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Akshara Soman, Prathibha Ramachandran and Sriram Ganapathy*

Learning and Extraction of Acoustic Patterns Lab, Indian Institute of Science, Bangalore, India

The event-related potential (ERP) of electroencephalography (EEG) signals has been
well studied in the case of native language speech comprehension using semantically
matched and mis-matched end-words. The presence of semantic incongruity in
the audio stimulus elicits a N400 component in the ERP waveform. However, it
is unclear whether the semantic dissimilarity effects in ERP also appear for foreign
language words that were learned in a rapid language learning task. In this study, we
introduced the semantics of Japanese words to subjects who had no prior exposure to
Japanese language. Following this language learning task, we performed ERP analysis
using English sentences of semantically matched and mis-matched nature where the
end-words were replaced with their Japanese counterparts. The ERP analysis revealed
that, even with a short learning cycle, the semantically matched and mis-matched
end-words elicited different EEG patterns (similar to the native language case). However,
the patterns seen for the newly learnt word stimuli showed the presence of P600
component (delayed and opposite in polarity to those seen in the known language).
A topographical analysis revealed that P600 responses were pre-dominantly observed
in the parietal region and in the left hemisphere. The absence of N400 component
in this rapid learning task can be considered as evidence for its association with
long-term memory processing. Further, the ERP waveform for the Japanese end-words,
prior to semantic learning, showed a P3a component owing to the subject’s reaction
to a novel stimulus. These differences were more pronounced in the centro-parietal
scalp electrodes.

Keywords: ERPs, language learning, semantics, word learning, speech perception

1. INTRODUCTION

Humans have the unique ability to learn and process languages throughout ones life time. The main
hypothesis for learning a new language states that the process begins by imitation of the sounds
spoken by native speakers of the language (Speidel and Nelson, 2012). The association of semantics
with speech sounds constitutes the next phase of learning (Clark, 1973), which further develops to
sentence formation and syntax/grammar learning. These processes may not be sequential and may
be interleaved with each other.

The brain activity related to the perception and cognition of language can be studied through
event-related potentials (ERPs). The ERPs are computed by averaging the electroencephalogram
(EEG) recordings evoked by the same event. The ERPs triggered by verbal stimuli have been
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associated with different
(Kutas and Hillyard, 1984).

In this article, we present a study to analyze rapid language
learning effects using ERP analysis where the end-words of
English sentences were replaced with Japanese words. In the
first phase of the experiment, the subjects who were proficient
in English with no prior exposure to Japanese words were
presented with English sentences containing Japanese end-words.
A subsequent language learning phase introduces the semantics
of the Japanese stimuli through its pictorial description. In
the final phase, the subjects listen to English sentences again
with Japanese end-words armed with the knowledge of the
semantics. The Japanese end-words in the English sentences may
be congruent or in-congruent with the sentence context. An
ERP analysis on Japanese end-words before and after semantic
learning illustrate significant changes that highlight the neural
processes involved in learning. Further, the difference ERP of
Japanese stimuli in congruent and incongruent condition (after
language learning) elicits delayed and positive ERP components
as opposed to the N400 effects observed in native language under
semantic mis-match condition.

aspects of language learning

Contributions:

e The study contrasts the ERP effects of semantic incongruity in
a proficient language vs. a newly acquired language.

e This study demonstrates that rapid semantic learning elicited
ERP responses in the form of a delayed positive response
at 500-700 ms from the onset of the end-word for the
incongruent words.

e The scalp electrodes showing semantic effects from a newly
learned word of a foreign language are located in the pareital
and occipital regions.

e The amplitude of semantic incongruity (ERP component) in
foreign language (Japanese) is more for pure foreign words
(hiragana words in Japanese) vs. English loan words (katakana
words in Japanese).

RELEVANT LITERATURE

The N400 component was first introduced by Kutas and Hillyard
(1980), where the reading task composed of presenting the
participant with a set of sentences that end with a congruent
or incongruent word. These semantically incongruent end-
words in a sentence elicited specific type of ERPs (Nobre and
Mccarthy, 1995; Hoeks et al., 2004; Dikker and Pylkkanen, 2011),
known as the N400, a negative-going deflection between 250
and 400 ms after the end-word onset. The presence of N400
in semantically incongruent stimuli was also observed in other
stimuli presentations (Kutas et al., 1987) like reading (Szfics et al.,
2007) and visual forms (Nigam et al., 1992). The N400 was
characterized as a reaction to an unexpected or inappropriate,
but syntactically correct word at the end of a sentence. The N400
component was not observed for stimuli with syntactical and
grammatical errors (Kutas and Hillyard, 1983). This result is seen
as the evidence that the N400 wave is more closely related to the
semantics than to the syntactical processing.

