Second Language Research
http://slr.sagepub.com

Measuring second language proficiency with EEG synchronization: how
functional cortical networks and hemispheric involvement differ as a
function of proficiency level in second language speakers
Susanne Reiterer, Ernesto Pereda and Joydeep Bhattacharya
Second Language Research 2009; 25; 77
DOI: 10.1177/0267658308098997
The online version of this article can be found at:
http://slr.sagepub.com/cgi/content/abstract/25/1/77

Published by:
http://www.sagepublications.com

Additional services and information for Second Language Research can be found at:
Email Alerts: http://slr.sagepub.com/cgi/alerts
Subscriptions: http://slr.sagepub.com/subscriptions
Reprints: http://www.sagepub.com/journalsReprints.nav
Permissions: http://www.sagepub.co.uk/journalsPermissions.nav
Citations http://slr.sagepub.com/cgi/content/refs/25/1/77

Downloaded from http://slr.sagepub.com at King's College London - ISS on January 30, 2009

Second Language Research 25,1 (2009); pp. 77–106

Measuring second language
proficiency with EEG synchronization:
how functional cortical networks and
hemispheric involvement differ as a
function of proficiency level in second
language speakers
Susanne Reiterer Universities of Tübingen and Stuttgart,
Ernesto Pereda University of La Laguna, Tenerife and
Joydeep Bhattacharya Goldsmiths College, University of
London and Austrian Academy of Sciences
Received April 2007; revised October 2007; accepted January 2008

This article examines the question of whether university-based
high-level foreign language and linguistic training can influence
brain activation and whether different L2 proficiency groups have
different brain activation in terms of lateralization and hemispheric
involvement. The traditional and prevailing theory of hemispheric
involvement in bilingual language processing states that bilingual
and second language processing is always at least in some form
connected to the right hemisphere (RH), when compared to monolingual first language processing, the classical left-hemispheric language-processing domain. A widely held specification of this
traditional theory claims that especially bilinguals or second language learners in their initial phases and/or bilinguals with poor fluency and less experience rely more on RH areas when processing their
L2. We investigated this neurolinguistic hypothesis with differently
proficient Austrian learners of English as a second language. Two
groups of L2 speakers (all Austrian German native speakers), differing in their L2 (English) language performance, were recorded on
electroencephalography (EEG) during the processing of spoken
English language. A short comprehension interview followed each
task. The ‘high proficiency group’ consisted of English language
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students who were about to complete their master’s degree for
English language and linguistics, while the ‘low proficiency group’
was composed of non-language students who had only school level
performance and less training in English. The age of onset of L2
learning was kept constant: 9 years for both groups. To look for
cooperative network activity in the brain, EEG coherence and synchronization measures were analysed for a high EEG frequency
range (gamma band). Results showed the most significant group
differences in synchronization patterns within the lower gamma frequency range, with more RH involvement (extensive right-hemisphere networks) for the low proficiency group, especially when
processing their L2. The results can be interpreted in favour of RH
theories of second language processing since, once again, we found
evidence of more RH involvement in (late) second language learners with less experience and less training in the L2. The study shows
that second language training (and resulting proficiency) and/or differences in ability or state of linguistic alertness can be made visible
by brain imaging using newly developed EEG-synchronization
techniques as a measure.

Keywords: EEG coherence, EEG synchronization, gamma band,
cortical networks, bilinguals, second language acquisition, proficiency
level, training, exposure, lateralization, right hemisphere, left hemisphere

