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Abstract 
 
Purpose: Speech in noise testing relies on a number of factors beyond the auditory system such 

as cognitive function, compliance, and motor function. It may be possible to avoid these 

limitations by using electroencephalography (EEG). The present study explored this possibility 

using the N400.  

Method: Eleven normal hearing adults heard high-constraint sentences with congruent and 

incongruent terminal words in the presence of speech-shaped noise. Participants ignored all 

auditory stimulation and watched a video. The signal to noise ratio (SNR) was varied around 

each participant’s behavioral threshold during EEG recording. Speech was also heard in quiet. 

Results: The amplitude of the N400 effect exhibited a nonlinear relationship with SNR. In the 

presence of background noise, amplitude decreased from high (+4 dB) to low SNR  (+1 dB), but 

increased dramatically at threshold before decreasing again at subthreshold SNR (-2 dB).  

Conclusions: The SNR of speech in noise modulates the amplitude of the N400 effect to 

semantic anomalies in a nonlinear fashion. These results are the first to demonstrate modulation 

of the passively-evoked N400 by SNR in speech-shaped noise and represent a first step towards 

the end goal of developing an N400-based physiological metric for speech in noise testing. 
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1. Introduction 

In the majority of real-world environments, speech must be understood in the presence of 

noise. For example, in homes and schools, speech is often only 5 to 20 dB louder than 

environmental noise (Crandell & Smaldino, 1995; Flexer, 1993; Nabelek & Nabelek, 1994), 

while in public venues and at parties, speech can be much softer relative to background noise, at 

–5 to +5 dB signal-to-noise ratio (SNR; Pearsons, Bennett, & Fidell, 1976; Plomp, 1977). 

Difficulty understanding speech in noise is also a common complaint for patients with hearing 

loss (Giolas & Wark, 1967; Harford & Barry, 1965). Evaluating speech recognition in noise is 

therefore a logical component of audiologic assessment, and recommended protocols for hearing 

aid fitting include speech in noise (SIN) testing in both unaided and aided conditions (Mueller, 

2003). Indeed, speech audiometry, with or without background masking noise, has been a 

recommended part of audiologic assessment since the 1940s (Carhart, 1946). The aim of SIN 

testing is typically to determine the SNR at which the listener can repeat back the target speech 

correctly 50% of the time. This is the SNR50. Alternatively, a percent correct score can be 

obtained for several SNRs. Popular sentence-level SIN tests for adults include the Speech 

Perception in Noise test (SPIN; Kalikow, Stevens, & Elliott, 1977), the Connected Speech Test 

(CST; Cox, Alexander, & Gilmore, 1987), the Hearing in Noise Test (HINT; Nilsson, Soli, & 

Sullivan, 1994), the Quick Speech in Noise test (QuickSIN; Killion, Niquette, Gudmundsen, 

Revit, & Banerjee, 2004), and the AzBio (Spahr et al., 2012). 

Listening to speech in noise, however, is a complex process that relies heavily on 

cognitive factors. For instance, cognition contributes to the process of auditory scene analysis 

(Bronkhorst, 2000), by which the speech signal of interest is isolated from other concomitant 

sounds. Individuals with normal hearing can use a speaker’s vocal characteristics, such as 
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fundamental frequency and timbre, in addition to timing cues, such as onsets and offsets, to 

identify and focus upon the desired speech signal.  This process involves a complex interaction 

between bottom-up (sensory) and top-down (cognitive) processing (Anderson & Kraus, 2010). 

Sensory-cognitive interactions are also present in the fundamental mechanisms underlying 

speech perception, which Davis and Johnsrude (2007) describe as perceptual grouping, lexical 

segmentation, categorical perception, and perceptual learning. In all of these processes, both the 

echoic (acoustic memory) representation of the speech signal and the somatotopic/motoric 

representations involved in speech production work together in an interactive process to support 

speech perception. 

Among the processes outlined by Davis and Johnsrude (2007), perceptual learning is 

especially relevant to SIN processing as it involves quickly learning to decode speech in 

unfamiliar (e.g. degraded or strongly accented) conditions. People with normal hearing can 

quickly learn to decode severely degraded speech through top-down influences. For example, if 

they are told that the signal they are hearing contains speech, listeners are better able to decode 

sine-wave speech, which lacks the amplitude co-modulation and harmonic structure of natural 

speech (Remez, Rubin, Pisoni, & Carrell, 1981). Davis and Johnsrude (2007) also suggest that 

pragmatic knowledge and visual cues can contribute to successful SIN decoding. One form of 

pragmatic knowledge may include the probabilistic relationships between word items in the 

language being heard, which may allow the listener to fill in missing content based on 

predictions (Conway, Bauernschmidt, Huang, & Pisoni, 2010). Several lines of research have 

also implicated more general effects of attention and cognition in SIN performance. For 

example, musicians have increased SIN performance as measured by the HINT and QuickSIN 

compared to non-musicians, which has been attributed in part to better working memory capacity 
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(Parbery-Clark, Skoe, Lam, & Kraus, 2009). It is clear, therefore, that cognition makes a 

substantial contribution to speech perception, particularly in the presence of noise. 

Recent research has highlighted two important implications of the fact that SIN testing is 

influenced by cognition. First, disorders that appear to be auditory in nature, such as 

presbyacusis and central auditory processing disorder, may to some extent be attributable to non-

auditory factors such as cognitive decline or attention deficits (Humes et al., 2012; Moore, 

Rosen, Bamiou, Campbell, & Sirimanna, 2013). Second, the extent to which speech perception 

in noise draws upon cognitive resources, known as the “effort of listening”, could be related to a 

variety of problems for hearing-impaired patients, including frustration, exhaustion, perceived 

dissatisfaction with treatment, and inattentive or poor classroom behavior in younger populations 

(Gatehouse & Gordon, 1990; Feuerstein, 1992). There are also long-acknowledged difficulties 

with SIN testing in the presence of developmental deficits, cognitive decline, or speech/motor 

impairments. 

One approach which may avoid these limitations would be to measure speech 

comprehension passively. This kind of diagnostic could be made possible by using neuroimaging 

and directing attention entirely towards an unrelated distraction task. Like the auditory brainstem 

response, passive stimulation is common for cortical event-related potentials (ERPs) such as the 

N1 and mismatch negativity (MMN), both of which have valuable roles to play in audiologic 

assessment (Stapells, 2009; Martin, Tremblay, & Korczak, 2008). Indeed, one research group has 

investigated the possibility of using the N1 cortical ERP to speech sounds in noise to predict 

speech perception capabilities in noise. Using simple a simple speech sound (/ba/), Billings and 

colleagues (2013) demonstrated that the passively-evoked N1 increased in amplitude and 

decreases in latency with increasing SNR (from -5 to 35 dB) in speech-shaped noise (Billings, 
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McMillan, Penman, & Gille, 2013). Furthermore, N1 amplitude at a 70 dB signal level / 5 dB 

SNR was identified as the best electrophysiological measure among their data for the prediction 

of SNR50 (Billings et al., 2013). When the experimental group was extended to include older 

individuals, it was determined that the electrophysiological predictors of behavioral performance 

differed between normal-hearing and hearing-impaired individuals (Billings, Penman, McMillan, 

& Ellis, 2015). Similarly, using a simple speech stimulus (/bu/) in quiet and in babble, Koerner & 

Zhang (2015) also found that noise increased the latency and decreased the amplitude of N1 

(Koerner & Zhang, 2015). They additionally determined that these changes may, in part, be 

attributable to changes in cortical neural synchrony that are induced by noise (Koerner & Zhang, 

2015). Responses like N1 and MMN, however, do not offer any information regarding whether 

the speech signal has been understood. The N400 is a longer-latency ERP which reflects 

semantic processing. It is less common to study the N400 passively, but unlike the N1-based 

approaches that have been proposed for speech in noise testing, an N400-based measurement 

would reflect comprehension of the speech signal. 

The N400 was first described by Kutas and Hillyard (1980) in a study in which people 

read sentences that had unexpected or nonsensical final words. For example, if the sentence I 

planted string beans in my sky were presented, an enhanced N400 would occur in response to the 

word sky compared to the expected final word garden. The N400 is a broad negative wave, 

peaking about 400 ms post-stimulus, which is largest at central and parietal sites (Kutas & 

Hillyard, 1980). It is slightly larger over the right hemisphere in the visual modality, but in the 

auditory modality is more symmetrical (reviewed by Van Petten & Luka, 2006). It appears to be 

generated largely in left temporal regions (Kutas, Hillyard, & Gazzaniga, 1988; Lau, Phillips, & 

Poeppel, 2008).  
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Studies seeking to elicit N400s typically use either a semantic anomaly paradigm or a 

semantic priming paradigm (Lau et al., 2008). Kutas and Hillyard’s 1980 study is an example of 

the semantic anomaly paradigm, in which sentences are presented with a semantically congruent 

or incongruent word, and increased N400 amplitudes are observed for the incongruent stimuli. 