The N400 is not only a response to semantic improbability
or anomaly, but also as an indicator of the access to semantic
information associated with the stimuli (Kutas and Federmeier,
2011). When a word is congruent in its context, there is little
new information to process and hence, this evokes lower N400
response than an incongruent word. The amplitude of the N400
is sensitive to a word’s semantic expectancy (Brown and Hagoort,
1993) and found to be larger in response to more unexpected
stimuli (Curran et al., 1993; Holcomb, 1993; DeLong et al.,
2005). The N400 has also been used to show that language
comprehension is incremental (Van Petten and Kutas, 1990)
and involves prediction (Federmeier and Kutas, 1999b). Further,
semantic information processing happens even without active
awareness (Luck et al., 1996). It has also been pointed out that
language mechanisms vary across the hemispheres (Federmeier
and Kutas, 1999a) and can change over the course of normal
aging (Wlotko et al., 2010).

Even though the N400 has contributed significantly to the
understanding of language comprehension, the N400 response
is not confined to language domain alone, and hence it is
not a “language-component” (Leckey and Federmeier, 2020).
The N400 is not only seen in word comprehension, but also
for different kinds of pictorial stimuli (e.g., comics/cartoons,
drawings, pictures of objects, natural scenes), faces, gestures,
and environmental sounds. Thus, it can be elicited for any
kind of stimulus linked to long-term memory representations
(Kutas and Federmeier, 2011).

The P3a, or novelty P3 (Comerchero and Polich, 1999), is
a positive-going component with peak latency in the range of
250-280 ms. It is topographic distribution that shows maximum
amplitude over frontal and central electrode sites. P3a has been
associated with cognitive tasks of involuntary attention and the
processing of novelty (Polich, 2007).

1.1. N400 as an Index of Word Learning

The N400 has been established in numerous studies to be a useful
index of new word learning. In a study by Perfetti et al. (2005),
adults were taught the meanings of infrequent and unfamiliar
words. The N400 component was seen for unrelated word
pairings containing the trained words and not for those involving
the unfamiliar words.

Mestres-Missé et al. (2007) investigated context-based
learning of novel words using ERPs. The researchers specifically
introduced novel word forms in the ending position of
meaningful sentences that the participants read during the
training phase. In a following relatedness judgment task on word
pairs, consisting of a trained novel word (prime) and a real word
(target), the study found a reduction in the N400 for targets
words that were associated with the prime word compared to the
unrelated target-prime pairs.

Batterink and Neville (2011) investigated contextual learning
by embedding pseudo-words into meaningful short story
contexts. In a subsequent relatedness judgment task, the
study showed a reduction in the N400 amplitude for targets
corresponding to the novel word.

The N400 has also been demonstrated to be sensitive to
new word learning after just one exposure to a novel word
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FIGURE 1 | Experiment pipeline consisted of three sessions. S1—where the subject listened to acoustics of Japanese words used in English context and English
end-words in congruent and incongruent context. S2—where the semantics of Japanese words were introduced using images. S3—where the subject listened to
Japanese words in English context (both congruent sentences and incongruent sentences).

in the context of a highly predictive sentence (Borovsky et al.,
2010, 2012). The findings of such investigations provide neuro-
physiological evidence for understanding the semantic learning
of the new words.

1.2. Intra-Sentential Code-Switching

The N400, left-lateralized anterior negativity (LAN), and the
late positive component (LPC; also referred to as P600) are
the three primary ERP components identified in research on
intra-sentential code switching.

The LAN is a left-lateralized anterior negativity that occurs in
the same time frame as the N400 (300-500 ms) but with a distinct
topographic scalp distribution. Friederici (2002) observed LAN
effects in morphosyntactic processing, as well as in the processing
of code-switched sentences. The higher working memory load
resulting from integrating morphological signals of the code-
switched word into the wider sentence context was interpreted
as the switch-related LAN component (Moreno et al., 2002).

