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a b s t r a c t

To recognize speech in a noisy auditory scene, listeners need to perceptually segregate the target talker's
voice from other competing sounds (stream segregation). A number of studies have suggested that the
attentional demands placed on listeners increase as the acoustic properties and informational content of
the competing sounds become more similar to that of the target voice. Hence we would expect atten-
tional demands to be considerably greater when speech is masked by speech than when it is masked by
steady-state noise. To investigate the role of attentional mechanisms in the unmasking of speech sounds,
event-related potentials (ERPs) were recorded to a syllable masked by noise or competing speech under
both active (the participant was asked to respond when the syllable was presented) or passive (no
response was required) listening conditions. The results showed that the long-latency auditory response
to a syllable (/bi/), presented at different signal-to-masker ratios (SMRs), was similar in both passive and
active listening conditions, when the masker was a steady-state noise. In contrast, a switch from the
passive listening condition to the active one, when the masker was two-talker speech, significantly
enhanced the ERPs to the syllable. These results support the hypothesis that the need to engage
attentional mechanisms in aid of scene analysis increases as the similarity (both acoustic and informa-
tional) between the target speech and the competing background sounds increases.

© 2015 Published by Elsevier B.V.
1. Introduction

Under noisy listening conditions (e.g., a cocktail-party envi-
ronment; Cherry, 1953), listeners usually find it difficult to
comprehend target speech and participate in conversations due to
auditory masking (Miller, 1947). The mechanisms underlying
auditory masking are complicated and particularly influenced by
the type of masker present. Maskers can interfere with speech
recognition when the peripheral neural activity elicited by a signal
is overwhelmed by that elicited by a masker, leading to a degraded
or noisy neural representation of the signal, making it difficult for
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subsequent cognitive processes to extract the signal (e.g., Freyman
et al., 1999, 2001; Arbogast et al., 2002; Brungart, 2001; Brungart
and Simpson, 2002; Kidd et al., 1994, 1998; Schneider et al., 2007;
Li et al., 2004; Wu et al., 2005; Ezzatian et al., 2011). This type of
masking effect is referred to as energetic masking.

In addition, competing sound sources can cause informational
masking that interferes with the processing of the signal at levels
beyond the cochlea. For example, when the masker is speech, the
informational content of the masker can interfere with the pro-
cessing of the target speech at both perceptual (e.g., phonemic
identification) and cognitive (e.g., semantic processing) levels,
making it difficult for listeners to successfully segregate the
different sound sources and selectively attend to the target speech
(Arbogast et al., 2002; Brungart, 2001; Brungart and Simpson,
2002; Durlach et al., 2003; Freyman et al., 1999, 2001; Kidd et al.,
1994, 1998; Schneider et al., 2007; Li et al., 2004; Wu et al., 2005;
Ezzatian et al., 2011).

Although a steady-state noise masker may also compete with
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Fig. 1. Relative spectrum levels of the two-talker speech masker and the steady-state
speech-spectrum noise masker, when both are equated to produce the same average
sound pressure level.
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the control of an Optiplex GX1 Dell computer. The stimuli were
then low-pass filtered at 10 kHz, amplified by a Harmon Kardon
amplifier (HK 3370), and presented to both ears via earphones. The
stimuli were presented binaurally to more closely approximate
everyday listening situations in which both signals and maskers
stimulate both ears.

The experimental sessions were conducted in a dim sound-
attenuating booth (Industrial Acoustic Company). The participants
were seated 1 m from a 14-inch computer monitor placed in front
of them.

2.3. Procedures

Sixteen blocks were created to encompass all possible combi-
nations of the 2 masker types (steady-state speech-spectrum noise,
two-talker speech), 2 attention conditions (passive condition,
active condition), and 4 SMRs (�8, �4, 0, 4 dB). All participants
were first tested in the passive conditions before experiencing the
active listening conditions. This was done to avoid the possibility
that previous exposure to the active conditions might predispose
them to listen more “actively” when tested in the passive listening
conditions. In each block, 300 trials were used during which the
masker was presented continuously across trials. Half of the par-
ticipants were presented with the noise masker first and then the
speech masker and the other half were presented with the speech
masker before the noise masker. Latin-Squares were used to bal-
ance the order of presentation of the SMRs across participants.

