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Abstract

Objective—To use cortical auditory evoked potentials (CAEPS) to understand neural encoding in
background noise and the conditions under which noise enhances CAEP responses.

Methods—CAEPs from 16 normal-hearing listeners were recorded using the speech syllable/ba/
presented in quiet and speech-shaped noise at signal-to-noise ratios of 10 and 30 dB. The syllable
was presented binaurally and monaurally at two presentation rates.

Results—The amplitudes of N1 and N2 peaks were often significantly enhanced in the presence
of low-level background noise relative to quiet conditions, while P1 and P2 amplitudes were
consistently reduced in noise. P1 and P2 amplitudes were significantly larger during binaural
compared to monaural presentations, while N1 and N2 peaks were similar between binaural and
monaural conditions.

Conclusions—Methodological choices impact CAEP peaks in very different ways. Negative
peaks can be enhanced by background noise in certain conditions, while positive peaks are
generally enhanced by binaural presentations.

Significance—Methodological choices significantly impact CAEPs acquired in quiet and in
noise. If CAEPs are to be used as a tool to explore signal encoding in noise, scientists must be
cognizant of how differences in acquisition and processing protocols selectively shape CAEP
responses.
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1. Introduction

With the ubiquitous nature of sound in our world, the central auditory system is under
constant challenge to filter out irrelevant background noise while simultaneously
maximizing the encoding of meaningful auditory information. Early obligatory cortical
auditory evoked potentials (CAEPS) provide a non-invasive means by which to study the
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brain’s capacity to encode signals in noise backgrounds, one which may provide important
clues regarding how the auditory system adjusts to different listening environments. Most
studies addressing the effects of noise on CAEP responses indicate that background noise
degrades responses, eliciting smaller amplitudes and longer latencies compared with
responses to the same signal presented in quiet (Whiting et a/., 1998; Kaplan-Neeman et al.,
2006; Billings et al., 2009; Billings et al., 2013). However, two studies report that N1 wave
amplitudes are actually /increasedin low levels of background noise relative to quiet (Alain
et al., 2009; Parbery-Clark et al., 2011). Discrepancies in results are likely due to
methodological differences such as monaural versus binaural presentations, use of different
noise levels, and differences in stimulus presentation rate. The present study is one of the
first addressing the impact of multiple stimulus presentation variables on CAEP responses in
noise compared to quiet. A better understanding of how stimulus factors influence CAEP
measures in quiet and noise is likely to reveal important aspects of how the auditory system
adjusts in order to achieve signal encoding in challenging listening environments.

CAEP response amplitudes, and N1 peaks in particular, are well correlated with behavioral
measures of speech perception in noise (Anderson et al., 2010; Parbery-Clark et al., 2011,
Bennett et al., 2012; Billings et al., 2013). For example, Parbery-Clark and colleagues
demonstrated a significant positive correlation between N1 amplitudes and performance on
the Hearing in Noise Test (HINT) such that participants with better speech-in-noise
perception also had larger N1 amplitudes in response to speech syllables (Parbery-Clark et
al., 2009). Further, a recent study by Billings and colleagues demonstrated that of the many
possible methods of characterizing CAEP waveforms (e.g. various peak latencies,
amplitudes, and area measures), N1 amplitudes measured at Cz were among the strongest
predictors of individual speech-in-noise perception thresholds (Billings et al., 2013). Thus,
reports of enhanced N1 amplitudes in noise relative to quiet may have important functional
consequences. Review of current literature revealed two consistent differences between
studies reporting N1 enhancement in noise and those reporting N1 amplitude decrements.
Those studies reporting enhanced N1 responses in noise employed binaural presentations of
stimuli at relatively fast presentation rates (Alain et al., 2009; Parbery-Clark et al., 2011),
whereas studies showing amplitude decrements in noise used monaural presentations at slow
presentation rates (Billings et al,, 2009; Kaplan-Neeman et al., 2006). Therefore, we chose
to investigate the effects of stimulus presentation rate and ear of stimulation on CAEP
responses in quiet and in noise. We selected two presentation rates: one fast rate similar to
that used in studies showing N1 amplitude enhancement in noise, and a second slower rate
similar to that used in studies showing an N1 amplitude decrement. The signal consisted of a
naturally spoken/ba/syllable which was presented both monaurally and binaurally in quiet
and in two levels of background noise. This paradigm allowed us to replicate the
presentation rate, ear of presentation, and background noise levels used in studies showing
N1 amplitude decrements and those showing amplitude increments. If N1 enhancement in
noise depends upon binaural listening at a fast presentation rate as the literature suggests, we
would expect to find similar effects in the present study when stimuli are presented
binaurally at a fast presentation rate, regardless of other methodological differences. In
addition, use of multiple stimulus rates, noise levels, and binaural and monaural
presentations allows for comparison of the relative importance of each of these factors in
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achieving enhanced N1 amplitudes in noise. Based upon the results of these previous
studies, we hypothesized that eliciting enhanced N1 amplitudes in low noise backgrounds
requires both binaural stimulation and a relatively fast stimulus presentation rate.