The LPC (or P600) is a positive-going wave that arises 500-
600 ms after the stimulus and lasts several hundred milliseconds
(Osterhout and Holcomb, 1992; Hagoort et al., 1993). It has
a wide posterior scalp distribution and is strongest in the
centro-parietal areas. Friederici (1995), Kaan et al. (2000), and
Tanner et al. (2017) infer that the LPC indexes sentence-level
rearrangement or re-analysis. The LPC, according to this view,
indicates sentence-level wrap-up or meaning revision process,
which in the instance of intra-sentential code-switching, reflects
the sentence-level reorganization of two languages into a cohesive
utterance. The LPC has also been linked to the processing of
unexpected or unlikely task-relevant events (McCallum et al.,
1984; Coulson et al., 1998), as well as the reorganization of
stimulus-response mapping (Moreno et al., 2008). A switch-
related LPC represents bilinguals’ perception of a language
transition as an unexpected occurrence involving a shift in form
rather than meaning (Moreno et al., 2002).

2. MATERIALS AND METHODS

The experimental paradigm used in this study is illustrated in
Figure 1.

2.1. Stimuli

All the speech stimuli used in the study were recorded from
speech provided by a single female speaker who was proficient
in both English and Japanese languages. The speakers first
language was Tamil, a south-Indian language. The accent of the
speaker was Indian English. Given that all the listeners were also
from Indian origin, we found that the listeners had no issues
in understanding the English content. Further, the work had
employed a single speaker for all the stimuli. This helped to
remove the effect of speaker variabilities or speaker switching in
the stimuli used.

The speech stimuli used in the experiment consisted of
isolated sentences and isolated words. They were recorded in a
sound proof booth. The entire stimuli set used in the experiment
is listed in Supplementary Table 2. The audio and image files
used for the experiment are available in this projects GitHub
repository'. The stimuli set consisted of 90 unique English
sentences. The sentences were selected such that the end-word
was highly predictable from the sentence context. Our stimuli
set was taken from the high cloze probable sentences (cloze
probability in the range of 67-100%) of the Block-Baldwin
sentence set (Block and Baldwin, 2010). The audio duration of
the sentence varied between 1.4 and 2.4 s with an average of 2.2 s.

The end-words of the sentences were either from English
or Japanese language and they were designed to be either
semantically congruent or incongruent to the preceding context
in the sentence. All the stimuli conditions are listed in Table 1.
The first condition (C1) consists of 90 English sentences from the
original Block-Baldwin set without any modification. The stimuli

Uhttps://github.com/iiscleap/Semantics- EEG- ERPStudy

Frontiers in Neuroscience | www.frontiersin.org 3

March 2022 | Volume 16 | Article 763324


https://github.com/iiscleap/Semantics-EEG-ERPStudy
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

Soman et al.

Rapid Semantic Learning

TABLE 1 | Different conditions of the stimuli sentences used in our experiment
with an example.

Stimuli condition Example

C1—Eng. Congruent The cow gave birth to a calf.

C2—Eng. Incongruent The cow gave birth to a book.
C3—Jap. Congruent The cow gave birth to a koushi.

C4—Jap. Incongruent The cow gave birth to a hon.

Endword of the stimulus sentence is shown in bold. Different endwords give rise to
different stimuli conditions.

for the other three conditions of the experiment were created by
replacing the end-word with all the preceding words intact. In
condition 2 (C2), the end-word was replaced by an English word
which is unexpected in the sentence context (English incongruent
condition); in condition 3 (C3), the end-word was replaced
by a Japanese word of the congruent semantics (Japanese—
congruent condition); and in condition 4 (C4), the end-word was
replaced by a Japanese word of unexpected meaning (Japanese—
incongruent condition). Thus, the experiment had a total of
360 sentences. The sentences were carefully chosen such that
the end-word can be visualized as an image. Each of the
stimuli condition used the same base set of English sentences.
The conditions differed only in terms of the end-word of the
sentences. Each stimulus was recorded as a full sentence for each
condition separately.

We choose the Japanese language as the novel language as
it does not belong to the same language family as English.
At the same time, Japanese language contains a set of loan-
words from English termed as katakana words. The katakana
words are typically English words that have been adapted
without translation into the Japanese language (Olah, 2007).
The katakana words sound similar to their English counterparts
(cognate words). By using a mix of non-cognate native Japanese
words (referred to as hiragana words) and katakana words,
we were able to study the effect of phonetic similarity in
learning. The set of Japanese words used in our experiments
(Supplementary Table 2) consisted of 38 katakana words and
52 hiragana Japanese words. This unbalanced distribution of
katakana and hiragana words are in compliance with the word
frequency distribution in the Japanese language (Chikamatsu
et al., 2000). Thus, for stimuli conditions C3 and C4, the end-
word can be either a katakana word or a hiragana word.