Under the passive conditions, participants were asked to watch
a silent cartoon movie and ignore the sounds presented from the
earphones during ERP recoding trials. Each trial started with a
warning beep (a 500-Hz pure tonewith the duration of 50ms,18 dB
higher than the background masker). In 80% of the trials, the syl-
lable /bi/ was presented 1000 ms after the warning beep; while in
the other 20% of the trials, no syllable was presented. A responding
beep (a 2000-Hz pure tone with the duration of 50ms,10 dB higher
than the background masker) was presented 2000 ms after the
warning beep. The next trial began randomly 2e4 s after the
responding beep of the previous trial. It took about 25 min to finish
one recording block under the passive condition.

Under the active condition, the stimuli and procedures were
identical to those under the passive condition except that partici-
pants were asked to press one of two buttons after the responding
beep to indicate whether they had heard the syllable /bi/ or not.
Responses prior to the beep signaling the beginning of the response
interval were not scored. To minimize eye movements, participants
were also asked to fixate on a cross in the centre of the monitor. It
took somewhat longer (30e40 min) to finish one recording block
under the active condition because the next trial did not begin until
a response was made.

2.4. Electrophysiology recordings

Electroencephalogram signals were recorded with a 128-chan-
nel HydroCel Geodesic Sensor Net (Electrical Geodesics, Inc,
Eugene, Oregon) at a sampling rate of 1000 Hz. Electrode imped-
ance was kept below 100 kU. Data were referenced online to Cz and
then re-referenced offline to the common average. The waveforms
were on-line amplified 500 times and band-pass filtered between
0 and 100 Hz. They were subsequently filtered offline by a 1 Hz
high-pass filter and a 30 Hz low-pass filter (also see Billings et al.,
2011). Ocular artifacts were removed with an eye blink threshold
of 14 mV/ms. The number of accepted sweeps in the average
response for participants 1e8 exceeded 200 after artifact rejection
in each of the 16 conditions (2 maskers � 4 SMRs � 2 listening
conditions). The number of accepted sweeps for participants 9e12
was approximately 30% higher than those for the first eight par-
ticipants due to more frequent hydration of the electrode cap,
leading to less noise in their recordings. For one of the twelve
participants, the ERP record in the active noise condition at an SMR
of 0 dB was corrupted, and could not be recovered. In this condition
for this subject, the latencies and amplitudes used in the statistical
analyses were interpolated between the values recorded for SMRs
of �4 and þ4 dB for that condition.

Recordings were divided into target-syllable epochs of 1200 ms,
which included a 200 ms pre-stimulus baseline. Individual ampli-
tudes and latencies for the N1 and P2 components were deter-
mined in the following manner. First we examined the grand mean
traces over the 16 conditions (see Fig. 7). This examination sug-
gested that the N1 peaks for each of the 12 individuals were likely
to fall in a window ranging from 95 to 175 ms. With respect to P2,
an examination of the active condition for the speech masking
suggested that a wider range was involved. Hence, we defined a
window ranging from 180 to 350 ms. Within each of the windows
the location of the relevant peak was determined using NetStation
software for each individual in each of the 16 conditions. Finally, the
average waveform of each subject at each of the 16 conditions was
visually examined to ensure that the location of the peak identified
by the NetStation software as being within the relevant window
corresponded to the location determined through visual inspec-
tion. In eleven cases, visual inspection indicated that the relevant
peak was located just outside the respective window. In an addi-
tional two cases visual inspection indicated that the location of a P2
peak, of lesser magnitude than the one identified by the software,
may have occurred earlier in the observation window. Because
statistical analyses conducted with and without the substitution of
the visually-identified peak data did not alter the significance of
any of the main effects or interactions, the data presented here are
those identified by the software.