In contrast to N1, available literature suggests that P2 responses are consistently reduced in
noise, regardless of ear of presentation or stimulus presentation rate (Whiting et a/., 1998;
Kaplan-Neeman et al., 2006; Alain et al., 2009; Billings et al., 2009; Parbery-Clark et al.,
2011; Billings et al., 2013). Because both N1 and P2 are largely exogenous potentials
(Picton and Stuss, 1980), this difference in responses to signals in noise implies that each is
driven by distinct stimulus characteristics. Thus, variation in stimulus and recording
methodology are likely to affect N1 and P2 differently. Based upon previous accounts of P2
responses in noise, we hypothesized that P2 would be diminished with the addition of noise
irrespective of the factors studied herein (i.e., rate, noise level, and monaural/binaural
presentation). P1, also known as the P50 potential, is also considered to be an exogenous
potential of thalamocortical origin. The few available accounts of the effects of noise on P1
peak responses generally indicate minimal change. Gott and Hughes (1989) reported that
increasing background noise from 0 to 40 dB SL resulted in a small but significant increase
in the latency of P1 responses to click stimuli, with no significant changes in amplitude.
Similarly, Billings et al. (2009) reported that, compared to quiet conditions, P1 amplitudes in
response to speech syllables did not change significantly in noise, even at levels of -10-dB
SNR. However, Bertoli et al (2005) reported that P1 amplitudes were significantly smaller in
the presence of 0 dB SNR contralateral cafeteria noise compared to quiet conditions with no
significant change in P1 latency. Variability in the effects of noise on P1 amplitudes in
background noise may be due to the inherent variability of this peak that is often reported to
be absent (Hayes et al., 2003) or less robust compared to other CAEP peaks (Billings et al.,
2009). This variability likely stems from both individual differences as well as variation in
acquisition and processing of CAEP data across studies.

With regard to N2 responses in noise, the majority of available reports indicate reduced
amplitudes and increased latencies with increases in background noise levels, though
significant changes only occurred at relatively high noise levels of 0 to -10-dB SNR
(Whiting et al., 1998; Bertoli et al., 2005; Billings et al., 2009). Kaplan-Neeman et al (2006)
reported no significant effect of noise on the amplitude of either P2 or N2, and inconsistent
latency effects on P2 and N2. These measures were made in response to two speech
syllables presented in the oddball paradigm presented in quiet and in background noise from
+15 to —6-dB SNR. Hence, use of the oddball paradigm may account for differences
between this study and others. Overall, we predict that N2 amplitudes will be reduced by the
presence of background noise compared to quiet conditions.

2. Materials and Methods

2.1 Participants

Sixteen young normally hearing listeners participated in this study (mean age = 23.9 yrs; age
range between 18 and 33 yrs; nine males, seven females; all right-handed). Participants had
normal hearing bilaterally from 250 to 8000 Hz (<20 dB HL) and normal tympanometry
measures (single admittance peak between £50 daPa to a 226-Hz tone). All participants
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were in good general health with no report of significant history of otologic or neurologic
disorders. All participants provided written informed consent prior to participation, and
research was conducted with approval from the Institutional Review Boards of the Portland
Veterans Affairs Medical Center and Oregon Health and Science University.

Stimulus factors in the current study were carefully selected in order to approximate the
parameters used in previous studies, some of which resulted in enhanced N1 amplitudes in
noise (Alain et al., 2009; Parbery-Clark et al., 2011) and some of which did not result in
enhancement (Billings et al. 2009; Kaplan-Neeman et al., 2006). The signal consisted of
a/ba/syllable spoken by a female talker taken from the UCLA Nonsense Syllable Test
(Dubno & Schaefer, 1992), shortened to 450 ms and presented at a level of 80 dB C (C-
weighting). Two presentation rates were used, including 900 and 1900 ms interstimulus
interval (ISI) measured from offset to onset. The signal was presented at three signal-to-
noise ratios (SNR):30-dB SNR, 10-dB SNR, and a quiet condition. The background noise
spectrum matched the long term spectra of speech (see Billings et al., 2011 for details of
noise creation) and was presented continuously during the 30-dB SNR and 10-dB SNR
conditions. Subjective reports from study participants as well as the authors’ perceptions of
the stimuli in each condition indicate that the stimulus was perceived as a/ba/regardless of
either ear of presentation, presentation rate, or noise background. Lastly, each of the two ISIs
and the three SNRs were presented to the right ear only, left ear only, and binaurally through
ER3A insert earphones (Etymotic, Inc.; EIk Grove Village, IL). Signal levels were calibrated
using 10 seconds of a concatenated version of the signal played through an insert earphone
coupled to a Briel & Kjeer 2260 Investigator sound level meter set to a slow time weighting.
A minimum of 200 stimuli were presented in each condition with a maximum of 226
presentations per condition. Stimulus conditions were run in blocks corresponding to the ear
of presentation (e.g. binaural presentations, then monaural presentation, etc.), and the order
of ear of presentation was randomized across subjects to control for order effects. Within
each block, the order of the six conditions was randomized. Blocks of trials containing the
slower presentation rate (1900 ms ISI) required approximately eight minutes, while trial
blocks containing the faster presentation rate (900 ms ISI) required approximately four
minutes to complete. Overall, the entire test battery required between three and three and a
half hours to complete (depending upon the need for breaks) after set-up was complete.

