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Whether the native language of bilingual individuals is active
during second-language comprehension is the subject of lively
debate. Studies of bilingualism have often used a mix of first- and
second-language words, thereby creating an artificial ““dual-lan-
guage” context. Here, using event-related brain potentials, we
demonstrate implicit access to the first language when bilinguals
read words exclusively in their second language. Chinese-English
bilinguals were required to decide whether English words pre-
sented in pairs were related in meaning or not; they were unaware
of the fact that half of the words concealed a character repetition
when translated into Chinese. Whereas the hidden factor failed to
affect behavioral performance, it significantly modulated brain
potentials in the expected direction, establishing that English
words were automatically and unconsciously translated into Chi-
nese. Critically, the same modulation was found in Chinese mono-
linguals reading the same words in Chinese, i.e., when Chinese
character repetition was evident. Finally, we replicated this pattern
of results in the auditory modality by using a listening compre-
hension task. These findings demonstrate that native-language
activation is an unconscious correlate of second-language
comprehension.

bilingualism | event-related potentials | language access
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ome studies in cognitive neuroscience have suggested that

fluent bilinguals can effectively inhibit their first language when
accessing word meaning in their second language based on the word
form (1). However, this finding conflicts with functional neuroim-
aging data showing overlapping cortical representation of the two
languages (2, 3). A number of psycholinguistic experiments have
also suggested that the two languages mastered by one individual
are constantly coactivated and interactive (4-7), whereas others
have provided evidence for language independence (8, 9). It
therefore remains an open question whether or not bilingual
individuals can effectively suppress all interference from their first
language when processing their second language (10).

Previous studies have made extensive use of cross-language
priming (6, 9, 11) or overt translation tasks (12, 13) to compare
native- and second-language activation in bilinguals. For example,
reaction time is reduced in French-English bilinguals when the
English word money is presented after the French word coin
“corner” relative to when it is presented after feuille “leaf.” How-
ever, mixing stimuli from two languages creates an artificial context
that necessarily biases the output of behavioral tests toward a
bilingual or “dual-language” activation pattern (14). For that mat-
ter, translation tasks are even more biased because they require
conscious access to both languages. In fact, any experiment mixing
stimuli from two languages or using interlingual homographs is
likely to activate both languages, even if native-language activation
is not automatic during everyday second-language comprehension.
By contrast, studies using the masked priming paradigm, in which
participants are generally unaware of the prime, can be considered
functionally monolingual (15-17). However, in such studies, the
magnitude of the priming effect is strongly influenced by the level
of masking, especially when the prime is presented very briefly (e.g.,
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50 ms) in the second language (18, 19). Here, we avoided artificial
dual-language activation and attenuations relating to masking by
testing implicit native-language access in conditions where both the
prime and the target are fully visible in a second-language context
free of any explicit reference to the first language.

Event-related potentials (ERPs) provide a continuous account of
brain activity time-locked to an external stimulus. The fine temporal
resolution of ERPs makes them an ideal tool for investigating
neural stages of language comprehension. One well established
ERP correlate of language processing is the N400, which has been
shown to index semantic integration processes (20, 21) and uncon-
scious priming (ref. 22; for a review, see ref. 23). ERP studies have
revealed aspects of second-language processing that cannot be
detected on the basis of behavioral measurements alone (refs.
24-26; for a review, see ref. 27).

We collected behavioral and electrophysiological data in 15
Chinese—English bilinguals who acquired English after the age of 12
(late fluent bilinguals) and 15 monolingual controls performing a
semantic relatedness task exclusively on English word pairs. In each
trial the prime and target words were either related in meaning
(e.g., post-mail) or not (e.g., train—ham; Table 1). Unknown to the
participants, half of the word pairs were chosen such that they
shared a character when translated into Chinese. The words frain
and ham, for instance, are not related in meaning but their Chinese
translations Huo Che and Huo Tui have a Chinese character in
common. This made the design a fully balanced 2 X 2 factorial
design with one overt factor (semantic relatedness) and one hidden
factor (character repetition in Chinese). Mandarin Chinese is an
“ideographic language,” radically different from languages written
in the Roman alphabet (e.g., English or French). Therefore, any
significant effect of the concealed Chinese character repetition in
bilinguals reading English words would demonstrate spontaneous
activation of the native language. We also tested 15 Chinese
monolingual controls on Chinese translations of the English ma-
terial. Finally, the full experimental design was tested again in the
auditory modality in 45 other participants (15 in each of the three
experimental groups).