2.2. Experiment Flow

A schematic illustration of the experiment is shown in Figure 1.
A short video depicting the experiment flow is available in
this projects GitHub repository?.The end-words were either
congruent or incongruent to the context of the sentence. The
participants learned the semantics of the unknown Japanese
words using image supervision (shown in session 2 of Figure 1)
and the learning was analyzed when the words were used in
sentences both in congruent and incongruent condition (shown

2https://github.com/iiscleap/Semantics- EEG- ERPStudy

in session S3 of Figurel). In each session, the sentences of
different conditions were presented in random order using a
loud speaker.

In session S1, the subject listened to English sentences with
congruent or incongruent end-word (C1 and C2 from Table 1).
This session also contained English sentences with Japanese end-
word. The subject got the first exposure to these Japanese words
in this session without the semantic information.

In the next session (S2), the participants were provided with
the semantics of the Japanese words. A block of five new Japanese
words was considered and word meanings were conveyed using
the respective image. The image form of the word and its audio
are presented simultaneously. The five words of each block were
presented in random order. A retrieval task was also designed to
ensure the learning ability of the subject. In the retrieval task, the
subject was asked to speak the Japanese word for the image shown
in the computer screen. After the subject provided the spoken
response, the audio of the correct Japanese word was replayed.
Here, the subject was affirming the learning or corrected their
learning if the word recollection was inaccurate. We do not
analyze the EEG data from S2 in this article.

In session 3 (S3), the subject listened to the sentence audio
played through the loudspeaker. It was an English sentence with
a Japanese end-word. Here, the end-word was either congruent
or incongruent to the context of the sentence (C3 and C4
in Table 1). The end-word was one of the 5 Japanese words
learned in the preceding session (S2). Hence, there were a total
of 10 sentences (equal number of congruent and incongruent)
played in session 3 for the current block. These 10 sentences
were presented in random order. After the audio signal was
played, a recognition task was carried out to ensure that the
subject recollected the meaning of the Japanese end-word. In
the recognition task, the subject was asked to pick the image
corresponding to the Japanese end-word. The subjects recorded
their choice of image by speaking the corresponding number
index on the screen. The subject responses were later evaluated
manually to assess their recognition accuracy. The behavioral
results are discussed in Section 3.1. Only the EEG responses to the
Japanese words, whose meaning was recollected correctly, were
used in the subsequent ERP analysis.

In order to avoid the memory load of learning and recalling
90 new Japanese words, S2 and S3 were performed in 18 blocks
of five words each. The session S3 for a set of five words was
conducted immediately after the subject was trained on the
semantics in session S2. We designed the experiment in this
way to reduce the memory load on subject as we were more
interested to analyze the semantic effects of the newly learned
words in both congruent and incongruent condition. A particular
Japanese word was presented five times to the subject: once in
S1 (sentence end-word without semantic knowledge), twice in S2
(as isolated words in the learning phase) and twice in S3. In S3, it
was used as the sentence end-word in congruent and incongruent
context. A particular sentence and end-word pair was introduced
only once in the whole experiment. For incongruent condition,
sentence-end-word pairing was carried by random shuffling and
incongruence was ensured by manual selection. The order of
congruent and incongruent conditions in S3 was randomized.
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FIGURE 2 | Behavioral task performance: this plot shows the percentage of Japanese words correctly associated with the image description by the subjects.
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Thus, the exposure to new Japanese words were balanced across
conditions. The three sessions were recorded in an interleaved
fashion in one recording setup for each of the subjects. The
experiment design ensured that the subject does not get exposed
to katakana words more than hiragana words.

2.3. Participants

The participants had self-reported normal hearing and no history
of neurological disorders. Twenty-one subjects took part in the
experiment. Two subjects were eliminated due to poor EEG
data quality and another two were eliminated due to equipment
failure. Seventeen adults participated in this study (mean age
= 25.7, age span = 22-35, 7 female and 10 male) and they
had an intermediate or higher level of English proficiency.
This was verified with the Oxford Listening Level Test® before
the commencement of the experiment. The native language of
the subjects was one of the five Indian languages (Malayalam,
Tamil, Kannada, Telugu, or Hindi). All subjects provided written
informed consent to take part in the experiment and received a
monetary compensation. The Indian Institute of Science Human
Ethics Board approved all procedures of the experiment. The
methods were carried out in accordance with the relevant
guidelines and regulations.