2.3 Electrophysiology

Participants were seated comfortably in a sound attenuating booth during recording sessions.
They were instructed to ignore the test stimuli and watch a silent closed-captioned movie of
their choice. Cortical responses elicited by stimuli were obtained using a 64-channel cap
(Electro-Cap International, Inc.; Eaton, OH) and the Compumedics Neuroscan system
(Charlotte, NC). The ground electrode was located on the forehead during CAEP collection,
and Cz was the reference electrode. Data were then re-referenced off-line to an average
reference of all electrodes. Horizontal and vertical eye movement was monitored with
electrodes located inferiorly and at the outer canthi of both eyes. The recording time window
consisted of a 200-ms pre-stimulus baseline following by 1100-ms post stimulus onset.
Evoked responses were analog low-pass filtered online at 100 Hz (12 dB/octave roll off). All
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channels were amplified with a gain X 10 and converted using an analog-to-digital sampling
rate of 1000 Hz. Trials with eyeblink artifacts were corrected off-line using Neuroscan
software. This blink reduction procedure calculates the amount of covariation between each
evoked potential channel and a vertical eye channel using a spatial, singular value
decomposition and removes the vertical blink activity from each electrode on a point-by-
point basis to the degree that the evoked potential and blink activity covaried (Neuroscan
2007). After blink correction, trials containing artifacts exceeding 70 yV were rejected
from averaging. For all individuals and conditions, 70% or more of the collected trials were
available for averaging after artifact rejection. After artifact rejection, the remaining sweeps
were averaged (an average of 178 sweeps per condition after artifact rejection, and a
minimum of 116 sweeps) and filtered off-line from 0.1 Hz (high-pass filter, 24 dB/octave) to
30 Hz (low-pass filter, 12 dB/octave). For further analysis of the contributions of low
frequencies to the recordings, average waveforms were also filtered using a higher high-pass
filter setting of 3 Hz (24 dB/octave).

2.4 Analysis

The peak latency and amplitude values of waves P1, N1, P2, and N2 were obtained from the
central electrode Cz. Responses at Cz were selected for analysis primarily to remain
consistent with previous research on the relationship between CAEPs and background noise,
and because of the robust nature of responses at this location (Billings et al., 2013, Parbery-
Clark et al., 2009). Peak values were determined by two independent judges using temporal
electrode inversion, comparison of the average responses from odd and even numbered
presentations, global field power traces, and grand average responses. When disagreements
arose between the judges, a third expert judge made the final decision based upon extensive
experience with CAEP analysis. Amplitude values were measured relative to baseline and
latency measures were determined relative to signal onset. Acceptable latency ranges were
between 40 — 80 ms, 85 — 150 ms, 180 — 240 ms, and 250 — 450 ms post stimulus onset for
P1, N1, P2, and N2, respectively. For all peaks, shorter latencies generally corresponded to
quiet and low-noise conditions with longer peak latencies measured for higher noise
conditions. Three paired-samples t-tests were used to evaluate the significance of the effects
of noise for conditions replicated from previous studies. The first compared N1 response
amplitudes measured in quiet and in 30-dB SNR background noise for stimuli presented at a
fast rate binaurally (replication of Alain et a/, 2009). The second compared N1 amplitudes
measured in quiet and 10-dB SNR background noise for stimuli presented at a fast rate
binaurally (replication of Parbery-Clark et al., 2011). The final t-test compared N1 response
amplitudes obtained in quiet and 30-dB SNR background noise when presented at a slow
rate to the right ear only (replication of Billings et al., 2009).

A repeated-measures analysis of variance (ANOVA) was used to examine the main effects
and interactions between ear of presentation and presentation rate. Repeated measures
ANOVA comparing right and left ear presentations revealed no significant main effects or
interactions on either the latency or amplitude of responses measured at vertex. Therefore,
peak amplitude and latency data obtained from the right and left ear presentations of each
subject were averaged together for all subsequent analysis. The sole exception to the
averaging of right and left ear data is the paired t-test analysis which was specifically meant
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to replicate the conditions of the previous study of Billings ef a/. 2009. In this case, only
responses to right ear stimulation were assessed in order to remain consistent with the
previous study. However, all subsequent analyses of monaural conditions were conducted on
the average of right and left ear stimulation. In order to simplify the analysis and
interpretation, separate repeated-measures ANOVAS were run comparing each noise
condition to the quiet condition. Therefore, the effects of rate (900 and 1900 ms), ear
(binaural and the average of both monaural conditions), and noise level (quiet and 30-dB
SNR, or quiet and 10-dB SNR) on the amplitude and latency of P1, N1, P2, and N2
responses measured at vertex (Cz) was conducted, yielding a 2x2x2 factor analysis. In
summary, analysis was completed on responses to a total of 12 different listening conditions
including two ISls (900 and 1900 ms), three SNRs (quiet, 10, and 30 dB), and two ears of
presentation (binaural and the average of left and right).

3.1. Replicating previously reported effects of noise on N1 amplitudes

A primary motivation for the present study was the exploration of differences in the effects
of noise on N1 amplitudes previously reported in the literature. We hypothesized that
amplitude enhancements in noise relative to quiet were the result of binaural stimuli
presented at fast presentation rates. In order to test whether these are, in fact, the important
factors promoting N1 enhancement in noise, we first replicated the ear of presentation,
stimulus rate, and noise levels used in three studies, two of which demonstrated an increase
in N1 amplitude in background noise relative to quiet (Alain et al., 2009; Parbery-Clark et
al., 2011) and one of which demonstrated a decrease in N1 amplitude relative to quiet
(Billings et al., 2009). The results of these replications are shown in Figure 1. Stimulus
parameters from Alain ef a/. 2009 (panel A) and from Parbery-Clark et a/ 2011 (panel B)
included binaural presentations with an I1SI of 900 ms, and noise levels of 30-dB and 10-dB
SNR, respectively. Grand average waveform data measured at Cz (top panels) and mean N1
amplitudes plotted as the absolute value (bottom panels) indicate that these parameters
elicited greater N1 amplitudes in noise conditions at both noise levels relative to amplitudes
recorded in quiet. Paired samples t-tests confirmed that N1 amplitudes were significantly
larger in the 30-dB SNR condition relative to the quiet condition (t = 2.377; p = .033), and
were trending towards significance in the 10-dB SNR condition (t = 1.817; p =.091; See
Table 1 for descriptive statistics for N1 responses in all conditions). This is similar to the
trend reported by Parbery-Clark et al. (p = .058) for these stimulus settings. Further, the N1
amplitude enhancement in noise found for binaural presentations at a fast rate recorded at Cz
was well conserved across the scalp. Figure 2 depicts the grand averaged waveforms
obtained in fast rate binaural presentations measured at each electrode site. This figure
clearly shows that enhanced N1 amplitudes were apparent at all measurable electrode
locations. In contrast, panel C of Figure 1, obtained using right ear presentations at a 1900-
ms ISI (similar to those settings reported in Billings ef a/. 2009), demonstrates the opposite
pattern of results in which N1 amplitudes decrease as a result of noise backgrounds at a level
of 10-dB SNR. Paired t-tests confirmed that the reduction in N1 amplitude in noise relative
to quiet was significant (t = —2.943; p = .010; See Table 1 for descriptive statistics for N1
responses in all conditions). In summary, use of stimulus parameters similar to those
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previously reported in the literature successfully replicated reported results such that fast
binaural presentations resulted in increased N1 amplitudes in noise relative to quiet and slow
monaural presentations resulted in decreased N1 amplitudes in noise.

