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[Abstract]

The present study was undertaken to find answers to the research question of how collecting both
linguistic and physiological (INIRS, EEG, and eye-tracking) data contributes to capturing a better
picture of bilingual language processing. Linguistic (spontaneous oral and written) and three types
of physiological (fNIRS, ERP, and eye-tracking) data were collected from an early Japanese-English
bilingual. The linguistic data analysis displayed similarities (i.e., speech ratio and story grammar)
and differences (i.e. preferred pause types) between the two languages. The writing data revealed
high writing proficiency both in the sub-components and overall Quotient score. The code-
switching tasks were able to successfully identify which parts of the brain (the right hemisphere)
are more activated and when such activation takes place (more negativity earlier on but more
positivity later on). Eye-tracking data analysis revealed more time was needed to interpret GP
sentences which in turn induced less stops on each word in such sentences in comparison with
Non-GP sentences. Thus, it is suggested that a linguistic and physiological data combination can
better contribute to capturing a fuller picture of bilingual language processing than just

conventional linguistic or physiological research methods alone.
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1. Rationale

Bilingual research has conventionally collected linguistic data alone to describe what is
different in language behavior in bilinguals compared to monolinguals. With the advent of neuro-
imaging data technology, however, scholars such as Andrews (2019) and Steinhauer & Kasparian
(2020) reiterate the importance of neurolinguistic data in combination with linguistic/behavioural
data. They base their argument on the premise that the same level of language proficiency does not
necessarily result in a similar level of brain activation. To date, there seems to be only one study
which has longitudinally examined acquisition and attrition by collecting both linguistic (receptive

phonological sensitivity) and neurolinguistic (ERP) data (Ostenhout et al, 2019). This study tested
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16 university students in the US learning Finnish after nine months acquisition, then they were
tested again for attrition nine months after the termination of their classroom instruction. The
results lend support to the Complex Dynamic Systems Theory (Larsen-Freeman, 2017) in that
language acquisition and attrition is systematic and linear but at the same time adaptive and
variable in nature. Regarding this variability, a question arises as to whether Ostenhout et al’'s
results can also be observed in languages naturally acquired, particularly in production since they
only targeted a schoollearnt language by collecting receptive data. In pursuing answers for this
enquiry, the present study attempts to collect both behavioural (linguistic) and physiological data
from bilinguals who have acquired two languages in natural settings. In collecting physiological
data, we use fNIRS (functional Near-Infrared Spectroscopy) and an eye-tracking apparatus along

with an EEG device in an attempt to capture a fuller picture of bilingual language production.

Research question: Does collecting both linguistic and physiological (fNIRS, EEG, and eye-

tracking) data contribute to capturing a fuller picture of bilingual language processing?

2. Method

2.1 Participant

An early Japanese-English male bilingual participated in this research. He was born in an
international family with his mother being an English native speaker and his father a Japanese
native speaker, and has spent most of his life in Japan, attending local kindergarten, primary
school, high school, and university, apart from two prolonged periods in Australia when he was in
the 4th and 9th grades for 2.5 years. Upon graduating from university, he took an English-Japanese
interpreting job. Linguistic and physiological data described below were collected when he was 36
years old and had worked as an interpreter for 13 years. Prior to the data collection, the participant

signed a written consent form and was given a book voucher for his participation.

2.2 Procedures and data analysis

Spontaneous oral and written data in English and Japanese were collected to tap into the
participant’s on-line linguistic processing. The wordless picture book “Frog, where are you?"
(Mayer, 1969) was used as a prompt to collect oral data (Figure 1). After going over the book to
familiarize himself with the plot, the participant was asked to orally narrate the book without any
time limit. The collected oral data were transcribed and analyzed for fluency, accuracy, and story
grammar. For spontaneous written data, the Test of Written Language-3 (TOWL-3, henceforth)
devised by Hammill & Larsen (1996) was used (Figure 2). The participant was given 15 minutes to
write an English story on a picture. The written data were assessed by the scoring criteria provided
by the test in terms of contextual conventions (basic English writing rules), contextual language

(lexical and morphosyntactic accuracy), and story construction (impact on readers). The sum of
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the raw scores was converted age-appropriately to make it possible to compare the score against
monolingual norms in English.