Results

The main results reported here are those of the reading experiment
and the listening experiment is regarded as a replication study.

Behavioral (Surface) Effects. In the reading experiment, as expected,
English participants responded faster to semantically related than
to unrelated word pairs (F14 = 322, P < 0.001; Fig. 14) and
showed no effect of concealed Chinese character repetition (Fy 14 =
1.9, P > 0.1). Error rates were unaffected by semantic relatedness
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Table 1. Experimental design and stimulus examples

Chinese character
repetition
(implicit factor)

Semantic relatedness (explicit factor)

Semantically
related (S+)

Semantically
unrelated (S—)

Repetition (R+)

No repetition (R—)

Post-Mail
You Zheng-You Jian

B B — B4

SRE 4.34 (=0.40)
SRC 4.03 (+0.64)
Wife-Husband
Qi Zi-Zhang Fu

eSS

SRE 4.28 (+0.47)
SRC 3.93 (+0.65)

Train-Ham
Huo Che-Huo Tui

JIE — KB
SRE 1.50 (+0.35)
SRC 1.27 (*0.26)

Apple-Table
Ping Guo-Zhuo Zi

FE_&F

SRE 1.37 (+0.44)
SRC 1.26 (*0.24)

Each cell contains one example of an English word pair, its Mandarin

Chinese translation, the corresponding Chinese Pin Yin (alphabetic transpo-
sition of the phonological form), and the mean semantic relatedness of the
words in English (SRE) and Chinese (SRC). Standard deviation of the mean
relatedness is given in parentheses. SRE of word pairs was rated on ascale from
1to 5 by a group of 25 native English speakers, and the Chinese translations
(SRC) were rated by a group of 21 native Chinese speakers. None of the
evaluators were involved in the ERP experiments. Difference in semantic
relatedness was highly significant between S+ and S— pairs (P < 0.0001 for all
pairwise comparisons), but there was no difference in semantic relatedness
induced by Chinese character repetition, whether it was hidden (English) or
visible (Chinese; P > 0.1 for all pairwise comparisons).

(F1,14 = 1.7, P > 0.1) or Chinese character repetition (F 14 = 0.7,
P >0.1).

The same overall pattern of performance was found in the
Chinese—English bilingual participants (Fig. 1B). Semantically re-
lated word pairs were responded to faster than semantically unre-

lated word pairs (Fy14 = 28.4, P < 0.001) and no effect of Chinese
character repetition was found (Fy 14 = 0.2, P > 0.1). Similarly, error
rates were not significantly affected by either factor (semantic
relatedness, Fi14 = 2.2, P > 0.1; Chinese character repetition,
F1,14 = 36, P= 008)

In the Chinese monolingual participants reading Chinese trans-
lations of the English words, semantically related word pairs were
responded to faster than semantically unrelated word pairs (F 14 =
10.4, P < 0.001) but we found an interaction between semantic
relatedness and Chinese character repetition for both reaction times
(F1,14 = 20.6, P < 0.001) and error rates (Fy.14 = 11.6, P < 0.01; Fig.
1C). Post hoc pairwise comparisons showed that semantically
unrelated words sharing a Chinese character yielded significantly
longer reaction time and higher error rates than all other conditions
(all P < 0.01).