I Introduction
Our study followed a twofold aim: we searched for a right-sided bias in
hemispheric activation within a special group of second language
speakers (low proficiency level) and wanted to know whether this special activation assumes the form of a more expanded network and can
be made visible with a newly developed method of signal analysis – phase
synchronization estimation applied to the electroencephalography (EEG)
gamma band – only recently used in brain imaging research (see, for
example, Pereda et al., 2005).
1 Gamma band in language studies
A lot of gamma-band synchronization studies in other domains than
language have already been conducted (Bhattacharya et al., 2003; Fell
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et al., 2003; Bhattacharya and Petsche, 2005a; 2005b) and found that
the gamma range, or generally high frequency EEG ranges, reflect high
cognitive phenomena requiring sophisticated integrative thinking
processes. In the domain of first language processing, the gamma range
has already advanced our knowledge about network activity during
semantic and syntactic processing and shown that it is a fruitful endeavour to scrutinize this frequency range for the sake of detecting sophisticated language processes (Simos et al., 2002; Micheloyannis et al.,
2003; Ford et al., 2005; Hagoort, 2005; Ihara and Kakigi, 2006).
Gamma-band analyses in second language processing studies to date do
not exist. From the results of previous analyses of our study on EEG
coherence (Reiterer et al., 2005a; 2005b) analysing other frequency
ranges than gamma (delta, theta, alpha and beta), we learned that EEG
coherence is also a valuable tool when it comes to investigating differences between more or less proficient second language speakers. We
detected significant differences in network activity between our high
and low proficiency groups, especially within the alpha frequency range
(lower alpha; see Reiterer et al., 2005b). The coherence differences
seen in the alpha band did not, however, occur between the languages
(between L1 and L2), but between the two groups regardless of the language of the task. This means that the low proficiency group generally
displayed higher coherence and wider networks than the high
proficiency group during all language conditions. We could also
observe that this cooperative activity reflected in the alpha range
involved more extensively the RH (in each language condition, L1, L2)
in the low proficiency group, whereas the high proficiency group
consistently showed a more focalized coherence pattern almost exclusively over the left hemisphere (LH), and here especially within the
temporo-parietal areas. We thus already observed a tendency towards
an involvement of RH networks when analysing other frequency
ranges; however, the results were not language-driven (language
specific to either L1 or L2), but group driven (more coherence in
general, involving to a large extent the RH for the lower proficiency
group). In the present work we wanted to analyse the higher frequency
components of our EEG broadband recordings (gamma) to look for language specific effects, because different frequency ranges are assumed to
reflect different aspects of cognition.
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2 Second language or bilingual processing and the right hemisphere
According to a prevailing and classical hypothesis – formulated by
Obler (1981) and Galloway and Krashen (1980) – the initial stages of
adult second language acquisition recapitulate children’s right-to-left
hemispheric shift in relative hemispheric dominance when acquiring a
mother tongue. This goes back to Lenneberg’s (1967) famous lateralization theory in which he proposes a critical age or ‘sensitive periods’
for language acquisition. This ‘shift hypothesis’ or ‘equipotentiality
theory’ assumes that, initially, both hemispheres are equally able to
sustain language functions, with lateralization towards the left hemisphere occurring gradually in the course of development. This was
inspired by findings that even despite hemispherectomy of the entire
left hemisphere, children can develop normal language functions
(Vargha-Khadem et al., 1994); however, the older they are at the time
of the left-hemispheric lesion, the more problems they will experience
in regaining their language skills. Theories in line with hemispheric
shifts for language functions or assuming critical periods have been
very successful until now, but one has to emphasize that they are not the
only theories. A powerful stream of similar hypotheses put forth
the viewpoint that the LH is simply better equipped by evolution from
the ontogenetic beginning (birth or conception) onwards for language
processing; for example, because it develops faster in ontogenesis
(Corballis, 1989; 1992), or because it is better equipped for the processing of fast changing acoustic stimuli (Johnsrude et al., 1997). This
theoretical viewpoint (termed, for example, ‘irreversible determinism’
by Woods and Carey, 1979) differs from the theory outlined above only
to the extent that it argues for a pre-determined specialization for the
LH, not for a shift after a certain period of time of ‘equipotentiality’.
These two basic viewpoints are sometimes hard to discriminate, and
many newer hypotheses or viewpoints (within the neuroscience of
bilingualism and SLA) have merged them and show features of both.1
In line with more deterministic arguments, Paradis (1994) states, for
example, that during their first years of language acquisition monolingual
children have to rely on right-hemisphere-based pragmatic processing
In fact, the confrontation of the concept of ‘regional specialization’ (or modularity of mind/brain)
vs. the concept of ‘equipotentiality’ of function in the brain is such a basic one in the neurosciences
that it remains in itself a major, disputed issue (Calvin, 1998; Rakic, 2006).