Rather than using entire sentences, semantic priming paradigms present pairs of words, and a 

reduced N400 is observed when the second word is semantically related to the first, compared to 

pairs of unrelated words. The N400s obtained from both these paradigms have similar latencies 

and scalp distributions and are accepted to represent the same underlying activity, but the 

response to semantic anomalies tends to be larger (Kutas, 1993). Regardless of the experimental 

paradigm used to evoke the N400, the term “N400 effect” refers to the difference in N400 

amplitude between congruent and incongruent words, or related and unrelated words. Similarly 

to the MMN, the N400 effect is measured in a difference wave, which is computed by 

subtracting the averaged response to the congruent (or related) word from the averaged 

waveform to the incongruent (or unrelated) word. 

------ Insert Figure 1 here ------ 

In a semantic anomaly paradigm, N400 amplitude is influenced by the extent to which 

the terminal word violates expectation (Kutas & Hillyard, 1984). This expectation is generally 

expressed by the Cloze probability (CP) of a word (Taylor, 1953). Cloze probabilities are 

established by having a large number of people complete a sentence with a missing element with 

the word that they believe should be presented in that position. For example, in Bloom and 

Fishler’s (1980) seminal study of sentence completion norms, the sentence Captain Sheir wanted 

to stay with the sinking ______ was completed with the word ship by 97% of participants 

(Bloom & Fischler, 1980). This is an example of a high (0.97) CP word. More recently, Block 
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and Baldwin (2010) defined high CP as a word that was produced by  ≥ 67% of respondents 

(Block & Baldwin, 2010). The most popular word that is generated for a high constraint sentence 

will be a high CP word, but high constraint sentences can also be associated with low CP words 

(i.e., less popular responses, see Figure 2 for an example). The N400 effect can be observed by 

contrasting the N400 to high CP words against the N400 to low CP words. Words need not be 

incongruent per se to result in an N400 effect (Kutas & Hillyard, 1984). Figure 2 illustrates high 

and low context sentences with terminal words of varying CP. 

------ Insert Figure 2 here ------ 

The N400, and its modulation by violations of expectancy, is not limited to linguistic 

stimuli and has been evoked by a range of meaningful non-linguistic stimuli such as pictures 

(Ganis & Kutas, 2003), environmental sounds (Van Petten & Rheinfelder, 1995), and gestures 

(Kelly, Kravitz, & Hopkins, 2004). For the present purpose, however, the N400 will specifically 

be discussed in the context of linguistic stimuli. The precise functional significance of the N400 

remains unknown. There has been debate as to whether the N400 represents prelexical or 

postlexical processing. The postlexical view is that the N400 reflects the integration of the target 

word with the surrounding context, after word meaning has been accessed. According to this 

theory, increased effort is needed to integrate words that do not fit well with the semantic 

context, leading to N400 amplitude increases for less expected words. This theory can account 

for top-down effects on the N400 and its multimodal nature. In contrast, the prelexical view 

states that the N400 reflects processing prior to the activation of a meaning in semantic memory, 

or the facilitated activation of a word meaning from memory. This theory can account for the 

bottom-up influences on the N400 such as lexical frequency and neighbourhood size, as well as 

the fact that the N400 is observed even in response to meaningless stimuli such as pseudowords 
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and nonwords (Lau et al., 2008; Kutas & Federmeier, 2011). It has also been suggested that the 

N400 reflects processing at the exact time of word recognition (Kutas & Federmeier, 2000). 

Thus far, no theory can fully account for all of the top-down and bottom-up effects on the N400 

that have been observed empirically (reviewed in Kutas & Federmeier, 2011). 

Regardless of the exact functional significance of the N400, it clearly indexes the 

processing of word meanings. Furthermore, attention does not need to be explicitly directed 

towards the evoking stimuli for the N400 effect to be observed. Several lines of research, 

including studies using visual masking (e.g., Misra & Holcomb, 2003), the attentional blink (e.g., 

Vogel, Luck, & Shapiro, 1998), direction of attention towards a distracting task (e.g., Relander, 

Rama, & Kujala, 2009), and sleep (e.g., Ibáñez, López, & Cornejo, 2006) have all provided 

converging evidence that the N400 effect – and hence, the effect of semantic context – is to some 

extent automatic. To date, the body of literature that has aimed to determine the position of the 

N400 effect along the spectrum of automatic to controlled neural processes has failed to reach a 

consensus (see Kutas & Federmeier, 2011 for a more comprehensive review of this topic). 

Nevertheless, the relative automaticity of the N400 has been capitalized upon to study 

receptive speech capabilities passively in patient populations who cannot undergo behavioral 

testing, including neurologically-impaired patients in comas, vegetative, or minimally-conscious 

states (Connolly & D’Arcy, 2000; D’Arcy et al., 2003; Daltrozzo et al., 2009; Kotchoubey et al., 

2005) and young children (Friedrich & Friederici, 2004; Friedrich & Friederici, 2005; Friedrich 

& Friederici, 2008). As such, there is ample evidence to suggest that measurement of the N400 

under passive conditions could be a viable approach for audiometric applications. This approach 

could not only avoid the aforementioned influence of listening effort, but could also enable 
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testing in patient populations who are currently incapable of properly completing conventional 

SIN tests. 

Very few studies have examined the effect of masking noise on the N400, and among 

them, none have evoked the response under passive, non-attentive conditions (Connolly, Phillips, 

Stewart, & Brake, 1992; Daltrozzo, Wioland, & Kotchoubey, 2012b; Daltrozzo, Claude, 

Tillmann, Bastuji, & Perrin, 2012a; Jerger, Greenwald, Wambacq, Seipel, & Moncrieff, 2000; 

Romei, Wambacq, Besing, Koehnke, & Jerger, 2011). Among these studies, only those by 

Daltrozzo and colleagues systematically varied the extent of masking to observe changes in the 

N400 effect. Daltrozzo, Wioland, and Kotchoubey (2012) found that N400 amplitude varied with 

the intelligibility of sentences presented with a pink noise (i.e. speech frequency) masker. 

Masking conditions in this study were created by applying different filtering cutoffs to the pink 

noise masker – a parameter that is not relevant to typical audiological practice. The N400 was 

significant in their no masking, low masking, and moderate masking conditions, but was 

obliterated in their high masking condition. Daltrozzo, Claude, Tillman, Bastuli, and Perrin 

(2012) also applied similar stimuli in sleep and demonstrated an intact N400 in noise in stages 

N2 and R, replicating previous studies showing an intact N400 in sleep and extending those 

results to degraded stimuli. In sleep, an increasing extent of masking resulted in greater 

attenuation of the N400 effect. 

Several other studies have also demonstrated reduction of the N400 effect with 

intelligibility. This has been found for low-pass filtering of the speech (Aydelott, Dick, & Mills, 

2006), vocoding (Obleser & Kotz, 2011; Strauss, Kotz, & Obleser, 2013), spectral masking 

(Daltrozzo et al., 2012b), and babble masking (Romei et al., 2011). Together with the results of 

Daltrozzo and colleagues, these results indicate that the N400 effect varies with speech 
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intelligibility, but to our knowledge there are no published results examining the effect of SNR in 

speech-shaped noise, which is a common parameter for audiometric SIN evaluations. The 

purpose of the present study is to determine whether the amplitude of the N400 effect to 

semantic anomalies varies with SNR in speech-shaped noise. In order to maximize relevance to 

clinical practice, the SNR conditions investigated were constructed around the behavioral 

SNR50, and the N400 was evoked under passive, non-attentive conditions to avoid as much top-

down influence as possible. Ultimately, the goal is to move towards a paradigm to test speech 

recognition passively under the difficult noisy listening conditions that hearing impaired subjects 

often struggle with.   

