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The Role of Letter–Speech Sound Integration in Native and
Second Language Reading: A Study in Native Japanese

Readers Learning English

Dongyang Yan and Ayumi Seki

Abstract

■ The automatic activation of letter–speech sound (L-SS) asso-
ciations is a vital step in typical reading acquisition. However,
the contribution of L-SS integration during nonalphabetic native
and alphabetic second language (L2) reading remains unclear.
This study explored whether L-SS integration plays a similar role
in a nonalphabetic language as in alphabetic languages and its
contribution to L2 reading among native Japanese-speaking
adults with varying English proficiency. A priming paradigm in
Japanese and English was performed by presenting visual letters
or symbols, followed by auditory sounds. We compared
behavioral and event-related responses elicited by congruent
letter–sound pairs, incongruent pairs, and baseline condition
(symbol–sound pairs). The behavioral experiment revealed
shorter RTs in the congruent condition for Japanese and English
tasks, suggesting a facilitation effect of congruency. The ERP

experiment results showed an increased early N1 response to
Japanese congruent pairs compared to corresponding incon-
gruent stimuli at the left frontotemporal electrodes. Interestingly,
advanced English learners exhibited greater activities in bilateral
but predominantly right-lateralized frontotemporal regions for
the congruent condition within the N1 time window. Moreover,
the enhancement of P2 response to congruent pairs was observed
in intermediate English learners. These findings indicate that,
despite deviations from native language processing, advanced
speakers may successfully integrate letters and sounds during
English reading, whereas intermediate learners may encounter dif-
ficulty in achieving L-SS integration when reading L2. Furthermore,
our results suggest that L2 proficiency may affect the level of auto-
maticity in L-SS integration, with the right P2 congruency effect
playing a compensatory role for intermediate learners. ■

INTRODUCTION

Reading, as one way of acquiring knowledge and informa-
tion, is an important method to successfully make aca-
demic and social achievements. In an alphabetic writing
system, words are composed of sets of graphemes (let-
ters) that correspond to the phonemes (speech sounds).
Becoming a reading expert heavily hinges on the auto-
matic activation of the established letter–speech sound
(L-SS) association (Ehri, 2005). In most natural settings,
typically developing children need to converge a letter
with a speech sound into a new audiovisual (AV) unit,
and it takes a considerably long time for them to automat-
ically extract specific information from this L-SS associa-
tion (e.g., Karipidis et al., 2017, 2018). As a vital part of
learning to read, the cross-modal integration of letters
and speech sounds serves as the fundamental starting
point for building an effective brain network that facili-
tates fluent reading. Hence, the investigation of L-SS inte-
gration is essential for typical reading acquisition not only
in the native language (L1) but also in a second language
(L2). Yet, learning an L2 is exceedingly complicated and
challenging, as there is a significant influence of the

learner’s L1 background on L2 acquisition, which may
make L-SS integration contribute differently to alphabetic
L2 reading.

The general features of AV integration processing (e.g.,
lipreading, which involves integration of lip movements
and speech sounds) have been widely explored by manip-
ulating the congruency of different AV inputs. In this par-
adigm, two conditions have been presented: (1) congruent
auditory and visual inputs and (2) mismatching inputs
(i.e., incongruent AV pairs). Murray and Wallace (2011)
proposed that when auditory and visual stimuli are con-
gruent, their interaction can accelerate and improve the
ability in perception. In line with AV speech integration,
this simple framework has also been used in L-SS integra-
tion studies. Using this congruency effect, an early behav-
ioral priming study conducted on Dutch adults showed
faster RTs in identifying a vowel in an auditory syllable
(e.g., /a/ in /ka/) presented after a congruent visual letter
prime (Dijkstra, Schreuder, & Frauenfelder, 1989). More
recently, a magnetoencephalography study by Raij,
Uutela, and Hari (2000) compared the activation elicited
by auditory (speech sounds), visual (letters), and AV (con-
gruent or conflicting) stimuli. Successful L-SS integration
was found to correspond to areas, including the superior
temporal cortex (STC), that served as a heteromodal AVFaculty of Education, Hokkaido University, Japan
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integration site. Later functional neuroimaging studies of
L-SS integration (Blau, Van Atteveldt, Formisano, Goebel,
& Blomert, 2008; van Atteveldt, Formisano, Blomert, &
Goebel, 2007; van Atteveldt, Formisano, Goebel, &
Blomert, 2007; Herdman et al., 2006; van Atteveldt,
Formisano, Goebel, & Blomert, 2004) have reported
significantly greater activation for congruent conditions
than for incongruent conditions (i.e., congruency effect)
in multimodal areas, the STC, and sensory-specific areas
including the auditory (i.e., Heschl’s sulcus, planum tem-
porale) and visual cortices. In light of these findings, van
Atteveldt, Roebroeck, and Goebel (2009) proposed the
feedback hypothesis, suggesting that the unisensory sig-
nals of multisensory stimuli are initially integrated in the
STC, and then the feedback input from the STC would
modulate activities in the auditory cortex. Therefore,
one expects the congruency effects to be mainly observed
in the heteromodal integration area and the auditory
cortex.