1
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(a domain of the right hemisphere in contrast to fast phonetic or grammatical processing) in order to derive an interpretation for utterances in
that language whose automatic linguistic competence has not yet been
fully internalized. However, within the field of bilingual processing,
shift hypotheses (initial equipotentiality) have been more often
reported, or were at least stronger in the beginnings of neurolinguistic
studies about second language processing. The model by Obler (1981),
mentioned above, is sometimes also referred to as the ‘stage hypothesis’ in second language acquisition research. According to this model,
the right hemisphere’s relative dominant functioning during the initial
encounter of novel stimuli, such as foreign orthography and semantics,
would be advantageous (Gordon and Carmon, 1976; Hardyck et al.,
1980). For example, the right hemisphere would have a pre-eminence
over the left hemisphere in the processing of foreign tonal patterns and
intonation as well as emotional tone (Galloway and Scarcella, 1982).
Obler’s model implies increased involvement of the left hemisphere
during later stages of the learning process, when grammatical sophistication is gained. This may occur at a time when a basic vocabulary of
novel words must be arranged in sentence sequences according to foreign grammatical rules. Werner (Werner, 1957; Werner and Kaplan,
1963), with his concept of microgenesis, argued that learning in adults
proceeds from perceptually bound or syncretic modes of information
processing to more discrete and more strategically cognitive approaches
during relatively short periods of time. Werner – like Obler (1981) and
Galloway and Krashen (1980) – argued that developmentally this shift
takes time, but that in the adult this perception-to-cognition shift occurs
more rapidly. Even though it is not a hemispheric theory per se, it suggests that learning styles and strategies may change during initial exposure to information which may be different from later, more grammatical
strategies. If Obler’s model is correct, then one would expect to see
greater right-hemisphere activation during the early stages of adult second language acquisition, e.g. in the first years of learning (if instruction is not very intense). This predominance ought to decline during
later stages with increased grammatical knowledge. Also, left-hemisphere activation for the same time and skill progression would either
increase or remain the same. This is the case since students in a foreign
language class are engaging left-hemisphere processes during language
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learning activities. Finally, a corollary of Obler’s model is a relationship
between increased hours of experience in second language acquisition
and greater left-hemisphere involvement. Conversely, one would expect
right-hemisphere dominance to be associated with limited experience
and proficiency level in second language learning. Equally important,
Obler’s hypothesis is also confirmed by the finding that past experience
with foreign languages was associated with left-hemisphere activation,
or that right-hemisphere activation is associated with less exposure to
second language learning. Although this ‘RH hypothesis’ of either initial or less experienced second language speakers is still debated controversially and has been heavily criticized, mainly on the grounds of
methodological problems (Paradis, 2003), a number of recent studies
continue to substantiate it (e.g. Dehaene et al., 1997; Calabrese et al.,
2001; Chee et al., 2001; Evans et al., 2002; Ding et al., 2003).
3 Rationale of the study
We hypothesized that lower proficiency L2 speakers would display more
RH network activity, especially during their L2 processing, in comparison to higher proficiency L2 speakers, who should, according to the traditional view, rely more extensively on LH networks due to their higher
levels of automatic language command. Furthermore, we wanted to
explore for the first time the usefulness of EEG synchronization measures, especially in the gamma band, for the investigation of subtle differences in strategies of differently proficient second language speakers.
II Materials and methods
1 Participants
We compared two groups of differentially proficient second language
speakers (L2  English), which differed in their proficiency levels due
to extensive training. The participants in the ‘high proficiency group’
(HP) were university language students studying English language and
linguistics for a master’s degree. They were all at an advanced level or
in the final year of their studies (5–6 years completed). Their level of
English proficiency was uniformly ‘very good’, as rated by a certified
English language teacher according to oral fluency test interviews.
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Most of the participants in the high proficiency group additionally studied a second foreign language (i.e., an L3) like French, Italian or
Spanish, or general linguistics. The average amount of informal exposure
to the second language was 10 months (this is based on a questionnaire
in which we asked participants for the average amount of time they had
spent abroad in an English-speaking country). The participants in the
‘low proficiency group’ (LP) were university students of various disciplines other than language. They displayed medium second language
skills for English, sufficient to pass their school leaving exams at the
age 18, but not developed any further. They were able to lead a conversation in English that required basic language skills, but their speech
output was full of grammatical errors (characterized by bad pronunciation with a typical foreign accent), and lexical access was slowed down
and resulted in longer speech pauses, so that the final performance can
be described as non-fluent speech. The mean amount of informal exposure (i.e. the time spent abroad in an English-speaking country) was 5
weeks. With regard to the variety of English (i.e. the country where they
had most of their informal language exposure), the two groups were
homogeneous. There was no group difference or bias regarding the
location (British, American or other English-speaking country) where
the participants had spent some time abroad.
We controlled the following variables. Age of onset of L2 learning
was kept constant. The average age of onset of L2 was 9 years (s.d. =
1 year) and was matched between the two groups. Gender and handedness: Both groups consisted of each 19 right-handed female students with native language German (language variety: Austrian
German). It is important to control for the gender variable, because
claims have been made (e.g. Sommer et al., 2004; Clements et al.,
2006) that females and males have differential brain lateralization, in
particular for lateralization of language functions. It is even more
important to control the variable of handedness, because the general
empirically accumulated assumption states that approximately
90–95% of right-handed people have their major language-related
areas in the left hemisphere, whereas only up to 70% of left-handers
show this usual pattern. Left-handers tend to display alternative distribution patterns of brain areas dedicated to language (e.g. including
more RH or bilateral distribution; see also Jansen et al., 2007). Age,
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education and socialization: Mean age was 24 years (s.d. was 2.3
years in the HP group and 2.7 years in the LP group respectively) in
both groups, and all participants had similar social (middle class),
educational (university students) and cultural (living in Vienna) background. They markedly differed from each other mainly in the amount
of second language experience and training they had been exposed to.
The difference in countable formal education in English language was
approximately 6 years. Summarizing, the differences lay in their linguistic experience and knowledge, hence, in their proficiency level in
English as their L2.
2 Stimulus material
We employed a listening-comprehension / discourse-processing paradigm using blocks of coherent radio news (spoken auditory speech
input) as stimuli. Three blocks of 2.0–3.2 min sequences of spoken
speech in L2 English (balanced for the two main variants of English:
British and American English) and L1 German were auditorily presented over earphones in randomized order, equalling a total time of
approximately 30 mins of pure stimulus presentation time. The cerebral organization of language at the word and sentence level has been
investigated extensively with PET, fMRI and event-related potential
studies, but much less research has to date been carried out on the processing of coherent language at the discourse level, where language
occurs in its natural context (i.e. where phonetic, syntactic, semantic
and pragmatic aspects of language are integrated). The whole recording session took approximately 3 hours in total for each participant,
including electrode placement, explanation of the procedure, personal
questionnaires, a familiarization task and interruptions for answering
detailed comprehension questions performed by short oral interviews
with the experimenter after each listening task in the recording room.
In these short interviews, after each task, six behavioural reaction
parameters were explored with a guided behavioural questionnaire,
comprising (1) actual text comprehension, (2) subjective text comprehension, (3) self-reported attention, (4) cognitive work-load, (5) sympathy for the speaker voice and (6) interest in the subject matter of the
radio contribution.
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3 Data recording

a Recording data:

