following sessions. During Sessions II and III participants were required to 

push a button to identify target and non-target trials in various masker conditions. Behavioral 

data was recorded regarding task accuracy and discrimination ability, i.e., the abilities of 

participants to successfully identify target and non-target trials. Additionally, participants‟ 

reaction time was measured in the AERP experiment, i.e., the amount of time that passed 

between the beginning of a word or syllable trial and the push of correctly-pushed „yes‟ button to 

targets and „no‟ button to non-targets. These data were normalized to the participants‟ reaction 

times in the quiet condition. Thus, the following sections present results from the behaviorally-

established SNRs, AERP accuracy and discrimination, and AERP reaction time (normalized to 

the results from the Quiet condition). 
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5.1.2 Behaviorally-Established SNRs 

Results from the Session I behavioral speech SNR task are shown in Table 5.1; data for 

individuals are shown in Appendix D. Syllables and words are shown as a function of SNR100 

and SNR60 and for babble and SSN separately. Interestingly, both the ranges and relative mean 

dB SNR values varied across conditions, with means from -6.14 dB SNR at syllables-SSN-

SNR60 to +4 dB SNR at words-babble-SNR100, but, for all conditions except words-babble-

SNR100, there was a consistent range of SNRs of 6 dB across participants.  

Table 5.2 displays the means (in absolute dB SNR), standard deviations, and p values for 

post-hoc pairwise comparisons in each listening condition. For example, the top row represents 

the behaviorally-established dB SNR difference between SNR100 and SNR60 in the syllable-

babble condition. Averaged values are shown in italics for SNR differences (SNR100 versus 

SNR60), masker differences (babble versus SSN), and signal differences (syllables versus 

words).  

Table 5.1. Mean (M), standard deviation (SD), and range (in parentheses) of the behaviorally-

established SNRs. SNR100: the SNR threshold at which 100% accuracy was obtained; SNR60: 

the SNR threshold at which 60% accuracy was obtained. (N=21)       
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As expected, the data show that more favorable (higher) SNRs were required to obtain 

100% accuracy (SNR100) than for 60% accuracy (SNR60). Moreover, there was an overall 

average of 5.97 dB difference between SNR100 and SNR60. The SNR differences were found to 

be significant in the three-way ANOVA, F(1,19)=385.21, p<.001, and in both the two-way 

ANOVAs for words, F(1,19)=178.83, p<.001, and syllables, F(1,19)=299.79, p<.001, separately. 

There were significant differences found between masker types as well. Higher SNRs were 

required to obtain the same repetition accuracy in babble than in SSN across both SNR 

conditions and signal types when analyzed in the three-way ANOVA, F(1,19)=61.87, p<.001. 

Table 5.2. Mean (M), standard deviation (SD), and p values for follow-up t-tests 

evaluating behaviorally-established SNRs. All comparisons reached significance with a 

Bonferroni-corrected alpha level (.0125; bolded p values) except for the signal difference-

SNR100-babble. (N=21) 
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Across all conditions, there was an average of 1.9 dB SNR difference between babble and SSN, 

with the greatest difference (3 dB) observed in the syllables-SNR100 condition, as shown in 

Tables 5.1 and 5.2. When analyzed separately, these significant masker differences persisted for 

both syllables, F(1,19)=43.10, p<.001, and words, F(1,19)=22.00, p<.001. It can also be 

observed that despite masker type and SNR, systematic differences were found between signal 

types. Participants repeated syllables more accurately at lower (less favorable) SNRs than words, 

at an average of 2.54 dB SNR. These results were found to be significant in the three-way 

ANOVA, F(1,19)=51.65, p<.001, but post-hoc comparisons failed to reach significance for the 

SNR100-babble condition (p=.014).  

5.1.3 AERP Behavioral Task Accuracy 

Table 5.3 provides mean accuracy scores in percent correct for the AERP tasks as a 

function of trial type (target and non-target), signal type (words and syllables), listening 

condition (three columns of masker type: Quiet, Babble, SSN), and SNR (three separate rows: 

Quiet, SNR100, SNR60). Accuracy was near ceiling in the Quiet condition across both signal 

and trial types. In the masked conditions, accuracy was higher, intuitively, at SNR100 than at 

SNR60. Accuracy was also slightly better for non-targets than for targets. Aside from the quiet 

conditions, the best performance was elicited in the babble-SNR100 condition (range: 87-100%) 

for non-target syllables and the SSN-SNR100 condition (range: 84-100%) for target syllables. 

The highest accuracy was elicited in the SSN-SNR100 conditions for both targets (range: 77.72-

100%) and non-targets (range: 87.98-98.96%) in the word experiment (Table 5.3). 
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For measures of discrimination (d‟), all masked conditions were poorer than in the quiet 

condition and the poorest discrimination occurred, predictably, at SNR60. These results are 

shown in Figure 5.1, where the bar height indicates d‟ score for each masker type as a function of 

SNR (quiet, SNR100, SNR60) and separate plots for syllables (left panel) and words (right 

panel). For purposes of analysis, the d‟ shifts from quiet baseline were calculated. These results 

are displayed in Figure 5.2 across signal and masker types as a function of SNR. Greater 

Table 5.3. Mean percent-correct scores and standard deviations (in parentheses) for correctly-

identified targets (upper panels) and non-targets (lower panels) across signal type (words and 

syllables), listening condition (masker type: quiet, babble, SSN), and SNR (quiet, SNR100, 

SNR60). (N=16) 
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decrements in d‟ (i.e., largest differences from quiet) are plotted closer to the x-axis. As shown in 

this figure, the largest changes in discrimination occurred in the SNR60 conditions, which were 

found to be significant in the three-way ANOVA, F(1,15)=48.40, p<.001. The type of masker 

had no effect on either the absolute d‟ or the d‟ shifts (p>0.7), with an average difference of 0.03 

between masker types across conditions.  

Overall d‟ scores were higher for syllables than for words, meaning that participants were 

more accurately able to delineate between target and non-target syllables than target and non-

target words (Figure 5.1). However, when normalizing d‟ to the quiet conditions (calculating the 

relative d‟ shifts), the difference in signal type failed to reach significance (p=.057; Figure 5.2). 

There was a significant interaction between signal type and SNR, F(1,15)=9.15, p=.009, which 

can be observed by the converging lines on Figure 5.2, illustrating a differential effect of SNR on 

 
 

Figure 5.1. Discrimination (d') on AERP behavioral tasks across conditions for syllables (panel 

a, left) and words (panel b, right). Error bars represent standard error of the mean. (N=16) 
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signal types. This might indicate that words are more resistant to the effects of noise, as the 

decline in discrimination ability was less for words than syllables. Or, perhaps these findings 

underscore the different task demands between identifying semantic targets (in the word 

experiment) and delineating between phonological targets (in the syllable experiment).  

5.1.4 AERP Behavioral Task Reaction Time 

Reaction time (RT) was measured in milliseconds (ms) from the onset of a trial (word or 

syllable) to when a participant pushed either the „yes‟ or „no‟ button during the AERP 

experiment. Mean RT as a function of masker type and SNR is shown in Table 5.4 with standard  

 
Figure 5.2. Decrements in AERP behavioral d' from quiet baseline. Mean data shown across 

masker, SNR, and signal conditions. (N=16) 

 



46 

 

 

deviations displayed in parentheses. Data are displayed across trial type (targets and non-targets), 

signal type (words and syllables), listening condition (three columns of masker type: Quiet, 

Babble, SSN), and SNR (three separate rows: Quiet, SNR100, SNR60). RTs were fastest in the 

Quiet condition across both stimuli (words in the left panels, syllables in the right panels) and 

trial types (targets in the top panels, non-targets in the bottom panels). In the masked conditions, 

faster RTs were found for targets than non-targets and, intuitively, at SNR100 than at SNR60. 

Overall, RTs to syllables were 300-500 ms faster than for words, which illustrated differences in 

Table 5.4. Absolute mean reaction times (ms) and standard deviations (shown in parentheses) for 

target (upper panel) and non-target trials (lower panels). Syllables are shown in the right panels, 

words in the left. (N=16) 
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both the duration of the stimuli and the cortical processing/decision making necessary for the two 

different tasks. 

Analyses were conducted on the shifts in RT from the Quiet conditions, i.e., normalizing 

the masker condition data to that of the Quiet condition. These data are shown in Figure 5.3. RT 

shift data for target trials appear in the in the top panels (a and b) and RT shift data for non-target 

 
 

Figure 5.3. Shifts in RT measures from quiet for target trials (upper panels, a and b) and non-

targets (lower panels, c and d). Syllables are shown in the left panels, words in the right. Error 

bars represent standard error of the mean. Significant findings from t-tests indicated by asterisks; 

*: p=.004, **: p=.003, n.s.: p>.0125. (N=16) 
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trials in the bottom panels (c and d). Shift data for syllables are in the left panels (a and c) and 

words are in the right panels (b and d). Significant findings from post-hoc t-tests are indicated by 

asterisks. The corresponding numerical data for post-hoc comparisons are displayed in Table 5.5 

for targets and Table 5.6 for non-targets. Across listening conditions, mean differences for RT 

shift are presented in milliseconds (ms), followed by the standard error of the mean (SEM), and 

p-value for each comparison: SNR difference (SNR100 versus SNR60), masker difference 

(babble versus SSN), and signal difference (words versus syllables).  

Table 5.5. Mean (M; in ms), standard error of the mean (SEM), and p-values for follow-up t-tests 

evaluating RT shifts from quiet for target trials. No comparisons reached significance with a 

Bonferroni-corrected alpha level (.0125). (N=16) 
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There were significantly longer prolongations in RT for SNR60 than SNR100 in the 

three-way ANOVAs for both targets, M=94.91 ms (Table 5.5), F(1,15)=9.36, p=.008, and non-

targets, M=140.68 ms (Table 5.6), F(1,15)=14.2, p=.002. These differences were significant in 

the two-way ANOVAs when signal types were separated: target words, F(1,15)=8.32, p=.011, 

target syllables, F(1,15)=6.31, p=.024, as well as non-target words, F(1,15)=7.4, p=.016, and 

non-target syllables, F(1,15)=15.61, p=.001. Yet when the data were examined via post-hoc t-

tests with Bonferroni-corrected alpha level of .0125, the only significant difference between 

SNRs was found for non-target syllables, as shown in panel c of Figure 5.3 and in Table 5.6. 