2. Methods 

2.1 Participants 

Fourteen healthy, normal hearing adults participated in this study. EEG data from three 

participants were not suitable for analysis due to the presence of excessive artifacts or poor 

electrode connections; therefore data from 11 participants (4 female; age 21 – 35, mean = 27, SD 

= 3.9) were retained for analysis. All participants were right-handed, as confirmed by a modified 

version of the Edinburgh handedness questionnaire (Cohen, 2008), had normal or corrected to 

normal vision, normal hearing, had no known neurological problems, and their first language 

was English. Normal hearing status was verified via a pure tone hearing screen in soundfield at 

20 dB HL at octave frequencies from 250 to 8000 Hz. All participants were paid for their 

participation. The study received research ethics board approval from Dalhousie University. 

2.2 Stimuli 

All sentences were recorded by a young female speaker, and were spoken at a natural 

rate. Voice recording was performed using a Marantz PMD671 microphone in a sound-
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attenuated double-walled audiometric booth. One hundred and fifty sentences with a minimum 

CP of 0.89 were selected from a large scale study of sentence completion norms (Block & 

Baldwin, 2010). To compose stimuli for the incongruent condition, the terminal words were 

rearranged such that the congruent ending for one sentence became the incongruent ending for 

another sentence, in which it was contextually unpredictable. This served to control for lexical 

frequency in a list-wise fashion. In all cases, incongruent words were matched for word class 

(i.e., nouns were replaced only with nouns), and number (i.e., plural words were replaced with 

plurals), and the initial phonemes of the congruent and incongruent words were different. This 

resulted in a total of 300 sentences (150 congruent, 150 incongruent). Incongruent and congruent 

versions of each sentence were recorded separately. Full sentences, including the terminal words, 

were equalized for loudness using RMS normalization. Speech-shaped noise was generated in 

MATLAB (The Mathworks, Natick, MA) using the spectrum of the recorded speech.  

All 300 sentences were randomly divided into 15 lists of 20 such that no sentence was 

presented in both the congruent and incongruent form within the same list. Within each list, a 

silent pause was inserted between the offset of each terminal word and the onset of the next 

sentence. The duration of this silent pause was random, with a minimum of 1 sec and a 

maximum of 2 sec. Each list consisted of 10 congruent and 10 incongruent sentences, and a one-

way ANOVA verified that CP was not significantly different across lists [F < 1]. In order to 

determine whether the 15 lists were significantly different with regards to intelligibility, a pilot 

study with 6 healthy, normal-hearing participants was conducted. In this study, the SNR50 was 

determined using each list of 20 sentences in an adaptive protocol similar to the Hearing In Noise 

Test (HINT), with the following differences: 1) the terminal words of the sentences were 

omitted, because large differences in intelligibility were expected between the congruent and 
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incongruent sentences (Kalikow et al., 1977), and 2) the level of the noise, rather than the 

speech, was varied. The speech was presented at 70 dB SPL, while noise was varied to achieve 

the required SNR. This pilot study indicated a near-significant difference in the SNR50 

determined using each of the 15 lists [F(14,70)=1.8, p = 0.06]. A Tukey post-hoc analysis did not 

yield any significant pairwise comparisons, indicating that the behavioral SNR50 that is 

measured using the sentence lists developed for the N400 protocol does not differ significantly 

depending on the list that is used for testing. As a result, all of the N400 sentence lists were 

considered equivalent for the behavioral SNR50 testing that was used to determine threshold 

SNR for the electrophysiological experiment. 

2.3 Procedure 

Following informed consent, participants were seated in a sound-attenuated double-

walled audiometric booth with two speakers (GSI 61 Sound Field System) positioned at +45° 

and -45° azimuth. Stimuli were presented using a custom virtual instrument designed in 

LabVIEW (National Instruments, Austin TX), and played by a National Instruments PXI 4461 

Dynamic Signal Acquisition Card (National Instruments, Austin, TX) routed through a GSI 61 

audiometer (Grason-Stadler, Eden Prairie, MN) to the speakers. Following pure tone screening, 

each participant’s clinical SNR50 was determined using the standard HINT (20 sentence 

presentation), and then their experimental SNR50 was determined using the adaptive 

thresholding procedure used for the pilot. This permitted comparison of the obtained results to a 

clinically relevant, standard measure. 

The sentence list used for the adaptive thresholding procedure was randomly selected 

from among the 15 available lists and was omitted from use during EEG acquisition. The 

experimental SNR50 was used to construct five intelligibility conditions for use during EEG data 
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collection: –2 dB SNR (very low intelligibility), 0 dB SNR (threshold), +1 dB SNR (moderate 

intelligibility), +2 dB SNR (moderately high intelligibility) and +4 dB SNR (high intelligibility). 

In all cases, the SNR condition indicates a difference from the SNR50, and was created by 

changing the noise level relative to the speech (which was always presented at 70 dB SPL). For 

example, if a participant had an SNR50 of -2 dB on the adaptive thresholding procedure (speech 

at 70 dB SPL, noise at 72 dB SPL), the +4 dB SNR condition would be created by decreasing the 

noise level by 4 dB to 68 dB SPL. 

Following threshold determination, five blocks of stimuli (each consisting of one 

sentence list) were presented for each intelligibility condition. These were selected randomly 

with replacement from the 14 remaining sentence lists with the constraint that no list was used 

more than twice. The order of presentation of conditions and blocks was randomized across 

participants. Following presentation of all of the intelligibility conditions, all sentence lists were 

presented again in quiet. Throughout all experimental conditions, participants were instructed to 

watch a silent movie and ignore all auditory stimuli to the best of their ability. Participants were 

observed during testing to ensure that they were watching the movie and were offered a short 

break after every 4–5 blocks. 

2.4 EEG Acquisition 

Following behavioral thresholding, the EEG was continuously recorded using a BioSemi 

Active-Two biopotential system (BioSemi Instrumentation, 2006). Participants wore an elastic 

cap with 128 active Ag/AgCl electrodes and ten additional electrodes were adhered to the 

mastoids and face. Additional sites included the mastoids, in front of the tragus, the cheekbones, 

lateral to the outer canthi, and under the center of the lower eyelids. The total time for EEG 



Modulation of Passive N400 by SNR 15	

acquisition was approximately 1.5 hours. Data were recorded at a sampling rate of 2048 Hz and 

stored using Actiview 7.0 Software (Biosemi, Amsterdam, Netherlands). 

2.5 ERP Derivation and Measurement  

Data were processed offline in BrainVision Analyzer 2.0 (Brain Products GmbH, 2014). 

The EEG was downsampled to 1024 Hz, band-pass filtered in the 0.1–20 Hz range and re-

referenced to the average of the two mastoids. Ocular artifacts were identified using a slope 

algorithm for blink detection and corrected using independent component analysis (fast ICA). 

The ICA components were visually inspected to determine which components corresponded to 

ocular artifact prior to removal. Following ocular correction, the continuous EEG was segmented 

into discrete epochs time-locked to the onset of the terminal word of the sentence. Epoch 

duration was 1100 ms including a 100 ms pre-stimulus baseline. Epochs were baseline corrected 

using the 100 ms prestimulus period and epochs that contained artifacts (e.g., from movement) 

were automatically discarded using a threshold of ±75 µV for maximum deflection size. Epochs 

were then averaged separately for each recording site, experimental condition, and stimulus type 

(congruent and incongruent) for each subject. Table 1 shows the mean and standard deviation of 

the number of trials that were averaged for each stimulus type and intelligibility condition. 

Difference waves were calculated for each subject by subtracting the congruent averaged 

waveform from the incongruent averaged waveform. The peak latency of the N400 effect was 

automatically selected at a pooled central site (C, consisting of electrode A1 [Cz] and the five 

surrounding electrodes: D1, C1, B1, A2, and D15) as the most negative point in the difference 

waveform in the 250–650 ms poststimulus period. This window was selected to provide 

complete coverage of the visually-observed N400 effect and corresponds well with the typical 

latency of the N400, between 200 and 600 ms from word onset (Kutas & Federmeier, 2011). 
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Although the N400 is often multi-peaked and is commonly measured as a mean amplitude in a 

large window around 400 ms (e.g., 200 – 500 ms in Federmeier, Van Petten, Schwartz, & Kutas, 

2003), this has not been the typical approach in the literature on N400 and degraded speech 

signals. N400 measurement in this literature has employed either peak measures (e.g., Connolly 

et al., 1992), or has measured mean amplitudes in non-overlapping, sequential windows (e.g., 

Daltrozzo et al., 2012b). For the purpose of the present study, we elected to use a peak amplitude 

measure, but did so by computing a mean amplitude in a small window (± 5 sample = 11 ms) 

surrounding the peak. Computation of peak amplitude as a mean value from a narrow window 

surrounding the peak is a common method to compensate for the influence of noise (Luck, 

2005). Mean amplitudes were also measured in the incongruent and congruent averaged 

waveforms in the same latency window as was used to measure the N400 effect in the difference 

wave. 