EEG signals were recorded during L1 and L2 processing in a quiet, dimly-lit sound-proof experimental room equipped
with a comfortable armchair. Nineteen gold-disc electrodes, carefully
attached to the scalp with adhesive electrode cream, were positioned
according to the international 10/20 System (Jasper, 1958), with one
additional electrode on the front as grounding and two separate electrodes – at the right and left earlobe – as the reference electrodes. The
recordings were referenced against the algebraic mean of the two earlobe electrodes; this strategy has been shown (Essl and Rappelsberger,
1998) to minimize the distorting influence of the reference signal. Eye
movements were controlled for by a Piezo-electric device attached to the
eyelid. Using a conventional Nihon–Kohden 21 channel recorder, the
EEG was amplified, displayed and recorded at a sampling rate of 128 Hz
for further processing. The electrode resistance at each electrode was
checked and did not exceed 5kΩ . Artefacts were eliminated by careful
visual inspection.
b The ‘reference problem’ of EEG data recording: Two important
methodological issues that must be commented on in regard to the phase
synchronization analysis of the EEG are the possible effects of reference
contamination and volume conduction, something that is common to all
studies of interdependence between scalp EEG records (Nunez and
Srinivasan, 2006). Recent theoretical advances (Nolte et al., 2004;
Guevara et al., 2005), have suggested that these two factors may give
rise to spurious phase synchrony values or the estimated functional connectivity patterns when applied to raw EEG signals. A possible solution
to these problems is to use first Laplacian splines (Nunez and Srinivasan,
2006) on the raw data followed by the estimation of phase synchrony.
Laplacian, which acts as a spatial band-pass filter of scalp potential,
removes most of the distortions caused by the common reference signal
and volume conduction, and emphasizes locally synchronized sources.
But Laplacian method requires a high density of electrodes ( 64),
whereas we have only 19 electrodes, thus application of Laplacian was
not possible. However, the lower number of electrodes helped in restricting the volume conduction since the average electrode spacing for our
montage is approximately 70 mm, which is considerably larger than the
average spatial resolution of EEG which is 5mm (Nunez, 1995). Further,
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we have used an extracephalic reference (linked earlobes) scheme that
has been traditionally considered silent enough to minimize these influences; nevertheless, the above effects cannot be completely ruled out
from our results. At present we are carrying out theoretical research
along these lines with the aim of being able to assess quantitatively the
effect of the reference on the EEG phase synchrony results.

4 Data analysis

a Introduction to the method of EEG coherence and synchronization:
The discovery of the phenomenon of synchronous oscillations (Gray et al.,
1989; Singer, 1993; 1994; 1999; Singer and Gray, 1995) in the cerebral
cortex and their measurement (by means of coherence and
synchronization analyses) already has a long-standing tradition (mainly
in the field of clinical electrophysiological studies). Coherence was first
applied to EEG signals more than 40 years ago (e.g. Walter, 1968).
Since then, many clinical and behavioural studies have been conducted
using electroencephalogram (EEG) and magnetoencephalogram
(MEG) synchronization analyses (for review, introduction and
methodological aspects about these methods, see Basar, 2005; Pereda
et al., 2005). However, this method never became as popular as, for
example, measuring ERPs (event related potentials); until recently, as
much scientific attention was paid to brain networks and especially
time-locked cooperative activity (as reflected, for example, in
synchronous oscillations). In recent times these methods have become
no longer unique to the field of electrophysiology, but have also been
adopted within the field of analysing magnetic-resonance-based brain
imaging signals. For example, in fMRI (functional magnetic resonance
imaging) the term used is ‘connectivity analysis’ (Marrelec et al.,
2006); for an SLA study using fMRI connectivity, see also Dodel et al.,
2005.
The significance of the experimental data now published on synchronous oscillations is very substantial, but remains controversial.
Theoretical opinions vary, ranging from the view that synchrony may be
essentially irrelevant to synaptic interactions and object recognition or
even to cognitive processing, to the possibility that synchrony is vital to
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the co-ordination of synaptic modifications in the brain (Phillips and
Singer, 1997). Based on basic cat and monkey experiments, the theoretical concept has been enlarged to be applied also to a more general level
of higher cognitive processing. For Engel et al. (1999a; 1999b) and
Singer (1999) cognitive functions like perception, memory, language or
consciousness are based on highly parallel and distributed information
processing by the brain. As parallel processing on the basis of coordinated cell assemblies seems to be an important mechanism for higher
cognitive information processing in the brain, the computation of coherence and synchronization seems an adequate measurement to elucidate
the degree of electric coupling between affected cooperating neuronal
systems (Weiss and Mueller, 2003). One of the first groups to measure
coherence during the administration of cognitive tasks were Busk and
Galbraith (1975). They showed that average coherence values increase
with task difficulty and decrease when the tasks are easier. Meanwhile,
various EEG coherence studies within a range of cognitive domains have
been conducted that revealed and confirmed the usefulness and validity
of this method; for example, music processing (Bhattacharya and
Petsche, 2005a), artistic imagination (Bhattacharya and Petsche, 2005b),
mental imagery (von Stein et al., 1993; 1994; 1999), mental translating
(Petsche et al., 1993), L1 language processing (for reviews see
Bastiaansen and Hagoort, 2006; Weiss and Mueller, 2003) and phase
synchronization measures of language processing (Allefeld et al., 2004a;
2004b).