To verify that our algorithmwas correctly locating the N1 and P2
peaks, we overlayed the peaks identified by the algorithm on the
plots of the ERP waveforms. Fig. 2 shows such an overlay when the
SMR was equal to 4 dB. An examination of this plot shows that,
when the masker was noise, the peaks identified by the algorithm
were located where a visual inspection of the ERP waveforms
suggested that they should be located. However, when the masker
was speech and listening was passive, there were several instances
where it was difficult to visually identify the presence of N1 and P2
peaks, because such peaks, if present, were too close to the noise
floor. Hence, as noted above, we decided to use the peaks identified
by the software to avoid biasing on the part of the person visually
inspecting the data.



Fig. 2. Mean ERP waveforms evoked by the target syllable /bi/ recorded from electrode site Cz for each participant under both noise-masking and speech masking conditions when
the listening condition was either passive (black trace) or active (red trace). The locations of the N1 and P2 peaks identified by the algorithm, along with their latency values, are
indicated by vertical lines.
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Note that any uncertainty with respect to the location of the
peaks will not affect any observed differences in their amplitudes
between the passive versus active listening conditions because a
peak buried in the noise floor will have a smaller amplitude than
one that is clearly distinguishably above the noise floor, as are the



Fig. 5. Mean ERP waveforms evoked by the target syllable /bi/ recorded from electrode site Cz for each participant under the noise-masking condition, when the listening condition
was either passive (left panel for each participant) or active (right panel for each participant). The four signal-to-masker ratios (SMRs, �8, �4, 0, 4 dB) are represented with four
different colors. Note that the N1eP2 amplitudes were quite similar between passive- and active-listening conditions for all the participants except Participant 6, for whom the
N1eP2 amplitudes were smaller under the active-listening condition than under the passive-listening condition, and Participants 7, 10, and 12 whose N1eP2 waveforms were larger
under active than passive conditions. Generally, for all the participants, a shift from the passive condition to the active condition did not improve the ERPs evoked by the target
syllable.
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waveforms recorded at Cz.
Figs. 5 and 6 display the ERP waveforms evoked by the target

syllable /bi/ recorded from electrode site Cz for each of the 12
subjects under the noise-masking (Fig. 5) and speech-masking
(Fig. 6) conditions. When the masker type was noise (Fig. 5), the
N1eP2 amplitudes were quite similar between passive- and active-
listening conditions for all the subjects except Participant 6, for
whom the N1eP2 amplitudes were smaller under the active-
listening condition than under the passive-listening condition
and Participants 7, 10, and 12 whose N1eP2 waveforms were
somewhat larger under active than passive conditions. It also ap-
pears that the amplitudes of the two peaks tend to increase with
increases in SMR, and their latencies to decrease with increases in
SMR.

When the masker type was speech (Fig. 6), the N1eP2 ampli-
tudes tend to increase when the listening condition was shifted
from passive to active in all but two of the participants (Subjects 2
and 4).

The average ERPwaveforms elicited by the syllable /bi/ at site Cz,
are plotted in Fig. 7 for each of the 16 experimental conditions. As
shown in Fig. 7, the mean amplitudes of the N1eP2 complex appear
to be both larger and more sensitive to SMR changes under the
noise-masking condition than under the speech-masking condi-
tion. When the masker is noise, a change from passive to active
listening appears to have very little effect on these average wave-
forms. However, when the masker is speech, a change from passive
to active listening appears to have a much stronger effect on the N1
and P2 components of the waveform.

3.1. Amplitudes of the N1 component

To indicate how listening condition (active versus passive) and
SMR affect N1 amplitude, the top panels of Fig. 8 plot the average
values of N1 amplitudes as a function of SMR for noise masking (left
upper panel) and speech masking (right upper panel) under both
active and passive listening conditions. When the masker is noise,
the amplitude of the N1 component appears to increase linearly
with SMR at approximately the same rate when listening is passive
as it does when listening is active. When the masker is two-talker
speech, the amplitude of the N1 component when listening is
active appears to be greater thanwhen listening is passive and may
grow at a faster rate as SMR increases.