3.2 Presentation Rate and Noise Level Effects

A significant main effect of presentation rate was found for both N1 and P2 amplitudes
(Table 2), with slower presentation rates eliciting significantly larger responses than fast
presentation rates (Table 1). This is in keeping with previous literature indicating that slower
presentation rates produce larger cortical responses (Chapman et al. 1981). However, the
amplitude of P1 and N2 peaks was unaffected by variation in presentation rate as
demonstrated by lack of significant main effects of or interactions with presentation rate.

Though no main effect of noise was found for N1 amplitudes, there was a significant
interaction between presentation rate and noise level on N1 amplitudes (Table 2). Panels A
and B of Figure 3 show grand averaged waveforms collapsed across ear of presentation for
fast and slow presentation rate conditions, respectively. Notice that in the fast presentation
rate conditions, the average N1 amplitude is larger in 10- and 30-dB SNR conditions (solid
and broken gray lines, respectively) compared to the quiet condition (solid black line). In
contrast, slow presentation rates elicited progressively smaller N1 amplitudes with
increasing background noise level. The effect of presentation rate on N1 amplitudes in quiet
compared to noise is further illustrated in panels C and D, which show the absolute value of
the average of individual peak N1 amplitudes measured in each background noise condition
for fast and slow rates, respectively. To further explore the interaction between presentation
rate and noise level, response amplitudes were collapsed across ear of presentation and
submitted to post-hoc paired t-tests comparing response amplitudes in quiet with those
measured in each background noise condition at both fast and slow rates (p values shown in
respective panels of Figure 3). This analysis revealed that N1 responses obtained in 30-dB
SNR background noise produced significantly larger amplitudes than those measured in
quiet conditions (t(15) = 2.202, p = 0.044) (Panel C). At the slow presentation rate, however,
10-dB SNR conditions yielded generally smaller N1 amplitudes compared to quiet
conditions (t(15) = =2.091, p = 0.054) while background noise levels of 30-dB SNR
produced amplitudes similar to those measured in quiet (Panel D). Therefore, the significant
interaction between rate and noise level is driven by a significant increase in N1 responses in
30-dB SNR noise backgrounds when presented at a fast rate compared to a significant
decrease in N1 responses in 10-dB SNR noise backgrounds at a slow rate. Hence,
presentation rate is an important factor effecting the direction of N1 amplitude change in
noise relative to quiet conditions.

The effects of noise and presentation rate were quite different between N1 and P2, overall.
Inclusion of background noise significantly reduced P2 amplitudes regardless of noise level
or presentation rate as evidenced by a main effect of noise level and a main effect of rate for
both 10-dB SNR and 30-dB SNR conditions. The amplitude of P2 responses was also
significantly affected by the interaction between presentation rate and background noise
(Table 2), though the pattern of effects were quite different from the results of N1
amplitudes. Visual inspection of P2 amplitude in the grand averaged waveforms shows that
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noise reduced P2 response magnitude during both fast and slow presentation rates (Figure 3,
panels A and B). This effect is further demonstrated in Panels E and F of Figure 3 which
show the average of individual peak P2 amplitudes measured in each background noise
condition for fast and slow rates, respectively. Both noise levels clearly reduced P2 response
amplitudes, with higher noise levels eliciting greater amplitude reductions. Thus, the
significant interaction between noise level and presentation rate is due to the significantly
larger effects of noise on amplitudes obtained at the slow presentation rate compared with
those obtained at the fast presentation rate.

Though stimulus presentation rate appeared to have minimal impact on P1 and N2 response
amplitudes, a main effect of noise level was found for P1 amplitudes at both noise levels, for
N2 amplitudes when comparing quiet to 30-dB SNR conditions, and was trending toward
significance in the comparison of quiet and 10-dB SNR conditions on N2 amplitudes (Table
2). Though both P1 and N2 demonstrated significant amplitude changes in noise, the effect
of noise on each of these waves was quite different. For P1, the inclusion of noise
significantly reduced response amplitudes (Table 2), with greater response decrements found
for higher noise levels (Table 1). This pattern is quite similar to the pattern reported for P2
response amplitudes in quiet and in noise. N2 amplitudes, however, demonstrated a pattern
much more similar to N1 responses such that response amplitudes were significantly
increased in 30-dB SNR background noise compared to quiet. In contrast to N1 responses,
enhancement of N2 amplitudes in 30-dB SNR conditions occurred regardless of presentation
rate. In response to 10-dB SNR background noise, N2 amplitudes were generally reduced in
comparison to quiet (Table 1). However, the reduction in amplitude was greater for monaural
presentations compared to binaural presentations, leading to a significant interaction
between noise level and ear of presentation on N2 amplitudes (Table 2).

