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a b s t r a c t

This study investigated the effects of a speech-babble background noise on inter-trial phase coherence
(ITPC, also referred to as phase locking value (PLV)) and auditory event-related responses (AERP) to
speech sounds. Specifically, we analyzed EEG data from 11 normal hearing subjects to examine whether
ITPC can predict noise-induced variations in the obligatory N1eP2 complex response. N1eP2 amplitude
and latency data were obtained for the /bu/syllable in quiet and noise listening conditions. ITPC data in
delta, theta, and alpha frequency bands were calculated for the N1eP2 responses in the two passive
listening conditions. Consistent with previous studies, background noise produced significant amplitude
reduction and latency increase in N1 and P2, which were accompanied by significant ITPC decreases in all
the three frequency bands. Correlation analyses further revealed that variations in ITPC were able to
predict the amplitude and latency variations in N1eP2. The results suggest that trial-by-trial analysis of
cortical neural synchrony is a valuable tool in understanding the modulatory effects of background noise
on AERP measures.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Perceiving speech in noise can be a challenge for people with or
without hearing impairment (HI). Emerging research on cortical
auditory event-related potentials (AERPs) has established that the
presence of background noise affects the neural processing of
speech (Bennett et al., 2012; Billings et al., 2011; Kaplan-Neeman
et al., 2006; Martin et al., 1997; Martin and Stapells, 2005; Martin
et al., 1999; Whiting et al., 1998). Cortical AERPs provide an
objective time-domain measure of the timing and strength of
cortical responses to auditory stimuli. The averaged latencies and
amplitudes of these AERPs are influenced by several physiological
factors, including within- and across-trial neural synchrony
(Eggermont, 2007).

In an attempt to probe the neural synchrony that underlies the
P, auditory event-related po-
ocking value; SNR, signal-to-
error; CV, consonant-vowel

tment of Speech-Language-
of Minnesota, Minneapolis,
AERP, a number of studies have measured the influence of inter-
trial phase coherence (ITPC or ITC; also referred to as phase lock-
ing value (PLV)) in certain characteristic frequency bands on the
AERP (David et al., 2006; Luck, 2014). For instance, studies on
normal hearing children and adults suggest that inter-trial syn-
chronization of cortical oscillations in lower frequency bands such
as theta and alpha plays an important role in determining the
amplitude of AERP responses (Bishop et al., 2011; Edwards et al.,
2009). A recent study further demonstrated the potential clinical
utility of the ITPC measure in assessing cortical neural synchrony in
relation to severity of sensorineural hearing loss, listening experi-
ence, and aural rehabilitation improvement in young children
(Nash-Kille & Sharma, 2014).

In general, cortical oscillations are thought to reflect fluctuations
in neural excitability, and as such, are thought to reflect information
exchange between andwithin cortical networks (Buzs�aki& Draguhn,
2004; Herrmann & Knight, 2001; Pantev et al., 1994; Schroeder &
Lakatos, 2009). In the domain of auditory neuroscience in partic-
ular, time-frequency analysis has shown significant enhancement/
reduction effects in cortical oscillatory activities that are associated
with corresponding changes in AERP components as a function of
stimulus/taskmanipulation (e.g., Başar et al.,1999; Zhang et al., 2011).
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While researchers have no disputes about the prevalence of
various oscillatory rhythms in EEG data, there are ongoing debates
about their functional significance in the generation of the ERPs
(Bastiaansen et al., 2012; Klimesch et al., 2007; Makeig et al., 2004).
The classical view is referred to as an “additive model”, which as-
sumes neural oscillatory activities that can be observed prior to
stimulus presentation have random phase relationship whereas the
evoked signal that is responsible for stimulus coding/processing
would remain relatively stable in each trial. The averaging process
for ERPs would thus cancel out the ongoing oscillatory activities
that are not time-locked to the stimuli. An alternative view, termed
the “phase resetting” model, however, shows that the ERP com-
ponents can arise from resetting the phase of the ongoing oscilla-
tions at the onset of acoustic stimulation in each trial. In other
words, the generation of the AERP responses does not require any
power gain from the relatively stationary “evoked” signal for
stimulus coding in each trial. In mathematical simulation, it is
compelling that the two models can be equally valid to represent
physiologically independent neural mechanisms for the origin of
ERP responses. Since both “evoked” and “phase reset” signals are
phasic signals and may share physical characteristics, the ITPC
measure is likely to capture phase-locked oscillatory rhythms in
both instances without being able to dissociate the potential
contribution of each mechanism. Therefore, one argument in favor
of the phase resetting model for the origin of AERPs is to demon-
strate that the spectral power of the neural oscillations involves no
noticeable change in the pre- and post-stimulus time windows of
the AERP (Fuentemilla et al., 2006; also see reviews by Bastiaansen
et al., 2012; Klimesch et al., 2007).