Although there was a difference in RT shifts between masker types of 35.17 ms for target trials 

and 32.74 ms for non-target trials (Tables 5.5 and 5.6, respectively), these contrasts failed to 

reach significance. There was no effect of signal type in targets (p=.404), but there were 

significantly greater RT shifts for non-target words (M=265.05 ms) than non-target syllables 

(M=110.66 ms), F(1,15)=9.66, p=.007. These results were also found to be significant in post-

hoc t-tests for the SNR100-SSN listening condition, as shown by the bolded p values in Table 

5.6. 
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Table 5.6. Mean (M; in ms), standard error of the mean (SEM), and p-values for follow-up t-

tests evaluating RT shifts from quiet for non-target trials. Significant findings are shown with 

bolded p-values: SNR difference for syllables, signal difference for SNR100-SSN. (N=16) 
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5.2 Electrophysiological Results 

5.2.1 Grand-Averaged AERP Waveforms 

It is generally accepted that there is a great deal of between-subject variability in AERP 

recording (Picton, 2011). Results from the current study also illustrate these individual 

differences: see Figure 5.4 for an illustration of the AERP waveforms to averaged correctly-

identified target words in quiet for individuals (gray lines) versus a grand-averaged (N=21) 

waveform in the thick black line. For purposes of figure presentation, grand-averaged waveforms 

and mean data (N=21) are presented in this section although analyses were conducted on 

individual results. Additionally, recall that, as shown in Table 4.1, each participant underwent 

testing in all conditions across the two days of AERP sessions; this was carried out to examine 

the within-subject effects of noise better and equalize any differences in performance or 

recording across test days. Their data were then normalized to their own baseline performance in 

quiet from both days. This way, even if one individual‟s absolute latencies and amplitudes varied 

as compared to another‟s, the impact of stimuli factors could be explored. 

While data were recorded for the midline electrodes (Figure 4.5), different electrodes 

were analyzed for the N1/P2 (FZ, FCZ, CZ) than for the P3 (CPZ, PZ) due to the various neural 

generators of the AERP components of interest (e.g., Jerger et al., 2014; Picton, 2011). Grand-

averaged waveforms are displayed in Figure 5.5 for the quiet conditions across signal and trial 

types (target syllables, non-target syllables, target words, non-target words). While the N1/P2 is 

present across all of the electrodes, the amplitudes were greatest in the quiet condition at 

electrodes FZ (panel a), FCZ (panel b), and CZ (panel c; left panels). Overall amplitudes were 
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greater for syllables than for words and latencies were earlier for syllables. The P3 component 

was more prominent when moving posteriorly across the head (electrodes CPZ in  

panel d and PZ in panel e) and amplitudes were larger for targets than non-targets, consistent 

with traditional P3 findings (Picton, 2011). Grand-averaged waveforms to target signals are 

displayed across experimental stimuli in the right panels of Figure 5.5 for electrodes CPZ and 

PZ. The P3 amplitude was greatest in quiet for syllables and the earliest P3 latency occurred for 

syllables. Average absolute peak amplitude and latency data are available in Appendix E for the 

N1 and P2 components at electrode CZ and for the P3 component at electrode PZ across SNR, 

masker types, and signal types. 

 
 

Figure 5.4. Individual (thin gray lines) versus grand-averaged (thicker black line; N=21) AERP 

waveforms. Averages are shown at electrode PZ to correctly-identified target words in quiet. 
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Figure 5.5. Grand-averaged waveforms to the quiet conditions across stimuli types and 

electrodes. Responses to words are shown in solid lines, dashed lines represent syllables. Target 

trials are in dark gray, non-target trials are in light gray. Electrodes are represented in the 

separate panels: FZ in panel a, FCZ in panel b, CZ in panel c, CPZ in panel d, and PZ in panel e. 

(N=21) 
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Analyses of waveform amplitudes and latencies were conducted on the data from the 

electrodes of maximal activity. For the N1/P2 component, averaged waveforms from correctly-

identified non-target trials at electrode CZ were analyzed (i.e., panel c of Figure 5.5). Grand-

averaged waveforms from the syllable experiment across all experimental conditions (quiet, 

SNR60 and SNR100 in SSN, SNR60 and SNR100 in babble) are displayed in the top panel of 

Figure 5.6 and waveforms from the word experiment are shown in the bottom panel. In the quiet 

condition (solid black line), the N1/P2 amplitude was greatest and latencies were earliest for both 

signal types. Significant reductions in amplitude and prolongations of latency were observed in 

even the most-favorable masked conditions, the SNR100.  

Also of note is the different morphology of the N1 component across signal types when 

noise was introduced. The N1 to syllables became more negative whereas the N1 to words 

became more positive. The P2 amplitude decreased in both conditions, so the resultant relative 

N1/P2 amplitude still decreased in the masked conditions, but the magnitude of reduction varied 

across signal types.  

Finally, a broad negative-going wave was observed for the words starting at 

approximately 400 ms and continuing to 900 ms. This waveform is known as the processing 

negativity (PN) or N400 (Jerger et al., 2014). This AERP wave is present in conjunction with 

various semantic, phonological, and attentional processing demands (Jerger et al., 2014). In the 

current study, the PN was present for words as participants were undergoing a semantic oddball 

testing paradigm. The PN was not analyzed in the scope of this study, but will be explored in 

future work.  
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Figure 5.6. Grand-averaged (N=21) non-target waveforms at electrode CZ across 

experimental conditions. The component of interest is the N1/P2; these two peaks are labeled. 

Top panel: syllables; bottom panel: words. Quiet waveforms are shown in black, SSN in dark 

gray, and babble in light gray. Solid lines represent quiet and SNR100; dashed lines represent 

SNR60. 
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Figure 5.7 . Grand-averaged (N=21) target waveforms at electrode PZ across experimental 

conditions. The component of interest is the P3 (labeled). Top panel: syllables; bottom panel: 

words. Quiet waveforms are shown in black, SSN in dark gray, and babble in light gray. Solid 

lines are quiet and SNR100; dashed lines are SNR60. 
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The P3 amplitudes were largest at electrode PZ (panel e of Figure 5.5), hence, recordings 

at this electrode were analyzed. The P3 is labeled on these grand-averaged waveforms shown in 

Figure 5.7. The top panel represents responses to the syllable experiment, while the bottom panel 

represents responses to the word experiment. The earliest latencies for P3 occurred in the quiet 

conditions for both signal types, but the largest peak amplitude was elicited in the babble-

SNR100 condition to words and in quiet for syllables. Latencies were earlier for syllables than 

words across listening conditions. 

In the top panel of Figure 5.7, a systematic decrease in amplitude and lengthening of 

latency can be observed from quiet (solid black line) to babble-SNR100 (solid light gray line) 

and SSN-SNR100 (solid dark gray line), which has similar amplitude to the babble-SNR60 

(dashed light gray line), and then the smallest amplitude is evident in the SSN-SNR60 condition 

(dashed dark gray line). This pattern is similar, but not as clear, for the word experiment as 

shown in the bottom panel of Figure 5.7. The earliest latency occurs in quiet, but the largest 

amplitude is present to babble-SNR100. The P3s to the SSN-SNR100 and babble-SNR60 are 

similar in both latency and amplitude and then the P3 to SSN-SNR60 is slightly later and 

smaller.  

The PN is still visible to words, which might be an explanation why the P3 amplitudes 

are reduced for words as compared to syllables. Again, the PN component is not of interest in the 

current study, but is worthy of mention. Results for the shifts in amplitude and latency from the 

quiet baselines will be presented in the following sections. 
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5.2.2 N1/P2 Component 

Amplitude 

 Shifts in the peak-to-peak N1/P2 amplitude from the quiet condition were calculated for 

correctly-identified non-target trials, with at least 40 accepted sweeps per condition. As stated 

previously, these measures were analyzed at the electrode of maximal activity, CZ. Average 

magnitude data are displayed in Figure 5.8 for the syllable (panel a, left) and word (panel b, 

right) experiments separately. Average absolute shifts are shown in Figure 5.9 across both signal 

types and for all conditions. Here, the greater amplitude decrements from quiet are indicated by 

symbols appearing closer to the x-axis. As can be seen in both figures, the greatest decrement in 

amplitude (i.e., smallest N1/P2 peak amplitudes) occurred in the SNR60 conditions (collapsing 

across masker types), which was found to be significant in the three-way repeated-measures 

ANOVA, F(1,19)=52.24, p<.001. There was an average of 3.5 V difference between SNRs for 

syllables, F(1,19)=35.01, p<.001, and an average difference of 1.26 V between SNRs for 

words, F(1,19)=29.94, p<.001. The largest SNR100-SNR60 shift difference was observed for the 

syllables in SSN with an average difference of 4.7 V. In follow-up pairwise comparisons, the 

between-SNR differences were found to be significant for syllables-SSN, words-SSN, and 

words-babble, as denoted by cross-SNR brackets with asterisks in Figure 5.8.  

 The babble masker resulted in greater N1/P2 amplitude shifts overall, as can be seen in 

Figure 5.8 with the higher light gray bars as compared to the dark gray bars. This difference was 

significant across signal types, F(1,19)=7.35, p=.013. However, when signal types were analyzed 

separately, the variance in amplitude shifts between masker types was significant for words, 

F(1,19)=12.27, p=.002, but not for syllables, p=.059. In follow-up t-tests, both the 2.36 V 
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difference for syllables-SNR100 and the 0.94 V difference for words-SNR60 were found to be 

significant. These findings are denoted by asterisks on Figure 5.8. 

 Overall, there were slightly greater decrements in N1/P2 amplitude for words (8.28 V) 

than syllables (7.52 V), but the differences between signal types were not significant across 

masker type and SNR, p=.64. Nevertheless, there were significant interactions found between 

SNR and signal type, F(1,19)=13.54, p=.001, as illustrated by the converging lines in Figure 5.9, 

as well as a significant three-way interaction between masker type, signal type, and SNR, 

F(1,19)=4.76, p=.041.  

 

Figure 5.8. Amplitude shifts from quiet for the N1/P2 component for syllables (left panel) and 

words (right panel). Although the amplitudes decreased in noise relative to quiet, these data 

represent the magnitude of change (i.e., the taller the bar, the greater the change). Error bars 

represent standard error of the mean. Asterisks indicate significant differences in follow-up t-

tests; *: p<.01, **: p<.001. (N=21) 
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Latency 

 The addition of maskers shifted the N1 peak latency later than in the quiet condition 

across SNRs and signal types. Figure 5.10 displays the average latency prolongations (ms) for 

N1 across masker type and SNR for syllables (panel a, left) and words (panel b, right). Note that, 

in this figure, the later the N1 occurred, the higher the bar. Although not found to be significant 

in the ANOVA, the N1 shifted an average of 1.43 ms more in SNR60 conditions than in SNR100 

 

 
 

Figure 5.9. N1/P2 amplitude decrements from quiet across signal types, masking types, and 

SNRs measured at electrode CZ. These data are representative of the direction of amplitude 

change, i.e., higher= less decrements, lower = greater decrements. Greater shifts were observed 

for SNR60 than SNR100 across signal and masker types. (N=21) 
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conditions. Still, this cross-SNR difference was found to be significant for syllables in babble, 

where the shift in average latency at SNR60 (M=59.67 ms) was 15.48 ms longer than at SNR100 

(M=44.19 ms); denoted with an asterisk and bracket in Figure 5.10. These minor differences are 

also displayed in Figure 5.11, where results from both signal types are plotted. No truly 

discernable difference is observed for SSN across SNRs in the flat, parallel lines, but N1 shifts in 

babble “behave” differently across SNRs, as discussed previously.   

 Babble resulted in an average latency shift of 18.69 ms greater than SSN across signal 

types and SNRs, which was found to be significant, F(1,19)=11.45, p=.003. While the effect of 

masker type was only approaching significance for syllables (p=.057), the 28.19 ms average 

latency shift was significant across SNRs in the word experiment, F(1,19)=13.65, p=.001. 