b Computation of coherence and synchronization analyses:
According to Thatcher et al. (1984), EEG measures only concerted
activity of large-scale cell assemblies and is thus well suited to detect
global states of integrated cortical function. EEG coherence as a method
of analysis has been developed to represent a statistical measure of the
functional cooperation between two cortical areas (to the extent that
these areas can be registered by the electrode) by looking at the similarity of the EEG signals within a given frequency band (Rappelsberger et
al., 2000). Many studies report the successful use of EEG coherence to
measure functional connectivity (e.g. Lopes da Silva et al., 1980;
Thatcher et al., 1984; Tucker et al., 1986; Rappelsberger et al., 1988;
1993; 1994; Pereda et al., 2005). However, there are two problems associated with coherence (or magnitude squared coherence) analysis:
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coherence is usually appropriate for linear and stationary signals
whereas EEG is often non-linear and non-stationary (Palus, 1996);
and
coherence mixes amplitude and phase information (Wolmersdorf
et al., 2007), yet there is no explicit method to separate the phase correlation from the coherence function (Lachaux et al., 1997).

In this experiment we used a newly developed measure of time-locked
synchronization, a tool of non-linear multivariate time series analysis:
mean phase coherence within the lower gamma frequency range. A
generally sophisticated question in EEG analysis is that of the underlying functions of the different frequency ranges. In conventional clinically driven EEG analysis, for a long time only frequency ranges up
to approximately 30 Hz have been considered meaningful and worthy
for research. The lower frequency ranges (delta: 0–3 Hz, theta 4–7 Hz,
alpha 8–12 Hz) have been thought to reflect sleep and resting-state
phenomena, memory processes and attentional phenomena, whereas
the frequency ranges above alpha (the beta-range; 13–30 Hz) have
gradually been discovered to reflect phenomena of higher cognition,
like language processing. Only very recently has the formerly
neglected high frequency range, gamma ( 30 Hz) been reintroduced
into research programs, and it is now intensively investigated. This
range is believed to contain valuable information about (amongst others) higher cognitive mental states (including language processing),
consciousness, mental integration and representation phenomena,
gestalt perception and processes that require a large amount of integrative thinking (for further information on frequency ranges and their
possible interpretations, see Basar et al., 1997; 1999; Basar, 2005;
Vanhatalo et al., 2005).

c Phase synchronization analysis: Phase synchronization between
all electrode regions ((19*18)/2=171 different electrode pairs) was calculated in lower gamma frequency range (30–40 Hz) by using the mean
phase coherence index, which measures the degree of phase coherence
between a pair of electrodes. Each EEG signal was high-pass filtered
using a zero-phase filter with 30 Hz cut-off frequency. We calculated
the phases of these filtered signals by using the analytic-signal
approach based on a Hilbert transform (Rosenblum et al., 1996).
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There are many different ways of assessing phase synchronization
between a pair of EEG signals (for a review, see Pereda et al., 2005).
Here, we used the mean phase coherence index (Hoke et al., 1989;
Mormann et al., 2000), defined as:
1) )γ i , j =

cos ϕ (t ) + sin ϕ (t )
2

2

where |•| indicates modulus, • indicates time average and
2) ϕ (t ) = | φi (t ) − φ j (t ) |mod(2π )

is the cyclic relative phase, i.e., the phase difference between xi(t) and
xj(t) wrapped to the interval [0, 2p. The mean phase coherence index
ranges from 0 (two signals with no phase relationship) to 1 (two signals
with complete phase synchrony) and has the advantage of being parameter free. For further mathematical details about the method, see
Bhattacharya and Petsche, 2005a; 2005b; Pereda et al., 2005.

d Statistical analysis:

The existence of statistical differences in the
values of the coherence indexes were checked by means of two nonparametric tests: differences between high proficiency and low proficiency groups (between groups, independent samples) were studied by
the Mann–Whitney U test, whereas the Wilcoxon signed-rank test for
repeated measures (within-group differences, paired samples) was used
to compare the L1 and the L2 situation. Differences were considered
significant when the p-value (corrected for multiple comparisons) was
lower than 0.05. We had to make use of non-parametric tests instead of
the traditional approach of using the parametric multivariate analysis of
variance (MANOVA) test because, in many cases, the values of the
indexes within each group did not fulfil the criteria of normal distribution and homogeneity of the variances, and this may severely bias the
results of the MANOVA analysis.
III Results
1 Behavioural results
A comprehension questionnaire, which was applied after each task,
revealed (see Figure 1) that the low proficiency group understood
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approximately 50% of the English (L2) texts, whereas the high proficiency group understood nearly perfectly (95%). Surprisingly, there
was also a small difference between the groups with regard to the
answers to the comprehension questions about the German (L1) texts.
Here the low proficiency group scored slightly worse than the high proficiency group. No differences between the two groups were found for
the other psychometric variables (self-reported attention, work load,
sympathy for the speaker and interest in the subject matter).
Unfortunately, no explicit IQ tests were administered, so we cannot
report any verbal or non-verbal IQ scores here to account for possible
IQ differences between the groups.
2 EEG brain mapping results
In our between-groups comparisons for second language processing
(see Figure 2) we found that the low proficiency group shows a widely
distributed long-range network of significant increases in phase synchrony involving predominantly right-hemisphere fronto-central (frontoparietal) brain regions for L2 processing (see Figure 2: upper panel,
right column), whereas for L1 the single significant coherence increase
is marginally restricted to a left-hemispheric electrode pair (T5–Cz)
(see Figure 2: lower panel, right column).
This result was also corroborated by the synchronization cluster
analysis method (Allefeld et al., 2004a), which measures the distribution
density of coherence (i.e. indicating focal points that present high global
phase synchronization or ‘nodal points’), where the nodal point (the
most involved electrode of this right-hemispheric cluster) within the low
proficiency group for the L2 task was around the right frontal electrode
F8 (prefrontal cortex in RH, approximately the area of the Broca analogon in the RH; see Figure 3: right column). For the high proficiency
group, no significant increases were observed either for the L1 or for the
L2 (compare Figure 2: left columns, upper and lower panels). However,
we could still observe a slight preference for higher clustering density at
left prefrontal sites in the high proficiency group when participants were
processing their mother tongue (see Figure 3: left column).
High and low proficiency bilinguals could be significantly differentiated by gamma-band synchronization measures (mean gamma phase
coherence) predominantly when processing L2. Looking at within-group
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Figure 1 Listening comprehension differences between high proficiency (black
columns, n  19) and low proficiency bilinguals (white columns, n  19)