The present study aimed to examine the effects of background
noise on speech processing in terms of ITPC and the evoked audi-
tory N1eP2 responses. The auditory N1eP2 responses are consid-
ered obligatory AERP components that signal the neural processing
of important acoustic features in speech sounds (Eggermont, 2007).
It has been consistently demonstrated that the auditory N1 and P2
latencies tend to increase and their amplitudes tend to decrease in
adverse listening environments. Such changes in AERP can occur
when high- or low-pass filters alter the spectral content of the
masker (Martin et al., 1997; Martin & Stapells, 2005; Martin et al.,
1999), when the masking noise has a higher intensity level giving
rise to poorer signal-to-noise ratios (SNR) (Kaplan-Neeman et al.,
2006; Whiting et al., 1998), or when it includes informational
masking effects (Billings et al., 2011). While these results reveal the
effects of background noise on AERP latency and amplitude mea-
sures, an important question remains unaddressed, i.e., whether
the noise-induced changes in the N1eP2 responses are related to
possible changes in ITPC in response to the speech stimuli. Previous
research has established that neural oscillations in the delta
(0.5e4 Hz), theta (4e8 Hz), and alpha (8e12 Hz) frequency bands
contribute to sensory and cognitive processes related to audition as
reflected in the obligatory N1eP2 responses during the neural
encoding of speech sounds (Pantev et al., 1994; Edwards et al.,
2009). In particular, Edwards et al. (2009) demonstrated the exis-
tence of significant correlations between ITPCs and ERPs for the
theta and alpha bands but not for the higher frequency bands such
as gamma (>30 Hz). However, it remains unclear how neural syn-
chrony as assessed by ITPC in these different frequency bands are
adversely affected by noise in relation to the latency and amplitude
measures of the obligatory AERP responses.

We designed the study with the purpose of replicating previous
findings of modulatory effects on N1 and P2 responses by back-
ground noise and investigating further whether changes in ITPC in
quiet and noise (an in-depth complimentary measure looking at
trial-by-trial neural synchrony) could account for the variations in
N1eP2 latencies and amplitudes for speech processing in the two
listening conditions. We hypothesized that the presence of back-
ground noise would reduce inter-trial phase locking and that the
reduction in phase locking would be correlated with changes in N1
and P2 latency and amplitude measures. More specifically, we
predicted that disrupting neural synchronywith the introduction of
background noise would introduce a neural timing delay and a
reduction in the magnitude of neural responses in response to
speech. The results have important implications regarding the
interpretation of averaged AERP waveforms as well as the modu-
latory effects of background noise on the neural representation of
speech. Our approach can also add valuable evidence in the
assessment of the additive vs. phase resetting models. For instance,
the phase resetting model would receive additional support if the
trial-by-trial averaged power spectrum did not differ between the
quiet and noise listening conditions.