With regard to latency effects, all peak values were affected similarly by both noise level and
presentation rate. Overall, latencies were more affected by changes in noise level than
changes in presentation rate, as evidenced by a significant main effect of noise level for P1,
N1 P2, and N2 latencies (Table 2). Increasing levels of noise elicited progressively longer
latencies. The effect of presentation rate on N1 and N2 latencies was not significant for
either noise condition (Table 2), however P1 latencies were significantly shorter in slow
presentation rate conditions compared to fast conditions for both noise conditions (Tables 1
and 2). The effect of presentation rate on P2 latency was significant only for analysis of
quiet and 30- dB SNR conditions (Table 2). No significant interactions were found between
rate and either noise level or ear of presentation for P2 latencies, though a significant
interaction was found between ear and rate of presentation for N1 latency in the comparison
of quiet and 30-dB SNR background noise. To explore this interaction, N1 latency data for
each subject was averaged across quiet and 30-dB SNR listening conditions, and a repeated-
measures ANOVA was conducted on two levels of “Presentation Rate” and two levels of
“Ear of Presentation”. This analysis revealed that during monaural presentations, slower
presentation rates generally elicited shorter N1 latencies compared to fast presentation rate
conditions (average latencies of 109 ms and 112.2 ms, respectively, when averaged across
quiet and 30 dB SNR conditions). However, during binaural presentations, N1 latencies were
similar regardless of fast or slow presentation rates (average latencies of 109 ms and 109.4
ms, respectively).
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Comparison of P1 response latencies obtained in quiet and 30-dB SNR background noise
revealed a significant interaction between noise level and rate of presentation. When P1
latencies were collapsed across ear of presentation conditions for each subject, it was
apparent that this interaction was driven by the fact that latencies in response to quiet
conditions were shorter during slow presentation rates, while no difference was found
between the P1 latencies across presentation rates in the presence of 30-dB SNR background
noise. Though the inclusion of 10-dB SNR background noise increased P1 response
latencies for both monaural and binaural presentations compared to quiet, the increase was
larger during monaural presentations compared to binaural presentations, thus leading to a
significant ear by noise level interaction.

3.3 Ear of Presentation Effects

Statistical analysis indicated no main effect of ear of presentation on N1 response
amplitudes or latencies (Table 2). This effect is apparent in Figure 4 panel A, which depicts
the grand averaged data for binaural and monaural listening conditions collapsed across
presentation rate and noise level. In this figure, it is clear that monaural compared to binaural
presentations yielded minimal change in N1 peak responses. A similar effect was found for
N2 responses, such that binaural versus monaural presentations did not significantly affect
response amplitudes (Table 2). In contrast, P1 and P2 responses, were highly dependent
upon ear of stimulation (Table 1 and Table 2), with amplitudes being significantly greater in
binaural listening conditions compared to monaural conditions. A significant interaction was
also found between ear of presentation and presentation rate on P2 amplitudes, with N1
amplitudes for 30 dB noise showing a trend toward significance. Panels B and C of Figure 4
display the average of individual N1 and P2 response amplitudes, respectively, for binaural
and monaural presentations as a function of presentation rate collapsed across background
noise level. Although slow presentation rates elicited larger amplitudes during both binaural
and monaural conditions compared to fast presentation rates, the difference in amplitude as a
function of rate was greater for binaural conditions than monaural conditions, especially for
P2 responses. Significant interactions were also found between ear and noise level for P2
amplitudes both for quiet vs 10 dB SNR noise and for quiet vs 30 dB comparisons (Table 2).
In both cases, amplitude reductions in background noise conditions compared to quiet were
greater during binaural presentations compared to monaural presentations (Table 1). This
interaction likely stems from the significantly larger P2 amplitudes obtained in binaural
conditions compared to monaural conditions which is evident in quiet and in both noise
conditions. The larger amplitudes obtained with binaural presentations allow for greater
amplitude reductions with the inclusion of background noise, leading to significantly larger
amplitude reductions in the binaural noise conditions compared to the monaural noise
conditions.

A significant interaction was also found between ear of presentation and noise level on N2
amplitudes and latencies when comparing responses obtained in quiet and in 10-dB SNR
conditions (Table 2). In 10-dB SNR background noise, N2 responses were smaller in
amplitude and longer in latency compared to quiet conditions for both monaural and
binaural presentations. However, latency and amplitude changes in 10-dB SNR background
noise were somewhat larger in the monaural condition compared to the binaural condition
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(Table 1), leading to a significant interaction between ear of presentation and noise level for
N2 responses.