Notes: The mean values of the listening comprehension scores are presented.
Maximum score  14 points. Bars indicate sd. *: significantly lower comprehension
score of low proficiency bilinguals in comparison to the high proficiency bilinguals,
with p  0.05 (ANOVA and Newman–Keuls test for German); **: p  0.01 (ANOVA and
Newman–Keuls test for English)

comparisons for second language processing (see Figure 4), when looking at the task vs. task comparisons between second language and first
language processing (L2 vs. L1), the low proficiency group showed
stronger network processing (significant increases in mean phase coherence over many electrode-pairs) in L2 than L1 within a right-hemispheric
posterior-central (temporo-parietal) network. The high proficiency group
showed smaller focal changes for L2  L1 processing, with marginal
increase involving only left fronto-temporal synchrony.
In contrast, for L1 processing the high proficiency group showed a
dense coherene increase involving especially prefrontal bilateral areas,
with the nodal point clustering around a left prefrontal electrode. Again
within the right hemisphere, the low proficiency group shows very few
small-range frontal coherence increases. Stronger synchronization for
the right temporal area (clustering around the right temporal electrode
T4) for L2 in the low proficiency group, and stronger synchronization
for prefrontal bilateral areas for L1 in the HP group, were also confirmed by the synchronization cluster analysis (see Figure 5).
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Figure 2 Brain maps depicting mean (gamma) phase coherence during first and
second language processing with respect to between-groups comparison (high
proficiency / left column; low proficiency / right column)

Notes: Upper panel: L2 (sig. higher synchronization within the RH for low proficiency
group); lower panel: L1 (almost no group difference). Significance level at p  0.05,
corrected for multiple comparisons, using non-parametric Mann–Whitney U-test.

Figure 3

Topography of synchronization density: schematic brain maps

Notes: High proficiency group as ‘high values’or upper line and low proficiency group
as ‘low values’ blue or lower line represented in left-brain map for L1 processing and in
right-brain map for L2 processing. Maps of the synchronization cluster analysis values
(SCA) at the different electrode sites, which reflects ‘density’ clusters at the given electrodes as a function of between-group differences of long-range gamma-phase synchronization during L1 (left-side) and L2 (right-side) processing.
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Turning to within-group comparisons for first language processing
(lower panel in Figure 4), for the reverse comparison (L1 L2) the low
proficiency group displayed only a few significant right-hemispheric prefrontal coherence increases, whereas the significant gamma phase
coherence increases within the high proficiency group for L1 as compared to L2 were slightly higher in quantity and were located bilaterally
over the prefrontal lobes, clustering at the left prefrontal electrode
(Fp1); this can also be seen in the results based on the cluster analysis
(see Figure 5: left column).
Finally, we found an overall inverse (negative) relationship between
proficiency level and synchronization density, i.e. the higher the proficiency,
the lower the synchronization. High proficiency correlated most
strongly (see Figure 6) with lowest synchronization density at the electrode channels in the vicinity of a right-hemispheric network including
the temporo-parietal channels: Cz, C4, T4 and P4.

Figure 4 Brain maps depicting mean (gamma) phase coherence during first and second language processing

Notes: Task vs. task comparisons measuring within-group differences (high proficiency / left column; low proficiency / right column) for second language (upper
panel) and first language (lower panel) at p  0.05, corrected for multiple comparisons, using Wilcoxon signed-rank test for repeated measures.
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Figure 5

Topography of synchronization density: schematic brain maps

Notes: ‘High values’ represent L2, ‘low values’ L1; left column = high proficiency
group; right column = low proficiency group. Maps of the synchronization cluster
analysis values (SCA) at the different electrode sites, which reflects ‘density’ clusters
at the given electrodes as a function of within-group differences of long-range
gamma-phase synchronization during first (‘lower values’ or lower line) and second
(‘high values’ or upper line) language tasks.