2. Methods

2.1. Subjects

The participants in the study were 11 individuals (mean
age¼ 23.6 years, age range¼ 20e32 years, 5 males, 6 females) with
normal hearing sensitivity (as shown in standard audiologic
assessment with hearing thresholds < 25 dB HL for pure tones from
0.25 to 8 kHz) and no history for speech, language, or cognitive
disorders. All participants were right-handed and were native
speakers of American English. The research protocol was approved
by the Human Research Protection Program at the University of
Minnesota. Informed consent was obtained from all subjects, who
were paid for their participation.

2.2. Stimuli

The stimuli were taken from a previous study on speech
perception in noise (Koerner et al., 2013). The speech syllable/bu/
was synthesized with the HLsyn software program (Sensimetrics
Corporation, USA) at a sampling rate of 10 kHz. The fundamental
frequencywas set at 100 Hz, and the stimulus durationwas 170m s.
The syllable consisted of four formants with F4 fixed at 3300 Hz for
the entire syllable. The onset frequencies for F1, F2, and F3 were set
at 230 Hz, 900 Hz, and 2480 Hz, and the steady F1, F2, and F3 center
frequencies for the vowel portion (50e170 m s) were respectively
320 Hz, 860 Hz, and 2620 Hz. Formant transitions in the first 50 m s
of the syllable were automatically generated by the HLsyn program.
The four-talker speech babble masker was adopted from the Quick
Speech In Noise Test (Quick-SIN) (Niquette et al., 2001). Both the
speech syllable and noise stimuli were resampled at 44.1 kHz, and
normalized to create a�3 dB SNR using Sony SoundForge 9.0 (Sony
Creative Software, USA) for the listening in noise condition.

2.3. Procedure

All testing was performed in an electrically and acoustically
treated booth (ETS-Lindgren Acoustic Systems). The reported data
were taken from one passive listening session in a larger-scale
study to examine neural correlates of speech intelligibility perfor-
mance (Koerner et al., 2013). During the passive listening session,
the participants were instructed to minimize extraneous eye or
muscle movements and stay awake and relaxed while watching a
movie of their own choice with English subtitles and ignoring the
auditory stimuli played through headphones. The stimuli were
presented using the EEVoke software (ANT Inc., Netherlands) via
bilateral Etymotic ER-2 insert earphones. Participants were pre-
sented with two different listening conditions: speech in quiet and
speech in noise with the four-talker speech babble. The speech
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stimulus was presented at a level of 60 dB SL relative to individual
subjects' hearing threshold at 1 kHz with mean RMS level matched
to that of the /bu/syllable. The babble noise was added as contin-
uous background at a �3 dB SNR for the speech in noise condition.
There were 120 trials presented in 4 blocks for each listening
condition. The interstimulus interval (ISI) between any two
consecutive/bu/stimuli in each block used a random number be-
tween 600 ms and 700 ms. The presentation order for the two
conditions was counterbalanced among the subjects.
2.4. Data analysis

Continuous electrophysiological data were recorded with the
Advanced Neuro Technology EEG System (Advanced Source Anal-
ysis version 4.7) and a 64-channel Ag AgCl electrode WaveGuard
cap with a REFA-72 amplifier (TMS International BV)
(bandwidth ¼ 0.016e200 Hz, sampling rate ¼ 512 Hz). The average
impedance of electrodes was below 5 kOhms. The same recording
setup was used in previous ERP studies (Rao et al., 2010; Miller and
Zhang, 2014). ERPwaveform analysis was completed offline in BESA
(Version 6.0, MEGIS Software GmbH, Germany) and MATLAB
(Version 8.0). The EEG data were bandpassed at 0.5e40 Hz. Auto-
matic artifact rejection criteria were set at ±50 mV. The ERP epoch
length consisted of a 100 m s pre-stimulus baseline interval and a
700 m s post-stimulus interval. N1eP2 responses were analyzed
with an averaged mastoid reference at the Cz electrode that
showed the largest N1 and P2 responses. Based on grand mean ERP
waveforms and scalp potential topography, search windows rela-
tive to the pre-stimulus interval were determined for N1 and P2
respectively at 80e160 ms and 120e200ms for the quiet condition.
The search windows for N1 and P2 were respectively at
100e200 ms and 140e300 ms for the noise condition. Averaged
peak amplitudes were quantified with a 10 m s window centered at
the peaks (Rao et al., 2010).