With the high time resolution feature, neurophysiolog-
ical studies including EEGhave been performed to explore
the time window of multisensory integration processing.
In a series of ERP studies, the mismatch negativity
(MMN) component was used to investigate L-SS integra-
tion (Žarić et al., 2014; Andres, Oram Cardy, & Joanisse,
2011; Froyen, Willems, & Blomert, 2011; Froyen, Bonte,
van Atteveldt, & Blomert, 2009; Froyen, Van Atteveldt,
Bonte, & Blomert, 2008). The MMN is elicited by a rare
AV pair (visual “a,” auditory /o/; incongruent) that is pre-
sented in a sequence of frequent stimuli (visual “a,” auditory
/a/; congruent). These studies have demonstrated the
bimodal enhancement of the MMN in typical readers,
occurring approximately 100–250 msec after the onset of
the auditory stimulus that appears synchronously with the
corresponding letter (AV0) and 200msec later (AV200) than
the presence of the visual letter, when compared to that of
the MMN evoked by the auditory-only condition. This
component has been considered as the completion of
early and automatic integration (see a review from Fitzgerald
& Todd, 2020). However, there may be some limitations
when usingMMN as a reliable indicator of L-SS integration.
First, different from the theory of feedback hypothesis, the
enhancement of MMN amplitude might be attributed to
incongruent trials, and the observed incongruency effects
aremore likely to stem from neural adaptation (Grill-Spector
& Malach, 2001) or cross-modal repetition (Henson, 2003).
In addition, considering that many different processes
presumably overlap within the 100- to 250-msec time win-
dow, it might be difficult to draw firm conclusions on the
precise time course of L-SS integration within this time
range. Therefore, relying solely on MMN as an indicator
may not be appropriate to precisely investigate the tempo-
ral dynamics of L-SS integration.

Empirical studies have proposed that auditory ERP com-
ponents are modulated by the presence of the congruent
visual context. Earlier studies investigating AV integration
(e.g., lipreading) have reported amplitude differences in

brain responses occurring 100–250 msec after the onset
of congruent auditory stimuli, compared to that for incon-
gruent inputs (e.g., Roa Romero, Senkowski, & Keil, 2015;
Kaganovich & Schumaker, 2014; Knowland, Mercure,
Karmiloff-Smith, Dick, & Thomas, 2014; Stekelenburg &
Vroomen, 2007). These brain responses are typically rep-
resented by the auditory N1 and P2 ERP components. The
N1/P2 components, with maximal current distribution at
the central scalp sites (i.e., at electrode Cz), often referred
to together as the vertex potential, are highly responsive to
auditory speech (Hoonhorst et al., 2009; Pang & Taylor,
2000). Other related studies have shown that the ampli-
tude difference between matching and mismatching stim-
uli in the auditory N1 component appears as early as
100msec (Kaganovich & Schumaker, 2014; VanWassenhove,
Grant, & Poeppel, 2005; Klucharev, Möttönen, & Sams,
2003) and a shorter latency of N1 when auditory speech
is accompanied by the consistent lipreading information
(Knowland et al., 2014; Bernstein, Auer, Wagner, & Ponton,
2008; van Wassenhove et al., 2005). In contrast, only a few
ERP studies have explored the time course of L-SS inte-
gration through the congruency effect, as an indicator
of cross-modal facilitation or AV integration. Recently,
Nash et al. (2017) used auditory N1/P2 ERP components
to explore the L-SS integration in English children with
and without dyslexia. They utilized a priming paradigm
by presenting visual letters 1000 msec before the onset
of letter sounds. Their results supported the feedback
hypothesis, showing stronger congruency effects at the
left frontotemporal electrodes within 50–125 msec for
typical advanced readers, whereas a congruency effect
in the younger group with lower reading fluency was
observed in the centroparietal regions within approxi-
mately 200–300 msec at the P2 time span. These findings
suggest that the impact of reading fluency on the time
course of integrating letters and speech sounds shifts from
a late to an early congruency effect on ERP amplitude as
reading fluency improves. Meanwhile, the results from
Nash et al. (2017) tended to concur with studies focused
on reading development, highlighting the AV congruency
effect observed at the basic phoneme level, which
involves L-SS pairs (Caffarra, Lizarazu, Molinaro, &
Carreiras, 2021; Karipidis et al., 2017, 2018), as well as
at the word level (Eberhard-Moscicka, Jost, Daum, &
Maurer, 2021; Jost, Eberhard-Moscicka, Frisch, Dellwo, &
Maurer, 2014). These studies collectively indicate that
the AV congruency effect on ERP amplitude may serve
as a strong predictor of reading fluency.
However, it remains largely unclear about the contribu-