Asterisks between bars in Figure 5.10 denote significantly longer N1 shifts in babble as 

  

Figure 5.10. Latency shifts from quiet for the N1 component for syllables (panel a) and words 

(panel b). Latencies increased from quiet in all conditions; the taller the bar, the more 

prolonged the latency. Error bars are standard error of the mean. Asterisks indicate significant 

differences in follow-up t-tests; *: p<.01, **: p<.005. (N=21) 
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determined by follow-up pairwise comparisons for syllables-SNR60 (17.57 ms difference), 

words-SNR60 (25.27 ms difference), and words-SNR100 (31.1 ms difference). 

 The average N1 peak latency shift for syllables (47.34 ms) was 4.15 ms longer than for 

words (43.19 ms), but there was no significant effect of signal type on the N1 latency shifts. The 

data for both signal types are plotted in Figure 5.11, with shorter increases in latency from the 

quiet baseline being closer to the x-axis. The significant interaction between masker and signal 

type can be observed, F(1,19)=10.10, p=.005, resultant from the results from babble condition 

 
 

Figure 5.11. N1 latency increases from quiet across signal types, masking types, and SNRs.  

Higher on the plot = longer latency shift; lower on the plot = shorter latency shift. (N=21) 
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(gray-filled symbols). The only other significant interaction was found between masker type and 

SNR for syllables, F(1,19)=9.30, p=.006, also as a result of the babble condition.  

 Results for P2 latency shifts were similar to those for the N1. Expectedly, the addition of 

any masker prolonged P2 latencies across all listening conditions.  Figures 5.12 and 5.13 display 

the average P2 latency increases from the quiet condition across testing conditions. The left 

panel (panel a) of Figure 5.13 shows the average shifts and standard error for syllables while the 

right panel (panel b) presents the same for words. For both figures, longer latency shifts are 

further away from the x-axis. Figure 5.13 presents the same data as Figure 5.12, but with both 

signal types on the same plot.  

 

Figure 5.12. Latency shifts from quiet for the P2 component for syllables (panel a) and words 

(panel b). Latencies increased from quiet in all conditions; the taller the bar, the more prolonged 

the latency. Error bars are standard error of the mean. Asterisks indicate significant differences 

in follow-up t-tests; *: p<.01, **: p<.005. (N=21) 
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 Peak P2 latency shifts were significantly longer in SNR60 (M=67.05 ms) than SNR100 

(M=50.34 ms) for syllables, F(1,19) =7.61, p=.012. Follow-up testing yielded significant 

differences between SNRs for syllables in babble (26.02 ms difference). This finding is noted in 

Figure 5.12 with an asterisk and bracket. The difference between masker types was significant 

neither for words, where SNR100 latency shifts were actually 2.15 ms longer than SNR60 

(p=.681), nor in the three-way ANOVA (p=.064).  

 Like with N1 latency shifts, P2 shifts were significantly longer in babble (M=62.93 ms) 

than SSN (M=32.76 ms). These findings were significant when signal types were combined, 

 
 

Figure 5.13. P2 latency increases from quiet across signal types, masker types, and SNRs. 

Higher on the plot = longer latency shift; lower on the plot = shorter latency shift. (N=21) 
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F(1,19) =34.134, p<.001, as well as analyzed separately for syllables, F(1,19) =17.551, p<.001, 

and words, F(1,19) =25.342, p<.001. P2 latency shifts in babble were found to be significantly 

longer at syllables-SNR60 (32.7 ms difference), words-SNR60 (34.89 ms difference), and 

words-SNR100 (38.99 ms difference) in post-hoc analyses, noted in Figure 5.12 with asterisks. 

The 14.09 ms difference between masker types was not significant in the syllables-SNR100 

condition. 

 P2 latency shifts averaged 21.69 ms longer for syllables than for words across masker 

types and SNRs, and this difference was significant, F(1,19)=5.487, p=.03. The only condition in 

post-hoc analyses where the signal difference was found to be significant was in SSN-SNR60 

(p=.011). This difference can be seen in Figure 5.13 as the large separation between the dark 

gray circle and triangle on the right side. The interaction between SNR and signal type can also 

be seen in Figure 5.13, F(1,19)=4.99, p=.037. 

5.2.3 P3 Component 

Amplitude 

The results for average magnitude of change in P3 amplitude with standard error are 

shown in Figure 5.14. Positive values (taller bars) indicate greater reductions in P3 amplitude 

from the quiet baseline and the negative values (i.e., light gray bar representing words-babble-

SNR100) indicate increases in peak P3 amplitude from the quiet baseline. Figure 5.15 displays 

the average reduction in peak P3 amplitude from the quiet baseline for all testing conditions. In 

this figure, the larger reductions are shown to be closer to the x-axis. The P3 amplitude shifts 

were an average of 1.72 V greater in the SNR60 conditions than those calculated in the 

SNR100 conditions,  F(1,19)=46.501, p<.001. There were significantly greater amplitude shifts 
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also found in separate ANOVAs for words, F(1,19)=19.95, p<.001, and syllables, F(1,19)=31.53, 

p<.001. All post-hoc pairwise comparisons were found to be significant and are noted by 

brackets with asterisks in Figure 5.14.  

There was an overall greater amplitude shift for SSN (1.69 V) than babble (0.83 V). 

This difference was found to be significant in the three-way ANOVA, F(1,19)=6.028, p=.023, 

for syllables, F(1,19)=9.35, p=.006, but not for words (p=.469). The average peak P3 amplitude 

shift for syllables in babble was 1.23 V, whereas in SSN it was 2.55 V. None of the pairwise 

comparisons reached significance. Furthermore, even though the average P3 amplitude shifts 

were 1.23 V greater for syllables than for words, this difference was not significant (p=.079). 

Finally, there were no significant interactions in the data, despite the appearance of the 

converging word data points in Figure 5.15. 

 
 

Figure 5.14. Amplitude shifts from quiet for the P3 component for syllables (panel a) and words 

(panel b). Error bars are the standard error of the mean. Asterisks indicate significant differences 

in follow-up t-tests; *: p<.01, **: p<.001. (N=21) 
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Latency 

 Peak P3 latency shifts are presented in Figures 5.16 and 5.17. As in the previous latency 

figures (5.11-5.14), greater prolongations are displayed as being higher on the y-axes, i.e., further 

from the x-axes. Significantly longer latency shifts occurred in SNR60 (132.50 ms) than in 

SNR100 (100.16 ms), F(1,19)=7.42, p=.013, across signal types. The 34.84 ms difference 

between SNRs was also found to be significant for words, F(1,19)=5.67, p=.027, but the 29.86 

ms difference was not significant for syllables, p=.072. None of the follow-up analyses were 

found to be significant. There were no significant differences between masker or signal types 

(p>.05), and there were no significant interactions for shifts in P3 peak latency. 

 
  

Figure 5.15. P3 amplitude decrements from quiet across signal types, masker types, and SNRs.  

Lower on plot = greater amplitude shifts; higher on plot = smaller amplitude shifts; shifts >0V 

indicate an increase in amplitude from the quiet baseline . (N=21) 
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Figure 5.16. P3 latency shifts from quiet for syllables (panel a) and words (panel b). Error bars 

are the standard error of the mean. No significant (n.s.) differences were found in follow-up t-

tests (p>.0125). (N=21) 

 
  

Figure 5.17. P3 latency increases from quiet across signal types, masker types, and SNRs. Higher 

on plot = greater latency prolongations; lower on plot = smaller latency prolongations. (N=21) 
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CHAPTER 6  

DISCUSSION 

Listening to speech in noise is a primary complaint of individuals with and without 

hearing loss. Speech-in-noise, therefore, has been a popular area of research. Experimental 

behavioral studies, as well as clinical test measures, have traditionally sought to establish a 

listener‟s SNR threshold at which they are able to repeat back signals at a pre-determined 

accuracy level, such as 50% (e.g., Wilson & Burks, 2005; Wilson, McArdle, & Smith, 2007). 

Clinical tests use ecologically-valid test stimuli, such was words, digits, and sentences, in order 

to assess patients‟ ability to repeat back signals in noisy conditions. Conversely, 

electrophysiological studies have employed fixed SNRs in their paradigms, which create a large 

amount of variability in behavioral performance within and across individuals (Billings et al., 

2009; Billings et al., 2011). Furthermore, the majority of AERP experiments conducted thus far 

have utilized tonal or speech syllable stimuli, which are remarkably dissimilar to the acoustic 

stimuli used in the clinic or in everyday life, for instance, whole words (Bennett et al., 2012; 

Whiting et al., 1998).  

The current study was the first to fuse aspects of behavioral and electrophysiological SIN 

testing paradigms by investigating the impact of masking noises on the cortical processing of 

speech signals using behaviorally-established SNRs. The specific aims of this study were to 

examine the effects of (1) SNR (levels at which participants were able to repeat back target 

signals at 60% and 100% accuracies), (2) masker type [speech-shaped noise (SSN) and four-
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talker babble], and (3) signal type (nonsense syllables and monosyllabic words) on the 

behavioral and physiological components of an AERP experiment. The behavioral aspects of the 

current experiment included the SNR levels used in the AERP experiment, as well as the reaction 

time, accuracy, and discrimination of the participants in the AERP task. The physiological 

measures of interest in this study were the amplitudes and latencies of the N1, P2, and P3 

waveforms. By determining each participant‟s SNRs for specific levels of accuracy and then 

applying those parameters in an AERP experiment with words and syllables as target stimuli, the 

current study sought to increase the understanding of some of the complex effects of and 

interactions between SNR, masker type, and signal type involved in speech processing in noise. 

6.1 Effects of SNR  

It is well-established that more favorable SNRs are necessary to obtain better 

performance in SIN tasks: the more background noise that is present, the more difficult a target 

is to perceive. This was the case in the present study as well. In the initial testing session, 

participants were able to repeat the syllables and words at 100% accuracy in quiet and when they 

were completing the task in noise, they needed higher (more favorable) SNRs to obtain 100% 

than for 60% accuracy. Subsequently, trials presented at SNR100 conditions were presented at 

an average of 5.97 dB SNR higher (Table 5.2) than those presented at SNR60 in the AERP 

experiment.  

As expected and consistent with the study design, SNR significantly impacted 

discrimination (d‟) and reaction times (RT). Overall performance was higher for the AERP 

experiments than in the behavioral experiments (better than 79% correct, on average, as opposed 

to 60% in the repetition task). However, accuracy was poorer for the SNR100 condition than for 
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quiet (i.e., when accuracy was equated on the repetition task), and, intuitively, poorest in the 

SNR60 conditions. These discrepancies are likely due to the inherent differences between tasks. 

Performance may have been enhanced at SNR60 in the AERP task since there was a greater 

chance at correctly guessing in the two-alternative forced-choice paradigm, „yes‟ or „no‟. 

Additionally, many participants performed at ceiling in both quiet and SNR100, but with the 

increased number of trials, there were more opportunities for mistakes to be made.  

In their study, Kaplan-Neeman and associates (2006) found both accuracy and d‟ became 

progressively poorer with incrementally difficult SNRs for a phonetic discrimination task. 

