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a b s t r a c t

Neuronal oscillations play a key role in auditory perception of verbal input, with the oscillatory rhythms
of the brain showing synchronization with specific frequencies of speech. Here we investigated the neural
oscillatory patterns associated with perceiving native, foreign, and unknown speech. Spectral power and
phase synchronization were compared to those of a silent context. Power synchronization to native
speech was found in frequency ranges corresponding to the theta band, while no synchronization pat-
terns were found for the foreign speech context and the unknown language context. For phase synchrony,
the native and unknown languages showed higher synchronization in the theta-band than the foreign
language when compared to the silent condition. These results suggest that neural synchronization pat-
terns are markedly different for native and foreign languages.

� 2015 Elsevier Inc. All rights reserved.

1. Introduction

Theories based on the correspondence between periods of dif-
ferent oscillatory rhythms in the brain (Buzsáki, 2006) and the
periodic temporal fluctuations (quasi-rhythm) of the acoustic sig-
nal of speech (Ahissar & Ahissar, 2005; Peelle & Davis, 2012;
Poeppel, 2003) suggest that neural oscillations play a key role in
speech perception. Several theoretical ‘speech-brain syncing’ mod-
els specifically claim that intelligibility of speech is achieved when
the cortical oscillations in theta, beta and gamma frequency
bands remain phase-locked to the rhythm of the auditory input
(Ghitza, 2011; Ghitza & Greenberg, 2009; Giraud & Poeppel,
2012; Luo & Poeppel, 2007). In particular, the neural ‘theta oscilla-
tor’ (4–10 Hz) has been proposed to lead speech perception by
tracking the syllabic quasi-rhythm of the input and hierarchically
setting the frequency of the beta and gamma oscillators (Ghitza,
2013; Ghitza, Giraud, & Poeppel, 2012).

Oscillatory analyses of nonnative speech perception within the
speech-brain syncing framework suggest that neural synchroniza-
tion in native and nonnative language contexts may be different
(Jin, Diaz, Colomer, & Sebastian-Galles, 2014). Given the natural-
ness of conversational speech, in which phonetic, syntactic, seman-
tic and pragmatic aspects of language are integrated (Reiterer,

Pereda, & Bhattacharya, 2011), paradigms in which neural synchro-
nization to well-formed longer samples of native vs. nonnative
speech are compared to each other are clearly needed. So far, how-
ever, in spite of their obvious ecological validity, studies of brain
oscillations during perception of long samples of nonnative speech
such as dialogues are very scarce (Peña & Melloni, 2012; Reiterer
et al., 2011). The current study was designed to address this issue
by exploring the neural oscillatory patterns associated with nonna-
tive foreign speech.

In this electroencephalographic (EEG) study, we assessed differ-
ences in the neural oscillatory patterns associated with processing
continuous, close-to-natural speech in different language contexts:
native speech, known foreign speech and unknown speech (which
were compared to a silent condition). An experimental scenario
was created where native Spanish speakers who were relatively
proficient in English (i.e., foreign language) but had no knowledge
of French (i.e., unknown language) completed a visual go/no-go
task while different audio tracks including everyday conversations
were being played in the background (a manipulation that was
completely orthogonal to the main visual discrimination task).
Because amplitude (power) and phase synchronization can reflect
different neural processes (i.e., Palva & Palva, 2007), both were
investigated here. Spectral power reflects local activations of large
groups of neurons (Singer, 1999), indexing the resonance of the
brain activity to the rhythms of speech (Buiatti, Peña, &
Dehaene-Lambertz, 2009). In contrast, phase coupling between dif-
ferent EEG signals (e.g., pairs of electrodes) is typically considered
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an indication of the functional relationship between (distant) brain
sites (see Sauseng & Klimesch, 2008). Phase-locking measures can
therefore be used to explore long-range interactions between brain
regions (Varela, Lachaux, Rodriguez, & Martinerie, 2001), and are
especially relevant since neural synchronization to speech has
been shown to be the result of phase resetting of ongoing neural
oscillations (Luo & Poeppel, 2007). In the current study, the phase
coupling for investigating brain functional relationships was
assessed through the phase locking value (PLV) measure, which
is an amplitude independent measure of the relative constancy of
the difference of phases between two signals (Lachaux,
Rodriguez, Martinerie, & Varela, 1999), here the entire EEG signal
associated with processing conversational speech.

Listening to native speech was expected to yield local and glo-
bal synchrony of specific neural assemblies, mainly in the theta fre-
quency band (Howard & Poeppel, 2012). It was also hypothesized
that listening to an unknown language would elicit significant
(yet reduced) neural theta-band synchronization, in line with
demonstrations of stimulus-locked theta synchronization for unin-
telligible and unknown speech (Howard & Poeppel, 2010; Peña &
Melloni, 2012). In the same line, for the known foreign language,
an oscillatory neural pattern similar to that of the native language
could initially be expected, although non-balanced bilinguals are
unlikely to decode and comprehend foreign speech to the same
extent as native speech.