tion of L-SS integration to L2 reading, particularly when the
native language and the learned L2 have different
orthography–phonology mappings. In alphabetic lan-
guages, literacy acquisition typically begins with learning
L-SS associations. However, the writing system in Japanese
is substantially different from that of alphabetic languages,
as it combines a mixture of both semantic symbols known
as “kanji” and orthographically consistent phonetic
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symbols known as kana. In addition, the phonological
units in Japanese orthography, known asmora, are larger
than the phonemes in English. Furthermore, it is impor-
tant to note that the level of L2 proficiency might be
one critical factor impacting L2 AV integration. Neuro-
imaging studies have reported that the native language
backgroundmay influence brain responses to L2 reading, as
well as the L2 proficiency and age of acquisition (Bowden,
Steinhauer, Sanz, & Ullman, 2013; Perani & Abutalebi,
2005; Nakada, Fujii, & Kwee, 2001). These studies indicate
that the brain response to an L2 may show greater similar-
ity to the response to their native language among more
proficient learners compared to those with lower profi-
ciency levels and that highly proficient learners are more
likely to develop L2 processing that resemble those found
in the native language processing. More related MMN
studies by Wang et al. (2019, 2022) have examined L-SS
integration in L2 reading among native Chinese speakers
with varying L2 proficiency. They found that local native
Chinese speakers failed to integrate English letters and
sounds, in contrast to their native English peers, whereas
native Chinese speakers with English immersion experi-
ence successfully integrated English letters and sounds
like native English speakers. In light of these studies, we
investigated whether the English proficiency of native
Japanese speakers affects the role of L-SS integration in
L2 reading.
The aim of the current study was to testify the role of L-

SS integration in nonalphabetic native and alphabetic L2
reading using behavioral and ERP measurements in native
Japanese-speaking adults with various English proficiency.
To achieve this, we employed a priming paradigm adapted
from Nash et al. (2017). Previous studies using this para-
digm (Clayton & Hulme, 2018; Nash et al., 2017) have
found that both typical English readers and dyslexic chil-
dren exhibited facilitation of the congruency effect in their
behavioral responses, but the engaged neural circuitry dif-
fered. On this account, it is crucial to examine both behavioral
and neural responses in L2 readers. To adapt the paradigm to
adults, we amended the SOA by presenting the visual stim-
uli leading the auditory stimuli by 200 msec. This adjust-
ment was informed by prior research suggesting a smaller
window size for AV integration in typically developing
adults (Zhou, Cheung, & Chan, 2020; Wallace & Stevenson,
2014). The choice of the 200msec as the SOAwas based on
previous studies (e.g., Wang et al., 2019; Froyen et al.,
2008). In line with the congruency effects from previous
studies, we hypothesized that the congruency effects of
early ERP response should be foundwhen a native Japanese
reads kana, transparent phonetic symbols. Regarding
English reading, given English with amore opaque orthog-
raphy, we expected that the formation of letter–sound
associations would require a longer learning time. Hence,
we predicted that advanced English (AE) learners would
demonstrate a greater congruency effect in the early audi-
tory response, whereas intermediate English (IE) learners
would not.

METHODS

Participants

Thirty-six native Japanese-speaking university students
(age range = 18–27 years; 20 women) were recruited to
participate in this study. All the participants passed a rigor-
ous examination in Japanese, a prerequisite for the univer-
sity admission process, suggesting a high level of Japanese
proficiency among our participants. The sample size for
this study was determined based on the previous study
by Nash et al. (2017). Considering the impact of age on
L2 acquisition (Cao, Tao, Liu, Perfetti, & Booth, 2013),
we recruited participants who started to learn English after
the entry to primary school. Data of two female partici-
pants who failed to complete the EEG experiment were
excluded. The remaining 34 participants took part in both
behavioral and EEG experiments. Procedure of the study
was approved by the ethics committee of the Department
of Education at Hokkaido University and conformed to the
Declaration of Helsinki. Written informed consent was
gained from all the participants. All the participants were
right-handed and had normal or corrected-to-normal
vision. In addition, they had normal hearing and no record
of reading difficulties diagnoses, or other neurological or
psychiatric disorders.

Procedure

All participants were asked to complete an online ques-
tionnaire before attending the laboratory for the study.
Behavioral and EEG data were collected on two separate
days. Participants were informed about the experimental
procedure and were introduced to the facilities before
the conduction of the experiments. On Day 1, they were
instructed to finish a pretest (70 min), which included a
batch of standardized measures of English proficiency
and general cognitive ability, and a behavioral letter–
sound priming experiment (20 min). The priming experi-
ment while EEG data were recording was performed on a
different day, typically within a 10-day interval after the ini-
tial measurement that included the pretest and the behav-
ioral priming task.

Questionnaire

The online questionnaire was used to assess the partici-
pants’ language backgrounds and attitudes toward L2
learning. We made the questionnaire based on the lan-
guage history questionnaire for speakers with multiple
languages by Li, Zhang, Yu, and Zhao (2020), but with
fewer questions. This is because our questionnaire
focused more on English learning experience, their
English usage as an L2, and their age of the English acqui-
sition. The first part of the questionnaire included general
information questions about the participants, such as age,
gender, L2 language proficiency, and English proficiency
test scores (e.g., TOEFL). Subsequently, the following

Yan and Seki 1125

D
ow

nloaded from
 http://direct.m

it.edu/jocn/article-pdf/36/6/1123/2371658/jocn_a_02137.pdf by H
O

KKAID
O

 D
AIG

AKU
 user on 07 August 2024



section checked participants’ overseas experiences and
explored their L2 usage when living overseas. After-
ward, the responses to questions about their attitudes
toward English learning were collected through the
questionnaire.

L2 Proficiency and General Cognitive Measures

We used three standardized tests of English literacy to
measure participants’ basic reading abilities in English.