A 2 (attention condition) by 4 (SMR) two-way repeated-mea-
sures ANOVA on N1 amplitude was conducted for the noise-
masking condition and the speech-masking condition, separately.
Under the noise-masking condition, the main effect of SMR was
found significant [F(3,33) ¼ 14.838, p < .001], but neither the effect
of attention condition [F(1,11) < 1] nor the two-way interaction
[F(3,33) ¼ 2.163, p ¼ .111] was found significant. Under the speech-
masking condition, there were significant main effects of attention
condition [F(1,11) ¼ 10.434, p ¼ .008], and SMR [F(3,33) ¼ 6.094,
p ¼ .002], but the two-way interaction [F(3,33) ¼ 1.431, p ¼ .251]
was not significant.

3.2. Amplitudes of the P2 component

The mean values of P2 amplitudes across participants are dis-
played in the lower panels of Fig. 8. When themasker was noise, a 2
(attention condition) by 4 (SMR) two-way repeated-measures
ANOVA showed a significant main effect of SMR [F(3,33) ¼ 20.011,
p < .001], but no statistically significant main effect of attention
condition [F(1,11) ¼ 1.938, p ¼ .191] or of the interaction between
attention and SMR [F(3,33) < 1] was found. When the masker was
speech, a 2 (attention condition) by 4 (SMR) two-way repeated-
measures ANOVA showed a significant main effect of attention
condition [F(1,11) ¼ 20.063, p ¼ .001], a significant main effect of
SMR [F(3,33) ¼ 3.601, p ¼ .024], but the two-way interaction
[F(3,33) ¼ 1.018, p ¼ .397] was not found to be statistically
significant.

3.3. Latencies of the N1 and P2 component

The mean values of N1 latencies across participants when the
masker was noise are displayed in right top panel of Fig. 9. A 2
(attention condition) by 4 (SMR) repeated-measures ANOVA on N1
latency in noise showed that the main effect of SMR was significant
[F(3,33) ¼ 19.736, p < .001], but not that of the attention condition
[F(1,11) ¼ 2.502, p ¼ .142]. However, the two-way interaction
[F(3,33) ¼ 3.253, p ¼ .034] was found to be statistically significant.
An examination of this figure indicates that the interaction is due to
the rather large difference in N1 latencies in the lowest SMR
condition.

The N1 latencies in the two-talker masker condition (left-hand
side of the top panel of Fig. 9) suggest that these latencies do not
vary across the attention condition, and do not appear to decrease
substantially with increasing SMR. A 2 (attention condition) by 4
(SMR) repeated-measures ANOVA on N1 latency when speech was
a masker did not find any significant effects due to the attention
condition [F(1,11) < 1], SMR [F(3,33) ¼ 1.866, p ¼ .154], nor any
interaction between the main two factors [F(3,33) < 1].

The bottom two panels show how P2 latency varies with SMR
and Attention when the masker was Noise (left panel), and Speech.
A 2 (attention condition) by 4 (SMR) repeated-measures ANOVA on
P2 latencies for Noise maskers (lower left-hand panel) found a
significant effect of SMR [F(3,33)¼ 21.901, p < .001], but no effect of
Attention [F(1,11) < 1], nor any interaction between the two
[F(3,33) ¼ 1.632, p ¼ .201]. The equivalent analysis for the right-
hand panel (Speech Masker) did not find any significant effects of
Attention [F(1,11) ¼ 1.522, p ¼ .243], SMR [F(3,33) ¼ 2.450,
p ¼ .081], nor any interaction between the two factors
[F(3,33) ¼ 1.066, p ¼ .377].