Results from the current study followed a similar pattern.  Reaction time, often considered a 

correlate of listening effort (Picou et al., 2016), was longest in the poorest listening condition 

(SNR60) and shortest in quiet. There were still significant prolongations of RT relative to the 

quiet conditions even in the more favorable SNR100 conditions, where behavioral accuracy was 

identical to quiet. Both the pattern of these results and the approximate mean RT values (for 

syllables) are in agreement with previous the findings from Kaplan-Neeman and colleagues 

(2006).  

The physiological components of the AERP were found to be impacted by SNR in the 

current study, which was consistent with previous literature. Findings herein and by both Billings 

and colleagues (2009) and Whiting and co-authors (1998) demonstrated that the N1/P2 

amplitudes were most reduced and latencies were prolonged with poorer SNRs (SNR60 in the 

current study). These findings support the assertions that the N1/P2 is reflective of the perceptual 

salience of a signal, or alternately, how well the auditory system is able to deliver an auditory 

signal to the cortex. Moreover, Billings et al. (2009) reported the similarities between their 
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findings and previous in-vivo work examining cortical neurons in the cat (Phillips and Kelly, 

1992). In the presence of background noise, the neural responses modulated with changes in the 

level of the background noise. These findings led the authors to conclude that the central 

auditory system plays an important role in the processing of acoustic information in the presence 

of competing signals (Phillips and Kelly, 1992). Thus, findings from this study support these 

statements as well. 

The P3 component, reflecting more top-down processing, i.e., conflict (decision-making) 

resolution, was also impacted by SNR. There were longer latency shifts and greater amplitude 

decrements in the SNR60 condition than the SNR100 condition. These latency shifts were longer 

than those reported by Whiting and co-authors (1998), who reported a shift of approximately 80 

ms at +5 dB SNR. Still, the SNRs utilized in the current study were less favorable (poorer) than 

those in the Whiting study, so longer shifts were not unexpected. 

6.2 Effects of Masker Type  

This study used two different maskers to explore the impact of informational and 

energetic masking: speech-shaped noise (SSN) and four-talker babble. Previous studies have 

demonstrated that the more similar a distracting message is to a target message, the more 

interference will occur (Brungart, 2001). So, when a salient speech masker is used, speech 

targets are more difficult to perceive as compared to a non-speech masker or, for example, 

speech in a language foreign to the listener (Calandruccio et al., 2010; Lecumberri et al., 2010). 

A difference of approximately 3 dB has been reported between informational and energetic 

masking in previous studies, wherein speech in babble must be presented at a more favorable 

SNR than speech in various types of noise (Brungart et al., 2001; Carhart et al., 1975; Hall et al., 
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2002). However, in their study using a babble masker played forward (informational) and 

backward (energetic), Wilson and colleagues found no difference (mean = 0.3 dB) in speech 

recognition (2012). With the somewhat conflicting literature, the maskers used in the present 

were designed to be similar in frequency spectra and amplitude envelope (see Methods section, 

4.2.2). In the behaviorally-established SNRs, participants required a more favorable SNR in 

babble to achieve the same behavioral accuracy as in SSN, as shown in Tables 5.1 and 5.2. These 

findings are in line with previous behavioral research, but the average 1.9 dB difference in SNRs 

between the maskers was a smaller magnitude than what was previously reported in some 

literature (Brungart et al., 2001; Carhart et al., 1975; Hall et al., 2002) and greater than what was 

reported in other papers (Wilson et al., 2007; Wilson, Trivette, Williams, & Watts, 2012). This 

discrepancy could be attributed to the variation in maskers used in the current study, e.g., similar 

spectra and envelopes in both maskers, as compared to previous work, e.g., unmodulated white 

or speech-shaped noise, backwards-played babble. 

After employing the behaviorally-established SNRs in the AERP protocol, there were no 

significant main effects of masker type found for either accuracy or reaction time. Discrimination 

in babble tended to be lower than in SSN, and there were slightly longer shifts in reaction time in 

SSN than in babble. Theoretically, the nature of the babble (i.e., informational masking) should 

have resulted in longer reaction times as the processing effort required should have been greater, 

but the behaviorally-equated SNRs reduced the impact of informational masking. Bennett and 

associates (2012) found the longest reaction times in the syllable-babble condition, which 

demonstrated the more detrimental effect of informational versus energetic masking, but the 

stimuli were all presented at the same SNR. Likely the difference in the overall SNR presentation 
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levels between masker types (Table 5.1) was responsible for the reaction times being more 

prolonged in the SSN conditions than in the babble. 

Masker type had mixed effects on the AERP waveform components. On the whole, 

significantly longer latency shifts and greater amplitude decrements were observed for babble 

than SSN in the N1/P2 complex, which is not in agreement with previous findings (Billings et 

al., 2011). In that earlier study, the authors found only significant amplitude differences in the 

N1 component. Their participants underwent testing in a passive oddball paradigm. In this 

current study, participants were actively involved in the experiment (identifying target and non-

target trials), which may have engaged more cortically-mediated cognitive processes, such as 

attention and arousal (Zekveld, Heslenfeld, Festen, & Schoonhoven, 2006). Therefore, these top-

down processes may have been more susceptible to the impact of informational masking over 

energetic masking. Furthermore, Billings and colleagues analyzed the absolute amplitudes and 

latencies of the AERP as opposed to the relative changes from baseline. When the same analyses 

are applied to this study, there are significant effects of masker type on N1 and P2 latency, but 

not for amplitude measures (see Appendix E for findings). 

There were significant effects of masker type for the P3 component, but it was the SSN, 

not babble, that elicited greater changes in latency and amplitudes. These findings are not in 

agreement with those by Bennett and colleagues (2012). None of these differences were found to 

be significant with follow-up analyses in the current study. Like the behavioral AERP results, it 

is possible that the neural processing underpinning the P3 responses were more impacted by the 

overall SNR differences between the masker types, as opposed to the content of the masker. 
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6.3 Effects of Signal Type 

To obtain the same behavioral accuracy in the first test session, more favorable SNRs 

were needed for words than for syllables. Several possible explanations can be attributed to these 

findings. First, the syllable stimuli consisted of a closed set of six tokens (participants were not 

explicitly advised so) as opposed to the relatively open set of over 400 word stimuli. Thus, 

participants heard several repetitions of the syllables throughout the testing paradigm, whereas 

the words were not often repeated. Participants might have been able to guess more accurately 

for the syllables than for the words. Or, perhaps the difference in SNR was due to the more 

complex nature of a word signal, in terms of there being more to mis-hear and incorrectly repeat 

back in a word than in a syllable. While large bodies of literature exist regarding the perception 

of consonants, vowels, syllables, and words in noise, there is a paucity of information regarding 

syllable- versus word-repetition findings. 

Compared to everyday listening activities, there is relatively little cortical processing 

which takes place when individuals are instructed to repeat back auditory signals they have 

heard. Still, this response method has been employed for decades clinically and experimentally 

(Jerger & Reagor, 2012). Previous AERP experiments at UT Dallas have documented some of 

the differences between simple repetition and semantic decision-making (Jerger & Reagor, 2012; 

Shonebarger & Fitzharris, 2015). In a recent study, ten young adult participants were tested 

under two conditions. The first was similar to a clinical paradigm wherein the listeners heard the 

carrier phrase “Please say the word” followed by a target word and were instructed to repeat the 

last word they heard. Next, those same words were embedded at the end of short sentences so 

that they were either semantically congruent (in agreement) or incongruent (in disagreement) 
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with context of the sentences. The participants were tasked with counting the number of 

incongruent sentences and reporting that number to the tester at breaks. The repetition task 

elicited significantly less overall processing and no true P3 response, however, the P3 responses 

to both congruous and incongruous words were very robust. Jerger and Reagor produced two 

simplified models of the differences between the tasks, as shown in Figure 6.1 (2012). These 

findings underscore the value of AERP measures and their ability to detect the subtle differences 

in neural processing despite equivocal behavioral findings. That is, if all tasks required 

equivalent amounts of neural processing, then the results from the AERP portion of the current 

study would have yielded only effects of SNR, but this was not the case. As will be discussed 

further, the AERP results revealed more about the intricate nature of the neural processing 

behind understanding SIN. 

In the AERP experiment, behavioral performance was better in the syllable task than in 

the word task. The task demands for phonological discrimination (syllable task) are less than 

those demands for semantic processing (word task), likely resulting in the differences in 

performance. Overall RTs were shorter for syllables, likely due to the timing difference or the 

task demands between signals. Furthermore, there were no significant effects of signal type on 

the shifts in RT from the quiet conditions. 

  
 

Figure 6.1. Processing model adapted from Jerger and Reagor, 2012. 
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Overall differences between the absolute AERP responses to syllables and words were 

found (Figures 5.6 and 5.7; Appendix E), but few of these reached statistical significance when 

normalized to the quiet condition. Indeed, the only significant main effect of signal was found 

for P2 latency, where syllables yielded greater shifts in noise than words. The presence of any 

noise (SNR100) greatly reduced the N1/P2 response in words, whereas this component remained 

relatively robust in syllables (see Figure 5.6). The fact that all of the syllables started with a 

highly discernable stop/plosive consonant whereas the word stimuli were more variable in their 

first consonant likely explains these findings. 

On the whole, amplitudes were larger and latencies were shorter for P3 response in 

syllables than in words. Similar to the behavioral measures, these findings underscore the 

difference in tasks related to the signals. Faster (shorter latencies) and easier (larger amplitudes) 

decision-making occurred for phonological detection, but semantic categorization required 

increased processing overall. The P3 to syllables yielded greater amplitude and latency shifts 

from the quiet condition than in words, but these results were not significantly different. It could 

be that word signals are more robustly represented cortically, even in the presence of noise, than 

syllables are, resulting in the lesser degree of shift. Or, possibly, words contain more internal 

redundancy, making for a less demanding resolution of conflict. Alternately, these findings could 

also be representative of the presentation level of the SNR as previously discussed. 

6.4 Interactions 

For accuracy, there were significant interactions between masker type and SNR (for non-

target syllables) as well as SNR and signal type (for non-targets), and a three-way interaction 

between masker type, SNR, and signal type (for non-targets). These results demonstrate the 
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complex nature of listening in noise. Interestingly, there were no significant interactions found in 

the reaction time data as previous studies have indicated that reaction time is more sensitive to 

stimulus effects than accuracy. 

The significant interactions for the N1/P2 amplitude shifts, P2 latency shifts, and for both 

P3 amplitude and latency shifts can be observed in the scatterplot figures (Figures 5.8, 5.12, 

5.14, and 5.16), where the data points have converging and diverging trajectories between SNRs 

(x-axis), signal types (circles versus triangles), and masker types (dark versus light symbols). 

There was a significant interaction between SNR and masker type for N1 latency shifts 

(syllables), which could support the theory that the behaviorally-established SNRs impacted the 

differential effects of informational and energetic masking. Similarly, there were significant 

interactions between SNR and signal type for N1/P2 amplitude shifts and P2 latency shifts. 

Again, these results could reflect the impact of the differences in the SNRs used in the study. 