To collect the physiological data, a 42-channelled Shimadzu 3000 fNIRS (functional Near-
Infrared Spectroscopy, Figure 3), a 19-channelled CGX Quick 20-r EEG (Figure 4), and a Tobii Pro
Fusion eye-tracker (Figure 5) were used to collect hemoglobin concentration data (115 Hz), ERP
brain oscillations (500 Hz), and eye-movement (250 Hz), respectively. Two types of code-switching
tasks were used as prompts to see which part of the brain is activated (fNIRS) and when such
activation takes place (EEG). Hemoglobin (fNIRS) and ERP oscillation (EEG) signals were
monitored when the participant was working on the tasks: i) A picture with a flag was presented
every 2.5 seconds prompting the participant to orally name the item in the language indicated by
the flag (a total of 84 slides) as seen in Figure 6 (the picture card of a ‘fly’ beside a Japanese flag
requiring him to say ‘HAE’ while the ‘mouth’ picture card with an American flag beside it required
him to say ‘mouth’), and ii) A word was presented every two seconds requiring him to say the
original word aloud or the translation of the word (the EE ‘peanut’ card asking him to say ‘peanut’
while the EJ ‘pig’ card, asking him to say ‘BUTA’) as shown in Figure 7. A total of 132 slides were
randomly presented.

In addition, eye-tracking data were obtained when the participant engaged in reading either
non-garden-path sentences (five syntactically simple and straightforward sentences as shown in
Figure 8, Non-GP) or garden-path (GP) sentences (five syntactically complex or ambiguous
sentences as seen in Figure 9). Each slide was presented for six seconds before a true or false
question slide appeared on the screen where he was asked to fix his gaze on either the answer true
(ared circle) or false (a cross). A total of ten sentences were randomly presented on a PC screen.

In analyzing the fNIRS data (mMmm), the raw data first underwent the procedures of
standardizing them and then subtracting the rest task (a series of six consecutive Japanese naming
tasks) data from the CS task data to make an intra-personal task comparison possible. The
Oxygenated Hemoglobin (Oxy-Hb) is used to represent the fNIRS data (Oxy-Hb, Dexoy-Hb, and
Total-Hb) in this study (Fukuda, 2009). Out of the 42 channels, we placed a special focus on five
bilateral brain regions — the Anterior Cingulate Cortex (ACC), the Inferior Frontal Gyrus (IFT), the
Dorsolateral Prefrontal Cortex (DLPFC), the pre-Supplemental Motor Area (pre-SMA), and the
Supra-marginal Gyrus (SMG). This focus is based on literature targeting bilingual code-switching
behavior to examine cognitive conflicts in the ACC, productive speech in the IFG (Broca's area),
information retention and planning in the DLPFC, new learning in the pre-SMA, and phonological
working memory in the SMG.

The BrainVison Analyzer 2.2 software (Brain Products) was used to analyze the ERP raw data
taken from 19 channels (Figure 11) with a time window of -100 to 800 ms. Considering the linguistic
nature of the current study (e.g., Delogu, Brouwer, and Crocker, 2021; Kotz, Frisch, and Friederici,
2024.), we placed a special emphasis on three types of data - ELAN (early left anterior negativity,
200ms), LAN (left anterior negativity, 300-500 ms), and P600 (mostly centered in the Parietal lobe).
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Our area of interest in analyzing the eye-tracking data focused on the four to five words in the
middle of each sentence which differentiate Non-GP sentences from GP sentences as seen in the
examples of ‘Before the king rides his horse it’s always groomed’ in Figure 8 and ‘After you drank

the water was discovered to be polluted’ in Figure 9. Using the Tobii Pro Lab 1.181 software, the

average eye fixation durations (ms) and fixation counts were calculated for each condition.

3. Results

3.1 Linguistic data
3.1.1 Spontaneous productive (oral narrative) data

Out of the original narrative data provided by the participant, two excerpts of the English and
Japanese transcription of the frog story are provided here.