4. Discussion

4.1. Effects of masker type

In this study, regardless of whether the listening condition was
passive or active, the amplitudes of the N1 and P2 components of
ERPs evoked by the syllable /bi/ were much smaller under the
speech-masking condition than the noise-masking condition at all
SMR levels despite the fact that the syllable was readily detectable
in both kinds of maskers. As mentioned in the Introduction a
number of behavioral studies suggest that stream segregation is
more difficult to achieve when the masking background is acous-
tically similar to the speech signal. The amplitude envelope of a
steady-state noise is relatively flat. Hence, the frequency-
dependent amplitude fluctuations that are produced when a
speech sound is superimposed on this steady-state background are
quite likely to elicit recognizable transient responses in the audi-
tory pathway. However, when there are many frequency-
dependent amplitude fluctuations in the background (as there
would bewhen the background is two-talker speech), any transient
response due to the speech syllable would be one of many that are
continually elicited by the variable nature of the competing speech
(e.g., Billings et al., 2011; Kozou et al., 2005; Skoe and Kraus, 2010).
As a result we would expect the N1eP2 components of the
P1eN1eP2 complex to be less prominent when the masker is
speech as opposed to noise, irrespective of attentional state. Indeed,
as Fig. 7 clearly shows, despite the degree of inter-participant
variability present in Fig. 6, the average N1eP2 components are



Fig. 6. Mean ERP waveforms evoked by the target syllable /bi/ recorded from electrode site Cz for each participant under the speech-masking condition, when the listening
condition was either passive (left panel for each participant) or active (right panel for each participant). The four SMRs are represented by four different colors. Note that for all the
participants, the N1eP2 amplitudes increased to some extent when the listening condition was shifted from passive to active.
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Fig. 7. Grand mean ERPs recorded from electrode site Cz to the target syllable /bi/ , when the masker was steady-state speech-spectrum noise (upper panels) or two-talker speech
(lower panels). The left panels show ERPs under the passive-listening condition, and the right panels represent ERPs under the active-listening condition. The four SMRs are
represented by four different colors. Note that the amplitudes of the N1eP2 complex appear to be larger and more sensitive to the change in SMR under the noise-masking
condition than those under the speech-masking condition, but were more vulnerable to the change in attention condition under the speech-masking condition than under the
noise-masking condition.
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attenuatedmore by a speechmasker than by a noisemasker in both
active and passive listening conditions. However, there is clear
evidence that the N1eP2 components are more prominent in the
active than in the passive condition when the masker is speech.
Since the stimuli and the masker did not change from the active to
the passive conditions, the fact that the N1eP2 complex is more
prominent in the active listening condition than in the passive
listening condition suggests that top-down attentional processes
are sharpening the cortical response to the stimulus when partic-
ipants are required to actively attend to the stimulus.

Other electro-physiological studies have also found evidence
that selective attention to a speech target enhances cortical re-
sponses to speech targets being masked by speech. Mesgarani and
Chang (2012) presented a target sentence masked by a competing
sentence to epilepsy patients implanted with electrode arrays in
the posterior temporal lobe (as part of their workup for surgery).
The simultaneously presented sentences were modeled after those
found in the coordinate response measure corpus (Bolia et al.,
2000). For example, the two sentences might be “Ready Baron, go
to blue two now,” and “Ready Tiger, go to red one now,” with the
target sentence being identified prior to the simultaneous presen-
tation of the two sentences by specifying its ‘call sign’ (Baron or
Tiger). Mesgarani & Chang were able to show that neural activity
recorded from epilepsy patients in this regionwas highly correlated
with the spectraletemporal features of the sentence designated as
the target, not only when the target sentence was presented alone
but also when it was being masked by a competing sentence of the
same type. In addition, Golumbic et al. (2013) have also shown that
attention enhances the cortical representation of target speech
being masked by competing speech in epilepsy patients. Hence
these two studies, along with the present results support the hy-
pothesis that selective attention can enhance cortical responses to a
speech target being masked by speech.