We have performed the power analysis with an assumed
effect size of d = 0.5 (Zwaan et al.,, 2018; Brysbaert, 2019) to
check the sufficiency of the number of subjects and trials used
in the experiments. We performed the power analysis on our
experiment using the GPower software (Faul et al., 2007). This
analysis revealed that our study is a properly powered experiment
(with power value more than 95%). Hence, the effects reported in
the study are very likely to be robust and reproducible.

2.4. EEG Recording Setup

The EEG signals were recorded employing a BESS F-64 amplifier
with 64 passive gel-based Ag/AgCl electrodes placed according

3https://www.oxfordonlineenglish.com/english-level- test/listening

to the extended 10-20 positioning NeuroScan 4.5 system (Soman
et al,, 2019). It was recorded at a sampling rate of 1,024 Hz. An
isolated frontal electrode was utilized as ground and the average
of two earlobe electrodes was utilized as reference. The channel
impedance was kept underneath 10 ko throughout the recording.
The EEG recording took place in a sound-proof, electrically
isolated room.

2.5. Data Preprocessing

Prior to ERP offline-averaging, the line noise was removed and
the continuous EEG data were band-pass filtered between 1 and 8
Hz. The noisy trials were automatically removed using EEGLAB
(Delorme and Makeig, 2004).

3. RESULTS
3.1. Behavioral Task

A behavioral task was conducted to ensure that the subject
successfully recalled the meaning of the Japanese words while
listening to the end-word of the sentence stimuli in session S3.
From a set of five images, the subject was asked to identify the
image corresponding to the Japanese end-word of the sentence.
Figure 2 shows the percentage of words’ whose meaning was
correctly identified by the subjects. The solid line shows the
overall accuracy obtained by each subject. Eleven of 17 subjects
correctly recalled more than 90% of the word semantics (chance
accuracy was 20%). Thus, the subsequent ERP-based conclusions
in S3 had a strong behavioral basis. As seen in Figure 2, the
number of correct responses in the Japanese congruent condition
was greater than number of correct responses in the incongruent
condition for all the subjects. A right-tailed paired sample t-
test showed that recognition accuracy of congruent end-words
was significantly higher than incongruent end-words [congruent:
94.88, incongruent: 85.90, t(j6y = 5.92, p = 1.06e — 5]. This
indicated that it was easy to recollect the meaning of a word
when it was used in the correct semantic context in a sentence.
Figure 2 shows that the recognition accuracy of katakana words
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FIGURE 3 | The grand average of difference event-related potential (ERP) response of congruent end-word from in-congruent end-word: end-words in English
(solid—red color) and Japanese: session 3 (dotted —green color). The horizontal bars drawn in the bottom of each plot identifies the time regions with significant
(two-sample t-test with p < 0.05) difference in the ERP response. The bars have the same color of the associated difference waveform.

are better than that of hiragana words for all subjects except
one (subject 2). A right-tailed paired sample ¢-test showed
that recognition accuracy of katakana words was significantly
higher than hiragana words [katakana: 94.72, hiragana: 87.31,
t(16) = 5.32, p = 3.46e — 5]. Hence, we conclude that the lexical
association of katakana words with English words made it easier
to recall katakana words. In the subsequent analysis, only words
that were correctly recalled are used.

3.2. ERP Analysis

The ERPs are time-locked EEG responses averaged across
multiple trials for the same stimulus condition. The ERPs
are computed for epochs extending from 100 ms before the
end-word onset to 800 ms after the end-word onset. The time ¢
=0 in the ERP plots corresponds to the onset of the end-word in

the stimuli sentences. The difference ERP waves were calculated
by subtracting an ERP wave of one condition from the other.
All the grand average ERP plots shown in this paper are ERP
responses averaged across 17 subjects. The two sample ¢-test was
conducted at each time sample to validate the significance of the
ERP responses. All difference ERP plots are marked with time
regions of significance where the difference value is significantly
above zero (p < 0.05). This is indicated by horizontal bars in the
bottom of the plot.