Test of Word Reading Efficiency II: Sight Word Efficiency
and Phonetic Decoding Efficiency

For the Test of Word Reading Efficiency II (Torgeson,
Wagner, & Rashotte, 1999), participants were instructed
to read aloud a list of 108 words and 66 pronounceable
printed nonwords accurately and quickly, with a time
limit of 45 sec, respectively.

Woodcock–Johnson III: Letter–Word Identification,
Word Attack, Reading Fluency, and Spelling of Sounds

For the Letter–Word Identification (76 words) and Word
Attack (32 pseudowords) tests in Woodcock–Johnson III
(Schrank, 2010), participants were asked to provide the
correct pronunciation of these words and pseudowords.
There is no time limit, but they needed to read fluently
and smoothly. Each test was stopped after six consecutive
errors or no responses.

The Reading Fluency test, with a 3-min time limit, was
used to assess English (automatic) semantic reading ability
and generic knowledge. Participants judged each short
sentence as truth or paradox by accurately and quickly
marking “Yes” or “No,” with a maximum of 98 questions.

Spelling ability was measured using the Spelling of
Sounds test. The audio recording of pronounceable non-
words was played twice, and participants were asked to
write down these heard nonwords correctly. A maximum
of 28 nonwords was provided. The test was stopped after
four consecutive errors or no responses.

Comprehensive Test of Phonological Processing–Second
Edition: Elision, Blending Words, Blending Nonwords,
and Segmenting Nonwords

The Comprehensive Test of Phonological Processing–
Second Edition (Dickens, Meisinger, & Tarar, 2015) was
used to assess reading-related phonological processing
skills. Participants removed or segmented phonemes to
form other words or pronounceable nonwords in the Eli-
sion test and Segmenting Nonwords test. In the Blending
Words and Blending Nonwords tests, participants were
asked to synthesize sounds to form words or nonwords.
All four subtests were terminated after three consecutive
errors or no responses.

Matrix Reasoning Test

General cognitive ability was assessed using a nonverbal
intelligence test from the Wechsler Abbreviated Scale of
Intelligence (Wechsler, 1999). A matrix reasoning test
was used to measure the participants’ ability to solve
new problems, perceive relationships, and complete
visual analogies without evaluating their vocabulary or lan-
guage proficiency. The test consists of 26 questions and
was stopped after four consecutive errors or no responses.
Given the strong correlation observed among the

English proficiency tests, it is difficult to isolate one spe-
cific test to serve as the exclusive criterion for grouping
participants. Hence, to establish the grouping criteria,
principal component analysis was performed on all the
English proficiency test scores to extract the principal
components related to the grouping criterion. This analy-
sis allowed us to identify the principal component that
accounted for the highest proportion of the variance.
Accordingly, the first principal component accounts for
56.67% of the overall variability, indicating comprehensive
English proficiency. The second component with a contri-
bution of 11.08% likely explains aspects of phonological
and phonemic awareness (see Appendix for a summary
of the principal component analysis results). Consequently,
we utilized the first principal component as the primary cri-
terion for grouping participants. Thirty-four participants
were classified into two groups based on the results of their
behavioral English proficiency tests: an AE group (n = 13)
and an IE group (n = 21). The demographic information
and behavioral tests for each group, including age, gender,
and performance of all behavioral tasks, are summarized in
Table 1. There was no difference between two groups in
terms of their mean scaled scores on the Matrix Reasoning
Test. Notably, it is worthmentioning that a significant portion
of participants in the AE group had passed English profi-
ciency tests for application to U.S. universities (e.g., TOEFL)
and had resided in English-speaking countries for more than
6 months (9 of 13 participants).

Behavioral Priming Measure

A priming experimental paradigm adapted fromNash et al.
(2017) was performed in both Japanese and English. To be
consistent with previous studies, we used both incongru-
ent and baseline conditions. Therewere five conditions for
each language task, as shown in Figure 1A.
In congruent and incongruent AV conditions, the prime

and the target were matching and mismatching
kana/letters and sounds (e.g., kana “と” or letter “k” and
sound /to/ or /k/). In the baseline condition, an Interna-
tional Phonetic Alphabet letter was used as the visual
prime (e.g., symbol “ʉ”). The International Phonetic
Alphabet letter is an adapted alphabetic letter based on
the Latin script that is unfamiliar to the Japanese partici-
pants. The original speech sounds were recorded by male
native speakers at 44.1-kHz, 16-bit quantization. We then
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off-line down-sampled these files to 22.05 kHz and
matched loudness at 70 dB using the PRAAT software
(www.fon.hum.uva.nl/praat/; Boersma & Weenink, 2020).
We included two control conditions to balance the but-

ton press and to avoid the condition that only the “yes”
responses to speech sounds were involved. In the two
control conditions, the prime was either a kana/letter or
a symbol, but the auditory stimulus was a scrambled pho-
neme edited from the corresponding speech phonemes
using MATLAB (The MathWorks) code from Ellis (2010).

We chopped each speech sound into 5-msec overlapping
Hanning windows. Afterward, we shuffled the order of
these 5-msec windows over a 250-msec radius and then
reconstructed them to create the scrambled speech
sound. Meanwhile, we attempted to maintain the length,
overall power, and frequency spectrum as similar as pos-
sible to those of the originally recorded phonemes. The
AV stimuli and the duration of each auditory stimuli are
presented in Table 2. The data of the control conditions
were excluded from the later analysis.

