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ABSTRACT
Non-native listeners have more difficulty
understanding speech in noise than do native listeners,
but it remains unclear to what extent these difficulties
arise from early auditory or later linguistic processes.
The present study investigated this using EEG when
native English and Korean subjects listened to
English sentences in listening conditions that varied
the demands on peripheral and central processes
(single-talker and unintelligible babble). Speech
comprehension by non-native listeners was poorer
overall and was more adversely affected by noise than
that of native listeners. However, neural entrainment
to the speech envelope was greater for non-native
than native listeners, indicating greater attention to
acoustics, but was also more affected by noise.
Context-related differences in lexical processing
(N400 effect) were greater for native than non-native
listeners, and both groups had greater N400 effects
for single-talker maskers. The results demonstrate
that listeners vary in terms of how they modulate their
processing under difficult conditions.
Keywords: informational masking, second-language
speech processing, N400, cortical tracking of the
amplitude envelope of speech, EEG
1. INTRODUCTION
Speech perception in noisy environments is more
difficult for non-native listeners, and this likely arises
from multiple levels of processing. For example, nonnative speech perception difficulties may arise from a
pre-linguistic, auditory level, because one’s first
language experience alters their perceptual space [10,
11]. However, non-native listeners also have
phonological representations that are less precise, as
well as being less able to draw on other linguistic
information, such as lexical or semantic cues (e.g., [2,
15]). Furthermore, the cognitive load of adverse
listening conditions can add to the general speech
recognition difficulties that listeners have with nonnative speech (see [12] for a review).
Recent advances in EEG (electroencephalography)
have started to allow researchers to unpick these
levels of processing in relatively naturalistic speech
tasks. For example, auditory processing can be
assessed in terms of the entrainment of the neural
signal to the speech amplitude envelope (e.g., [1, 14]).
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Entrainment to the speech envelope can decrease
when the amount of spectral detail in the speech
signal is reduced (e.g., [8, 18]) and has sometimes
been shown to have a positive relationship with
speech comprehension (e.g., [18]). More traditional
EEG measures, such as N400, can be used to
simultaneously assess lexical processing. N400 is
associated with the ease of lexical access (e.g., [19])
or the ease of semantic integration of the word with
its preceding context (e.g., [3]). Previous N400
studies have shown that lexical processing can be
hindered by acoustic degradation or background
noise [5, 16].
A previous study used these measures to compare
native and non-native speech processing, under a
condition in which listeners attended to a target talker
played simultaneously with a single-talker distractor
[21]. One could expect that non-native listeners
would be worse at tracking the speech envelope of a
target talker given that their perceptual and linguistic
representations are less well tuned to that language
(e.g., rhythm or syllable structure), but the results
indicated that they actually tracked the target talker
better. It is likely that this task required more focused
attention for them to perform, relative to native
speakers, and that this increased attention modulated
their auditory processing. In contrast, native speakers
were able to modulate their lexical processing for L2accented speech and had greater N400 differences
depending on the predictability of the sentences.
The aim of the present study was to investigate
these issues further under various listening conditions
that place differential demands on the peripheral and
central processing. That is, this study examined
speech recognition in the presence of single-talker
and unintelligible babble maskers, using the same
neural and behavioural measures as the previous
study [21]. Babble would be expected to primarily
involve energetic masking (EM; reduced audibility of
the target speech sounds at the periphery [4]).
However, single-talker distractors involve more
informational masking (IM; e.g., segregation of the
target speech from competing streams and the
linguistic interference from the masker; [9, 20]). IM
likely places greater demands on attentional and
cognitive resources. In addition, spatial cues were
manipulated in the present study (i.e., the spatial
separation between target and masker), to examine
the ability to focus attention to particular locations.