3.2.1. Effect of Incongruity

The ERP response shown by solid line in Figure 3 exhibits
N400 effect [tqq = —5.59, p = 2.05e —05] in 300-500 ms
over centro-parietal and parietal electrodes) for the difference
of English congruent response (CIS1) from English incongruent
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response (C2SI). This result is aligned with the prior research
on N400 for auditory tasks (Hagoort and Brown, 2000), which is
elicited for semantically incongruent stimuli conditions. To the
best of our knowledge, the ERP analysis for other conditions that
follow are reported for the first time in literature.

The difference of grand average ERP response of Japanese
congruent end-word from Japanese incongruent end-word is
shown in Figure3 as dotted line. The semantic incongruity
of newly learned Japanese end-words did not evoke an N400
response relative to the congruent Japanese end-words [t(;6) =
0.32, p = 0.75 over the time-window 300-500 ms] over the cluster
of centro-parietal and parietal electrode locations.

As observed in Figure 3, the English and Japanese end-words
had different responses around 400 and 600 ms. Both the English
and Japanese difference ERP did not have significant peak in

the early part of the time axis. The difference ERP response for
Japanese end-words elicited a P600 like component [t(6) = 5.11,
p = 5.24e — 05 for time-window: 500-700 ms] over a cluster of
centro-parietal and parietal electrode locations. This figure also
highlights that ERP effects of semantic incongruity are possible
without a long-term learning process. A similar difference in
ERP response for English end-words in the 500-700 ms time-
window [f(;6) = —1.05, p = 0.310] was not observed. In other
words, the semantic incongruency in the stimuli did not evoke
P600 response for familiar language.

To confirm these differences statistically, we performed
ANOVA on the mean ERP amplitudes across the scalp in
two time-windows (300-500 and 500-700 ms) of interest. We
considered congruity and scalp region (frontal/central/parietal)
as the independent factors. In the N400 time-window (300-500

0.8V

m,
§° 888 3

Japanese: Before semantic leaming

Japanese Congruent: After learning
0.8 v == == Japanese Incongruent: After leaming

FIGURE 4 | The grand average of event-related potential (ERP) responses to Japanese end-word before learning its meaning (solid), Japanese congruent end-word
(dotted), and Japanese in-congruent end-word (dashed) after learning the meaning. The horizontal bars drawn in the bottom of each plot signify the time regions with
significant (t-test with p < 0.05) ERP amplitude from the value of 0. The bars have the same color of the associated waveform.
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ms), we observed robust effects of congruity for English end-
words. We observed similar effects for Japanese end-words in
the P600 (500-700 ms) window. The ANOVA reveals significant
interaction between language and congruity in both the time-
windows [for 300-500 ms window: F(; ¢g) = 16.13, p = 6e — 5and
for 500-700 ms window: F(; ) = 37.85, p = 9e — 10].

3.2.2. Effect of Word Learning

Figure 4 shows the ERP response for the same set of Japanese
language words before and after learning the semantics. The
Japanese words exposed without semantic knowledge (solid
line) evoke early positive peaks around 100 and 300 ms. This
P300 response is possibly an indicator of exposure to novel

information. The P100 and P300 responses disappear in the
exposures after the subject learned the meaning of the word.
The three responses in Figure 4 differ in the peak amplitude
of N200 component. The ERP of Japanese end-word before
semantic learning elicited a negative dip between P100 and P300
peaks. The ERP of Japanese congruent end-word after semantic
learning elicited significant negative peak around 200 ms over
parieto-occipital and occipital electrode sites. The incongruent
end-word post semantic learning also elicited a negative peak,
but with a lower peak amplitude than congruent case. The
Japanese end-word response before semantic learning (solid
line) and Japanese congruent response post semantic learning
(dotted line) have a negative deflection before 600 ms. Both

v

associated difference waveform.

— |apanese Congruent

Japanese Incongruent

FIGURE 5 | Grand average difference event-related potential (ERP) response of Japanese Congruent end-word from Japanese end-word response before learning its
meaning (solid), and Japanese in-congruent end-word from Japanese end-word response before learning its meaning (dotted). The horizontal bars drawn in the
bottom of each plot signify the time regions with significant (two-sample t-test with p < 0.05) difference in the ERP response. The bars have the same color of the
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these responses also have LPC after 600 ms, which possibly is
an indicator of the recognition of code-switch. In summary, the
ERPs for congruent [t(;6) = 3.97, p = 5e — 04] and incongruent
[t(6) = 5.89, p = 1.1e — 05] conditions post semantic learning
elicit significantly different responses in 500-700 ms from
word onset.