Table 1. Demographic Information and Mean (SD) of Scores on Behavioral English Proficiency and General Cognitive Ability in the
Two Groups

Measure (Points)

AE Learners IE Learners
Significance

Testing
Group

DifferencesMean (SD) Mean (SD)

N (men/women) 13 (4/9) 21 (12/9) − −

Age (years) 20.54 (2.56) 21.52 (2.20) p = .256 AE = IE

Age (years) of L2 acquisition 10.54 (3.52) 11.33 (2.59) p = .469 AE = IE

Number of individuals learning English out of
interest (%)

10 (76.92%) 10 (47.62%) p = .092 AE = IE

Length of time since the start of English
acquisition (years)

10.00 (2.38) 10.19 (3.16) p = .853 AE = IE

TOWRE II Sight Word Efficiency raw score 82.69 (6.82) 71.52 (4.89) p = .000 AE > IE

TOWRE II Phonemic Decoding Efficiency raw score 47.54 (4.20) 35.29 (6.08) p = .000 AE > IE

WJ III LWI raw score 55.15 (1.91) 50.90 (3.06) p = .000 AE > IE

WJ III WA raw score 28.46 (2.03) 24.76 (2.55) p = .000 AE > IE

WJ III RF raw score 68.77 (12.04) 44.90 (7.12) p = .000 AE > IE

WJ III SS raw score 22.54 (2.60) 19.14 (2.89) p = .002 AE > IE

CTOPP-2 Elision raw score 31.00 (1.63) 27.62 (4.85) p = .022 AE > IE

CTOPP-2 Blending Words raw score 23.46 (1.66) 17.71 (5.88) p = .002 AE > IE

CTOPP-2 Blending Nonwords raw score 15.77 (2.68) 10.86 (4.35) p = .001 AE > IE

CTOPP-2 Segmenting Nonwords raw score 21.46 (2.79) 18.29 (3.58) p = .010 AE > IE

Matrix Reasoning Test raw score 21.46 (1.76) 21.71 (2.03) p = .713 AE = IE

TOWRE = Test of Word Reading Efficiency; WJ = Woodcock–Johnson; LWI = Letter–Word Identification; WA = Word Attack; RF = Reading Fluency;
SS = Spelling of Sounds; CTOPP-2 = Comprehensive Test of Phonological Processing–Second Edition.

Figure 1. (A) Example trials for each condition of the behavioral priming task. /ds/ represents a scrambled speech sound. (B) The procedure used for
the audiovisual priming paradigm in EEG data collection.
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During the experiment, visual primes were followed by
congruent and incongruent speech sounds. Participants
were asked to attend to the visually presented kana/letter
and then respond to the auditory stimuli. They needed
to decide to use the “yes/no” buttons to determine
whether each presented auditory stimulus was a “real
sound” or not, as quickly as possible. The behavioral prim-
ing task was composed of four blocks for each language
task, with the five mentioned conditions presented in a
randomized sequence, totaling 48 trials for each condi-
tion, as illustrated in Figure 1A. All trials had a total dura-
tion of approximately 2000 msec. In each trial, a central
fixation cross lasted ranging from 1000 to 1450 msec
(150 msec/step) to minimize expectancy effects. Subse-
quently, a black-written visual prime was displayed on
the white screen for a duration of 200 msec followed by
the presence of the auditory stimuli. The kana/ letters
were presented in Arial font at a size of 28. The partici-
pants were instructed to prompt to provide a response
after hearing the auditory stimuli. For each trial, we
recorded both accuracy and RTs. Stimulus presentation
and response collection were controlled using the E-
Prime Version 3.0 software (Psychology Software Tools).
Visual stimuli were displayed on a 21-in. screen with a
screen resolution of 1920 × 1080 pixels at a distance of
60 cm, and auditory stimuli were binaurally presented by
headphones from Panasonic. To familiarize themselves
with the task, the participants were asked to perform
practice trials until they achieved 80% accuracy. Each
block lasted for approximately 2 min 30 sec. The entire
experiment, including tasks for each language, took
approximately 20 min. Participants had the opportunity
to take a break after completing each block.

EEG Priming Measure

A slightly modified version of priming paradigms in
Japanese and English was run using E-Prime (Version
2.0), while the EEG was being recorded. The duration of
both visual and auditory stimuli aligned with the durations
used in the behavioral experiments. One notable differ-
ence from the behavioral priming task was that we set a
500-msec duration as the interval from the onset of the