The present study recorded EEG when native
English and Korean subjects listened to English
sentences in the presence of a single-talker and an
unintelligible babble noise. The masker was colocated with the target straight ahead or located 45°
away from the target. Listeners were asked to press a
button whenever they heard a semantically
anomalous sentence, and the accuracy of this
response was used as a measure of their speech
comprehension performance.
2. METHODS
2.1. Subjects

Twenty-four monolingual native speakers of British
English and Korean (12 each) participated in the EEG
experiment. They were adults under the age of 35
(mean age: English - 23.8, Korean - 29.1) with no
self-reported hearing or language impairments, and
were all right-handed. The Korean subjects were
second-language speakers of English who had started
learning English at 12 years old on average and had
lived in English-speaking countries for an average of
20 months as adults.
2.2. Materials

English sentences were recorded by a female native
speaker of Standard Southern British English. The
sentences had different levels of final-word cloze
probability to allow for measurement of the N400
response [22]; high cloze probability sentences
consisted of highly constraining sentence contexts
followed by congruent final words (e.g., There are
three pictures hanging on the wall.); low cloze
probability sentences were neutral sentences (e.g.,
There are many dirty marks on the wall);
semantically anomalous sentences consisted of
highly constraining sentence contexts followed by
incongruent final words (e.g., There are three
pictures hanging on the pain).
English stories read by the same female speaker
were used as the single-talker masker. The babble
masker was created by combining twelve recordings
from the same talker together. In the no-masker
condition, the sentences were presented without any
noise. To manipulate spatial cues, the targets and
maskers were processed with head-related transfer
functions, simulating the auditory effects of locating
talkers straight ahead (0°) or 45° towards the left ear.
The target signal was always presented at 0° and the
noise was either at the same location or placed 45° to
the left. In order to equalise intelligibility between the
two conditions, a signal-to-noise-ratio (SNR) of 3dB
was used for the co-located condition, whereas -7dB
was used for the 45° separation condition. The noise
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level was higher for the spatially separated masker
because this condition would otherwise be much
easier.
2.3. Procedure

Subjects were instructed to pay attention to individual
target sentences and ignore continuous stories (i.e.,
single-talker noise) or babble noise in the background.
They were also asked to press a button whenever they
heard a semantically anomalous sentence. The
experiment consisted of 10 blocks (2 blocks * 5
conditions) with each lasting approximately 4
minutes. The order of the blocks was randomised for
each subject.
2.4. EEG recording and analysis

EEG was recorded with a Biosemi Active Two
System with 64 electrodes (Ag/AgCl) mounted on an
elastic cap and 7 external electrodes (nose, left and
right mastoids, two vertical and horizontal EOG
electrodes), with a sampling rate of 2048Hz.
Electrode impedances were kept between ±25kΩ.
Preprocessing of the EEG recordings was
performed offline in Matlab; they were re-referenced
to the average of left and right mastoids and high-pass
filtered at 0.1Hz. The EEG data for the N400 analysis
was also low-pass filtered at 40 Hz. Noisy channels
were interpolated. In order to correct for eye artefacts,
an independent component analysis (ICA) was used.
All preprocessing was conducted using the Fieldtrip
toolbox [17], except for filtering which used the
ERPlab toolbox [16] of EEGlab [7].
2.4.1. Coherence Analysis
Cortical entrainment to the amplitude envelope of
speech was measured using a stimulus reconstruction
method; the Multivariate Temporal Response
Functions [6] were generated in backward models
that related the EEG data from each subject back to
the Hilbert envelopes of the sentences that they
listened to. The degree of phase coherence was
computed as a function of frequency (0.5 Hz
resolution) between the predicted amplitude
envelopes from the EEG data via this model and the
original envelopes of the stimuli, which assessed how
much the EEG signals were phase-locked to the
amplitude envelopes of the target speech.
2.4.2. N400 analysis
The EEG data were segmented into epochs that were
timed-locked to the onset of each final word. Trials
were rejected if the amplitude was not within the
range of ±150μV. N400 amplitudes were calculated

by subtracting the baseline average over the 200 ms
pre-stimulus interval from the post-stimulus interval
and averaging the amplitude in the 300-500 ms
window. N400 amplitudes were averaged across five
midline electrodes (Fz, FCz, Cz, CPz & Pz).
3. RESULTS
As displayed in Fig. 1, Korean subjects were poorer
at detecting anomalous sentences than were English
subjects overall, and their performance was more
adversely affected by noise. A logistic mixed-model
analysis was conducted with listener group and
masker type (i.e., no masker, single-talker masker,
and babble masker) as independent variables and with
button response (correct vs. incorrect) as the
dependent variable. Each subject and sentence
stimulus were added to the model as random
intercepts. Significance of fixed effects was evaluated
by comparing two nested models with and without
each factor in all mixed-model analyses of this paper.
The results confirmed that the interaction of listener
group and masker type was significant, χ2(2) = 21.25,
p < 0.001. Specifically, the difference in performance
between the no-masker and other conditions was
significantly larger for Korean listeners than for
English listeners, b = - 0.80, z = -3.4, p < 0.001, and
so was the difference between the single-talker and
babble noise condition, b = - 0.71, z = -3.31, p < 0.001.
There were also significant main effects of listener
group, χ 2(1) = 25.57, p < 0.001, and masker type, χ
2
(2) = 9.36, p = 0.009.