Figure 5 shows the differences in EEG responses to Japanese
end-words before and after learning its meaning. The difference
ERP wave forms of congruent (solid) and incongruent (dotted)
conditions do not show any significant difference in 0-500
ms range. Both the conditions evoke significant negative peak
around 200 ms. It is also noted that there is significant difference
between before and after learning in the in-congruent condition
than for congruent condition.

3.2.3. Effect of Phonetic Similarity to Known Words

Figure 6 shows the difference ERP response for katakana
(loan words in Japanese) and hiragana words separately.
It shows the difference ERP of congruent condition from
incongruent condition. Both hiragana and katakana words
show significant P600 response. We performed a paired t-
test over a cluster of centro-parietal and parietal electrode
locations in the time-window 500-700 ms to ascertain
the statistical significance. The difference ERP of katakana
words showed t = 3.39, p = 1.87¢—03 and that of
hiragana words showed tnq = 4.18, p = 3.53¢e—04 in
the P600 window. Thus, the hiragana words show larger
P600 amplitude than katakana words [tne = 391, p =
6.24¢ — 04]. The statistical significance is more established
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FIGURE 7 | Topography distribution of mean difference of event-related potential (ERP) (grand-average) amplitudes in different time-windows. (Top) Difference of
English congruent end-word responses from English incongruent end-word responses (S1). (Middle) Difference of Japanese congruent end-word responses from
Japanese incongruent end-word responses (S3). (Bottom) Difference of Japanese end-word responses before learning its meaning from the Japanese end-word

responses after learning its meaning (both in congruent context).
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electrode locations.
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3.3. Topographical Analysis

Figure 7 shows the topographical distribution of difference of
ERP (grand-average) amplitudes in different time-windows. The
mean value of ERP amplitudes in each time-window is plotted
here. The top row shows the difference of English congruent end-
word responses from English incongruent end-word responses,
the middle row shows the difference of Japanese congruent end-
word responses from Japanese incongruent end-word responses,
and the bottom row shows the difference of Japanese end-word
responses before learning its meaning from the Japanese end-
word responses after learning its meaning.

As shown in previous works, the N400 response is significant
over the centro-parietal region (see Figure 7 top row). Similarly,
the Japanese congruent vs. incongruent difference is significant
over the centro-parietal region in 450-650 ms time-window
as seen in Figure7 middle row. It is more evident in the
left hemisphere than the right hemisphere of the scalp. The
last row of Figure7 shows ERP differences between the EEG
responses before and after semantic learning in frontal, parietal,
and occipital regions in the initial time-windows after the end-
word onset. The response over the rear part of the brain is low
in magnitude from 350 ms onwards, while the response in the
frontal part sustains longer. In the frontal electrodes, the ERP
after semantic learning is more positive than before semantic
learning. The P100, N200, and P300 components contribute to
the higher positivity over the parietal and occipital regions. This
is also more pronounced in the left hemisphere than the right.

The distance matrix shown in Figure 8 is computed between
the congruent and incongruent end-word ERP responses across
all channel pairs (more details of the correlation analysis are
given in Supplementary Material, Section 3). It is computed for
different time-windows as shown in Figure 8 to compare the
correlation plot of the ERP waveforms for the two languages.
The distance matrix in Figure 8 shows that the English difference
response in R3 (350-500 ms) has high similarity (least distance)
with Japanese difference response in R4 (500-650 ms). Similarly,
we observe a high similarity between the difference response of
English in R4 (500-650 ms) window with difference response of
Japanese in R5 (650-800 ms) window.

3.4. Statistical Analysis of ERP Effects

We have used the mean amplitudes extracted from five
non-overlapping of 150 ms duration
between 50 and 800 ms from the word onset in repeated-
measures ANOVA. The ANOVA used four within-
subject factors: language (English/Japanese), congruency
(congruent/incongruent), learning (before/after), and scalp
region (frontal/central/parietal). The ERP effects suggested
group difference at particular topographic regions. The language
and congruency had a significant interaction in all time-windows
except at 200-350 ms. It should be noted that the interaction
is highly significant with a larger F-ratio in the 350-500 ms
window (F = 31.09, p < 0.01) and 500-650 ms window (F =
73.08, p < 0.01). The language and scalp region factors had
significant interaction in two time-windows: at 50-200 and 500-
650 ms. The factors of learning and scalp region had significant
interactions in all time-windows except 500-650 ms. This implies
that the process of learning had topographic selectivity. The

time-windows
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highest significance is observed in the 200-350 ms window (F
= 28.49, p < 0.01). The congruency and scalp region also had
significant interactions in the 50-200 and 500-650 ms windows.