Trial-by-trial neural synchrony in delta (0.5e4 Hz), theta
(4e8 Hz), and alpha (8e12 Hz) frequency bands was calculated with
the ITPC measure in the open source EEGLAB software (Delorme &

Makeig, 2004): ITPCðt;f Þ ¼ 1
n
Pn

k¼1
Fkðt;f Þ
jFkðt;f Þj, where F stands for the

Fourier transform, t is time, f is frequency, k is the trial number, and j
j is the complex norm. The ITPC represents an estimate of mean
normalized phase across the EEG trials as a function of the time
point and frequency in the epoch time series. The normalized phase
measure is obtained from the complex output of the frequency
transformation by dividing by its complex norm for each trial first
and then averaged across trials. The ITPC values at a given latency
can range from 0 (indicating absence of synchronization or phase
reproducibility) to 1 (indicating perfect synchronization across tri-
als). We used a modified short-term Fourier Transform (STFT with
Hanning window tapering as implemented in EEGLAB), which has
relatively good resolution for low frequency activities. The frequency
range was 0.5e40 Hz, and the step interval was 0.5 Hz. In the con-
ventional STFT method, a fixed time window is applied to all fre-
quencies. The uniformity of the time window is thus a limitation of
the conventional approach because optimal characterization of
changes in higher frequency signals would require shorter time
windows than those needed to characterize lower frequency signals.
The modified STFT method in EEGLAB uses overlapping sliding
windows that are adaptive to the target frequency bins (i.e., the time
window decreases linearly as frequency increases). Zero-padding is
applied for short epochswithout sufficient number of sample points
for Fourier transform. For each frequency band in our calculation,
the ITPC data were averaged across the frequencies within its range
for further processing. The peak phase locking values corresponding
to the N1 and P2 components in their respective windows were
identified for each frequency band on an individual basis for each
listening condition. The averaged phase locking values across the
time samples in the baseline were also computed for comparison.

All statistical analyses were completed in R (R, 2014). A repeated
measures analysis of variance (ANOVA), with a ¼ 0.05, was con-
ducted to examine the statistical significance of listening condition
(quiet vs. noise) on N1eP2 latencies and amplitudes recorded at
electrode Cz. The repeated-measures ANOVA was also applied in
evaluating the effect of listening condition on inter-trial phase
locking in the three frequency bands. For each frequency band of
cortical oscillations, Pearson's correlation analyses were performed
on the amount of trial-by-trial neural phase locking and N1eP2
amplitude/latency measures pooled across the two listening
conditions.

3. Results

Overall, the presence of continuous background babble speech
noise increased N1eP2 latencies and decreased N1eP2 amplitudes
(Figs. 1 and 2). The time-frequency analysis revealed a consistent
noise-induced reduction of trial-by-trial neural phase locking in all
the delta, theta, and alpha frequency bands (Fig. 3). Correlational
analyses revealed that reductions in neural phase locking could
predict changes in N1eP2 responses to speech in noise (Fig. 4).

3.1. Amplitude and latency measures for the averaged N1 and P2
responses

Table 1 shows the means and standard errors (SE) for N1 and P2
AERP latency and amplitude measures in response to the CV syl-
lable/bu/. Grand mean ERP waveforms, scalp potential topography
maps, and global field power (GFP) data for the quiet and noise
listening conditions are shown in Fig. 1. Given that there was large
variability in the P2 latency values across our subjects for the noise
condition (See Table 1, Figs. 2 and 4), it is not surprising that the P2
response in the grand mean at the Cz electrode appeared to be
completely eliminated in the noise condition. Nevertheless, the GFP
plot appeared to capture the noise-induced morphological changes
to the N1eP2 response very well.