3.4 Determinants of N1 and N2 amplitude enhancement in noise

Both N1 and N2 responses demonstrated significant increases in response amplitude in 30-
dB SNR background noise compared to quiet conditions, though each displayed unique
properties. For example, N2 responses were larger in 30-dB SNR background noise
regardless of ear or rate of presentation (Table 1) as evidenced by the significant main effect
of noise level (Table 2). In contrast, analysis of N1 responses clearly indicates that stimulus
presentation rate is an important factor in eliciting larger N1 responses in noise backgrounds
compared to quiet conditions (Figure 3). Although ear of presentation had minimal effect on
N1 response amplitudes overall, there was a strong trend toward a significant interaction
between ear of presentation and presentation rate, as well as between ear of presentation,
presentation rate, and noise level when comparing responses in quiet and 30-dB SNR
background noise. In order to more closely address the influence of ear of presentation and
stimulus presentation rate on N1 response amplitudes in quiet and 30-dB SNR noise, paired-
samples t-tests were conducted. The results of this analysis are shown in Table 3. Notice that
of the four total comparisons made, only binaural presentations at a fast rate yielded
significantly larger N1 response amplitudes in the 30-dB SNR condition compared to quiet.
Therefore, both presentation rate and ear of presentation are important factors for eliciting
enhanced N1 responses in background noise, a phenomenon which requires binaural
presentations at a fast rate. The enhancement of N1 and N2 response amplitudes in noise
compared to quiet during fast binaural stimulus presentations was fairly consistent across
most, but not all, subjects. Figure 5 displays individual N1 and N2 response amplitudes
measured in quiet using fast binaural presentations as a function of response amplitudes
measured under the same conditions but with 30-dB SNR background noise. The dashed
lines represent unity at which response amplitudes did not change between noise conditions.
N1 responses, shown in the left panel, indicate that 10 of the 14 subjects display larger (e.g.
more negative) N1 responses in the 30-dB SNR condition compared to quiet and four
subjects show the opposite pattern. With regard to N2 responses shown in the right panel, 11
of 16 individuals demonstrated increased amplitudes in 30-dB SNR background noise as
evidenced by data points lying below the unity line, and five demonstrated reduced N2
response amplitudes in the noise condition compared to quiet as evidenced by data points
lying above the unity line. The four individuals that demonstrated smaller N1 amplitudes in
noise were not the same individuals who showed this effect for N2 amplitude. Thus, while
the enhancement of N1 and N2 responses in background noise was significant and found in
the majority of participants, some did demonstrate reduced responses in background noise
even when stimuli were presented binaurally at a fast rate.

Lastly, it is important to note that response filtering can have significant impacts on N1 and
N2 response enhancement in noise. The present study employed off-line bandpass filtering
between 0.1-30 Hz. However, higher high pass cut-offs are also frequently cited in the
literature (Debreyune et al. 1984, Wang et al., 2008, Tremblay et a/., 2010). Figure 6
demonstrates the effect of altering the high pass filter setting on responses in quiet and
background noise. The left panel displays grand averaged responses for fast binaural
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presentations filtered using the original band pass filter of 0.1 — 30 Hz. At these settings,
both N1 and N2 amplitudes appear larger in the 30-dB SNR noise conditions (solid gray
lines) compared to quiet (solid black line), and N1 is also larger in the 10-dB SNR condition
(dashed black lines) compared to quiet. However, this effect disappears when the high pass
filter cut-off is raised to 3 Hz (right panel). Hence, eliminating low frequency portions of the
response effectively abolishes N1 and N2 amplitude enhancement in noise.

4. Discussion

The aim of this study was to investigate the effects of stimulus presentation factors on
cortical responses to speech in quiet and noise, particularly with regard to the conditions
under which N1 amplitudes are enhanced by background noise relative to quiet. Based upon
procedural differences between studies reporting N1 enhancement and those reporting
decrements in noise, we hypothesized that both binaural presentations and fast stimulus
presentation rates were critical to eliciting noise-enhanced N1 responses. Consistent with
our expectations, only those stimuli presented binaurally at a fast presentation rate elicited
enhanced N1 amplitudes in noise compared to quiet (Figs. 1-3; Tables 1 — 3). Although
several aspects of the stimuli used in the current study were different from those reporting
N1 amplitude enhancement in noise (e.g. stimulus and noise type, duration, etc.), use of
binaural presentations at a rate of 900 ISI was sufficient to elicit enhancement. In addition to
contributing to understanding the effects of noise on the N1 peak component, the present
work also revealed that the amplitude of the N2 peak component is enhanced in low levels of
background noise, regardless of ear or rate of stimulus presentation, and that P2 response
amplitudes are highly dependent upon ear of stimulation.

4.1. N1 and N2 Enhancement in Noise: Ear, Rate, and Filtering Effects

A main finding of the present study was that both N1 and N2 peak responses can actually be
enhanced in noise backgrounds relative to quiet. However, certain conditions must be met in
order to observe noise-induced increases in N1 magnitudes, including binaural
presentations, fast presentation rates, and inclusion of low frequency response components.
Previous studies have speculated that enhanced responses in low noise backgrounds could
reflect stochastic resonance (Stufflebeam et a/.,, 2000; Alain et al., 2009), a process which
has been shown to improve behavioral and physiological signal detection and discrimination
in noise (Moss et al., 2004; Ries, 2007; Henry, 1999; Zeng et al., 2000; Lewis & Henry,
1995). While the possibility of stochastic resonance should not be discounted, enhanced N1
and N2 amplitudes in noise found in the current study should not be construed as indicating
improved signal detection in noise as no behavioral data were collected to substantiate such
a claim. Further, the relationship between the processes underlying stochastic resonance and
the methodological constraints governing N1 enhancement in noise are unclear.
Behaviorally, binaural stimulus presentations usually result in improved signal detection and
discrimination, even when stimuli are homophasic as in the current study (Marks, 1978).
Such behavioral performance improvement is likely due, in part, to binaural summation of
loudness (Reynolds and Stevens, 1960). However, it seems unlikely that binaural summation
of loudness alone can account for the N1 and N2 amplitude enhancements in noise found in
the current study. First, the lack of significant effect of ear of presentation on N1 and N2
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amplitudes implies that responses obtained during binaural conditions were not larger than
those obtained during monaural listening conditions (Tables 1 & 2; Fig. 4). Second,
significant amplitude enhancements were only found during the lower of the two noise
conditions (30-dB SNR) compared to quiet condition (Table 3). If binaural loudness
summation accounted for N1 and N2 amplitude enhancement in noise, then the largest
amplitudes should have occurred during the highest noise condition (10-dB SNR).