speech sound to the presentation of a central fixation
rather than the duration of sound itself to ensure a suffi-
ciently long time window for the analysis of ERPs. Given
that task-related top–down processing in an explicit
matching task may impact the presence of the con-
gruency effect in the auditory cortex (Mozol ic ,
Hugenschmidt, Peiffer, & Laurienti, 2008), our task
attempted to use a passive paradigm. As a seconddifference
from behavioral priming task, we included onemore condi-
tion (i.e., the target condition) to maintain participants’
attention during the task. Consequently, this time, partici-
pants were not required to provide physical responses to
the AV stimuli but needed to press the button when
piano pictures were presented as targets (see
Figure 1B). The participants sat in a sound-attenuating,
electrically shielded room. All stimuli were presented
on a 17-in. monitor with a screen resolution of 1024 ×
720 pixels, and the participants sat 70 cm from the
screen. The horizontal and vertical visual angles were
2.72° and 3.13°, respectively. The auditory stimuli were
delivered binaurally through Panasonic earphones. More-
over, to enhance the reliability of the ERP data, the EEG
experiment included nine blocks for each language, which
made 108 trials for each condition, including 108 trials for
the target condition. Within one block, all the conditions
were presented in a randomized order. Participants initially
completed tasks in either Japanese or English, followed by
another language. The sequence of Japanese and English
tasks was counterbalanced across participants. The entire
experiment lasted approximately 50 min. The participants
would have a rest upon their request.

EEG Recording and Preprocessing

Data were recorded using an electrode cap (Easycap
GmbH) with 29 Ag/AgCl electrodes aligned according to
the extended International 10–20 system (Fp1/2, F3/4,
F7/8, Fz, FC1/2, FC5/6, T7/8, C3/4, Cz, CP5/6, CP1/2, P3/4,
P7/8, Pz, POz, O1/2, and Oz). To monitor eye move-
ments, the EOG was recorded simultaneously from an
electrode placed 1 cm lateral to the outer canthus of
each eye and from an electrode below the left eye
(i.e., horizontal left and right EOG and vertical left
EOG). All the channels were referenced to POz. EEGs
and EOGs were amplified using a SynAmps amplifier
(NeuroScan) at a sampling rate of 1000 Hz. Electrode
impedance was maintained below 10 kΩ.
Preprocessing and offline data analysis were performed

using the EEGLAB 14.1.2b toolbox (Delorme & Makeig,
2004), ERPLAB toolbox (Lopez-Calderon & Luck, 2014),
and custom-made MATLAB scripts. The EEG signal from
each electrode was rereferenced to the common average
and then down-sampled to 250 Hz. For the data analysis,
continuous data were high-pass filtered (noncausal Butter-
worth impulse response function, half-amplitude cut-
off = 0.1 Hz, 12 dB/octave roll-off ). EEG signals were
then segmented into epochs from 600 msec before to

Table 2. Audiovisual Stimuli and Duration of Each Auditory
Stimulus in the Priming Tasks

Letter EN Letter JP Symbol

d 171 msec と(to) 327 msec ϑ

k 143 msec る(ru) 297 msec ʉ

p 147 msec ま(ma) 262 msec ɬ

z 215 msec ね(ne) 360 msec ϐ

EN = English; JP = Japanese.
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800 msec after the auditory onset. Independent com-
ponent analysis was conducted to identify and remove
components associated with eye movements, blink
artifacts, and muscular activities. Components contain-
ing other nonbrain artifacts were identified using ICLa-
bel (Pion-Tonachini, Kreutz-Delgado, & Makeig, 2019).
Channels with larger artifacts were removed after visual
inspection. The removed channels were interpolated
using spherical interpolation. Afterward, epochs con-
taining artifacts of amplitudes ±100 μV at the EOG
and scalp electrodes were excluded from further anal-
ysis. We excluded the data of three participants from
the ERP analyses (one AE, one IE from the English task,
and one from the Japanese task, respectively), because
of more than 30% of the trials rejected. The average
number (SD) of epochs per group in each condition
of the Japanese and English tasks is shown in Table 3.
Before averaging for ERP, all epochs were filtered using
a low-pass Butterworth filter (half-amplitude cutoff =
35 Hz, 12 dB/octave roll-off ) and baseline-corrected
using an interval from−300 to 0 msec before the onset
of the sound.

Statistical Analysis

Statistical analyses were performed using SPSS Version
26.0 (SPSS, Inc.) and Stata Version 17.0 (StataCorp).

Behavioral Priming Measure Data

Accuracy (in percentage) and RTs (in milliseconds) in the
Japanese and English tasks were computed for each partic-
ipant in the behavioral priming task. Before analyzing RTs
for responses, we excluded trials with values exceeding ±
2.5 SDs of an individual’s average RT. A repeated-measures
ANOVAwas conducted to examine the RTs across the three
conditions in the Japanese task. Similarly, we performed a
repeated-measures ANOVA on the RTs obtained from the
English task. The analysis incorporated factors Group (AE
and IE) and Condition (congruent, incongruent, and base-
line). To assess the normality assumptions, QQ plots were
examined. The level of significancewas set at a corrected p<
.05. All reported p values from the repeated-measures
ANOVA were Greenhouse–Geisser corrected. Bonferroni
corrections were performed for all post hoc analyses.
Reported values for the post hoc analyses were corrected.