------ Insert Table 1 here ------ 

2.6 Statistical Analysis 

A paired t-test was used to compare the behavioral threshold measurements obtained 

using the standard HINT and the threshold-finding procedure performed using experimental 

stimuli.  

For the purpose of conventional statistical analyses (ANOVA, post-hoc comparisons) and 

all waveform figures, data are provided from 9 pooled sites in which data was combined from 

several electrodes: frontal (F), frontal right (FR), frontal left (FL), central (C), central right (CR), 

central left (CL), parietal (P), parietal right (PR) and parietal left (PL). A two-way repeated 

measures ANOVA with the factors SNR (-2, threshold, +1, +2, +4, quiet) and site (F, FR, FL, C, 

CR, CL, P, PR, PL) was performed on the amplitude of the N400 effect as measured in the 
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difference waveforms. To compare N400 latency across conditions, a one-way repeated 

measures ANOVA with the factor SNR was performed on the latency of the N400 peak at the 

central site. Post-hoc testing of effects that were in line with a priori expectations were carried 

out using t-tests that were restricted to the central site (C). This approach maximized sensitivity 

to the effect of SNR and emulated the effects that might be observed clinically, using a simple 

montage with a single active electrode positioned near Cz. 

Because the effects observed using this conventional statistical approach were small and 

required post-hoc testing, a secondary, data-driven statistical analysis was also performed using 

partial least squares (PLS; McIntosh, Bookstein, Haxby, & Grady, 1996). PLS is a statistical 

method that is better-suited to the analysis of spatiotemporal functional neuroimaging data than a 

conventional ANOVA because unlike the ANOVA, PLS does not suffer from error inflation 

during multiple comparisons (Lobaugh, West, & McIntosh, 2001). Thus, experimental effects 

that fail to meet the significance criterion in an ANOVA due to correction for multiple 

comparisons can reach statistical significance in a PLS analysis. 

There are several forms of PLS (reviewed by Krishnan, Williams, McIntosh, & Abdi, 

2011); the present analysis used task PLS, which analyzes the covariance between brain activity 

and the experimental design. PLS uses singular value decomposition (SVD) of the covariance 

matrix to identify latent variables (LVs) that represent the differences between experimental 

conditions (McIntosh et al., 1996). Each LV is associated with two types of salience data: 

electrode (aka “brain”) saliences and design saliences. The electrode salience waveform is 

conceptually similar to a weighted difference wave that best expresses the differences between 

the experimental conditions being contrasted. The design saliences are similar to contrast 

weightings and indicate the degree and direction in which an experimental condition contributes 
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to the effect described by the LV. The significance of each LV is determined via a permutation 

test. The PLS approach also provides a means to ensure that the reported statistical effects are 

not driven by a few outliers within the sample – an important consideration given the relatively 

small size of the group tested in the present study. Along with statistical significance via the 

permutation test, each LV in the PLS analysis is also tested for generalizability via a bootstrap 

test. In this bootstrap analysis, computation of the LV is replicated many times using a subset of 

the participants in the sample and bootstrap significance is only achieved when an effect is 

highly generalizable (i.e., does not depend on the selection of a particular subset of the study 

sample). For a detailed overview of the PLS method, the interested reader is directed to several 

useful references (Krishnan et al., 2011; Lobaugh et al., 2001; McIntosh et al., 1996). For other 

examples of PLS as applied to ERP data, see (Duzel et al., 2003; Itier, Taylor, & Lobaugh, 

2004). 

For the present study, mean-centered task PLS was performed on difference wave data 

from all 128 electrode sites and all 6 SNR conditions using a MATLAB-based PLS graphical 

interface (v.6.1311050) available from the Rotman-Baycrest Institute. The analysis used 500 

permutations and 500 bootstrap samples. Salience waves were visualized on the scalp using 

Brain Vision Analyzer 2.0. For the purpose of these salience maps, each electrode location was 

thresholded by a bootstrap ratio of ±3.09, which corresponds approximately to a 99% confidence 

interval. Hence, salience values were not shown for any electrode location at which the 

experimental effect did not meet the threshold for generalizability. 

3. Results 

3.1 Comparison of the HINT and the Experimental Thresholding Procedure 
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The SNR50 measured using the experimental thresholding procedure was significantly 

lower than that obtained using the HINT [t(13) = 5.5, p = 0.0003]. On average, the SNR50 

obtained using the experimental procedure was –6.7 dB (SD = 1.1 dB), and that obtained using 

the HINT was –2.4 dB (SD = 2.2 dB). 

3.2 ERP Results: ANOVAs and Post-hoc Contrasts 

N400 grand average difference scalp maps are shown in Figure 3 using mean voltages in 

100 ms intervals from stimulus onset to 1000 ms post-stimulus. In quiet, the N400 effect peaked 

at approximately 500 ms and was largest at central and parietal sites. The N400 effect was 

similar to the quiet condition in the +4 dB condition and then decreased towards the +1 dB 

condition. At threshold, the N400 effect dramatically increased again in amplitude, but peaked 

later in the epoch (around 700 ms), with a scalp distribution that was more frontal and right-

lateralized. In the –2 dB condition, the N400 effect appeared to be attenuated relative to 

threshold. This trend, including notably the lack of an N400 effect in the +1 dB condition, can 

also be seen in the grand average difference waveforms shown in Figure 4. The two-way 

ANOVA for SNR and site demonstrated no significant main effect of SNR [F(5,50) = 1.0, p = 

0.40] and no significant interaction of SNR and site [F(40,400) = 1.17, p = 0.23]. There was a 

significant main effect of site [F(8,80) = 3.6, p = 0.001] which Tukey post-hoc tests 

demonstrated to be attributable to the fact that the N400 effect measured at C was significantly 

larger than at FR, PL, and PR. The ANOVA for N400 latency at C did not yield a significant 

effect of SNR [F(5,50) = 1.6, p = 0.18]. 

------ Insert Figure 3 here ------ 

------ Insert Figure 4 here ------ 
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Although the effect of SNR on the amplitude of the N400 effect was not significant in the 

omnibus ANOVA, the apparent effect that was observed in the scalp maps and ERP waveforms, 

combined with our a priori predictions, warranted post-hoc statistical testing. These effects are 

illustrated more directly in the top panel of Figure 5, which shows the mean amplitude of the 

N400 effect in a narrow (11 ms) window surrounding its peak, for all SNR conditions and all 

pooled sites. The peak amplitudes shown in this figure, particularly at FR, suggest an effect of 

SNR, in which amplitude is reduced in the +1 dB and –2 dB conditions. To examine this effect, a 

t-test was performed using data from the central site (C) between the +4 dB condition and the +1 

dB condition. This contrast was significant [t(10) = 2.5, p = 0.03]. Figure 5 also shows N400 

amplitude across experimental conditions in the congruent and incongruent waveforms. The 

pattern of amplitude changes observed in these waveforms suggest that the source of the effects 

observed in the difference wave was primarily attributable to modulation of the incongruent 

waveform. To examine the contributions of the congruent and incongruent waves to the effect of 

SNR, the same t-test was carried out on amplitudes in these waveforms (at C) in the same latency 

window used for the difference wave. There was no effect of SNR for the congruent wave [t(10) 

= 0.44, p = 0.67] but the incongruent wave demonstrated a near-significant trend [t(10) = 1.8, p = 

0.11]. 

------ Insert Figure 5 here ------ 

3.3 ERP Results: PLS Analysis 

The PLS analysis yielded one significant LV (p = 0.006). Table 2 shows the design 

saliences for this LV. These design saliences indicate that the difference waveforms for the quiet, 

+4 dB, +2 dB, and threshold conditions (i.e., the conditions with positively-weighted design 

saliences) were significantly different as a group from the +1 and -2 dB conditions (the 
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conditions with negatively-weighted design saliences). Thus, unlike the conventional statistical 

analysis, in which significance was only achieved for a post-hoc contrast which was restricted to 

the +4 and +1 dB conditions, the results of the PLS analysis suggest a nonlinear effect of SNR in 

which the amplitude of the N400 effect was large in the quiet, +4 dB, +2 dB, and threshold 

conditions. As can be seen in Table 2, among the positively-weighted conditions (quiet, +4 dB, 

+2 dB, and threshold), the threshold condition obtained a design salience that was roughly 

double that observed in the other three conditions. Much like contrast weightings, design 

saliences indicate the extent to which an experimental condition contributes to the observed 

results. Thus, the higher design salience for the threshold condition indicates that it contributed 

more to the observed experimental effect than did any other single condition within the 

positively-weighted group (quiet, +4 dB, and +2 dB). Similarly, among the negatively-weighted 

conditions, the small design salience for the -2 dB condition (nearly ¼) relative to the +1 dB 

condition indicates that the +1 dB condition contributed more to the observed effect than did the 

-2 dB condition. 