English: ..... Seeing that, the frog climbed out of the glass jar. The boy and dog were surprised in the morning to find that
the glass jar in which they’d left the frog was empty.....

Japanese:.... LIFEEXDPIEFHFE o 2, HEILE > E 0T IMEHKIFH L T LA TOZBD S9N EITEF LI ...
(Shonento inuga neshizumattakoro, kaeruwa sotto garasubinwo nukedashite sukoshiaiteita madokara nigemashita)

Oral fluency analyses are summarized in Table 1 which shows both similarities (almost an
identical speech ratio out of the total task duration — 53 to 56%) and differences (longer intra-
sentential pause duration in English but longer inter-sentential pause duration in Japanese). The
story grammar analysis (Table 2) clearly exhibits that the participant always mentioned the story
setting along with all eight episodes (characters, problems, and consequences) both in English and

Japanese. The accuracy analysis reveals no mistakes in either language.

Table 1. Oral fluency Table 2. Story grammar
English Japanese Episode English Japanese

TotalTaskDuration (ms) 361,960 386,505 setting d O J O
TotalPauseDuration (ms) 170,274 169,093 ist J O J o
TotalSpeechDuration (ms) 191,686 386,505 ond J o J |
Speech (%) 53.0 56.3
#TotalSentences 39 34 i J o J o
#TotalPause 128 191 4t d L d o
#InterSententialPause 38 33 Sth « o d o
#IntraSententialPause 90 158 6th ¢ o d O
AvelntraSententialPause (ms)  2,122.5 7408 Tth v v
AvelnterSententialPause (ms) 995.8 1,577.0 8th v O Vs

3.1.2 Spontaneous productive (written) data

An excerpt from the writing task is supplied first to give context to the results.

This is the drawing which Elon Musk used to convince angel investors to finance the business which later would become
known as Space X. As you can see, there is nothing too special about the drawing. Musk most likely cut it out of a pulp
fiction comic back from the 80s — who knows.....

When examining the participant’s writing, the TOWL-3 scores in the contextual conventions,

contextual language, and story construction are 12, 13, and 14 respectively (scores between 8 and
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12 are average for the same age group in North America). The Quotient score is 120 while the
average score for the same U.S age group is set between 90 and 110. This signifies that the
participant’s English writing proficiency is within or above his monolingual counterparts in terms
of three sub-components and the overall scores. There is no such writing test available in Japanese,

therefore no data could be collected to assess his Japanese writing skills.

3.2 Physiological data
3.2.1 fNIRS data

An analysis of variance was conducted (F(29,101)=63.211, p<.001, Eta Squared =.0.948) with a
post-hoc Bonferroni for an intra-personal comparison. The tasks included naming pictures in
Japanese, English, and then code-switching. Ten brain regions including the bilateral ACC, IFG,
DLPFC, pre-SMA, and SMG were examined.

Categorizing the fNIRS values (mMmm) reveals that the brain becomes significantly more
activated in the right hemisphere than in the left hemisphere when the participant engages in the
code-switching task in comparison to the monolingual tasks, (Table 3 and Figure 12). The right

hemispheric involvement seems to be more acute in code-switching.

3.2.2 ERP data

When analyzing the ERP data, the variance was examined in four tasks given to the
participant. The first task was a Japanese word to be repeated in Japanese (J]) as see in Figure 16.
Then an English word needed to be repeated in English in the second task (EE) as seen in Figure
15. In task 3, a Japanese word was translated into English by the participant as seen in Figure 14
(JE). Finally, task 4 was an English word to be translated into Japanese as seen in Figure 13 (EJ).
These tasks were carried out, using P600 and ELAN/LAN analysis.