EEG Priming Measure Data

The average of accuracy and RTs in the EEG priming mea-
sure for detecting targets were calculated to make sure of
participants’ engagement and compliance during the task.
Statistical analyses of the auditory N1 and P2 components
were carried out on epochs time-locked to the onset of
auditory stimuli. The results of previous studies on typical
topographical distribution have suggested AV congruency
effects mostly observed at central sites (Knowland et al.,
2014; Stekelenburg & Vroomen, 2007); thus, the apex,
Cz, was selected for analyzing the N1 and P2 peak latencies
and amplitudes. We employed a jackknife-based tech-
nique (Kiesel, Miller, Jolicoeur, & Brisson, 2008) to deter-
mine the peak latencies of the N1 and P2 components, to
obtain more accurate and robust estimates of latency
(Miller, Ulrich, & Schwarz, 2009). The jackknife procedure
involves testing the latencies of N grand averages of N− 1
participants using a leave-one-out method. The N1 and P2
amplitudes were measured using the mean amplitudes
over specific time windows centered on the mean peak
latencies. We used the mean amplitude rather than the
peak amplitude as it is generally regarded as a more reli-
ablemeasurement. The N1 amplitude was chosen in a 110-
to 140-msec time window after the onset of the auditory
stimulus across all conditions and tasks. Similarly, the P2
amplitude was chosen in a 210- to 235-msec time window
for both Japanese and English tasks. To assess the congru-
ency effects, peak latencies andmean amplitudes were cal-
culated for both the congruent and incongruent conditions.
Specifically, we conducted pairwise comparisons of
latency and amplitude between congruent and incongru-
ent conditions in the Japanese task. In addition, repeated-
measures ANOVAs were performed on the latency and
amplitude measures of the English task, including one
within-participant factor (congruent and incongruent con-
ditions) and one between-participant factor (AE and IE
groups). In addition, to investigate potential differences
in spatially underlying processes, we conducted topograph-
ical analyses using a permutation test with 1000 randomiza-
tions in the time windows of N1 and P2, respectively.
Furthermore, to compare our findings with those of
Nash et al. (2017), latencies and amplitudes of N1 and
P2 components for congruent and baseline trials were
supplementarily analyzed. Finally, two-tailed Pearson’s
correlations were calculated to testify whether behavioral
priming responses and mean amplitudes of electrodes

Table 3. Average Number (SD) of Epochs per Group in Each Condition of the Japanese and English Tasks

Japanese Task (n = 32) English Task AE (n = 12) English Task IE (n = 20)

AVc 90.12 (±12.55) 86.08 (±12.88) 93.50 (±10.67)

AVi 92.03 (±11.72) 88.17 (±13.15) 94.70 (±10.66)

Baseline 90.72 (±13.57) 89.42 (±12.49) 94.95 (±11.20)

AVc = audiovisual congruent; AVi = audiovisual incongruent.
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during the N1 time window were related to English
language proficiency levels.

To ensure that the assumptions of normality were met,
the QQ plots were inspected. Appropriate follow-up
ANOVAs and pairwise comparisons were performed with
corrections for multiple comparisons and an alpha level
of .05. For topographical analysis, we adopted the false
discovery rate method (Benjamini & Hochberg, 1995)
for multiple comparisons.

RESULTS

Behavioral Priming Measure Results

Across conditions and groups, an average of 4.82 trials of
RT data was excluded from the Japanese task, whereas an
average of 6.30 trials of RT data was excluded from the
English task. These excluded trials were not solely from
the last block but rather distributed across multiple
blocks. Hence, more than 97% of the possible RT data
were used for the analysis, in each condition and for
each group. The accuracy of the behavioral priming task
was quite high for both the Japanese (mean = 97.54%,
SD= 3.07%) and English (mean = 97.03%, SD= 2.93%)
tasks, showing near-perfect levels of performance in the
three conditions.

The mean RTs for both tasks are shown in Figure 2. For
the Japanese task, faster RTs were observed in the congru-
ent condition, in comparison to the incongruent or base-
line conditions. Similarly, a congruency effect of the
English task was found in both groups, with shorter RTs
in the congruent condition than in the incongruent or
baseline conditions.

A repeated-measures ANOVA of the three conditions in
the Japanese task revealed a significant main effect of Con-
dition, F(2, 66) = 63.93, p< .001, η2 = .66. For RTs of the
English task, the Condition × Group ANOVA yielded a sig-
nificant main effect of Condition, F(2, 64) = 38.92, p <
.001, η2 = .55, but no significant effect of Group, F(1, 32) =
1.97, p = .17, η2 = .06, nor a significant Group × Con-
dition interaction, F(2, 64) = 0.15, p= .82, η2 = .01. These

findings revealed the presence of a congruency effect on
behavioral responses, indicating the facilitation of congru-
ent visual letters for the corresponding speech sound pro-
cessing in both L1 and L2.

EEG Priming Measure Results

The EEG priming task yielded quite high accuracy rates for
target detection, with an average of 97.02% for the Japa-
nese task and 96.70% for the English task. Meanwhile,
the mean RTs were 440.62 msec for the Japanese task
and 433.17 msec for the English task, indicating consistent
compliance among participants throughout the tasks.
Figure 3 shows the ERPwaveforms at the Cz electrode in

response to the auditory onset under the varying visual
context conditions. In addition, the corresponding topo-
graphical maps within the N1 and P2 time windows are
also presented in Figure 3 for the Japanese and English
tasks in the two groups. Table 4 shows the grand-mean
peak latency and mean amplitude values of the N1/P2 at
the Cz electrode in the congruent and incongruent condi-
tions for the Japanese task and English task of the two
groups.