Repeated measures analysis of variance (ANOVA) revealed sig-
nificant effects of background noise in the N1 latency
(F(1,10)¼ 53.71, p < 0.001), N1 amplitude (F(1,10)¼ 13.85, p < 0.01),
and P2 latency (F(1,10)¼ 22.27, p < 0.001). The effect of background
noise on P2 amplitude showed a similar trend of reduction, but it
did not reach statistical significance (F(1,10) ¼ 2.86, p ¼ 0.122).
Compared with the quiet listening condition, N1 and P2 latencies
for the/bu/syllable in the noise were significantly delayed coupled
with a significant reduction in the N1 amplitude.

3.2. Inter-trial phase coherence measures

Table 2 shows the trial-by-trial phase locking values for delta,
theta, and alpha bands in response to the CV syllable/bu/in quiet
and in noise (See Fig. 3 for the ITPC/PLV plots and power density
spectrum plots). Corresponding to the phase locking reduction for
N1eP2, AERP power spectrum also showed decreased energy in the
delta, theta, and alpha range in the noise condition relative to the
quiet condition. However, the averaged trial-by-trial power spec-
trum data did not shown much difference between the two
listening conditions.

Repeated measure ANOVA revealed significant noise-induced
reduction in trial-by-trial phase locking for N1 in the delta
(F(1,10) ¼ 20.68, p < 0.01), theta (F(1,10) ¼ 18.51, p < 0.01), and
alpha (F(1,10) ¼ 23.45, p < 0.001) frequency bands. A similar sig-
nificant reduction effect was found for P2 in the delta



Fig. 1. Grand mean data for 11 subjects in response to the CV syllable/bu/in quiet and in noise conditions. AERP waveforms at Cz, scalp topography maps, and global field power data
are plotted.
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(F(1,10) ¼ 13.27, p < 0.01), theta (F(1,10) ¼ 14.86, p < 0.01), and
alpha (F(1,10) ¼ 14.57, p < 0.01) frequency bands. In contrast, the
baseline phase locking data at the group level did not seem to be
affected by the presence or absence of background speech-babble
noise despite the existence of small changes at the individual
subject level.

3.3. Correlational results

Table 3 shows the correlation coefficients for relationships
Fig. 2. Individual AERP waveforms from all 11 participants in response to the CV syllable/b
references to color in this figure caption, the reader is referred to the web version of this a
between inter-trial neural phase locking in the delta, theta, and
alpha frequency bands and the N1eP2 latency and amplitude
measures. Scatterplots depicting the relationship between neural
phase locking in the alpha band and N1eP2 latencies and ampli-
tudes are shown in Fig. 4. Significant correlations were found be-
tween ITPC and N1 latency in delta (r ¼ �0.586, p < 0.01), theta
(r ¼ �0.521, p < 0.05), and alpha (r ¼ �0.510, p < 0.05) frequency
bands as well as between ITPC and N1 amplitude in delta
(r ¼ �0.780, p < 0.001), theta (r ¼ �0.765, p < 0.001), and alpha
(r ¼ �0.720, p < 0.001) frequency bands. Similarly, the correlation
u/in quiet (red dashed) and in noise (black) at electrode Cz. (For interpretation of the
rticle.)



Fig. 3. Grand mean data at Cz from time-frequency analysis and power density spectrum analysis in the two listening conditions. Top row: phase spectrograms in which phase
locking values (also known as ITPC or ITC) in the range of 0e1 are plotted. Bottom row: power spectra for induced (averaged from trial-by-trial responses) and evoked activities
(based on spectral analysis of the AERP responses).
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analysis revealed significant associations between ITPC and P2 la-
tency in delta (r ¼ �0.468, p < 0.05), theta (r ¼ �0.575, p < 0.01),
and alpha (r ¼ �0.586, p < 0.01) frequency bands as well as be-
tween ITPC and P2 amplitude in delta (r ¼ 0.666, p < 0.01), theta
(r ¼ 0.612, p < 0.01), and alpha (r ¼ 0.599, p < 0.01) frequency
bands. These results clearly demonstrated that as inter-trial neural
synchrony decreased, N1eP2 latencies tended to increase and their
amplitudes tended to decrease. Thus, the variations in inter-trial
phase locking were able to account for the modulatory trends in
the evoked N1 and P2 responses in the two listening conditions.