In the listening experiment, the same overall pattern of behav-
ioral performance was found in the English monolinguals and the
Chinese—English bilinguals (all P < 0.001; Fig. 1 D and E). In
Chinese monolinguals, however, there was a main effect of semantic
relatedness on error rates (F;, 14 = 4.88, P < 0.05) and reaction times
(F1, 14 = 35.1, P < 0.001), such that semantic relatedness increased
error rates and decreased reaction times (Fig. 1F).

ERP (Implicit) Effects. In the reading experiment, we found early
differences between the repeated character and unrepeated char-
acter conditions between ~30 and ~90 ms in English monolinguals
and Chinese—English bilinguals but not Chinese monolinguals (Fig.
2, blue boxes). In the interest of clarity, these differences, attributed
to low-level perceptual processing induced by inexorable word
length differences (see Discussion and Experimental Procedures),
are addressed separately.

In English monolinguals, semantic relatedness reduced ERP
mean amplitude significantly between 350 and 500 ms (F1,14 = 89,
P < 0.0001), which is the N400 component typical window (20, 21).
Hidden Chinese character repetition had no effect in the N400
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Fig. 1. Reaction times (bars, left axis) and error rates (bullets, right axis) for the Chinese-English bilinguals (B and E) and the two monolingual control groups
[English (A and D) and Chinese (C and F)]. (A-C) Reading experiment. (D-F) Listening experiment. Conditions in which the target was semantically related/
unrelated are labeled S+/S—, respectively. Conditions in which one Chinese character was repeated/not repeated are labeled R+/R—, respectively. Stars indicate
significant differences (P < 0.05). Error bars depict standard deviation in all cases.
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Fig.2. ERPresultsin the reading experiment for English monolinguals (A), Chinese-English bilinguals (B), and Chinese monolinguals (C). All waveforms depict
brain potential variations in the linear derivation of a group of nine electrodes centered on Cz where the N400 component is typically maximal (FC1, FC2, FCz,
C1, C2, Cz, CP1, CP2, CPz). Color boxes indicate significant differences elicited by semantic relatedness in the N400 range (orange) and significant differences
elicited by form repetition in the P2 range (pink) and the N400 range (purple). Early perceptual variations attributed to differences in word length are highlighted

in blue. Note that the latter do not perseverate into the N1/P2 window.

range in this group (F1,14 = 1.89, P > 0.1), and no other amplitude
modulation was found on other main ERP components (Fig. 24).

In Chinese-English bilinguals, there was a main effect of seman-
tic relatedness (F114 = 12.2, P < 0.004), which was significantly
smaller in magnitude than that found in English monolinguals
(F120 = 1479, P < 0.001). Critically, we also found a hidden
Chinese character repetition main effect (F,14 = 8.3, P < 0.01),
which did not interact with the semantic effect (F,14 = 0.18, P >
0.1). Mean N400 amplitude was reduced for semantically related
targets as compared with unrelated targets and for targets that
shared a Chinese character with the prime through translation as
compared with targets with no character repetition. Moreover, the
N400 modulation elicited by semantic relatedness was of greater
magnitude and lasted longer than that induced by character repe-
tition. No other ERP peak was modulated in amplitude or latency
by the experimental factors (Fig. 2B).

In Chinese monolinguals who read Chinese translations of the
English stimuli, the same pattern of priming was found as was seen
in bilinguals (Fig. 2C). There was a main effect of semantic
relatedness (F1,14 = 23.5, P < 0.0001) and overt Chinese character
repetition (Fy,14 = 5.13, P < 0.04), but no interaction (Fy,14 = 0.53,
P > 0.1). Interestingly, the N400 modulation induced by semantic
relatedness was greater and more durable than that elicited by
character repetition, reproducing the pattern of variations found in
Chinese—English bilinguals. In addition, in this group we found a
main effect of overt Chinese character repetition on the amplitude
of the P2 component (F; 14 = 8.1, P < 0.02), between 150 and 200
ms. The P2 was reduced by character repetition priming but was
insensitive to semantic priming (Fy,14 = 0.02, P > 0.1) and there was
no interaction (Fy,14 = 0.09, P > 0.1).