Finally, there was a significant interaction between masker and signal types for the N1 latency 

shifts. These complex and seemingly inconsistent interactions serve to emphasize the intricate 

neural processing involved in listening in noise. 

6.5 Summary, Implications, and Future Directions 

This study was the first to combine attributes from behavioral and electrophysiological 

measures for evaluating speech processing in noise. The results of this study illustrate the 

complex interactions between SNR, masker type, and signal type during listening in noise and 

these data have added to the body of AERP SIN literature, as there were only a small number 

(six, to be exact) of studies published to date. Additionally, this study has provided further 

evidence for the utility of whole-word stimuli in AERP research, which has had limited presence 
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in audiological electrophysiology literature. While the findings were not in line with the 

hypothesized results based on previous research, the paradigm utilized in the present study was 

novel in the between-subject behaviorally-established SNR thresholds (as opposed to the fixed 

SNRs used in previous electrophysiological work) and the focused within-subject design, i.e., 

each participant acting as his or her own control (the quiet condition in the current study). 

There are limited clinical implications for the present study as AERPs are not routinely 

conducted on patient populations. Thus, clinical application of these AERP procedures is not 

foreseen in the near future, but tenets of the paradigm utilized may well be. These aspects would 

include the following: More complexities should be introduced into tasks to provide insight into 

more valid speech understanding (Jerger et al., 2014; Jerger & Reagor, 2012). Some of the 

higher-order processes germane to speech understanding have been explored using dual-task 

paradigms. These behavioral studies require participants to complete two distinct tasks, such as 

repeating word and then identifying if the word was a noun or not via button-push (Picou et al., 

2016). The additional cognitive processing required for the second task is then quantified by 

reaction time, accuracy, and/or discrimination (Picou et al., 2016). Though promising in their 

relevance to listening effort, dual-task paradigms are not yet clinically-adopted.  

Complex tasks, however, are clinically-employed with regards to auditory processing 

tests. Specifically, in tests of dichotic listening, patients can be instructed to respond in different 

modalities. Dichotic listening paradigms use two different signals introduced simultaneously to 

both the right and left ears. Listeners are instructed to repeat back what they heard either in both 

ears (divided-attention), in one ear only (directed-attention), or in one ear then the other (Martin, 

Gibson, & Huston, 2012). Their accuracy can be scored regards to overall percent correct per 
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response mode, as well as the relative difference between ears, or interaural asymmetry. These 

relative measures are another tenet of the current study‟s paradigm that could be incorporated 

clinically. Patients‟ baseline performance ought to be used as their own benchmark for 

measuring functional abilities. That is, instead of comparing test results to generic normative 

data, relative within-patient factors should be explored. This technique has been employed in 

dichotic tests of auditory processing (Martin, Gibson, & Huston, 2012). Interest has increased in 

the patterns of interaural asymmetry in recent years, and there have also been intervention 

strategies designed to accompany the various findings (e.g., Kaplan et al., 2015; Moncrieff, 

2015).  

With regards to future studies with AERPs and SIN, the present study has provided a 

foundation of work with its novel paradigm. Future studies should be conducted to examine this 

paradigm in clinical populations (patients with hearing loss, pediatric/geriatric patients, patients 

with auditory processing disorder), the effects of intervention on AERPs, as well as spatial 

effects of SIN on the AERP. The relationships between AERP findings and clinical outcomes 

have begun to be investigated by Billings and colleagues (2013), who used the N1/P2 component 

to predict patient‟s ability to understand speech in noise. While currently not clinically viable, 

this technique shows promise and AERPs would provide a more objective measure than those 

behavioral tests currently in use. Additionally, more exploration of the differences in masker 

type is warranted since the current literature, including the findings of the present study, lacks 

cohesive results. The forward- and backward-played babble seems to be the apical comparison 

for the effects of informational versus energetic masking, but the paradigm has had little 

prevalence (Wilson et al., 2012). Finally, there has been an emerging area of research into time-
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frequency analysis of ERPs with the aim to better understand the cortical neural synchrony 

underpinning different processing, but work in auditory processing in noise has been limited 

(Koerner & Zhang, 2015). Speech understanding in noise has been proved to be quite 

complicated and would benefit from this type exploration.  

6.6 Conclusions 

This AERP study of speech processing in noise utilized new methodologies to explore 

the most common audiological complaint: understanding in background noise. The experimental 

stimuli used were more similar to clinical test measures than other electrophysiological studies 

(individually-established SNRs for specific behavioral accuracies; whole-word and syllable 

signals). Behavioral and physiological results from the AERP experiment demonstrated the 

overarching profound effects of SNR: poorer SNRs yield greater degradations in auditory 

processing, regardless of masker or signal type. The effects of energetic versus informational 

masking were present in the behavioral repetition task, but when the SNRs were behaviorally-

equated in the AERP tasks, those effects were not maintained. These results were interpreted as 

being indicative of the influence of bottom-up factors, which are more peripherally-driven, on 

top-down processes. Finally, there were differential effects of signal type for behavioral findings, 

wherein reaction times were fastest and discrimination was highest for syllables, than for 

physiological findings, where word stimuli seemed to be more resistant to the presence of 

background noise (in part). Although both were commonly used speech stimuli, these data 

underscored the importance of considering the demands of a task and the content of stimuli when 

evaluating the cortical processing of auditory signals. These findings serve to underscore the 
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complicated interactions between SNR, masker type, and signal type when processing speech 

sounds in competing noise. 



 

 

 

 

 

 
 

83 

APPENDIX A 

LIST OF WORD STIMULI 

 

List of Word Stimuli with Age of Acquisition (AoA), Concreteness (Con), Familiarity (Fam), 

and Imagery (Img) ratings for targets (italics) and non-targets (Coltheart, 1981) 

 

Word AoA Con Fam Img Word AoA Con Fam Img 

Air  - 518 608 450 Box  192 597 599 591 

Arm  192 592 608 593 Brain  347 556 580 572 

Back  225 540 587 483 Bread  - 622 611 619 

Bad  - 308 592 388 Brick  261 610 529 574 

Badge  - 561 473 519 Bride  - - - - 

Bag  217 603 634 570 Bridge  289 623 561 608 

Ball  150 615 575 622 Broom  - 613 547 608 

Band  236 590 555 579 Brown  - - - - 

Barn  289 614 466 589 Brush  214 589 579 570 

Base  369 441 520 436 Burn  217 490 548 541 

Beach  - 612 553 667 Bush  256 585 532 549 

Bean  - 604 549 538 Cage  300 593 487 585 

Bear  - 585 526 572 Cake  214 624 594 624 

Bed  169 635 636 635 Can  - 365 620 369 

Beg  - 300 529 431 Cane  - 590 442 608 

Beige  - - - - Cap  - - 429 - 

Bell  - 620 543 610 Carve  - - - - 

Belt  - 602 550 494 Cash  - 547 592 588 

Big  - - 640 463 Cat  - 615 582 617 

Bike  -  -   -   -  Cave  - 592 526 601 

Bird  206 602 592 614 Chain  311 595 513 559 

Black  - 470 603 589 Chair  - 606 617 610 

Block  244 558 544 483 Chalk  - 634 560 601 

Blue  - 459 593 569 Check  - - - - 

Board  - 565 546 592 Cheek  267 565 533 561 

Boat  - 637 584 631 Cheese  211 624 588 592 

Bone  - 588 541 567 Chest  - 580 543 556 

Book  214 609 643 591 Chief  - 503 482 545 

Boot  251 595 566 604 Chin  - 592 545 608 

Boss  - 552 574 554 Chips  - - - - 

Bought  - - - - Church  278 587 560 616 

Bowl  256 575 557 579 Clock  - 591 608 614 
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List of Word Stimuli with Age of Acquisition (AoA), Concreteness (Con), Familiarity (Fam), 

and Imagery (Img) ratings for targets (italics) and non-targets (Coltheart, 1981) 

 

Word AoA Con Fam Img Word AoA Con Fam Img 

Cloud  - 554 553 595 Dress  222 595 588 595 

Clown  - 627 511 589 Drink  211 602 506 599 

Coat  197 601 610 572 Drive  -  -   -   -  

Code  - 432 464 460 Drum  - 602 506 599 

Coin  - 581 564 603 Duck  164 606 529 632 

Comb  -  -   -   -  Dug  - - - - 

Cone  275 573 506 559 East  - 363 574 497 

Cook  - 502 568 504 Eight  211 368 613 501 

Cool  - 364 567 429 Eyes  167 634 611 603 

Cord  - 564 477 549 Face  166 599 612 581 

Cork  - 608 544 631 Fall  - 409 572 547 

Corn  - 576 548 601 Fan  - 557 520 582 

Couch  - 578 521 536 Farm  - 565 564 560 

Cow  - 621 529 632 Fence  - 597 526 611 

Crab  292 626 433 589 Fire  - 595 580 634 

Cream  - 621 514 557 Fish  - 597 548 615 

Crib  - - - - Five  - 365 553 529 

Cube  383 530 502 575 Flag  258 606 545 607 

Cup  - 539 595 558 Floor  - 559 551 544 

Curb  - 577 526 556 Flute  - 587 496 581 

Cut  - 430 581 460 Fog  - 556 546 606 

Cute  - - - - Foot  - 558 583 597 

Dad  125 603 646 626 Fork  225 592 584 598 

Dance  - 502 550 510 Fort  328 580 418 559 

Dark  - 497 598 586 Four  - 365 553 491 

Deck  347 566 507 539 Fox  283 605 501 607 

Deer  281 631 509 624 Friend  - 450 603 587 

Desk  - 583 583 574 Fries  - - - - 

Dice  - - 487 - Frog  258 619 507 617 

Dime  - 582 586 590 Front  - 424 570 427 

Dirt  - 564 571 547 Fruit  219 612 590 587 

Dish  -  -   -   -  Full  - 378 594 437 

Dive  322 494 508 586 Fun  - 295 621 515 

Dog  169 610 598 636 Game  242 477 574 521 

Doll  161 588 503 565 Gap  - - - - 

Door  214 606 630 599 Gas  339 554 558 532 

Dot  219 530 524 556 Gate  - 573 540 545 

Dream  - 386 553 485 Gel  - - - - 
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List of Word Stimuli with Age of Acquisition (AoA), Concreteness (Con), Familiarity (Fam), 

and Imagery (Img) ratings for targets (italics) and non-targets (Coltheart, 1981) 

 