Figure 6 shows electrode saliences as a function of time plotted as scalp maps. Recall, as 

described in section 2.6, that electrode salience waveforms are conceptually similar to weighted 

difference waves. Weights are described by the design saliences – thus the difference wave 

shows the difference between the positively-weighted conditions (quiet, +4 dB, +2 dB, and 

threshold) and the negatively-weighted conditions (+1 dB and -2 dB), but receives greater 

contributions from the threshold and +1 dB conditions than any other experimental conditions. 

For the purpose of visualization in Figure 5, the electrode saliences are thresholded by a 

bootstrap ratio of ±3.09 (approximately equivalent to a 99% CI), thus only saliences that have 

reached a stringent significance criterion for generalizability are represented in this figure. The 
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negative saliences shown in these maps indicate that the difference waves for the quiet, +4 dB, 

+2 dB, and threshold conditions tended to have a more negative voltage than the +1 and –2 dB 

conditions, particularly over right-lateralized frontocentral electrodes in the 475-550 ms latency 

range. This is consistent with the typical latency of the N400 effect, 200-600 ms from word onset 

(Kutas & Federmeier, 2011). The spatial distribution of these effects mirrors the right frontal 

distribution of the N400 effect observed in the threshold condition. 

------ Insert Figure 6 here ------ 

4. Discussion 

 The goal of this project was to examine whether a passive speech in noise test could be 

designed using the N400 effect evoked by semantic anomalies. The hypotheses were that the 

N400 effect could be elicited by sentences presented under passive conditions in speech-shaped 

noise, and that its amplitude would vary with SNR. Additionally, the SNR conditions used were 

constructed around each participant’s SNR50 to determine the correspondence between changes 

in amplitude of the N400 effect and a conventional behavioral measure of speech in noise 

threshold. 

 This study found that a broad, negative enhancement for semantically incongruent 

relative to congruent sentence endings — consistent with the N400 effect — was elicited in the 

presence of varying levels of background speech-shaped noise. When tested using conventional 

statistics, the effect of SNR on the amplitude of the N400 effect was only significant in a post-

hoc contrast between the +4 dB and +1 dB conditions. This analysis was also restricted to the 

pooled central site to maximize statistical sensitivity to the effect of SNR and to emulate what 

might be observed clinically using a simplified montage with only one active electrode near Cz. 
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The results that were obtained using the data-driven PLS analysis were more complex, 

indicating that the N400 effect was larger for the quiet, +4 dB, +2 dB, and threshold conditions 

as a group than for the +1 dB and -2 dB conditions as a group. This suggests that the effect of 

SNR on N400 amplitude is nonlinear across the spectrum of SNR conditions, as can be observed 

in Figure 5. The N400 effect decreased sharply between +4 dB and+1 dB (confirmed by post-hoc 

testing), but unexpectedly increased again at threshold, such that its amplitude was similar to that 

observed in the +2 dB, +4 dB and quiet conditions. Indeed, the PLS analysis grouped the quiet, 

+4 dB, +2 dB, and threshold conditions together. Finally at the lowest SNR (-2 dB), N400 

amplitude appeared to decrease once more, which was confirmed by PLS grouping of the -2 dB 

condition with the +1 dB condition. The experimental effect that was identified by PLS when 

contrasting these groups entailed a significant attenuation of negativity (i.e., a smaller N400 

effect) in the 475–550 ms latency range, particularly at FR, in the +1 dB and -2 dB conditions. 

Although the +1 dB and -2 dB conditions contributed to this effect as a group, the design 

salience for the +1 dB condition was nearly quadruple that obtained by the -2 dB condition, 

indicating that the observed reduction in amplitude for the N400 effect was stronger in the +1 dB 

condition than the -2 dB condition. 

Unlike Connolly and colleagues (Connolly et al., 1992), who found increased N400 

latency with babble masking, an apparent effect of SNR on the latency of the N400 effect in the 

present study, visible in the scalp maps in Figure 3, was not statistically significant. Among the 

many differences between the present study and that of Connolly and colleagues was the type of 

masker used. Research using speech sounds in various types of maskers found that babble noise 

resulted in the greatest latency delays for P1 and N1 cortical evoked responses versus other types 
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of noise, including speech-shaped noise (Billings, Bennett, Molis, & Leek, 2011). It is therefore 

conceivable that masker type accounts for this difference. 

The majority of previous studies that explored modulation of the N400 effect by 

intelligibility used active task conditions such as word recognition or judgements of intelligibility 

(Aydelott et al., 2006; Obleser & Kotz, 2011; Strauss et al., 2013; Daltrozzo et al., 2012b; Romei 

et al., 2011). These tasks require attention and impose some short-term/working memory load, 

and it has been suggested that changes to the N400 under degraded conditions reflected increased 

demands on attention and memory, i.e., cognitive load (Connolly et al., 1992; Romei et al., 

2011). Our results, which to our knowledge are the first to show effects of noise on the N400 

under passive conditions in which attention was explicitly directed away from the sentences and 

towards a competing stimulus (a movie), demonstrate that modulation of the N400 by SNR is not 

contingent on task-related changes in cognitive resource allocation.   

The N400 effect does not occur to words that are presented in isolation. Instead, it 

reflects a mismatch between an incoming word and predictions that are based on context. In the 

present experiment, it was anticipated that modulation of the N400 effect by SNR would result 

from the reduced intelligibility of sentence fragments (the entire sentence except for the terminal 

word). When sentence fragments are less intelligible, they are less useful to generate predictions 

for the terminal word of the sentence. In the absence of such context-based predictions (i.e., at 

low SNRs), the N400s obtained to congruent and incongruent terminal words should become 

more similar. In line with this expectation, our results indicate that reduction of the amplitude of 

the N400 effect between our +4 dB and +1 dB conditions is driven by changes to the processing 

of incongruent words. There was no modulation of amplitude with SNR for congruent words. 

Thus, it is the enhancement of the N400 that is produced by context mismatch that demonstrates 



Modulation of Passive N400 by SNR 25	

the greatest sensitivity to SNR. Similar results were obtained by Romei and colleagues (2011) 

using a babble masker (Romei et al., 2011). While attention was not strictly controlled in our 

experimental design, our data is in line with other studies that have evoked the auditory N400 

effect with attention explicitly drawn away from the speech stimuli (Relander et al., 2009; 

Sculthorpe-Petley et al., 2015) and during sleep (Perrin, Bastuji, & Garcia-Larrea, 2002; Ibáñez 

et al., 2006; Daltrozzo et al., 2012a). In so doing, it adds support to the body of N400 literature 

that suggests that semantic context effects may be relatively automatic (reviewed in Kutas & 

Federmeier, 2011). 

 The most puzzling result observed in the present study was that although the amplitude of 

the N400 effect decreased as SNR approached threshold (+1 dB), and was also low below 

threshold (-2 dB), at threshold its amplitude increased dramatically. A possible explanation for 

this may be that the process underlying the N400 effect changed around threshold. More 

specifically, it is conceivable that at threshold, because the terminal words were largely 

unintelligible and comprehension was not facilitated by context, the incongruent words may have 

been treated like pseudowords rather than real words. Pseudowords that do not violate 

phonological or orthographic rules (e.g., “gambor”, “nobek”) have been shown to elicit larger 

N400s than real words  (e.g. Supp et al., 2004; Friedrich, Eulitz, & Lahiri, 2006; O’Rourke & 

Holcomb, 2002). It has been proposed that this effect arises from the additional processing that 

pseudowords undergo in an attempt to identify a match in the mental lexicon (Friedrich et al., 

2006; O’Rourke & Holcomb, 2002). The effect of pseudowords on the N400 has largely been 

studied in single-word, rather than sentence, paradigms. However, Laszlo and Federmeier 

(Laszlo & Federmeier, 2009) found that the mean N400 amplitude was significantly larger for 
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unexpected words and pseudowords compared with expected words, and that the responses to 

unexpected words and pseudowords were similar. 