The importance of fast presentation rates for N1 enhancement and inclusion of low
frequency response components for N1 and N2 amplitude enhancement in noise may be
linked to entrainment. Entrainment refers to the ability of cortical oscillations to phase lock
to repetitive low frequency amplitude fluctuations in periodic and quasi-periodic signals
(Lakatos et al., 2005; Giraud & Poeppel, 2012; Miller et al., 2012). Behaviorally,
entrainment makes use of stimulus predictability across time to improve detection,
discrimination (Jones et al., 2002), and attention to specific auditory streams amid
competing streams (Lakatos et a/., 2005). Studies of cortical entrainment indicate an optimal
range of presentations rates with a high-pass cut-off of approximately 1 Hz (Schroeder and
Lakatos, 2009). Therefore, it is possible that the faster presentation rate used in the current
study was better able to stimulate entrainment to stimulus onsets compared to the slow
presentation rate. The ability to entrain to the higher presentation rate might also explain
why removal of low frequency response components via filtering effectively abolishes N1
and N2 amplitude enhancement in noise since these response frequencies correspond to the
stimulus repetition rate.

4.2. P1 and P2 responses

All previous reports of the effect of noise on CAEP responses show that the addition of
background noise yields decreased P2 response amplitudes compared to those measured in
quiet (Whiting et al., 1998; Kaplan-Neeman et al., 2006; Alain et al., 2009; Billings et al.,
2009; Parbery-Clark et al., 2011, Billings et al., 2013). Therefore, we hypothesized that P2
amplitudes measured in noise backgrounds would be smaller than those measured in quiet
regardless of ear of presentation or presentation rate. This hypothesis was supported by our
results, including the initial comparisons replicating the conditions of earlier studies (Figure
1) and in all subsequent analyses of the data set (Figures 2 — 4). Further, though previous
studies had reported variable effects of noise on P1 responses, the present results indicate
that P1 amplitudes are reduced even in fairly low levels of background noise. Regardless of
ear or rate of presentation, the presence of noise significantly reduced both P1 and P2
amplitudes relative to quiet conditions (Table 2, see “Noise Level” effect). Such a result is
likely due to the partial masking effects of noise which reduce the synchrony of neural
responses.

Another interesting difference between the responses of negative-going and positive going
waves was the effect of monaural compared to binaural presentations. While N1 and N2
responses were minimally affected by ear of presentation, both P1 and P2 amplitudes were
found to be highly sensitive to binaural compared to monaural stimulation such that binaural
stimulus presentations consistently led to significantly larger P1 and P2 amplitudes
compared with monaural recordings (Table 2, see “Ear” effect). This binaural amplitude
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enhancement was quite robust for P2 in that all subjects demonstrated the effect, and the
margin of difference in amplitude between monaural and binaural presentations was
considerable (Table 2 and Fig. 4). P1 amplitudes were substantially larger in response to
binaural compared to monaural conditions in the majority of participants, leading to a main
effect of Ear of presentation. However the effect was slightly less robust compared to P2
responses in that three participants demonstrated slightly larger amplitudes in monaural
conditions compared to binaural, while a fourth participant produced equivalent P1
amplitudes regardless of monaural or binaural presentations. The effect of ear of
presentation highlights a potentially important contrast between negative- and positive-going
responses. Neither N1 nor N2 amplitudes showed significant differences between monaural
and binaural stimulation, while both P1 and P2 were sensitive to these contrasts.
Unfortunately, comparatively little work has been done regarding the significance of P1 or
P2 relative to N1. However, the available information supports the idea that each of these
waves are anatomically and functionally distinct. Studies employing source analysis indicate
that the neural generators of the P1 response include the superior temporal gyrus,
hippocampus, dorsolateral prefrontal cortex, and thalamus (Williams et al., 2011).
Functionally, the P1 response is known to reflect preattentive filtering of sensory
information in order to enhance cortical responses to novel or relevant stimuli while
minimizing responses to extraneous or redundant information (Boutros and Belger, 1999).
Studies using source analysis of electroencephalography and magnetoencephalography data
indicate that P2 is generated by multiple cortical sources located anterior to the site of N1
generation (Hari et al., 1987; Godey et al., 2001), implicating auditory association and
possibly sensory integration areas.

The finding in the current study that P1 responses were significantly enhanced by binaural
listening is corroborated by previous studies showing similar effects of ear of presentation
(Butler et al., 1969; Kelly-Ballweber et al., 1984; Weihing and Musiek, 2008). If P1 reflects
sensory filtering, this binaural enhancement may indicate that binaurally presented sounds
are filtered less than monaural sounds and are thus more likely to be robustly represented in
the later stages of auditory processing. With regard to monaural versus binaural impact on
P2 amplitudes, reports are somewhat conflicting. Butler ef a/. (1969) reported significant
increases in P2 amplitude in binaural presentation conditions relative to monaural
presentations. However, the majority of studies have reported no significant P2 amplitude
differences resulting from monaural versus binaural stimulation (Debruyne, 1984; Pantev et
al., 1986; McPherson & Starr, 1993; Gilmore ef a/., 2009). Part of the discrepancy in results
may stem from differences in stimulation and recording paradigms. For example, the present
study employed speech stimuli in contrast to the simpler tone and click stimuli typical of
most CAEP studies. Stimulus duration may also be a critical difference since studies
showing P2 enhancement under binaural stimulation have used longer duration stimuli (450
ms in the present study; 800 ms in (Butler ef a/., 1969), while those studies showing no
effect of ear of stimulation have used click or tone burst stimuli. This suggests that perhaps
the difference in P2 results across studies may be related to a longer window of temporal
integration for binaural presentations compared to monaural presentations which is not
identified by short duration stimuli. This hypothesis could easily be tested by measuring P2
responses to short and long duration signals presented monaurally and binaurally.
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4.3 Summary and Implications for Auditory Research