Word AoA Con Fam Img Word AoA Con Fam Img 

Germ  319 464 523 442 Juice  250 599 567 593 

Ghost  - 379 505 552 Jump  222 449 551 506 

Girl  183 607 645 634 Junk  -  -   -   -  

Give  - 326 595 383 Keep  - 339 584 284 

Glad  - 318 564 445 Key  - 612 603 618 

Glass  - 635 611 585 Kick  228 485 563 551 

Globe  364 535 477 583 King  - 559 522 585 

Glove  228 607 575 596 Kite  - 592 481 624 

Glue  - 459 593 569 Knee  231 593 599 597 

Goal  294 482 554 556 Knife  - 612 573 633 

Goat  - 636 469 585 Knock  - - - - 

Gold  - 576 550 594 Knot  - - - - 

Good  - 297 621 374 Lake  - 585 583 616 

Grape  297 611 532 591 Lamp  283 615 578 575 

Grass  - 599 587 602 Land  286 604 574 566 

Gray  - 471 531 541 Last  - 299 587 367 

Green  225 460 583 609 Late  - 262 584 387 

Guide  367 468 524 482 Laugh  - 433 594 528 

Gun  228 612 519 613 Lawn  - 588 534 608 

Hair  - 583 575 580 Leaf  - 593 556 608 

Hall  283 565 592 559 League  - - - - 

Hand  - 604 601 598 Learn  - 370 552 361 

Hat  - 601 580 562 Leave  - - - - 

Head  181 603 611 593 Ledge  - - - - 

Home  233 539 626 599 Leg  - 626 589 601 

Horn  308 618 498 566 Light  - 550 575 542 

Horse  - 613 560 624 Line  275 477 591 491 

Hose  314 596 449 572 Link  - 488 474 481 

House  - 608 600 606 Lips  - 590 568 619 

Hurt  219 368 579 465 Live  - 436 608 446 

Ice  261 621 564 635 Lock  328 565 588 532 

Jam  - 563 529 608 Log  -  -  466  -  

Jar  242 595 564 571 Long  - 381 579 471 

Jeans  -  -   -   -  Loop  - 490 494 492 

Jet  - 580 583 585 Lose  - 299 534 373 

Joke  289 388 580 483 Love  303 311 619 569 

Judge  - 506 539 558 Low  - 322 580 378 

Jug  - - 498 - Lunch  275 552 616 602 
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List of Word Stimuli with Age of Acquisition (AoA), Concreteness (Con), Familiarity (Fam), 

and Imagery (Img) ratings for targets (italics) and non-targets (Coltheart, 1981) 

 

Word AoA Con Fam Img Word AoA Con Fam Img 

Mall  589 459 330 383 Nurse  256 588 537 617 

Man  - 618 623 567 Orange  203 601 567 626 

Map  - 565 545 587 Pack  - - - - 

Marsh  - - - - Pad  - - - - 

Mask  - - - - Page  267 571 603 555 

Mat  - 513 490 537 Paid  - 386 577 429 

Match  - 535 558 490 Pail  - 538 453 508 

Maze  414 528 434 555 Pain  - 426 569 502 

Meat  - 587 589 618 Paint  - 577 551 567 

Mess  - - - - Pan  - 586 566 532 

Milk  - 670 588 638 Pants  - 619 575 630 

Mill  - - - - Park  219 579 571 573 

Mine  - 452 557 522 Paste  317 559 504 529 

Mold  - 486 503 454 Peach  292 617 536 613 

Mom  -  -   -   -  Pear  - 634 567 590 

Moon  - 581 585 585 Pick  - 502 524 513 

Moose  - 616 518 604 Pie  - 613 576 604 

Mop  -  -  443  -  Pier  - 588 436 545 

Mouse  242 624 520 615 Pig  233 614 509 635 

Mouth  - 568 572 613 Pill  - 610 556 580 

Move  - 390 572 413 Pink  - - - - 

Mud  239 605 519 582 Pipe  - 602 535 598 

Myth  - 334 514 359 Plane  - 535 558 556 

Nail  272 598 563 588 Plant  - 594 592 605 

Name  - 405 573 475 Plate  - 595 556 527 

Nap  -  -   -   -  Plum  - 632 547 611 

Near  - 337 582 408 Pole  - 577 510 579 

Neck  - 587 576 622 Pond  239 623 506 599 

Nest  - 557 521 571 Pool  239 573 541 577 

Net  269 577 514 540 Pot  217 584 577 598 

New  - 348 614 418 Pouch  367 568 373 513 

News  - 437 560 484 Queen  247 537 527 612 

Nice  - 279 583 375 Rag  -  -   -   -  

Night  222 496 636 607 Rain  211 600 604 618 

Noise  - - - - Raise  - 340 534 418 

North  - - - - Rake  336 597 476 550 

Nose  206 628 584 605 Ranch  403 561 379 519 

Note  292 525 594 503 Rat  - 624 548 588 
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List of Word Stimuli with Age of Acquisition (AoA), Concreteness (Con), Familiarity (Fam), 

and Imagery (Img) ratings for targets (italics) and non-targets (Coltheart, 1981) 

 

Word AoA Con Fam Img Word AoA Con Fam Img 

Reach  - 368 577 391 Slide  - 504 529 490 

Read  - 420 568 499 Smile  208 514 594 615 

Red  - 501 607 585 Smoke  228 541 596 615 

Rice  - 608 548 506 Snail  - 579 489 577 

Ridge  433 547 430 543 Snake  289 621 501 627 

Ring  208 593 589 601 Soap  222 598 594 600 

Road  206 583 604 609 Sock  172 581 578 553 

Rock  - 600 583 612 Song  242 514 603 578 

Roof  - 586 552 604 Soup  - 615 576 604 

Rope  281 608 539 596 Sour  - 458 533 495 

Rose  - 608 556 623 South  - 347 540 476 

Rule  - 286 534 415 Spoon  186 614 612 584 

Run  - - - - Stairs  - 558 560 551 

Rush  - 350 546 404 Star  - 574 574 623 

Sack  - 582 539 548 Stars  - - - - 

Sad  - 360 589 419 Stone  - 614 564 585 

Sail  - 567 504 597 Store  - 548 562 506 

Scale  397 475 523 463 Stove  297 591 525 592 

School  228 573 582 599 String  - 570 566 556 

Scream  275 479 522 589 Suit  - 545 543 536 

Screen  - - - - Sun  181 617 635 639 

Seat  - 568 597 574 Sweet  - 463 570 493 

Seed  - 611 514 542 Swing  - - - - 

Sell  - 342 585 397 Tack  363 565 463 546 

Sheep  - 622 507 596 Tag  - - - - 

Shelf  - - - - Take  - 332 555 337 

Shell  - 597 524 581 Tank  - 581 511 563 

Ship  249 615 553 612 Tape  406 564 567 573 

Shirt  269 616 612 612 Team  - 492 538 565 

Shoe  - 600 569 601 Tear  264 504 555 550 

Shorts  -  -   -   -  Teeth  - 618 593 611 

Sign  - 520 543 534 Tell  - 306 596 350 

Sing  - 421 576 527 Tent  283 608 521 593 

Sink  219 590 586 599 Thin  - 392 570 502 

Size  - 354 566 415 Thread  267 607 522 568 

Skin  - 614 591 638 Throat  - 578 548 561 

Skunk  - 648 519 652 Thumb  183 638 601 599 

Sled  -  -  477  -  Time  - 343 604 413 
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List of Word Stimuli with Age of Acquisition (AoA), Concreteness (Con), Familiarity (Fam), 

and Imagery (Img) ratings for targets (italics) and non-targets (Coltheart, 1981) 

 

Word AoA Con Fam Img Word AoA Con Fam Img 

Tire  - 563 546 511 Wall  - 589 596 576 

Toad  - 568 516 591 Wash  186 447 632 522 

Toast  - 582 571 594 Watch  - 487 576 525 

Toes  194 607 578 620 Wax  331 569 494 547 

Tone  - - - - Web  - 561 457 602 

Tongue  - 634 531 621 Week  - 383 577 481 

Tool  300 570 532 538 West  342 355 563 426 

Tooth  - 619 578 624 Wet  - 478 585 509 

Top  - 435 571 486 Whale  - 610 500 623 

Torch  - - - - Wheel  - 573 566 576 

Tough  - 404 534 486 Whip  397 570 476 579 

Town  - 556 589 553 White  - 472 590 566 

Trap  - - - - Wind  - 552 592 535 

Trash  - 588 541 599 Witch  258 522 474 589 

Trick  308 391 531 459 Wolf  - 595 537 610 

Tube  - 581 539 564 Wood  269 606 574 577 

Tune  - 464 545 463 Word  - - - - 

Turn  233 359 583 384 Worm  253 611 498 578 

Vine  425 601 411 564 Wrist  - - - - 

Voice  275 485 596 489 Yard  308 553 522 568 

Walk  206 452 625 505 Yarn  - - - - 
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APPENDIX B 

TASK INSTRUCTIONS 

Session I Behavioral Task: Syllables and Words  

Verbal instructions for Quiet (first): “You will hear syllables/words spoken by a male in quiet. 

Repeat back what you hear. If you are unsure, please guess.” 

Monitor instructions: 

         

Verbal instructions for SSN or Babble (order counterbalanced across participants): “You will 

hear syllables/words spoken by the same talker, this time in the presence of wind noise/other 

people talking. Please repeat the syllables/words you hear the best you can. The level of the 

background noise will change, but all you need to do is keep repeating what you hear. Again, if 

you aren‟t sure, please guess.” 

Monitor instructions: 
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Sessions II/III Electrophysiological Task: Syllables 

Verbal instructions for Practice/Quiet: “You will hear syllables spoken by a male talker in quiet. 

Every time you hear the syllable /da/, push the „yes‟ button as quickly as you can. If the syllable 

you hear is not /da/, press „no‟. If you are unsure, please guess. Accuracy is more important than 

speed, but please respond as fast as you can.” 

Verbal instructions for Babble/SSN: “You will hear syllables spoken by a male talker in various 

levels of background noise. Every time you hear the syllable /da/, push the „yes‟ button as 

quickly as you can. If the syllable you hear is not /da/, press „no‟. If you are unsure, please guess. 

Accuracy is more important than speed, but please respond as fast as you can.” 

Monitor instructions: 

         

Sessions II/III Electrophysiological Task: Words 

Verbal instructions for Practice: “You will hear words spoken by a male talker in quiet. Every 

time you hear a word in the category of vehicles, push the „yes‟ button as quickly as you can. If 

the word you hear is not in the category of vehicles, press „no‟. If you are unsure, please guess. 

Accuracy is more important than speed, but please respond as fast as you can.” 

Monitor instructions: 
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Verbal instructions for Quiet (categories varied for the four quiet blocks): “You will hear words 

spoken by a male talker in quiet. Every time you hear a word in the category of animals, push the 

„yes‟ button as quickly as you can. If the word you hear is not in the category of animals, press 

„no‟. If you are unsure, please guess. Accuracy is more important than speed, but please respond 

as fast as you can.” 

Monitor instructions (sample): 

        

Verbal instructions for Babble/SSN (categories varied across blocks): “You will hear words 

spoken by a male talker in various levels of background noise. Every time you hear a word in the 

category of body parts, push the „yes‟ button as quickly as you can. If the word you hear is not in 

the category of body parts, press „no‟. If you are unsure, please guess. Accuracy is more 

important than speed, but please respond as fast as you can.” 