ERP scalp topographies were not significantly different either
between the three groups with regard to the semantic relatedness

12532 | www.pnas.org/cgi/doi/10.1073/pnas.0609927104

main effect or between the Chinese—English bilinguals and Chinese
monolinguals with regard to the Chinese character repetition main
effect (Fig. 3).

Replication of ERP Effects in the Auditory Modality. In the listening
experiment, ERP effects overall replicated those found in the
reading experiment. (i) In English monolinguals, semantic related-
ness reduced ERP mean amplitude significantly between 350 and
500 ms (Fq,14 = 24.3, P < 0.0001) but Chinese character repetition
had no effect (F114 = 0.33, P > 0.1) and there was no interaction
(F1,14=0,P > 0.1; Fig. 44). (i) In Chinese—English bilinguals, there
was a main effect of semantic relatedness (F1,14 = 19.3, P < 0.001)
and the Chinese character repetition also reduced N400 amplitude
significantly (Fy .14 = 5.2, P < 0.05), in the absence of an interaction
between the two factors (Fy 4 = 0.3, P > 0.1; Fig. 4B). (iii) In
Chinese monolinguals who listened to Chinese translations, there
was a main effect of semantic relatedness (F1,14 = 20.5, P < 0.0001)
and overt Chinese character repetition (Fy 14 = 4.9, P < 0.05) and
no interaction (Fy 14 = 0.05, P > 0.1; Fig. 4C). As in the reading
experiment, the N400 modulation induced by semantic relatedness
was greater and more durable than that elicited by character
repetition in both the Chinese—English bilinguals and the Chinese
monolingual controls. In the latter group, moreover, the P2 was
reduced by character repetition priming (F; 14 = 7.5, P < 0.02) but
was insensitive to semantic priming (F1,14 = 1.5, P > 0.1) and there
was no interaction (Fy14 = 0.1, P > 0.1).

The only results that differed in the listening experiment from
those in the reading experiment were: (i) the absence of differences
between 30 and 90 ms in all groups and contrasts, and (i) the more
extended time course of the N400 modulation by semantic relat-
edness (slightly earlier onset and longer duration).

Thierry and Wu
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Fig.3. Scalp topographies of ERP differences elicited by the two experimen-

tal factors [semantic relatedness (Upper) and character repetition (Lower)] for

English monolinguals (A), Chinese-English bilinguals (B), and Chinese
monolinguals (C).
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Discussion

Using an implicit priming paradigm, we tested whether Chinese—
English bilinguals spontaneously access Chinese translations when
reading or listening to English words. Despite the absence of any
measurable effect of concealed Chinese character repetition on the
behavioral performance of bilingual participants, this hidden rep-
etition modulated ERPs, just as it did in monolingual Chinese
controls overtly exposed to character repetition in Chinese.

The character repetition priming was indexed by an amplitude
reduction of the N400 component, which is known to be sensitive
to overt (20, 21) and unconscious (22) semantic priming and to
repetition priming (28, 29). ERP modulations elicited by the two
factors appeared in the same temporal window and can only be
explained by activation of Chinese translations in bilinguals, be-
cause semantic relatedness and character repetition were built in as
independent factors (Table 1). Furthermore, the activation of
translation equivalents was unconscious because, at debriefing,
none of the bilingual participants reported being aware of the
hidden factor when questioned about the English words presented.