Interestingly, recent evidence showed that processing of nonna-
tive (as compared to native) sub-lexical units results in a different
pattern of neural synchronization in the theta-band (Jin et al.,
2014). In addition, in native language contexts under circumstances
in which language processing has relatively high cognitive costs
(e.g. for Dyslexic readers), a reduced neural synchronization may
be observed (Soltész, Sz}ucs, Leong, White, & Goswami, 2013).
Since foreign speech processing also involves high cognitive cost
(Perani & Abutalebi, 2005), it could be tentatively predicted to show
reduced synchronization as compared to native speech. The results
of this study will contribute to a better definition of the neural
mechanisms involved in processing of native and foreign speech.

2. Methods

2.1. Participants

Twenty-four right-handed native Spanish speakers (mean
age = 22.96 years, SD = 3.92, 9 females) took part in the study.
None of them had any prior knowledge of French but reported a
mean self-perceived English proficiency of 6.42 (SD = 1.1; 1-to-10
scale) and an average age of acquisition of English of 6.75 years
(SD = 2.8). Participants’ linguistic abilities in English were rated
(following a 1-to-5 scale) in an individual interview (mean = 3.38,
SD = 0.65). Furthermore, participants completed a Spanish and
English picture-naming test including 77 drawings of common
objects. Results in the Spanish version showed a close-to-perfect
performance (mean = 76.63, SD = 0.71) while results in the
English version showed a relatively good nonnative vocabulary
level (mean = 55.29, SD = 10.09). Finally, an English lexical decision
task was administered, in which participants were asked to decide
whether visually displayed strings corresponded to an existing
English word (N = 50) or not (N = 50). Results showed very low
error rates (mean = 2.58%, SD = 2.60), indicating that participants
were perfectly able to discriminate between existing English words
and nonwords. All participants had normal visual and hearing acu-
ity and no past history of psychiatric or neurological disorders. The
study was carried out in accordance with the principles laid down
in the Declaration of Helsinki, and approved by the BCBL Ethics
Committee.

2.2. Materials and procedure

2.2.1. Visual go/no-go task
The experimental task consisted of a visual go/no-go task. Each

trial started with a black screen (5000 ms), after which a star
appeared in the center of the screen. Participants were instructed
to press a button if the star t was red (which occurred in 10% of
the trials) and to withhold their response if it was white. The star
remained on the screen for 2500 ms, or until a response was col-
lected. A total of 320 trials were presented across four identical
10-min blocks (80 trials per block) separated by short breaks.

2.2.2. Background audio
Critically, blocks were presented under different auditory con-

ditions. One block was completed in a silent environment (No
Audio condition), whereas the other blocks included the presenta-
tion of a 10-min audio track played in the background through
loudspeakers. The audio tracks were taken from the same scene
from the film ‘Kramer vs. Kramer’, that included extended dia-
logues among different characters. In one block, the audio track
corresponded to the Spanish version of the film (Native
Language). In another block, the audio was English (Foreign
Language), and the other block included the same scene in
French (Unknown Language). There were no significant differences
in spectral power between the different speech streams.
Importantly, participants were not informed about the presence
or nature of the speech (i.e. the audio tracks), and they were not
explicitly told to pay attention to it. All possible combinations of
block order presentation (N = 24) were administered.

2.2.3. Recall test
Once the four blocks had been completed, participants were

asked to complete a recall test in which they had to decide whether
a series of visually-presented short sentences were part of the
speech streams that they had heard during the visual go/no-go
task. The task included 80 different sentences (40 Spanish, 40
English) from the same film, of which 50% was actually presented
during the experiment (20 sentences per language). The sentences
were visually presented in the center of the screen in a random
order. Participants were asked to press one button if they thought
that they heard it before and a different button if they thought that
the sentence had not been presented. Sentences were matched for
length, had a similar syntactic structure, and were selected so that
successful completion of the recall test necessarily required direct
understanding of the soundtrack (e.g., English present: ‘‘They set
the court date’’, ‘‘I got myself a job’’, ‘‘It’s still a workday’’;
English absent: ‘‘We listened to the radio’’, ‘‘He is in first grade’’,
‘‘We need detergent’’).

2.3. EEG recording and analysis

Participants were seated comfortably in a sound-attenuated
Faraday chamber with a monitor positioned 80–90 cm in front of
them (at eye-level). They were instructed to remain quiet and to
avoid body movement. Electrophysiological data was acquired
using an elastic cap with a 32-channel BrainAmp system (Brain
Products GmbH). Left mastoid was used as reference. Eye move-
ments and blinks were monitored with four additional electrodes
providing recordings of the horizontal and vertical EOG.
Inter-electrode impedances were kept below 10 kX. Data were
acquired at a sampling rate of 250 Hz. Using Brain Vision
Analyzer (version 2.0.2), the EEG signal was off-line re-referenced
to the averaged activity of the two mastoids. A high-pass filter of
0.1 Hz was applied before performing an ICA. Identified compo-
nents were visually inspected searching for those accounting for
ocular movements in order to remove them from the data (64
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