Monitor instructions (sample): 
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APPENDIX C 

BREAKDOWN OF TRIALS BY BLOCK 

Blocks for the syllable experiment. The block number is shown in the first column, the total 

number of trials for that block is shown in the second column with the number of target trials in 

parentheses; trials in SNR100 are shown in italics. The last two columns show the masker 

condition each block was presented in across the two sessions, which were counterbalanced 

across participants. 
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Blocks for the word experiment. The block number is shown in the first column, the total number 

of trials for that block is shown in the second column with the number of target trials in 

parentheses; trials in SNR100 are shown in italics. The last two columns show the masker 

condition each block was presented in across the two sessions, which were counterbalanced 

across participants. 
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APPENDIX D 

BEHAVIORALLY-ESTABLISHED SNR DATA FOR INDIVIDUAL PARTICIPANTS 

Data for the behavioral syllable experiment. Columns show the participant ID, the individual 

SNR (dB SNR), and repeat-back accuracy (percent correct) for the speech-shaped noise (SSN) 

and babble conditions at both SNRs. 
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Data for the behavioral word experiment. Columns show the participant ID, the individual SNR 

(dB SNR), and repeat-back accuracy (percent correct) for the speech-shaped noise (SSN) and 

babble conditions at both SNRs 

 

. 
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APPENDIX E 

ABSOLUTE AERP AMPLITUDES AND LATENCIES 

Tables displaying mean (with standard deviation in parentheses) absolute AERP amplitudes and 

latencies for the N1, P2, and P3 components. 

 

Amplitude (top table) and latency (bottom table) measures for N1 component across 

experimental conditions to correctly-identified non-target trials at electrode CZ (N=21). 
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Amplitude (top table) and latency (bottom table) measures for P2 component across 

experimental conditions to correctly-identified non-target trials at electrode CZ (N=21). 
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Amplitude (top table) and latency (bottom table) measures for P3 component across 

experimental conditions to correctly-identified non-target trials at electrode PZ (N=21). 

 

 

 



 

 

 

 

 

 
 

99 

BIBLIOGRAPHY 

Alain, C., Quan, J., McDonald, K., & Van Roon, P. (2009). Noise‐induced increase in human 

auditory evoked neuromagnetic fields. European Journal of Neuroscience, 30(1), 132-142. 

American National Standards Institute. (2010). Specification for audiometers (ANSI S3.6-2010). 

New York, NY. 

Anderson, S., & Kraus, N. (2010a). Objective neural indices of speech-in-noise 

perception. Trends in Amplification, 14(2), 73-83. 

Anderson, S., & Kraus, N. (2010b). Sensory-cognitive interaction in the neural encoding of 

speech in noise: a review. Journal of the American Academy of Audiology, 21(9), 575-585. 

Anderson, S., Parbery-Clark, A., White-Schwoch, T., & Kraus, N. (2013). Auditory brainstem 

response to complex sounds predicts self-reported speech-in-noise performance. Journal of 

Speech, Language, and Hearing Research, 56(1), 31-43. 

Anderson, S., Parbery-Clark, A., Yi, H.G., & Kraus, N. (2011). A neural basis of speech-in-noise 

perception in older adults. Ear and Hearing, 32(6), 750. 

Anderson, S., Skoe, E., Chandrasekaran, B., & Kraus, N. (2010). Neural timing is linked to 

speech perception in noise. The Journal of Neuroscience, 30(14), 4922-4926. 

Androulidakis, A.G., & Jones, S. J. (2006). Detection of signals in modulated and unmodulated 

noise observed using auditory evoked potentials. Clinical Neurophysiology, 117(8), 1783-

1793. 

Annett, M. (1970). Classification of hand preference by association analysis. British Journal of 

Psychology, 61, 303-321. 

Assmann, P., & Summerfield, Q. (2004). The perception of speech under adverse conditions. 

In Speech processing in the auditory system (pp. 231-308). Springer New York. 

Beattie, R.C. (1989). Word recognition functions for the CID W-22 Test in multitalker noise for 

normally hearing and hearing-impaired subjects. Journal of Speech and Hearing Disorders, 

54, 20–32. 

Bennett, K.O.C., Billings, C.J., Molis, M.R., & Leek, M.R. (2012). Neural encoding and 

perception of speech signals in informational masking. Ear and Hearing, 32(2), 231. 



100 

 

Billings, C.J., & Penman, T.M. (2013, April). What can the brain tell us about understanding 

speech in noise? Paper presented at AudiologyNow!, the annual meeting of the American 

Academy of Audiology, Anaheim, CA. 

Billings, C.J., Bennett, K.O., Molis, M.R., & Leek, M.R. (2011). Cortical encoding of signals in 

noise: effects of stimulus type and recording paradigm. Ear and Hearing, 32(1), 53. 

Billings, C.J., McMillan, G.P., Penman, T.M., & Gille, S.M. (2013). Predicting Perception in 

Noise Using Cortical Auditory Evoked Potentials. Journal of the Association for Research in 

Otolaryngology, 14(6), 891-903. 

Billings, C.J., Tremblay, K.L., Stecker, G.C., & Tolin, W.M. (2009). Human evoked cortical 

activity to signal-to-noise ratio and absolute signal level. Hearing Research, 254(1), 15-24. 

Brungart, D.S. (2001). Informational and energetic masking effects in the perception of two 

simultaneous talkers. The Journal of the Acoustical Society of America, 109(3), 1101-1109. 

Brungart, D.S., Simpson, B.D., Ericson, M.A., & Scott, K.R. (2001). Informational and energetic 

masking effects in the perception of multiple simultaneous talkers. The Journal of the 

Acoustical Society of America, 110(5), 2527-2538. 

Calandruccio, L., Dhar, S., & Bradlow, A.R. (2010). Speech-on-speech masking with variable 

access to the linguistic content of the masker speech. The Journal of the Acoustical Society of 

America, 128(2), 860-869. 

Campbell, K. B., & Colrain, I. M. (2002). Event-related potential measures of the inhibition of 

information processing: II. The sleep onset period. International Journal of 

Psychophysiology, 46(3), 197-214. 

Carhart, R., & Tillman, T.W. (1970). Interaction of competing speech signals with hearing 

losses. Archives of Otolaryngology. 91 274–279. 

Coltheart, M. (1981). The MRC psycholinguistic database. The Quarterly Journal of 

Experimental Psychology, 33(4), 497-505. 

Cord, M.T., Walden, B.E., & Atack R.M. (1992). Speech Recognition in Noise Test (SPRINT). 

Walter Reed Army Medical Center. 

Cruickshanks, K.J., Wiley, T.L., Tweed, T.S., Klein, B.E., Klein, R., Mares-Perlman, J. A., & 

Nondahl, D.M. (1998). Prevalence of hearing loss in older adults in Beaver Dam, Wisconsin 

the epidemiology of hearing loss study. American Journal of Epidemiology, 148(9), 879-886. 

Davis, M.H., Ford, M.A., Kherif, F., & Johnsrude, I.S. (2011). Does semantic context benefit 

speech understanding through “top-down” processes? Evidence from time-resolved sparse 

fMRI. Journal of Cognitive Neuroscience, 23, 3914–3932. 



101 

 

Department of Veterans Affairs. (1998).Speech recognition and identification materials. Disc 2.0 

(compact disc). Mountain Home (TN): Department of Veterans Affairs Medical Center. 

Dirks, D.D., Morgan, D.E., & Dubno, J.R. (1982). A procedure for quantifying the effects of 

noise on speech recognition. Journal of Speech and Hearing Disorders, 47, 114–123. 

Donchin, E., & Coles, M. G. (1988). Is the P300 component a manifestation of context 

updating?. Behavioral and Brain Sciences, 11(3), 357-374. 

Dubno, J.R., Dirks, D.D., & Morgan, D.E. (1984). Effects of age and mild hearing loss on speech 

recognition in noise. The Journal of the Acoustical Society of America, 76(1), 87-96. 

Duncan, C. C., Barry, R. J., Connolly, J. F., Fischer, C., Michie, P. T., Näätänen, R., ... & Van 

Petten, C. (2009). Event-related potentials in clinical research: guidelines for eliciting, 

recording, and quantifying mismatch negativity, P300, and N400. Clinical Neurophysiology, 

120(11), 1883-1908. 

Duquesnoy, A. (1983). Effect of a single interfering noise or speech source upon the binaural 

sentence intelligibility of aged persons. The Journal of the Acoustical Society of America, 

74(3), 739-743. 

Durlach, N.I., Mason, C.R., Shinn-Cunningham, B.G., Arbogast, T.L., Colburn, H.S., & Kidd Jr, 

G. (2003). Informational masking: Counteracting the effects of stimulus uncertainty by 

decreasing target-masker similarity. The Journal of the Acoustical Society of America, 

114(1), 368-379. 

Garnsey, S.M. (1993). Event-related brain potentials in the study of language: An 

introduction. Language and Cognitive Processes, 8(4), 337-356. 

Giraud, A.L., Kell, C., Thierfelder, C., Sterzer, P., Russ, M.O., Preibisch, C., & Kleinschmidt, A. 

(2004). Contributions of sensory input, auditory search and verbal comprehension to cortical 

activity during speech processing. Cereb. Cortex, 14, 247–255. 

Golestani, N., Hervais-Adelman, A., Obleser, J., & Scott, S.K. (2013). Semantic versus 

perceptual interactions in neural processing of speech-in-noise. Neuroimage, 79, 52-61. 

Gordon-Salant, S., & Fitzgibbons, P.J. (1993). Temporal factors and speech recognition 

performance in young and elderly listeners. Journal of Speech, Language, and Hearing 

Research, 36(6), 1276-1285. 

Hargus, S.E. & Gordon-Salant, S. (1995). Accuracy of speech intelligibility index predictions for 

noise-masked young listeners with normal hearing and for elderly listeners with hearing 

impairment. Journal of Speech, Language, and Hearing Research, 38(1), 234-243 



102 

 

Humes, L.E., Dubno, J.R., Gordon-Salant, S., Lister, J.J., Cacace, A.T., Cruickshanks, K.J., 

Gates, G.A., Wilson, R.H., & Wingfield, A. (2012). Central presbycusis: a review and 

evaluation of the evidence. Journal of the American Academy of Audiology, 23(8), 635-666. 

Hwang, J.H., Wu, C.W., Chen, J.H., & Liu, T.C. (2006). The effects of masking on the activation 

of auditory-associated cortex during speech listening in white noise. Acta 

Otolaryngology,126, 916-920.  

Jasper, H. (1958). The ten-twenty electrode system of the International Federation. 

Electroencephalography and Clinical Neurophysiology, 10, 370-375. 

Jerger, J., & Reagor, M. (2012). Listening to words: Event-related potentials reveal cognitive 

complexity - Implications for speech audiometry. In Goldfarb, R., & Singh, S. (Eds.), 

Translational speech-language pathology and audiology. San Diego, CA: Plural Pub. 

Jerger, J., Martin, J. & Fitzharris, K. (March 2014). Auditory Event-Related Potentials Evoked to 

Words: Implications for Audiologists. Charleston, SC: Self-published. Printed by 

CreateSpace. 

Kaplan-Neeman, R., Kishon-Rabin, L., Henkin, Y., & Muchnik, C. (2006). Identification of 

syllables in noise: electrophysiological and behavioral correlates. The Journal of the 

Acoustical Society of America, 120(2), 926-933. 

Killion, M.C., Niquette, P.A., Gudmundsen, G.I., Revit, L.J., & Banerjee, S. (2004). 

Development of a quick speech-in-noise test for measuring signal-to-noise ratio loss in 

normal-hearing and hearing-impaired listeners. The Journal of the Acoustical Society of 

America, 116(4), 2395-2405. 