A primary goal of this study was to explore the possibility that a passive N400 sentence 

violation paradigm could be used clinically. Passive tasks avoid the performance issues that can 

make testing some populations challenging. The trend for the amplitude of the N400 effect to 

reduce in amplitude from +4 dB to +1 dB suggests that this may be indeed be a promising 

avenue for translational research to develop a passive electrophysiological SIN test. If the 

increase in N400 amplitude at threshold is in fact a replicable phenomenon, this too is potentially 

useful: rather than threshold (SNR50) having to be defined somewhere along a continuum of 

decreasing N400 amplitude, threshold could be defined as the SNR at which N400 amplitude 

reaches a peak relative to SNR levels above and below it. 

Ultimately, the goal of this line of research is to develop an N400-based 

electrophysiological SIN test. Substantial further research and refinements will be necessary to 

make this approach truly viable in the clinic. Apart from verifying the replicability of these 

results and examining the processes underlying them (e.g., incongruent word vs. non-word 

processing), a fundamental requirement will be to determine whether similar results can be 

obtained in patients with hearing loss. It is also important to highlight that the present 

methodology began with behavioral testing to establish the SNR50. Without this type of 

behavioral thresholding, it would be necessary to test a much larger range of SNRs, which could 

dramatically increase the length of the test. It is unlikely that an N400-based SIN thresholding 

process will be realized in the clinic so long as the N400 must be derived using conventional 

signal averaging. If, however, the the single trial approach to ERP detection that is used for 

brain-computer interfaces (e.g., Boutani & Ohsuga, 2012; Chen, Guan, & Liu, 2011; Guo, Gao, 
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& Hong, 2010; Heinrich, Dickhaus, Rothenberger, Heinrich, & Moll, 1999; Iyer & Zouridakis, 

2007; Zou, Zhang, Yang, & Zhou, 2010) advances to the point of clinical utility, this may 

become a possibility. In the absence of such innovations, testing at a single level and using the 

electrophysiological response as a predictor of the SNR50, as in ongoing research using the N1 

(Billings et al., 2013; Billings et al., 2015), is one among a variety of conceivable practical 

approaches to reduce the length of the test while using signal-averaging. Finally, studies of test-

retest reliability and clinical outcomes will be required to establish whether such a test is 

effective at improving treatment for hearing loss. The results of the present study, which provide 

the first evidence of modulation of the passive N400 effect by SNR in speech-shaped noise, and 

which relate these modulations to a clinically relevant threshold, represent a first step towards 

this long-term goal.  

5. Conclusion 

 The SNR of speech in speech-shaped noise had a statistically significant effect on the 

amplitude of the passively-evoked N400 effect. The impact of SNR on the N400 effect did not 

follow a linear pattern. The N400 to semantic anomalies may have value in the design of a 

passive electrophysiological test for speech comprehension in noise. Research is still required to 

discern the source and reproducibility of an unexpected increase in amplitude of the N400 effect 

at threshold and to optimize the experimental paradigm for translation to clinical practice. 

6. Acknowledgements 

 The work described herein was completed in partial fulfillment of the M.Sc. in Speech 

Language Pathology for C. Jamison. All work was supported by the IWK Health Centre in the 

form of a Category B research grant awarded to L.S.-P. 

 



Modulation of Passive N400 by SNR 28	

 

 

References 

Anderson, S., & Kraus, N. (2010). Sensory-cognitive interaction in the neural encoding of 

speech in noise: a review. Journal of the American Academy of Audiology, 21(9), 575-585. 

Aydelott, J., Dick, F., & Mills, D. L. (2006). Effects of acoustic distortion and semantic context 

on event-related potentials to spoken words. Psychophysiology, 43(5), 454-464. 

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 & 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., Penman, T. M., McMillan, G. P., & Ellis, E. M. (2015). Electrophysiology and 

perception of speech in noise in older listeners: Effects of hearing impairment and age. Ear 

& Hearing, 36(6), 710-722. 

Block, C. K., & Baldwin, C. L. (2010). Cloze probability and completion norms for 498 

sentences: behavioral and neural validation using event-related potentials. Behavior 

Research Methods, 42(3), 665-670. 

Bloom, P. A., & Fischler, I. (1980). Completion norms for 329 sentence contexts. Memory & 

Cognition, 8(6), 631-642. 

Boutani, H., & Ohsuga, M. (2012). Input interface using event-related potential P3. Conference 

Proceedings of the IEEE Engineering in Medicine and Biology Society, 2012, 6504-6507. 



Modulation of Passive N400 by SNR 29	

Bronkhorst, A. W. (2000). The cocktail party phenomenon: A review of research on speech 

intelligibility in multiple-talker conditions. Acustica, 86(1), 117-128. 

Carhart, R. (1946). Selection of hearing aids. Archives in Otolaryngology, 44(1), 1-18. 

Chen, M., Guan, J., & Liu, H. (2011). Enabling fast brain-computer interaction by single-trial 

extraction of visual evoked potentials. Journal of Medical Systems, 35(5), 1323-1331. 

Cohen, M. S. (2008). Handedness Questionnaire. Retrieved from 

http://www.brainmapping.org/shared/Edinburgh.php# 

Connolly, J. F., & D'Arcy, R. C. (2000). Innovations in neuropsychological assessment using 

event-related brain potentials. International Journal of Psychophysiology, 37(1), 31-47. 

Connolly, J. F., Phillips, N. A., Stewart, S. H., & Brake, W. G. (1992). Event-related potential 

sensitivity to acoustic and semantic properties of terminal words in sentences. Brain & 

Language, 43(1), 1-18. 

Conway, C. M., Bauernschmidt, A., Huang, S. S., & Pisoni, D. B. (2010). Implicit statistical 

learning in language processing: word predictability is the key. Cognition, 114(3), 356-371. 

Cox, R. M., Alexander, G. C., & Gilmore, C. (1987). Development of the Connected Speech 

Test (CST). Ear & Hearing, 8(5 Suppl), 119S-126S. 

Crandell, C. C., & Smaldino, J. J. (1995). Classroom acoustics. In R. J. Roeser & M. P. Downs 

(Eds.), Auditory Disorders in School Children (3 ed., pp. 219-234). New York, NY: 

Thieme Medical Publishers.  

D'Arcy, R. C., Marchand, Y., Eskes, G. A., Harrison, E. R., Phillips, S. J., Major, A., & 

Connolly, J. F. (2003). Electrophysiological assessment of language function following 

stroke. Clinical Neurophysiology, 114(4), 662-672. 



Modulation of Passive N400 by SNR 30	

Daltrozzo, J., Claude, L., Tillmann, B., Bastuji, H., & Perrin, F. (2012a). Working memory is 

partially preserved during sleep. PLoS One, 7(12), e50997. 

Daltrozzo, J., Wioland, N., & Kotchoubey, B. (2012b). The N400 and Late Positive Complex 

(LPC) effects reflect controlled rather than automatic mechanisms of sentence processing. 

Brain Sciences, 2(3), 267-297. 

Daltrozzo, J., Wioland, N., Mutschler, V., Lutun, P., Calon, B., Meyer, A., . . . Kotchoubey, B. 

(2009). Cortical information processing in coma. Cognitive and Behavioral Neurology, 

22(1), 53-62. 

Duzel, E., Habib, R., Schott, B., Schoenfeld, A., Lobaugh, N., McIntosh, A. R., . . . Heinze, H. J. 

(2003). A multivariate, spatiotemporal analysis of electromagnetic time-frequency data of 

recognition memory. NeuroImage, 18(2), 185-197. 

Federmeier, K. D., Van Petten, C., Schwartz, T. J., & Kutas, M. (2003). Sounds, words, 

sentences: age-related changes across levels of language processing. Psychology and 

Aging, 18(4), 858-872. 

Feuerstein, J. F. (1992). Monaural versus binaural hearing: ease of listening, word recognition, 

and attentional effort. Ear & Hearing, 13(2), 80-86. 

Flexer, C. (1993). Management of hearing in an educational setting. In J. G. Alpiner & P. A. 

McCarthy (Eds.), Rehabilitative audiology: Children and adults (2 ed., pp. 176-210). 

Baltimore, MD: Williams & Wilkins.  

Friedrich, C. K., Eulitz, C., & Lahiri, A. (2006). Not every pseudoword disrupts word 

recognition: an ERP study. Behavioral and Brain Functions, 2, 36. 



Modulation of Passive N400 by SNR 31	

Friedrich, M., & Friederici, A. D. (2004). N400-like semantic incongruity effect in 19-month-

olds: Processing known words in picture contexts. Journal of Cognitive Neuroscience, 

16(8), 1465-1477. 