All participants showed the well established N400 modulation by
semantic priming (20, 21), whether words were presented in their
first or their second language and whether they were presented
visually or auditorily. It is noteworthy, however, that the magnitude
of the N400 modulation was larger in English monolinguals than in
Chinese—English bilinguals, even though the two groups of partic-
ipants read the same words. Such observations have been made
previously (30-32) and can be related to the relative efficiency of
semantic access in first and second languages, respectively.®

The fact that English monolinguals only showed an effect of
semantic relatedness in the ERPs confirmed that the N400 mod-
ulation by Chinese character repetition seen in the bilinguals was
not caused by spurious, confounding semantic effects but was
genuinely induced by implicit character repetition priming. Fur-
thermore, the pattern of semantic relatedness and character rep-
etition priming seen in bilinguals was remarkably similar to that
found in Chinese monolinguals reading Chinese translations. In

SWe note that the waveform structure in the semantically related condition differed
between English monolinguals and Chinese-English bilinguals. This difference may be
accounted for by partial overlap with P300-type activity peaking ~600 ms in the case of
lexical-semantic tasks and associated with target detection in English monolinguals (33).

Thierry and Wu

particular, both groups of Chinese participants displayed large N400
modulations by semantic priming and smaller, less durable N400
modulations by character repetition, whether the latter was implicit
(Chinese-English bilinguals) or overtly perceived (Chinese mono-
linguals). This pattern is consistent with previous reports of weaker
variations in the N400 range elicited by orthographic and/or pho-
nological overlap between words as compared with semantic rela-
tionships (34, 35). Critically, the character repetition effect was of
similar amplitude in Chinese—English bilinguals and Chinese bilin-
guals, which is fully consistent with spontaneous activation of
translation equivalents in the bilinguals. Furthermore, this charac-
ter repetition effect was found in both a reading and a listening task,
which demonstrates that it is modality-independent. Note, however,
that this effect need not be symmetrical, i.e., effects of second-
language knowledge on first-language processing are likely to be
weaker (36, 37).

Our previous attempt to identify spontaneous translation effects
failed to show Chinese activation in the absence of interference with
semantic processing in English (10). We see two reasons the
independence of the two factors described here was never shown
before to our knowledge. (i) In ref. 10, word concreteness (see ref.
38 for a definition) was not controlled and post hoc comparisons of
available concreteness ratings (39) for the stimuli used at the time
revealed significant differences between conditions. (ii) The Chi-
nese translations of the previous stimulus set were one to three
Chinese characters in length, and the repeated character was not
systematically positioned at the same place in the translations. The
first issue might have affected the route by which bilingual partic-
ipants accessed the meaning of English words in the different
conditions (40-42). Moreover, word concreteness is known to
affect the amplitude of the N400, such that concrete words tend to
elicit greater N400 amplitudes than abstract words (43, 44). In sum,
uncontrolled concreteness effects probably introduced noise into
the response pattern of monolingual English controls and not
necessarily with the same effect and to the same extent as in
Chinese—English bilinguals. The second issue is likely to reduce
repetition priming because no systematic unconscious template can
be formed in which to expect character repetition to occur. In
addition, the degree to which repetition priming is reduced need not
be the same for semantically related and unrelated conditions.

Here, (i) we matched words for lexical frequency and concrete-
ness between conditions, (if) translations systematically involved
two Chinese characters, (iii) character repetition consistently ap-
peared at the same position within Chinese translations of each
word pair (see Experimental Procedures), and, critically, (iv) we also
tested a control group of 15 Chinese monolinguals presented with
the Chinese translations of the English material. The parallel results
obtained for Chinese-English bilinguals and Chinese monolingual
controls strongly support the conclusion that the mechanisms
operating explicitly in monolinguals and implicitly in the bilinguals
are analogous. This conclusion is further supported by the replica-
tion in the auditory modality.

Because Chinese monolingual participants actually saw or heard
the repeated Chinese characters, we expected to see some early
orthographic and/or phonological priming effect of Chinese char-
acter repetition in these groups. Indeed, the P2 component sensitive
to perceptual priming (29, 45) was significantly reduced when a
Chinese character was repeated but was unaffected by semantic
relatedness (Figs. 2C and 4C). This P2 modulation, which preceded
the N400 effect by at least 100 ms, was seen in neither Chinese—
English bilinguals nor English monolinguals. The absence of a
priming effect before the N400 window in bilinguals also suggests
that translation took place at a late, possibly postlexical processing
stage, i.e., during and after word meaning retrieval.