Koerner, T.K., & Zhang, Y. (2015). Effects of background noise on inter-trial phase coherence 

and auditory N1-P2 responses to speech stimuli. Hearing Research, 328, 113-119. 

Kraus, N. (2012). Biological impact of music and software-based auditory training. Journal of 

Communication Disorders, 45(6), 403-410. 

Kutas, M. & Hillyard, S.A. (1980). Reading senseless sentences: Brain potentials reflect 

semantic incongruity. Science, 207, 203- 205.  

Lecumberri, M.L.G., Cooke, M., & Cutler, A. (2010). Non-native speech perception in adverse 

conditions: A review. Speech Communication, 52(11), 864-886. 

Mehta, J., Jerger, S., Jerger, J., & Martin, J. (2009). Electrophysiological correlates of word 

comprehension: Event-related potential (ERP) and independent component analysis (ICA). 

The International Journal of Audiology, 48(1), 1-11. 



103 

 

Musiek, F. & Chermak, G. (2007). Handbook of (Central) Auditory Processing Disorder: 

Auditory Neuroscience and Diagnosis (Vol. I). San Diego:Plural Publishing.  

Näätänen, R. & Picton, T. (1987). The N1 wave of the human electric and magnetic response to 

sound: A review and an analysis of the component structure. Psychophysiology, 24(4), 375-

425.  

Neff, D.L., & Green, D.M. (1987). Masking produced by spectral uncertainty with 

multicomponent maskers. Perception & Psychophysics, 41(5), 409-415. 

Nieuwenhuis, S., Aston-Jones, G., & Cohen, J. D. (2005). Decision making, the P3, and the 

locus coeruleus--norepinephrine system. Psychological Bulletin, 131(4), 510. 

Nilsson, M., Soli, S.D., & Sullivan, J.A. (1994). Development of the Hearing in Noise Test for 

the measurement of speech reception thresholds in quiet and in noise. The Journal of the 

Acoustical Society of America, 95(2), 1085-1099. 

Niquette, P., Arcaroli, J., Revit, L., Parkinson, A., Staller, S., Skinner, M., & Killion, M. (2003, 

March). Development of the BKB-SIN Test. In annual meeting of the American Auditory 

Society, Scottsdale, AZ. 

Olsen, W.O., & Carhart, R. (1967). Development of test procedures for evaluation of binaural 

hearing aids. Bulletin of Prosthetics Research, 10, 22–49. 

Parbery‐Clark, A., Marmel, F., Bair, J., & Kraus, N. (2011). What subcortical–cortical 

relationships tell us about processing speech in noise. European Journal of Neuroscience, 

33(3), 549-557. 

Phillips, D.P. (1985). Temporal response features of cat auditory cortex neurons contributing to 

sensitivity to tones delivered in the presence of continuous noise. Hearing Research, 19(3), 

253-268. 

Phillips, D.P. (1990). Neural representation of sound amplitude in the auditory cortex: effects of 

noise masking. Behavioural Brain Research, 37(3), 197-214. 

Picou, E. M., Gordon, J., & Ricketts, T. A. (2016). The Effects of Noise and Reverberation on 

Listening Effort in Adults with Normal Hearing. Ear and Hearing, 37(1), 1-13.  

Picton, T. (2011) Human Auditory Evoked Potentials. San Diego, Plural Publishing, Inc. 

Romei, L., Wambacq, I.J., Besing, J., Koehnke, J., & Jerger, J. (2011). Neural indices of spoken 

word processing in background multi-talker babble. International Journal of 

Audiology, 50(5), 321-333.  

Ross, B. & Tremblay,K.L. (2009). Stimulus experience modifies auditory neuromagnetic 

responses in young and older listeners. Hear Research, 248(1-2), 48-59. 



104 

 

Schairer, K.S. (2012). Mild Traumatic Brain Injury and Associated Effects on the Auditory 

System. SIG 6 Perspectives on Hearing and Hearing Disorders: Research and 

Diagnostics, 16(1), 18-25. 

Scott, S.K., & McGettigan, C. (2013). The neural processing of masked speech. Hearing 

Research, 303, 58-66.  

Scott, S.K., Rosen, S., Beaman, C.P., Davis, J P., & Wise, R.J. (2009). The neural processing of 

masked speech: Evidence for different mechanisms in the left and right temporal lobes. The 

Journal of the Acoustical Society of America,125(3), 1737-1743. 

Scott, S.K., Rosen, S., Wickham, L., & Wise, R.J. (2004). A positron emission tomography study 

of the neural basis of informational and energetic masking effects in speech perception. The 

Journal of the Acoustical Society of America, 115, 813-821. 

Shahin, A., Bosnyak, D. J., Trainor, L. J., & Roberts, L. E. (2003). Enhancement of neuroplastic 

P2 and N1c auditory evoked potentials in musicians. The Journal of Neuroscience, 23(13), 

5545-5552. 

Sharma, M., Purdy, S.C., Munro, K.J., Sawaya, K., & Peter, V. (2014). Effects of broadband 

noise on cortical evoked auditory responses at different loudness levels in young 

adults. NeuroReport, 25(5), 312-319. 

Shinn-Cunningham, B.G., & Best, V. (2008). Selective attention in normal and impaired 

hearing. Trends in Amplification, 12(4), 283-299. 

Shonebarger, B. & Fitzharris, K. (2015). Electrophysiological Investigation of Word Repetition 

and Understanding. Poster presentation at AudiologyNOW!, the annual meeting of the 

American Academy of Audiology, San Antonio, TX. 

Skoe, E., & Kraus, N. (2010). Auditory brainstem response to complex sounds: a tutorial. Ear 

and Hearing, 31(3), 302. 

Smoorenburg, G.F. (1992). Speech reception in quiet and in noisy conditions by individuals with 

noise‐induced hearing loss in relation to their tone audiogram. The Journal of the Acoustical 

Society of America, 91(1), 421-437. 

Song, J. H., Skoe, E., Banai, K., & Kraus, N. (2011). Perception of speech in noise: neural 

correlates. Journal of Cognitive Neuroscience, 23(9), 2268-2279. 

Souza, P., Boike, K., Witherell, K., & Tremblay, K. (2007). Prediction of speech recognition 

from audibility in older listeners with hearing loss: Effects of age, amplification, and 

background noise. Journal of the American Academy of Audiology, 18, 54-65.  



105 

 

Squires, N.K., Squires, K.C., & Hillyard, S.A. (1975). Two varieties of long-latency positive 

waves evoked by unpredictable auditory stimuli in man.Electroencephalography and clinical 

neurophysiology, 38(4), 387-401.  

Strait, D.L., Parbery-Clark, A., Hittner, E., & Kraus, N. (2012). Musical training during early 

childhood enhances the neural encoding of speech in noise. Brain and Language, 123(3), 

191-201. 

Strait, D.L., Parbery-Clark, A., O‟Connell, S., & Kraus, N. (2013). Biological impact of 

preschool music classes on processing speech in noise. Developmental Cognitive 

Neuroscience, 6, 51-60. 

Tremblay, K., Kraus, N., McGee, T., Ponton, C., & Otis, B. (2001). Central auditory plasticity: 

changes in the N1/P2 complex after speech-sound training. Ear and Hearing, 22(2), 79-90. 

Tun, P. & Wingfield, A. (1999).  One voice too many: Adult age differences in language 

processing with different types of distracting sounds.  Journals of Gerontology, Series B: 

Psychological Sciences & Social Sciences, 54, 317-327. 

Tun, P.A., O'Kane, G., & Wingfield, A. (2002). Distraction by competing speech in young and 

older adult listeners. Psychology and Aging, 17(3), 453. 

Van Overschelde, J.P., Rawson, K.A., & Dunlosky, J. (2004). Category norms: An updated and 

expanded version of the norms. Journal of Memory and Language, 50(3), 289-335. 

Vander Werff, K.R. (2012). Auditory Dysfunction Among Long-Term Consequences of Mild 

Traumatic Brain Injury (mTBI). SIG 6 Perspectives on Hearing and Hearing Disorders: 

Research and Diagnostics, 16(1), 3-17. 

Whiting, K.A., Martin, B.A., & Stapells, D.R. (1998). The effects of broadband noise masking 

on cortical event-related potentials to speech sounds/ba/and /da/. Ear and Hearing, 19(3), 

218-231. 

Wilson, R.H. (2003). Development of a speech-in-multitalker-babble paradigm to assess word-

recognition performance. Journal of the American Academy of Audiology, 14(9), 453-70. 

Wilson, R.H., & Burks, C.A. (2005). Use of 35 words for evaluation of hearing loss in signal-to-

babble ratio: A clinic protocol. Journal of Rehabilitation Research & Development, 42(6). 

Wilson, R.H., McArdle, R.A., & Smith, S.L. (2007). An evaluation of the BKB-SIN, HINT, 

QuickSIN, and WIN materials on listeners with normal hearing and listeners with hearing 

loss. Journal of Speech, Language, and Hearing Research, 50(4), 844-856. 



106 

 

Wilson, R.H., Trivette, C.P., Williams, D.A., & Watts, K.L. (2012). The effects of energetic and 

informational masking on the Words-in-Noise Test (WIN). Journal of the American 

Academy of Audiology, 23(7), 522-533. 

Wong, P., Jin, J.X., Gunasekera, G.M., Abel, R., Lee, E.R., & Dhar, S. (2009). Aging and 

cortical mechanisms of speech perception in noise. Neuropsychologia, 47(3), 693-703. 

Yanz, J.L. (1984) The application of the theory of signal detection to the assessment of speech 

perception. Ear and Hearing, 5(2), 64-71. 

Zekveld, A.A., Heslenfeld, D.J., Festen, J.M., & Schoonhoven, R. (2006). Top–down and 

bottom–up processes in speech comprehension. Neuroimage, 32(4), 1826-1836. 

Zekveld, A.A., Rudner, M., Johnsrude, I.S., Heslenfeld, D.J., & Rönnberg, J. (2012). Behavioral 

and fMRI evidence that cognitive ability modulates the effect of semantic context on speech 

intelligibility. Brain Language, 122(2), 103–113. 

 



 

 

 

 

 

 
 

107 

 

VITA 

 

Katharine Lynn Fitzharris was born in Chicago, Illinois to William Douglas Fitzharris and 

Cynthia Eloise Fitzharris. She graduated with her bachelor‟s degree in Speech and Hearing 

Science in 2004 from the University of Illinois in Urbana-Champaign. In May of 2009 she 

received her clinical doctorate in Audiology (Au.D.) from the University of Louisville after 

completing her externship at the VA San Diego Healthcare System. She then completed the first 

two-year Polytrauma/Traumatic Brain Injury Clinical Research Fellowship at the VA Boston 

Healthcare System under Drs. Anne Hogan, Au.D., Henry Lew, M.D., Ph.D., and Kun Yan, 

M.D., Ph.D.. In 2011 she began her Ph.D. in Communication Sciences and Disorders at The 

University of Texas at Dallas. She graduated in December 2015 with an M.S. in Applied 

Cognition and Neuroscience. 

 

 