The present study supports the hypothesis that the listener, in
order to process the target syllable in a background of speech, has
to engage attentional resources to segregate the target voice from
the background. In contrast, when the background is steady-state
noise, the transient response initiated by the speech syllable may
be able to gain cortical access without having to engage top-down
attentional processes to isolate it from the background. The greater



Fig. 8. The average of the individual values for N1 and P2 amplitudes recorded from the electrode site Cz under each of the 16 conditions. In all conditions both N1 and P2
amplitudes increased with SMR. Both N1 and P2 amplitudes were larger when the masker was noise than when it was speech. When the masker was noise the difference between
active and passive conditions was statistically significant different for P2 but not for N1. When the masker was speech, both N1 and P2 amplitudes were significantly larger under
active as opposed to passive listening conditions. Standard error bars are shown.

Fig. 9. The average of the individual N1 and P2 latencies recorded from the electrode site Cz under each of the 16 conditions. When the masker was Speech, N1 and P2 latencies did
not differ significantly with respect to the attention condition or vary significantly with SMR. When the masker was noise, N1 and P2 latencies decreased as a function of SMR.
Standard error bars are shown.
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demand on attentional resources when listening to speech masked
by speech than when listening to speech masked by noise is likely
to increase the cognitive load placed on the listener, thereby
straining the cognitive resources available for higher-order pro-
cessing of the speech signal.
4.2. Effects of SMR on ERP amplitudes

The present study was the first to investigate how attention
affects the interaction between the SMR and the masker type
(noise, speech) on speech-evoked ERPs. The results showed that
the SMR modulation of N1 and P2 amplitudes is masker-type



dependent. As the SMR was increased, the N1 and P2 amplitudes
became significantly larger when themasker was noise, and did not
differ between active and passive listening. However, when the
masker was speech, ERP amplitudes were larger under active than
passive listening. This is consistent with the view that there is a
greater need to engage attentional processes when the background
is speech than when it is steady-state noise.
4.3. Effects of listening condition on ERP amplitudes

As mentioned in the Introduction, ERP recordings make it
possible to examine how attention affects auditory processing of
target signals when a masker background is present. The ERP study
of Tervaniemi et al. (2009) has shown that musicians displayed
larger mismatched negativity and N2b to speech sounds than did
non-musicians under the attentive-listening condition but not the
passive-listening condition, indicating certain enhanced top-down
strategies for processing fine structure obtained from musical
training (also see Warren, 1999). In the present study, one of the
most important results is that shifting the listener's attention from
irrelevant visual stimuli to the target stimulus significantly released
both the N1 and P2 components of ERPs to the target from speech
masking but not from noise masking.
4.4. Effects of listening condition and SMR on ERP latencies

In this study, under either the passive- or active-listening con-
dition, when the masker was noise, both the N1 and P2 latencies
decreased as the SMR increased. However, there was some indi-
cation of an interaction between SMR and the listening condition
with respect to N1 insofar as the latency in the passive condition at
the lowest SMR (�8 dB) was considerably longer than in the active
condition (see Fig. 9). This would be consistent with the notion that
a switch from passive to active listening has an effect on neural
processing in a noise background even when the masker is steady-
state noise, when listening becomes difficult (lower SMR).

The failure to find any significant effect of either attention or
SMR on N1 and P2 latencies when the masker was speech most
likely reflects the difficulty in specifying the location of these two
peaks when the background sound is variable, as it is when the
masker is two-talker speech. The fact that attention had a much
more prominent effect on N1 and P2 amplitudes when the masker
was speech than when it was noise, is consistent with the hy-
pothesis that the need to engage top-down attentional processes is
increased as the informational content of the masker is increased
(two-talker speech versus steady-state noise).
5. Summary

(1) Under either the active-listening condition or the passive-
listening condition, the two-talker-speech masker induced
a much larger masking effect than the steady-state-noise
masker on both the N1 and the P2 components of the ERPs
to the syllable /bi/ , suggesting that the need for top-down
attentional processing of the speech signal is increased as
the masking background becomes more informationally
complex.

(2) A shift from the passive listening condition to the active one
affects the magnitude of the ERPs to the target syllable when
the masker is speech, again indicating that there is a greater
need for cortical processing when the auditory background is
informationally complex.
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