The only measurable effect of Chinese character repetition in the
behavioral data were found in the reading experiment in Chinese
monolingual participants, who were explicitly aware of the repeti-
tion. Reaction time and error rate were both significantly greater
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Fig.4. ERPresultsinthe listening experiment for English monolinguals (A), Chinese-English bilinguals (B), and Chinese monolinguals (C). All waveforms depict
brain potential variations in the linear derivation of a group of nine electrodes centered on Cz where the N400 component is typically maximal (FC1, FC2, FCz,
C1, C2, Cz, CP1, CP2, CPz). Color boxes indicate significant differences elicited by semantic relatedness in the N400 range (orange) and significant differences

elicited by form repetition in the P2 range (pink) and the N400 range (purple).

when the second word of a pair shared a Chinese character but was
unrelated in meaning to the first (S—R+). Here, the conflict may
have arisen in semantically unrelated pairs that share a Chinese
character because the repetition implicitly hinted at a semantic link
that was not actually present. The absence of such a behavioral
effect in the bilingual participants further supports the view that
first-language activation was implicit and unconscious. In the lis-
tening experiment, however, the S—R+ condition did not yield
longer reaction times or greater error rates than the S+R+
condition. There are two possible explanations for this result. When
words were presented auditorily, (i) the repeated characters were
temporally further apart than when words were presented visually,
and (if) characters were perceived phonologically whereas their
visual form was likely to activate both orthographic and phonolog-
ical representations.

One peculiarity of the reading experiment data was the finding
of significant differences between ~30 and ~90 ms between the
R+ and R— conditions in the English monolinguals and the
Chinese—English bilinguals (Fig. 2 D and E). We interpret this
difference as a consequence of word length differences between
conditions (see Experimental Procedures) because such differences
(i) have been found to elicit ERP modulations within 100 ms of
stimulus onset (46—48), (ii) were significant in both Chinese—
English bilinguals and English monolinguals who were exposed to
the same stimuli, (iif) were not found in the Chinese monolinguals
who read Chinese translations of equal length in all conditions, (iv)
were not found in comparisons between S+ and S— conditions,
which did not differ with respect to average stimulus word length,
and (v) did not persist beyond 100 ms in either the Chinese—English
bilinguals or the English monolinguals. Critically, these early dif-
ferences did not affect the N1/P2 complex and therefore cannot
account for significant main effects of character repetition later
seen in the N400 time window. Finally, it is noteworthy that such

12534 | www.pnas.org/cgi/doi/10.1073/pnas.0609927104

early differences were not seen at all in any of the groups in the
listening experiment, and yet a clear N400 effect was also seen for
character repetition in that experiment.

In sum, our electrophysiological results reveal an automatic
translation process in late fluent bilinguals that could not be
detected with traditional behavioral measures. This finding pro-
vides an account for parallel, language-nonselective activation
models of bilingual word recognition (49, 50). In fact, although we
found no evidence of prelexical access to native translations when
bilinguals read or listen to words in their second language, the
postlexical translation mechanism revealed by the N400 reduction
appears to be totally automatic and unconscious (22). Access to
word meaning in a second language may thus well be direct but it
nevertheless spontaneously activates the native language lexicon.

Conclusion

Neuroimaging studies have shown common or partially overlapped
cortical areas associated with the two languages of bilinguals in a
variety of tasks (3, 51-56). These tasks systematically involve spoken
or written words from the two languages or require switching
mentally between languages. The present study makes a direct
observation of spontaneous lexical activation of the native language
during an experiment involving only second-language stimuli. This
result suggests that native-language activation operates in everyday
second-language use, in the absence of awareness on the part of the
bilingual speaker. Future studies will determine how proficiency in
a second language affects implicit native-language activation and
the extent to which interactions between first and second languages
are asymmetrical.