4. Discussion

This study aimed to investigatewhether variations in the N1eP2
responses in quiet and in a speech-babble background noise are
associated with reduced inter-trial neural phase locking to speech
stimuli. Results showed that the N1eP2 latency and amplitude
measures as well as inter-trial neural phase locking were affected
by background noise compared to the quiet listening condition.
Moreover, there were significant correlations between these mea-
sures, which suggests that trial-by-trial neural synchrony as
assessed in ITPC represents an additional tool for examining AERP
latency and amplitude changes caused by the presence of back-
ground noise.
Our results on the effects of background noise on the amplitude
and latency of N1 and P2 responses support previous findings
(Billings et al., 2011; Martin et al., 1997; Martin & Stapells, 2005;
Martin et al., 1999; Whiting et al., 1998). On average, when the
four-talker speech babble at �3 dB SNR was introduced as back-
ground noise, N1 and P2 latencies increased and N1 amplitude
decreased in response to the CV syllable/bu/.

Our data further illustrate that evaluating the trial-by-trial
neural synchrony in terms of phase locking allows us to gain in-
sights into the underlying neural generators of the AERP. The re-
sults confirm that synchronized neural oscillations in delta
(0.5e4 Hz), theta (4e8 Hz), and alpha (8e13 Hz) frequency bands
are important contributors to the noised-induced changes in the
N1eP2 complex response to speech stimuli (Başar et al., 1999;
Pantev et al., 1994; Zhang et al., 2011). However, correlations be-
tween ITPC measures and N1eP2 amplitudes appear to be stronger
than those between ITPC measures and N1eP2 latencies, which
could be due to differences in the metric scales for the quantities
involved (i.e., microvolts vs. ms). Alternatively, the weaker corre-
lation between latency and ITPC may point to another mechanism
contributing to the variations in timing of the AERP responses
across the two listening conditions.

The noise-induced changes in cortical neural synchrony have
important implications for the interpretation of the averaged



Fig. 4. Scatterplots of individual subject data points at Cz with line of best fit depicting correlations between PLV measures and AERP measures (N1 and P2 latency and amplitude) in
the two listening conditions (red dots for quiet condition and black dots for noise condition). Only the alpha frequency band is used in the plots here (See correlational results of all
selected frequency bands in Table 3). Note that the polarity shift between N1 and P2 inverts the direction of the trend line in the bottom row of plots. (For interpretation of the
references to color in this figure caption, the reader is referred to the web version of this article.)

Table 1
N1 and P2 mean latency (ms) and amplitude (mV) data in response to the CV syllable/bu/at Cz electrode in the two listening conditions (quiet vs. noise). Standard errors are
reported in parentheses.

Stimulus N1 P2

Quiet Noise Quiet Noise

Latency Amplitude Latency Amplitude Latency Amplitude Latency Amplitude

/bu/ 105.21 (3.46) �2.91 (0.42) 165.87 (7.8) �1.48 (0.21) 172.2 (3.77) 1.56 (0.4) 248.49 (15.43) 0.84 (0.23)

Table 2
ITPC (Inter-trial phase coherence) data (mean and standard error) for baseline, N1, and P2 in response to the CV syllable/bu/at electrode Cz for the two listening conditions.

Frequency band Baseline N1 P2

Quiet Noise Quiet Noise Quiet Noise

Delta 0.07 (0.01) 0.09 (0.01) 0.49 (0.03) 0.37 (0.01) 0.46 (0.03) 0.36 (0.01)
Theta 0.07 (0.01) 0.09 (0.01) 0.46 (0.03) 0.36 (0.02) 0.45 (0.03) 0.34 (0.01)
Alpha 0.07 (0.01) 0.09 (0.01) 0.47 (0.03) 0.36 (0.01) 0.45 (0.03) 0.34 (0.01)
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N1eP2 waveforms. The fact that the peak phase locking value for
the N1eP2 responses across the two conditions was smaller than
0.5 in the three frequency bands suggests that the time-locked
Table 3
Correlation coefficients from correlational analysis between ITPC data and N1 and P2
latency and amplitude data in response to the CV syllable/bu/at electrode Cz
(*p < 0.05; **p < 0.01, ***p < 0.001).