The present findings refute the notion that CAEP peak responses simply reflect serial
processing of stimuli in the auditory system. Different CAEP components are sensitive to
different methodological constraints, and thus reflect distinct features of neural stimulus
encoding. Our results clearly indicate that background noise can elicit enhanced N1 and N2
response amplitudes to a speech syllable provided that certain listening conditions are met.
In addition, both P1 and P2 waves are considerably larger in response to binaural stimulation
compared to monaural stimulation. These findings have important implications for how the
auditory cortex adjusts in different listening conditions in order to maximize signal
detection. However, it is important to remember that no behavioral measures were made in
the current study. It is, therefore, impossible to state whether the enhanced amplitudes found
in the current study actually reflect improved behavioral signal detection, discrimination, or
recognition. Such a behavioral result is possible given the correspondence between CAEP
amplitudes and behavioral performance (Billings et al., 2012; Chang et al., 2012; Parbery-
Clark et al.,, 2011; Billings et al., 2013). Further research employing both physiological
measures and behavioral measures is needed to assess whether the N1 and N2 noise-
enhancement effects or the P1 and P2 binaural-enhancement effects found in the current
study in fact reflect improved behavioral outcomes.
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Highlights

. This is the first study to systematically explore the effects of both presentation
rate and ear of presentation on cortical evoked potential responses in noise.

. Cortical N1 and N2 response amplitudes can be enhanced in low levels of
background noise.

. Both P1 and P2 responses are significantly larger during binaural
presentations compared to monaural presentations
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Figure 1.

Replication of previous study results depicting differences in the effects of noise on N1
amplitudes. Panels A and B represent data based on parameters from Alain et al. (2009) and
Parbery-Clark et al. (2011), respectively, obtained using binaural stimulation at a fast
presentation rate. Panel C represents data based on parameters from Billings et al. (2009)
obtained using right ear stimulation at a slow presentation rate. Grand average waveform
data from Cz are shown in the top panels, and accompanying bar graphs below showing the
absolute amplitude of N1 in quiet and noise conditions. Asterisks indicate significance (*
indicates significance at < 0.05), and error bars represent the standard error of the mean
(SEM).
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Figure 2.
Grand average cortical responses to speech in quiet and two levels of noise recorded for

binaural conditions at fast presentation rates. A subset of electrode locations on opposite
sides of the CAEP dipoles illustrate polarity inversions and are denoted by + and — symbols
(“+” = typical, negative N1; “~" = an inverted, positive N1) in the schematic representation
of the head (top left). The addition of background low-level (solid gray) and high-level
(dashed black) noise altered the morphology of the cortical response to speech in quiet (solid
black). N1 amplitude trended towards a greater magnitude in both noise levels, whereas P2
amplitude was significantly decreased. Significant latency delays with noise for both N1 and
P2 were also evident.
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Figure 3.

Effects of presentation rate on N1 and P2 responses in noise and quiet measured at Cz.
Panels on the left (A, C, and E) show data obtained in fast rate conditions, with panels on the
right (B, D, and F) showing data obtained in slow rate conditions. All data shown are
collapsed across ear of presentation in order to highlight presentation rate effects. Panels A
and B show grand average waveform data for recordings made in quiet (black line), low-
noise (gray line), and high-noise (dashed gray line) conditions at both fast (A) and slow (B)
presentation rates. Panels C and D contain average N1 peak amplitudes in fast and slow rate
conditions, respectively. Absolute values of N1 amplitude are displayed for ease of
interpretation. Panels E and F display average peak P2 amplitudes in fast and slow
conditions, respectively. Error bars indicate SEM. p values displayed in panels C — F show
significant differences between amplitudes recorded in quiet versus amplitudes recorded in
noise based on paired t-test analysis. Please note that statistical analysis was based upon
responses in quiet compared to noise conditions, hence no comparison between noise
conditions was made.
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Figure 4.
Ear of presentation effects on CAEPs. Panel A shows grand average Cz waveforms for

binaural (solid black) and monaural (dashed gray) presentations collapsed across
presentation rate and background noise conditions. Panels B and C depict the average of N1
and P2 peak amplitudes, respectively, in fast and slow rate presentations collapsed across
background noise conditions. For the purposes of illustration, N1 amplitudes are displayed
as absolute values. Error bars indicate SEM.
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Figure 5.
Individual variability in N1 (left panel) and N2 (right panel) amplitude enhancement in 30-

dB SNR compared to quiet conditions. Plotted data represent responses to stimuli presented
binaurally at a fast presentation rate as these conditions were necessary to elicit significant
enhancement in noise. Amplitudes measured in quiet conditions are plotted on the horizontal
axis, and amplitudes measured in 30-dB SNR background noise are plotted on the vertical
axis. The dashed black line represents the point at which response amplitudes between quiet
and noise were identical. Points falling below this line indicate individuals who displayed
larger (e.g. more negative) response amplitudes in noise compared to quiet conditions.
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Figure 6.

Effects of response filtering on grand average Cz waveforms to speech presented binaurally
at fast presentation rates. For responses filtered with the original filter settings or .1 to 30 Hz
(left panel), both low (gray) and high (black dashed) noise conditions elicited significantly
larger N1 amplitudes than when elicited in quiet (solid black). However, when responses
were filtered to remove response energy below 3 Hz (right panel), N1 amplitudes in both
noise conditions are significantly smaller than responses measured in quiet. This indicates
that noise enhancement of the N1 response is dependent upon low frequency response
energy.
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