Experimental Procedures

Participants. We tested 90 participants in total: 30 native English
speakers, 30 Chinese monolinguals, and 30 Chinese—English bilin-

Thierry and Wu



Lo L

P

1\

=y

guals. All had normal or corrected-to-normal vision and self-
reported normal hearing. They gave written consent to take part in
the experiments that were approved by the ethics committee of the
University of Wales. Participants were controlled for age (19-25
years), level of education, and handedness (right) across groups.
The bilingual participants were first exposed to English at the age
of 12; by the time of testing, they were studying at a British university
and had lived in the United Kingdom for a mean of 18.3 months
(£4.78). All bilinguals used English in their everyday life and had
an English proficiency score of 6 or 6.5 as measured by the
International English Language Testing System (www.ielts.org/
candidates/findoutmore/article255.aspx).

Stimuli. The 200 word pairs used were matched across experimental
conditions for lexical frequency and word concreteness (39). The
repeated Chinese characters were both logographically and pho-
nologically identical and always appeared in the same position in the
two words of a pair (Table 1). In the reading experiment, no English
word had >11 letters and all Chinese translations featured two
Chinese characters. Conditions were not balanced for average word
length in English, however, because of the need to control the other
experimental factors. As a consequence, average visual word length
was significantly longer in the repeated character conditions (R+)
as compared with the unrepeated conditions (R—; P < 0.001).
There were no other differences in visual word length between
conditions. Participants viewed two blocks of 100 word pairs
presented in a pseudorandomized order. After a prestimulus in-
terval of 200 ms, the first word was flashed for 500 ms at fixation
followed by the second word after a variable interstimulus interval
of 500, 600, or 700 ms. In the listening experiment, the average
length of English words was 4.9 = 2 phonemes. There were no
significant differences in the number of phonemes in pairwise
comparisons between conditions (all P > 0.1). Participants heard
digitized words pronounced by a native female speaker of English
or Chinese. Prime words were presented within a 1,000-ms time
window followed by a target word after a variable interval of 500,
600, or 700 ms. No word was repeated in either of the studies.
Participants were instructed to indicate whether the second word
was related in meaning to the first by pressing keys. Response sides
were fully counterbalanced between blocks and participants.
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ERP Recording. Electrophysiological data were recorded in refer-
ence to Cz at a rate of 1 kHz from 64 Ag/AgCl electrodes placed
according to the extended 10-20 convention. Impedances were
kept <5 k(). Electroencephalogram activity was filtered on-line
band pass between 0.1 and 200 Hz and refiltered off-line with a
25-Hz, low-pass, zero-phase shift digital filter. Eye blinks were
mathematically corrected, and remaining artefacts were manually
dismissed. There was a minimum of 30 valid epochs per condition
in every subject. Epochs ranged from —100 to 1,000 ms after the
onset of the second word. Baseline correction was performed in
reference to prestimulus activity, and individual averages were
digitally re-referenced to the global average reference. ERP data
were collected simultaneously to behavioral data.

ERP Data Analysis. Peak detection was carried out automatically,
time-locked to the latency of the peak at the electrode of maximal
amplitude on the grand-average ERP. Temporal windows for peak
detection were determined based on variations of the Global Field
Power measured across the scalp (57). Peak amplitudes were
subjected to a repeated measures ANOVA with semantic related-
ness (related/unrelated), character repetition (repeated/
unrepeated), and electrode (63 levels) as factors using a Green-
house-Geisser correction where applicable. Pairwise differences
between conditions were considered significant when differences
were above threshold (P < 0.01) for >30 ms over a minimum of
three clustered electrodes. Topographical analyses were based on
mean amplitudes measured over 63 electrodes distributed over the
entire scalp. Between-group comparisons involved calculating
main-effect contrasts (semantically unrelated—semantically related
and no character repetition—character repetition) and differences
in mean amplitudes were entered into a between-subject repeated
measures ANOVA with 63 levels of electrodes. Interactions involv-
ing the electrode factor were controlled by using within condition
vector normalization (58).
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