Friedrich, M., & Friederici, A. D. (2005). Semantic sentence processing reflected in the event-

related potentials of one- and two-year-old children. NeuroReport, 16(16), 1801-1804. 

Friedrich, M., & Friederici, A. D. (2008). Neurophysiological correlates of online word learning 

in 14-month-old infants. NeuroReport, 19(18), 1757-1761. 

Ganis, G., & Kutas, M. (2003). An electrophysiological study of scene effects on object 

identification. Brain Research Cognitive Brain Research, 16(2), 123-144. 

Gatehouse, S., & Gordon, J. (1990). Response times to speech stimuli as measures of benefit 

from amplification. British Journal of Audiology, 24(1), 63-68. 

Giolas, T. G., & Wark, D. J. (1967). Communication problems associated with unilateral hearing 

loss. Journal of Speech and Hearing Disorders, 32(4), 336. 

Guo, J., Gao, S., & Hong, B. (2010). An auditory brain-computer interface using active mental 

response. IEEE Transactions in Neural Systems Rehabilitation and Engineering, 18(3), 

230-235. 

Harford, E., & Barry, J. (1965). A rehabilitative approach to the problem of unilateral hearing 

impairment: The contralateral routing of signals (CROS). Journal of Speech and Hearing 

Disorders, 30, 121-138. 

Heinrich, H., Dickhaus, H., Rothenberger, A., Heinrich, V., & Moll, G. H. (1999). Single-sweep 

analysis of event-related potentials by wavelet networks--methodological basis and clinical 

application. IEEE Transactions on Biomedical Engineering, 46(7), 867-879. 



Modulation of Passive N400 by SNR 32	

Humes, L. E., Dubno, J. R., Gordon-Salant, S., Lister, J. J., Cacace, A. T., Cruickshanks, K. 

J., . . . Wingfield, A. (2012). Central presbycusis: a review and evaluation of the evidence. 

Journal of the American Academy of Audiology, 23(8), 635-666. 

Ibáñez, A., López, V., & Cornejo, C. (2006). ERPs and contextual semantic discrimination: 

degrees of congruence in wakefulness and sleep. Brain & Language, 98(3), 264-275. 

Itier, R. J., Taylor, M. J., & Lobaugh, N. J. (2004). Spatiotemporal analysis of event-related 

potentials to upright, inverted, and contrast-reversed faces: effects on encoding and 

recognition. Psychophysiology, 41(4), 643-653. 

Iyer, D., & Zouridakis, G. (2007). Single-trial evoked potential estimation: comparison between 

independent component analysis and wavelet denoising. Clinical Neurophysiology, 118(3), 

495-504. 

Jerger, J., Greenwald, R., Wambacq, I., Seipel, A., & Moncrieff, D. (2000). Toward a more 

ecologically valid measure of speech understanding in background noise. Journal of the 

American Academy of Audiology, 11(5), 273-282. 

Kalikow, D. N., Stevens, K. N., & Elliott, L. L. (1977). Development of a test of speech 

intelligibility in noise using sentence materials with controlled word predictability. Journal 

of the Acoustical Society of America, 61(5), 1337-1351. 

Kelly, S. D., Kravitz, C., & Hopkins, M. (2004). Neural correlates of bimodal speech and gesture 

comprehension. Brain & Language, 89(1), 253-260. 

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. Journal of the Acoustical Society of 

America, 116(4 Pt 1), 2395-2405. 



Modulation of Passive N400 by SNR 33	

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. 

Kotchoubey, B., Lang, S., Mezger, G., Schmalohr, D., Schneck, M., Semmler, 

A., . . . Birbaumer, N. (2005). Information processing in severe disorders of consciousness: 

vegetative state and minimally conscious state. Clinical Neurophysiology, 116(10), 2441-

2453. 

Krishnan, A., Williams, L. J., McIntosh, A. R., & Abdi, H. (2011). Partial Least Squares (PLS) 

methods for neuroimaging: a tutorial and review. NeuroImage, 56(2), 455-475. 

Kutas, M. (1993). In the company of other words: Electrophysiological evidence for single-word 

and sentence context effects. Language and Cognitive Processes, 8(4), 533-572. 

Kutas, M., & Federmeier, K. D. (2000). Electrophysiology reveals semantic memory use in 

language comprehension. Trends in Cognitive Science, 4(12), 463-470. 

Kutas, M., & Federmeier, K. D. (2011). Thirty years and counting: finding meaning in the N400 

component of the event-related brain potential (ERP). Annual Review of Psychology, 62, 

621-647. 

Kutas, M., & Hillyard, S. A. (1980). Reading senseless sentences: brain potentials reflect 

semantic incongruity. Science, 207(4427), 203-205. 

Kutas, M., & Hillyard, S. A. (1984). Brain potentials during reading reflect word expectancy and 

semantic association. Nature, 307(5947), 161-163. 

Kutas, M., Hillyard, S. A., & Gazzaniga, M. S. (1988). Processing of semantic anomaly by right 

and left hemispheres of commissurotomy patients. Evidence from event-related brain 

potentials. Brain, 111(Pt 3), 553-576. 



Modulation of Passive N400 by SNR 34	

Laszlo, S., & Federmeier, K. D. (2009). A Beautiful Day in the Neighborhood: An Event-

Related Potential Study of Lexical Relationships and Prediction in Context. Journal of 

Memory and Language, 61(3), 326-338. 

Lau, E. F., Phillips, C., & Poeppel, D. (2008). A cortical network for semantics: (de)constructing 

the N400. Nature Reviews Neuroscience, 9(12), 920-933. 

Lobaugh, N. J., West, R., & McIntosh, A. R. (2001). Spatiotemporal analysis of experimental 

differences in event-related potential data with partial least squares. Psychophysiology, 

38(3), 517-530. 

Luck, S. J. (2005). An Introduction to the Event-Related Potential Technique. Cambridge: MIT 

Press. 

Martin, B. A., Tremblay, K. L., & Korczak, P. (2008). Speech evoked potentials: from the 

laboratory to the clinic. Ear & Hearing, 29(3), 285-313. 

McIntosh, A. R., Bookstein, F. L., Haxby, J. V., & Grady, C. L. (1996). Spatial pattern analysis 

of functional brain images using partial least squares. NeuroImage, 3(3), 143-157. 

Misra, M., & Holcomb, P. J. (2003). Event-related potential indices of masked repetition 

priming. Psychophysiology, 40(1), 115-130. 

Moore, D. R., Rosen, S., Bamiou, D.-E., Campbell, N. G., & Sirimanna, T. (2013). Evolving 

concepts of developmental auditory processing disorder (APD): a British Society of 

Audiology APD special interest group'white paper'. International Journal of Audiology, 

52(1), 3-13. 

Mueller, H. G. (2003). In the words of Shakespeare: Fitting test protocols are “more honored in 

the breach than the observance”. The Hearing Journal, 56(10), 19-20. 



Modulation of Passive N400 by SNR 35	

Nabelek, A. K., & Nabelek, I. V. (1994). Room acoustics and speech perception. In J. Katz (Ed.), 

Handbook of Clinical Audiology (pp. 624-637). Baltimore, MD: Williams & Wilkins.  

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. Journal of the 

Acoustical Society of America, 95(2), 1085-1099. 

O'Rourke, T. B., & Holcomb, P. J. (2002). Electrophysiological evidence for the efficiency of 

spoken word processing. Biological Psychology, 60(2-3), 121-150. 

Obleser, J., & Kotz, S. A. (2011). Multiple brain signatures of integration in the comprehension 

of degraded speech. NeuroImage, 55(2), 713-723. 

Parbery-Clark, A., Skoe, E., Lam, C., & Kraus, N. (2009). Musician enhancement for speech-in-

noise. Ear & Hearing, 30(6), 653-661. 

Pearsons, K. S., Bennett, R. L., & Fidell, S. (1976). Speech levels in various noise environments 

(Rep. No. EPA-600/1-77-025). Washington, DC: Office of Health and Ecological Effects, 

Office of Research and Development, US EPA. 

Perrin, F., Bastuji, H., & Garcia-Larrea, L. (2002). Detection of verbal discordances during 

sleep. NeuroReport, 13(10), 1345-1349. 

Plomp, R. (1977). Acoustical aspects of cocktail parties. Acustica, 38(3), 186-191. 

Relander, K., Rama, P., & Kujala, T. (2009). Word semantics is processed even without 

attentional effort. Journal of Cognitive Neuroscience, 21(8), 1511-1522. 