Frequency band N1 P2

Latency Amplitude Latency Amplitude

Delta �0.586** �0.780*** �0.468* 0.666**

Theta �0.521* �0.765*** �0.575** 0.612**

Alpha �0.510* �0.720*** �0.586** 0.599**
N1eP2 responses may show substantial amounts of jittering
across trials even in the quiet listening condition. The presence of
babble speech noise would produce both energetic and informa-
tional masking (Kid et al., 2007), which can reduce the detectability
of the target syllable in each single trial and affect consistency of
onset detection of the syllable from trial to trial. As ERP waveforms
are averaged in the time domain under the time-locking and phase-
locking assumption for evoked responses, the inconsistent phases
of the individual cortical rhythms at the time points of peak ERP
components could mask important information related to the
encoding of speech at the cortical level (Luck, 2014). Our data
demonstrate that reduced ITPC in the delta, theta, and alpha
oscillatory bands may be partially responsible for AERP latency
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increases and amplitude decreases in averaged AERP waveforms
recorded in response to speech in noise. In other words, the pres-
ence of background noise implies non-optimal information trans-
mission between cortical networks related to auditory and speech
processing. In this regard, trial-by-trial time-frequency analysis can
provide novel and insightful information regarding the effects of
noise on N1eP2 responses to auditory stimuli.

A cautionary note is necessary here that correlation does not
imply causation. Our data seem to support the interpretation that
the lack of phase locking across trials is one contributing factor to
the noise-induced N1eP2 latency delay and amplitude reduction.
But we need to point out that phase synchronization as measured
in ITPC in itself is not proof that the AERP is generated by phase-
resetting of the EEG. Both AERP and ITPC measures reflect phase-
locked activity. The “additive” and “phase resetting” models are
not necessarily exclusive of each other (See Bastiaansen et al., 2012
for a discussion of the “shared generator” hypothesis). The fact that
the induced power spectrum for the quiet and noise conditions
was nearly identical is clearly consistent with the phase resetting
model. However, we cannot rule out an alternative explanation
that would be in line with the “additive”model. That is, the target/
bu/syllable coding part of the EEG signal can be reduced by noise in
each trial and the power reduction may simultaneously be offset
by the neural coding of the babble speech sentences. It is well
established that speech processing at segmental and supraseg-
mental levels and processing of amplitude- and frequency-
modulated auditory signals in general would lead to oscillatory
EEG power increase in multiple frequency bands (Giraud &
Poeppel, 2012).
5. Conclusion

The present study aimed to address whether changes in inter-
trial phase coherence were correlated with variations in cortical
N1eP2 responses to speech in noise. Consistent with our predic-
tion, the introduction of continuous speech babble background
noise disrupted cortical neural synchrony in the delta, theta, and
alpha frequency bands at the time points that corresponded to the
N1 and P2 responses without affecting the phase locking patterns
in the baseline and the averaged trial-by-trial power spectrum.
Moreover, the reductions in ITPCwere able to account for variations
in N1 and P2 latencies and amplitudes. The fact that much weaker
correlations were found between latency (as opposed to ampli-
tude) and ITPC suggests a possibility that the noise-induced
changes in N1eP2 latencies could be additionally driven by
another mechanism. The results have important implications
regarding the interpretation of noise-induced changes in the early
encoding of speech. Future research could further investigate
whether the ITPC analysis may be a feasible research and clinical
tool for assessing auditory masking effects and speech-in-noise
perception in various populations with or without hearing
impairment.
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