IV Discussion
Based on the results of our EEG synchronization study, we could corroborate our hypotheses and positively answer the questions posed. We
found that the right hemisphere was significantly more involved in second language processing in our less proficient, less fluent second language speakers and the form of activation was reflected in long-range
synchronization patterns, within the gamma frequency range.
These results also confirmed that the gamma frequency range is a
range within which it is possible to detect subtle hemispheric differences of activation patterns within two groups of differently proficient
second language speakers. Since this is the first study, to the best of our
knowledge, where an EEG (phase) synchronization measure was used
to investigate a phenomenon of bilingual language processing, we cannot directly or strictly speaking compare the study to the available literature. Is there really more RH involvement for bilinguals?
The concept that bilinguals should process their second languages
more in the right hemisphere, though often reported by various experiments (see, amongst others, Galloway and Krashen, 1980; Vaid and
Genesee, 1980; Obler, 1981; Galloway and Scarcella, 1982; Dehaene
et al., 1997; Chee et al., 2001; Evans et al., 2002), has also been heavily criticized, mainly on methodological grounds. Paradis (2003)
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Figure 6 Correlation (inverse correlation) between proficiency level and synchronization density (i.e. higher proficiency / lower synchrony)

Notes: Plot of correlation coefficient (indicated on y-axis) at electrode positions (brain
topography, x-axis), showing high proficiency correlated with lower phase synchrony.
Stronger effects at Cz, C4 and T4.