DISCUSSION

The grand average difference of ERP response of Japanese
congruent end-word from incongruent end-word showed a P600
component (Figure 3). This can be attributed to semantic P600
component. The work by Kuperberg et al. (2003) showed that the
violation of semantic congruity in sentences with strong semantic
relationship between its noun and verb can evoke a semantic
P600 response. It is also worth noticing that the congruent
and incongruent semantic conditions showed different brain
responses for familiar language at around 400 ms and for newly
acquired words at around 600 ms. The semantic differences in
Japanese words evoked a later response than the English words.
This may be due to the reason that the newly learned words
required a reanalysis to integrate itself with the sentence. The ERP
of incongruent words evoked a significant positive peak while the
ERP of congruent words evoked a negative peak around 600 ms
(Figure 4).

Figure 6 shows that both katakana and hiragana words evoked
P600 component in the difference ERP. The hiragana P600
response has higher amplitude than the katakana response over
the parietal and parieto-occipital electrodes. The katakana words
are loan words from English, but they are pronounced with
the Japanese adaptation. As shown in the behavioral responses,
human subjects find it easier to recall the meaning of katakana
words and hence, the involved reanalysis is not as strong as the
hiragana words. The observation that hiragana words have higher
P600 amplitude than katakana words is similar to the higher
amplitude of N400 observed for highly unexpected end-word in
the known language (Brown and Hagoort, 1993; Curran et al,,
1993; Holcomb, 1993; DeLong et al., 2005).

Figures 4, 5 show the effects of semantic learning. The
Japanese words in the first exposure elicited a significant P300
response owing to the novelty of the stimuli. After semantic
learning, the ERP of congruent and incongruent conditions did
not have significant differences in the early part of the response.
The differences are significant after 500 ms from the onset of the
end-word. This shows that the semantic processing of the newly
acquired words may occur with a delay of more than 500 ms from
the word onset.
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The foreign word at the end of the sentence is comprehended
as a form change, since it evokes a P600 potential instead of
N400 potential. This is comparable to the semantic illusion
condition shown by Brouwer et al. (2012). The code-switching
to a newly learned word at the end of the sentence requires
re-analysis to integrate it with the prior sentence context. As
shown in other code-switching studies like Van Hell et al
(2018) and Fernandez et al. (2019), we observe that P600 is
elicited for the congruent end-word in context. In this work,
we show that P600 potential is evoked while perceiving newly
acquired word from a foreign language employed in a code-
switched manner. Further, we see a difference in the P600
latency in the response for the newly acquired end-word used in
congruent and incongruent context. When the newly acquired
word is used in congruent condition, we see the positive peak
appearing at a slightly later time with a comparable amplitude.
This difference in the response to the Japanese word used in
congruent and incongruent condition shows the ERP effects
of rapid semantic acquisition of foreign language words. This
difference in responses for congruent and incongruent cases
for the newly acquired word illustrates that the ambiguity is
recognized by involving a higher cognitive load. For the newly
acquired words, the word used in congruent condition evokes a
lesser positive potential around 600 ms from the word onset and
shows a more positive deflection in 700-800 ms (peaking around
750 ms). This can be observed in Figure 4. This implies that
the semantic integration of newly learned words occurs much
later in time compared to the similar process in a proficient
language word. The underlying cognitive process may also be bi-
phasic: recognition and then integration of the meaning with the
sentence context.

The topographic plots show that P600 responses are also
stronger over the centro-parietal and parietal regions like the
N400 response. But the P600 response has a left hemisphere
selectivity. The scalp distributions of difference ERP before and
after semantic learning elicit significant responses in the early
part of the ERP waveform. It has strong positive response over
the parietal and parieto-occipital regions owing to the differences
in N200 response and positive response in the frontal part owing
to the P300 response. The correlation analysis in Figure 8 shows
that the highly negative correlation that exists between the EEG
responses for congruent and incongruent conditions for English
at about 400 ms also appear for Japanese stimuli but at a later time
instant of 600 ms.
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