The P600 analysis (F(3,223)=143.783, p<.001, Eta Squared=0.659) revealed a significantly
higher positivity for the JJ task followed by EE, JE, and EJ. On the other hand, the ELAN/LAN
analysis (F(3,221)=291.613, p<.001, Eta Squared=0.975) showed that the significantly lowest
negativity was observed in J], followed by EE and EJ=]JE. The results together indicate that the ERP
signals derived from code-switching (JE or EJ) are distinctively different time-wise from those
derived from monolingual tasks (either JJ or EE) in that more positivity is induced by monolingual
tasks as opposed to the code-switching tasks, being presented first up to 350 ms from the task
onset. More negativity was induced by the code-switching tasks than monolingual tasks, being

manifested as P600 signals.
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Table 3. The fNIRS data comparison

Tasks (languages) Brain region Hemisphere
0.60 < fNIRS (mMmm)
IFGesR | CS IFG. right
0.40 < fNIRS < 0.60
IFGeL Eng 1FG left
ACCIL Jpn ACC left
ACCR Jpn ACC right
DLPFCeR Eng DLPFC right
DLPFCjL Jpn DLPFC left
DLPFCesR | CS DLPFC right
preSMAJL Jpn preSMA left
preSMAjR Jpn preSMA right
SMGeL Eng SMG left
SMGesR. cs SMG | right
0.20 < fNIRS < 0.40
IFGeR Eng IFG right
TFGesL s IFG left
ACCeR Eng ACC right
ACCesR | CS ACC right
preSMAeR Eng preSMA right
0.20 > fNIRS
IFGL Jpn  IFG left
IFGjR Jpn  IFG right
ACCeL Eng ACC left
ACCesL cs ACC left
DLPFCeL Eng DLPFC left
DLPFCR Jpn DLPFC right
DLPFCesL | CS DLPFC left
preSMAeL Eng preSMA left
preSMAesL | CS preSMA left
preSMAGsR | €S preSMA right
SMGeR Eng SMG | right
SMGjL Jpn SMG left . . . . . .
SNOR - oM | g Figure 12. Hemispheric distribution
SMGesL CS SMG left Of fNIRS data
[ s P e—— s s00ms P e ssom I P
oW : e
Figure 13. ERP data for EJ task Figure 14. ERP data for JE task
- I I o sooms Gimsiiing P smaistinn i
N W
Figure 15. ERP data for EE task Figure 16. ERP data for JJ task

3.2.3 Eye-tracking data

Eye-tracking data were collected while the participant was silently reading five GP and five
Non-GP sentences that were randomly presented every six seconds followed by T/F questions.
The average fixation durations on the four to five focal words in the middle of the sentences were
160 ms in the Non-GP sentences which was a shorter length of time than 220 ms in the GP
sentences. The average eye fixation counts in the Non-GP sentences were 17 while they were only

10 in the GP sentences. Eye-tracking data visualizations are presented in Figures 17 and 18. The
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analysis appears to indicate that processing complex GP sentences takes longer time on focal
words, which in turn does not allow the reader to stop as often as they can in reading simple Non-

GP sentences.

After you drank the water was discovered to be polluted.

Figure 17. Eye-tracking data visualization in a GP sentence

Before the king rides his horse it's always groomed.

Figure 18. Eye-tracking data visualization in a Non-GP sentence

4. Discussion

The present study was undertaken to find answers to the research question of ‘Does collecting
both linguistic and physiological (fNIRS, EEG, and eye-tracking) data contribute to capturing a fuller
picture of bilingual language processing?’ The data included linguistic (spontaneous oral and
written) data along with three types of physiological (fNIRS, ERP, and eye-tracking) data. The data
analysis on the spontaneous oral data in English and Japanese showed similarities (i.e., speech ratio
and story grammar) and differences (i.e. preferred pause types) between the two languages. The
TOWTL-3 scores revealed high writing proficiency both in sub-components and the overall Quotient
score, which are either average or above average when compared to the participant’s monolingual
counterparts in English. The code-switching tasks were able to successfully identify which part of
the brain (the right hemisphere) is more activated and when such activation takes place (more
negativity earlier on but more positivity later on). The eye-tracking data analysis showed that more
time was needed to interpret complex GP sentences, which in turn induced less stopping at each
word in comparison to simple Non-GP sentences. Thus, it is suggested that combining both
linguistic and apparatus-based physiological data can better contribute to capturing a fuller picture
of bilingual language processing than the conventional linguistic or physiological research
methods. However, in order to confirm this statement, many more participants are needed for data

collection in the bilinguals’ two languages, using similar tasks to this exploratory research.
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