interaction of listener group and masker type was
significant, χ2(2) = 16.07, p < 0.001. Specifically, the
difference in coherence between the no-masker and
noise conditions was greater for Korean than for
English listeners, b = - 0.0035, t(92) = - 3.89, p <
0.001. The main effect of masker type was significant,
χ2(2) = 28.82, p < 0.001, but the main effect of listener
group was not, p = 0.106.
To examine the effect of spatial separation on
target speech tracking, an additional mixed-model
analysis was performed only for the noise conditions.
The main effect of spatial cues was significant, χ2(1)
= 8.79, p = 0.003. Target-speech entrainment was
higher when the target and masker were co-located,
likely because a higher SNR was used for this
condition. The main effect of listener group or the
interaction of the two variables was not significant, p
> 0.05.
Figure 2: Plots showing coherence values as a
function of frequency by listener group and noise
condition

Figure 1: Boxplots showing the proportions of
correct identification of anomalous sentences by
listener group and noise condition

As shown in Fig. 2, Korean listeners had greater
entrainment to the amplitude envelopes of target
talkers than did English listeners in the no-masker
condition. However, entrainment by Korean listeners
decreased substantially when there was background
noise. A mixed-model analysis was performed on the
coherence results; coherence values averaged in the
delta-theta range (2-8Hz) were used as the dependent
variable, listener group and masker type as
independent variables, and each subject as a random
intercept. The results demonstrated that the
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A mixed-model analysis was also conducted with
N400 amplitudes as the dependent variable, sentence
type (high vs. low cloze probability), listener group,
and masker type as independent variables, and with
by-subject random intercepts. The N400 amplitude
was larger (i.e., more negative) for low than high
cloze probability sentences as shown in Fig. 3,
indicating greater effort for lexical processing when
words were less predictable. However, this contextrelated N400 difference (i.e., N400 effect) was
smaller for Korean than English listeners. There were
a significant interaction of sentence type and listener
group, χ2(1) = 11.66, p < 0.001, and a main effect of
sentence type, χ2(1) = 43.89, p < 0.001. In addition,
there was a significant interaction of masker type and

sentence type, χ2(2) = 9.37, p = 0.009; the N400
difference between high and low cloze probability
sentences was significantly greater when sentences
were presented in the single-talker noise than in the
unintelligible babble noise, b = -1.39, t(210) = - 3.049,
p = 0.0026. The main effects of listener group and
masker type and other interactions were not
significant, p > 0.05.
Figure 3: Grand average ERP waveforms to
sentence-final words by listener group, sentence
type (HP: high cloze probability sentences, LP: low
cloze probability sentences), and noise condition.

speech tracking likely resulted from non-native
listeners having poor representations of the acoustic
input at a peripheral level or by difficulties in
selecting and attending to target speech signals. Even
though non-native listeners can use additional
attentional mechanisms to enhance entrainment in
difficult listening conditions, it appears that this can
break down more rapidly when their recognition is
overwhelmed by the additional demands of the
background noise.
The results also suggested that both groups of
listeners relied more on lexical processing when the
distractor involved greater informational masking. In
general, a larger N400 indicates greater effort in the
lexical access process, and a greater N400 difference
between high- and low-predictability words indicates
greater use of context. These N400 effects were larger
when the distractor involved informational masking
(i.e., single talker) than when subjects heard a
constant babble. It thus appears that listeners
modulated their lexical processing to overcome the
effect of single-talker maskers, by searching lexical
candidates more carefully or increasing reliance on
semantic cues to aid lexical access. Moreover, this
strategy was available to non-native listeners, despite
the fact that their degree of lexical processing was
lower overall.
This study thus demonstrates that speech
recognition in noise is a complex process, in which
listeners are able to modulate attention to the acoustic
signal and the amount of lexical processing,
dependent both on the demands of the listening
conditions and the language experience of the
listeners.
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