doubts the validity of such a theory or assumption; he even calls it a
‘Loch Ness monster’, and criticizes its existence because of the various methodological shortcomings of past experiments. He especially
calls into question the classical laterality measures that have been used
in this field of research (tachistoscopic and dichotic listening paradigms), noting that everybody uses a different paradigm and that there
is no established method for laterality measures. However relevant this
critique may be – and however relevant tachistoscopic measurements
may underlie certain shortcomings and variability in usage – in the
meantime new studies (mainly fMRI) have appeared that report new
‘Loch Ness monsters’. These are not measured using the former laterality measures but have established new methods of assessing laterality. Most fMRI studies are analysed in a uniform way because of
certain freely available, constantly developing and hence successful
software packages. There have recently been further fMRI studies
reporting more RH involvement in bilinguals (Dehaene et al., 1997;
Chee et al., 2001; Calabrese et al., 2001; Ding et al., 2003; Pillai et al.,
2003). Dehaene et al. (1997) investigated early vs. late bilinguals
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(age of onset after 7), and in age of onset they found a crucial variable
influencing brain activations in these different bilinguals. They found
more RH involvement for the group of late bilinguals – sometimes
exclusive RH involvement in this group and sometimes bilateral
involvement – which led them to conclude that for the group of the late
bilinguals there is much higher variability and less reproducibility in
the brain activation patterns. This ranged from complete RH, via bilateral, to complete LH. On the other hand, the Chee et al. (2001) study
found that the informative variable for the bilinguals under investigation was level of proficiency. More RH activation during L2 processing was observed in the least proficient bilinguals. Calabrese et al.
(2001) also found additional right-hemisphere activations (RH prefrontal) for the processing of L2 in their group of bilinguals. Ding et
al. (2003) investigated Chinese–English bilinguals with fMRI and
found that, despite the typological difference between English and
Chinese, they observed more RH activation for the L2 English during
reading (orthographic search) and semantic tasks (categorization). In
another fMRI study (Pillai et al., 2003) on Spanish–English bilinguals
using semantic and phonological tasks, the researchers found more RH
activation for the L2 processing, especially for the phonological tasks.
Using EEG and ERPs rather than fMRI, another recent study
(Proverbio et al., 2002) suggested that polyglottism shapes the brain.
They did not claim directly that more RH activation would be typical
for bilingual processing, but found that in monolinguals semantic processing preferred the RH, and syntactic processing involved the LH,
whereas in bilinguals this pattern is inversed. The conclusion here is
that, neurally speaking, bilinguals are different. Again adopting a recent
methodology of EEG, our own EEG coherence results (Reiterer et al.,
2005a) also showed more RH involvement in low proficiency bilinguals. Thus, it seems that a RH bias for bilingual processing is reported
not only by employing ‘older’ or more indirect methods (like the tachistoscope or the dichotic listening technique); however, the ‘Loch Ness
monster’ phenomenon also seems to persist also when newer, more
sophisticated and more direct methods of brain imaging are adopted.
Thus, the observed phenomenon is recurring, but the question whether
or not there is more RH involvement in bilinguals is difficult to answer
in a straightforward way, despite of evidence in favour of it. The major
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obstacle is the difficulty of identifying the ‘real’ explanatory variable,
i.e. the key variable (or variables) that bring about this often observed
RH shift in diverse bilinguals. The question thus remains whether it is
the time window in which the additional languages are learned (age of
onset and the conventional distinction between early and late bilinguals), the proficiency level (with the distinction between high and low
proficiency bilinguals) or another variable (e.g. number of languages
already acquired, motivation, learning strategy, teaching method, language aptitude, language or social attitudes, or even general IQ) that is
the key or crucial factor to be singled out. To date some researchers
have suggested that it might be age of onset (e.g. Lenneberg, 1967;
Dehaene et al., 1997), and some that it might be proficiency level
(Calabrese et al., 2001; Chee et al., 2001; Reiterer et al., 2005a;
2005b); others argue that it is neither proficiency level nor age of onset,
but the mere fact that someone is bilingual or polyglot and knows more
languages (e.g. Obler, 1981; Proverbio et al., 2002); finally, some try to
reconcile proficiency level with age of onset and claim that both matter
(e.g. Evans et al., 2002; Mechelli et al., 2004; Hull and Vaid, 2006). In
fact, the option that both of these most investigated factors matter is an
interesting suggestion (other factors might also be in play, but they have
been investigated much less or have not been investigated at all with
currently available brain imaging techniques). In a recent meta-analysis
of the literature (23 laterality studies) performed on that topic, Vaid and
colleagues (Hull and Vaid, 2006) came to a conclusion that at first
glance seems contrary to older and more conventional assumptions (e.g.
Obler, 1981). They conclude that the essence of the observations shows
that early bilinguals (contrary to the classical view) display more RH or
bilateral brain activation for L2 processing, and late bilinguals display
more LH activation, just like monolinguals do. According to their survey
the strongest effect seems to be that proficiency also matters, but only
in a specific way. High proficiency in early bilinguals causes a bias
towards the RH, whereas high proficiency in late bilinguals causes a
bias to the LH.
The results of our present and previous work are compatible with this
rather sophisticated view, since we observed – along the investigated
frequency ranges (mostly in the alpha and gamma range, Reiterer et al.,
2005a; 2005b) – a higher concentration of coherence connections or
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clusters within the LH for the higher proficiency group (which were at
the same time all late onset learners). Since we only investigated late
bilinguals (after age 9) with differences in proficiency level, we cannot
draw any conclusions about differences that could have been induced
by age of onset. However, our results are in line with theories and studies (e.g. Obler, 1981; Galloway and Scarcella, 1982; Evans et al., 2002;
Chee et al., 2001; Hull and Vaid, 2006) that found RH activations for
less fluent (either due to less exposure, experience or formal training)
second language speakers. The question of why the RH should be more
involved in less fluent bilinguals is still unanswered. A plausible possibility would be that it is involved for recruitment of additional processing substrate (as a means of compensation). This possibility would also
be corroborated by our earlier results (Reiterer et al., 2005a; 2005b; in
preparation) and by the fact that we found a negative correlation
between coherence density and L2 performance, especially in RH electrode places. Other possible explanations would be that the RH houses
more holistic learning strategies, or because – and this is the final conclusion of the Hull and Vaid (2006) study – it is, by nature, simply better equipped for bilingual processing needs (because of its slower
development).
However, the fact that proficiency level and age of onset are both
important is not surprising, considering the fact that they are related
(Birdsong, 2006; Wattendorf and Festmann, 2008). Higher proficiency
very often goes hand in hand with earlier age of onset (although this is
not necessarily so). The search for the crucial factor that could explain
bilingual brain representation is generally a large and fervidly investigated battle field (regardless of the question whether there is more
or less RH involvement or not). Within the whole field of bilingual
brain representation, only some major factors are discussed, mainly
featuring age of onset and proficiency level. However, a word of caution is needed about the term ‘proficiency level’ itself. Conceptually
speaking, proficiency level is a misleading term. The explanatory
power of the term could in part be explained by the fact that proficiency level is not a singular or ‘pure’ factor, but a complex one that
functions as an umbrella term and subsumes many of the other factors
that have been mentioned above (for example, training, aptitude,
exposure time and learning strategy). Proficiency level can not be
regarded as a biological, psychological, social nor linguistic factor
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because it is the sum of all. It is the measure or the outcome of the
phenomenon of language learning itself, the acquisitional process
measured at any given point in time. In contrast, age of onset would
be a simple biological factor, which can be easily operationalized.
Even though the term proficiency level has widespread usefulness,
strictly speaking it is a fuzzy term for investigating the phenomenon
of bilingualism, because it is a sum factor reflecting the phenomenon
itself, not a variable that contributes to it. This and other terminological issues (like the terms ‘bilingualism’, ‘second language acquisition’ and ‘second language learning’) give rise to confusion, possibly
because of lack of interdisciplinary integration between the fields of
brain imaging and neuroscience, on the one hand, and second language acquisition, applied linguistics and theoretical linguistics on the
other. This is a fact that calls for more joint efforts of neuroscientists and
language researchers to build new links for paving the common ground
for future projects in this area of research.
Although many studies so far have reported RH involvement in bilinguals, it is still not known exactly which factor contributes to its existence, why this should be so, and whether or not it might not really be
an illusion. In the search for factors that contribute to bilingual brain representation and that make bilinguals different from monolinguals – and
in search of shifts in hemispheric dominance or shifts in general network
activity within the whole brain during the L2 acquisitional process –
more studies are needed that are inspired by interdisciplinarity, that are
carried out with new brain imaging techniques using standardized and
comparable paradigms and methods of analysis, along with more
detailed descriptions (profiles) of the bilinguals or multilinguals that
have been investigated. For example, it is possible that distinctions such
as ‘early vs. late’ or ‘fluent vs. non-fluent’ easily lead to misunderstandings
because they are insufficient (for a recent review on brain imaging studies of bilinguals or multilinguals, see also De Bot, 2008).
V Conclusions
In conclusion we can say that our hypotheses were supported: on the one
hand there is more RH involvement for lower proficiency second language speakers (especially during L2 tasks) and, on the other hand EEG
coherence and synchronization analyses, especially within the gamma
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frequency range, are valuable methods of inquiry about bilingual brain
representation and second language processing. However, there is still a
lot more work to be undertaken in this field of research before the final
word is spoken. As brain imaging techniques are getting more sophisticated, study designs and subject search criteria should also become more
sophisticated. This will help to clarify what the crucial factors are that
make a bilingual’s brain differently organized.
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