Remez, R. E., Rubin, P. E., Pisoni, D. B., & Carrell, T. D. (1981). Speech perception without 

traditional speech cues. Science, 212(4497), 947-949. 



Modulation of Passive N400 by SNR 36	

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. 

Sculthorpe-Petley, L., Liu, C., Ghosh Hajra, S., Parvar, H., Satel, J., Trappenberg, T. 

P., . . . D'Arcy, R. C. (2015). A rapid event-related potential (ERP) method for point-of-

care evaluation of brain function: Development of the Halifax Consciousness Scanner. 

Journal of Neuroscience Methods, 245, 64-72. 

Spahr, A. J., Dorman, M. F., Litvak, L. M., Cook, S., Loiselle, L. M., DeJong, M. 

D., . . . Gifford, R. H. (2012). Development and validation of the Pediatric AzBio sentence 

lists. Ear & Hearing, 33(1), 112. 

Stapells, D. R. (2009). Cortical event-related potentials to auditory stimuli. In Handbook of 

Clinical Audiology (6 ed., pp. 395-430). New York: Lippincott Williams & Wilkins.  

Strauss, A., Kotz, S. A., & Obleser, J. (2013). Narrowed expectancies under degraded speech: 

revisiting the N400. Journal of Cognitive Neuroscience, 25(8), 1383-1395. 

Supp, G. G., Schlogl, A., Gunter, T. C., Bernard, M., Pfurtscheller, G., & Petsche, H. (2004). 

Lexical memory search during N400: cortical couplings in auditory comprehension. 

NeuroReport, 15(7), 1209-1213. 

Taylor, W. L. (1953). "Cloze procedure": A new tool for measuring readability. Journalism 

Quarterly, 30, 415-433. 

Van Petten, C., & Luka, B. J. (2006). Neural localization of semantic context effects in 

electromagnetic and hemodynamic studies. Brain & Language, 97(3), 279-293. 



Modulation of Passive N400 by SNR 37	

Van Petten, C., & Rheinfelder, H. (1995). Conceptual relationships between spoken words and 

environmental sounds: event-related brain potential measures. Neuropsychologia, 33(4), 

485-508. 

Vogel, E. K., Luck, S. J., & Shapiro, K. L. (1998). Electrophysiological evidence for a 

postperceptual locus of suppression during the attentional blink. Journal of Experimental 

Psychology Human Perception and Performance, 24(6), 1656-1674. 

Zou, L., Zhang, Y., Yang, L. T., & Zhou, R. (2010). Single-trial evoked potentials study by 

combining wavelet denoising and principal component analysis methods. Journal of 

Clinical Neurophysiology, 27(1), 17-24. 

	

Figure Captions 

Figure 1: An illustration of the subtraction process used to derive difference waves. The 

response to terminal words that are highly predictable based on context (congruent words) is 

shown in black. The response to terminal words that are unpredictable based on context 

(incongruent) is shown in grey. The N400 to these words, visible as a large negative peak around 

400 - 500 ms in the incongruent waveform, is modulated by the predictability of the terminal 

word such that it is absent in the congruent waveform. The difference between these two 

responses is captured in a “difference wave” (dashed line) in which the congruent waveform is 

subtracted, point by point, from the incongruent waveform. The N400 effect, which represents 

modulation of the N400, is measured in this difference wave. This illustration uses grand average 

waveforms from the quiet condition of the present study, at the central pooled site (C); these 

were lowpass filtered at 10 Hz for visualization. 
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Figure 2: Examples of sentence types and terminal word types. The terminal words for high 

constraint sentences, such as sentence 1 generally have a high Cloze probability (CP). In this 

example, the same terminal word (“pan”) was generated by 80% of respondents, therefore CP = 

0.80. Another possible word “oil” could sensibly end the sentence, but is uncommon and was 

only generated by 2% of respondents. Although it is not semantically incongruent, this word 

would generate a greatly enhanced N400. Yet a third option, “card” is semantically incongruent 

and would also generate a greatly enhanced N400. Low constraint sentences, such as sentence 2, 

result in a greater variety of terminal words being generated by respondents. The most common 

response, “show”, has a low CP of 0.20. A less expected word “ceremony”, with a CP of 2%, 

could in theory produce a larger N400, but the low CP of the most popular terminal word makes 

it unlikely that this effect would be very large. Even a semantically incongruent response, such 

as “ocean” may produce little N400 enhancement. Sentences, terminal words, and CP values 

were generated for illustrative purposes and do not reflect real normative data. 

 

Figure 3: Grand average scalp maps for the incongruent minus congruent difference waves, in 

all SNR conditions. Voltage is measured as an average in 100 ms windows. A clear negative 

voltage (blue shading) with a posterior-central distribution is visible in the 400–700 ms period in 

the quiet condition. This is the N400 effect. A similar N400 effect develops in this time range in 

the +4 dB and +2 dB conditions, but with less intensity and a narrower distribution in time as 

SNR decreases. No N400 effect is visible in the +1 dB condition. At threshold, an N400 effect 

develops which begins somewhat later, and peaks around 700–800 ms. Unlike suprathreshold 

responses, this N400 effect has a right-lateralized fronto-central distribution. A small N400 effect 



Modulation of Passive N400 by SNR 39	

continues to be visible in the -2 dB condition, appearing only as a slight negative voltage in the 

600–700 ms window. 

 

Figure 4: Grand average difference waves for all SNR conditions, from all nine pooled scalp 

sites. The N400 effect observed in the threshold condition (black dotted line) is especially 

pronounced at right and frontal sites, in the 600–800 ms latency range. No N400 effect was 

observed in the +1 dB condition (grey dashed line). Amplitude differences between other 

experimental conditions are difficult to discern and are clearer in Figure 3. Waveforms have been 

lowpass filtered at 10 Hz for visualization. Voltage divisions on the vertical axis are 1 µV and 

time divisions on the horizontal axis are 100 ms. 

 

Figure 5: Peak amplitude of the N400 effect and N400 for all SNR conditions, from pooled scalp 

sites (FL – frontal left, F – frontal, FR – frontal right, CL – central left, C – central, CR – central 

right, PL – parietal left, P – parietal, PR – parietal right). The difference waves (top panel) 

demonstrate a trend in which the amplitude of the N400 effect decreases from +4 to +1 dB SNR. 

At threshold, the N400 effect is again strong, and then decreases in amplitude at -2 dB. This 

effect is most pronounced at the FR site. A similar pattern of responses is observed for the 

incongruent word grand average waveform (middle panel). The pattern of N400 amplitudes in 

the congruent waveform did not follow that observed in either the difference wave or the 

incongruent wave, suggesting that the effects observed in the difference wave are attributable to 

modulation of the N400 to the incongruent terminal words. For clarity, error bars reflecting the 

standard error of the mean are only presented for the FR site. 
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Figure 6: Electrode saliences for the significant LV obtained via task PLS carried out on the 

incongruent minus congruent difference wave. Saliences are visualized on the scalp as an 

average in 25 ms windows. The scalp map is thresholded by a bootstrap ratio of ±3.09, which is 

approximately equivalent to a 99% confidence interval, therefore saliences are only shown for 

electrodes and times at which the experimental effect was highly generalizable. Blue shading 

(negative saliences) reflect times and locations at which the quiet, +4 dB, +2 dB, and threshold 

conditions (i.e., the positively-weighted conditions) exhibited significantly and reliably more 

negative voltage than the +1 dB and -2 dB conditions (i.e., the negatively-weighted conditions). 

These effects occurred primarily in the 475–550 ms latency range, and are consistent with a 

reduced N400 effect in the +1 dB and -2 dB conditions. 

 

	



Table 1: Mean and standard deviation of number of trials contributing to the 
average for each stimulus type and experimental condition. 

 Congruent 
Mean (SD) 

Incongruent 
Mean (SD) 

Quiet 136 (4.6) 136 (4.2) 
+4 dB 48 (2.7) 48 (2.3) 
+2 dB 48 (3.1) 49 (2.4) 
+1 dB 49 (2.1) 49 (2.4) 
Threshold 49 (2.1) 49 (1.7) 
-2 dB 49 (0.7) 49 (1.6) 

	



Table 2: Design saliences, which are conceptually similar to contrast weightings, 
for the significant latent variable (LV) from the partial least squares (PLS) 
analysis. 

Condition Design 
Salience 

Quiet 0.22 
+4 dB 0.2 
+2 dB 0.17 
+1 dB -0.81 
Threshold 0.41 
-2 dB -0.21 
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