Japanese Task

A pairwise t test concerning peak latencies revealed that
there was no difference between the congruent and incon-
gruent conditions for N1 latency, t(32) = −0.37, p = .72,
or P2 latency, t(32) =−1.16, p= .25, in the Japanese task.
However, the pairwise comparison analysis of the N1 and
P2 mean amplitudes demonstrated that the congruent
condition differed significantly from the incongruent con-
dition in terms of N1 amplitude, t(32) = −2.06, p = .048,
and P2 amplitude, t(32) = 2.05, p = .049, respectively
(Figure 4A).
For the topographical analysis, the results of the permu-

tation tests between two conditions revealed one signifi-
cant difference in each of the N1 and P2 time windows
(Figure 3A.2). Specifically, within the N1 time window,

Figure 2. Mean RTs, with 95% within-participant confidence intervals, in the congruent, incongruent, and baseline conditions for the Japanese (A)
and English (B) tasks for AE and IE learners. ****p < .001.
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a significantly greater negative activity ( p < .05) was
observed at the central and left frontotemporal elec-
trodes for congruent trials than for incongruent trials.
In addition, another significant difference ( p < .05) at
the P2 time span was found in the left centrotemporal
scalp regions, showing a greater amplitude for the con-
gruent trials than for the incongruent trials.
Furthermore, to compare with our study findings with

those of Nash et al. (2017), we compared the ERPs
between congruent and baseline trials. The peak laten-
cies were not significantly different between the congruent
and baseline trials within the N1 time window, t(32) =
−0.98, p = .33. However, a significant difference was
identified in the P2 peak latency, t(32) = −3.09, p =
.004. The follow-up analysis in the mean amplitudes of
N1 and P2 components yielded a significant difference
between congruent and baseline trials during the N1 time

window, t(32) = 2.32, p = .027, but no significant differ-
ence was observed in the P2 component, t(32) = 1.71,
p = .097.

English Task

For the English task, the repeated-measures ANOVA con-
cerning N1 and P2 peak latencies revealed neither a signif-
icantmain effect of Condition (N1: F(1, 30)= 1.66, p= .21,
η2 = .05; P2: F(1, 30) = 1.23, p= .28, η2 = .04), nor a sig-
nificant effect of Group (N1: F(1, 30) = 0.49, p= .49, η2 =
.02; P2: F(1, 30) = 0.00, p= .96, η2 = .00). In addition, no
significant Group×Condition interactions were observed
for N1 latency, F(1, 30) = 2.90, p = .099, η2 = .09, or P2
latency, F(1, 30) = 0.49, p = .49, η2 = .02.

The Condition × Group ANOVA of the N1 mean ampli-
tude (Figure 4B) showed neither a significant main effect

Figure 3. Averaged ERPs at the Cz electrode elicited by congruent trials (red) and incongruent trials (blue) in both the Japanese task (A.1)
and the English task (B.1) for AE and IE learners. “V” (visual letter) and “A” (auditory stimulus) represent the onset of each stimulus.
Topographical analyses illustrate averaged ERPs across electrodes in the N1 time window (110–140 msec) and the P2 time window (210–235 msec)
for the Japanese (A.2) and English (B.2) tasks. The right column shows permutation-based p value distributions for statistical comparisons within
conditions.
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of Condition, F(1, 30) = 0.73, p = .40, η2 = .02, nor a
significant main effect of Group in the N1 component,
F(1, 30) = 0.68, p = .42, η2 = .02. The analysis of inter-
action revealed a significant interaction between Group
and Condition on N1 amplitude, F(1, 30) = 5.13, p =
.031, η2 = .15. The subsequent post hoc pairwise

comparisons did not reveal a significant difference
between the congruent and incongruent conditions in
either AE speakers, t(11) = −1.70, p = .12, or IE
speakers, t(19) = 1.29, p = .21. Despite not reaching
significance, the intermediate group demonstrated a
tendency toward an incongruency effect, rather than a

Table 4. Grand Means (SEs) of N1/P2 Peak Latency and Mean Amplitude at the Cz Electrode in the Two Conditions (AVc, AVi) for
the Japanese Task and English Task of the Two Groups (AE and IE)

Task/Group ERP Component Condition Latency (msec) Amplitude (μV)

JP N1 AVc 128.85 (1.65) −3.63 (0.44)

AVi 129.33 (1.32) −3.39 (0.42)

AE AVc 130.67 (1.86) −2.55 (0.67)

AVi 130 (2.12) −2.15 (0.62)

IE AVc 126 (2.20) −3.01 (0.59)

AVi 130.8 (2.13) −3.19 (0.60)

JP P2 AVc 220.48 (2.62) 2.91 (0.35)

AVi 223.27 (3.05) 2.59 (0.38)

AE AVc 224 (4.43) 4.06 (0.36)

AVi 223 (4.46) 3.98 (0.28)

IE AVc 226 (4.41) 3.20 (0.54)

AVi 221.6 (4.75) 2.58 (0.48)

AVc = audiovisual congruent; AVi = audiovisual incongruent; AE = advanced English; IE = intermediate English; JP = Japanese.

Figure 4. Grand mean amplitude values of N1 and P2 at the Cz electrode in congruent and incongruent conditions for the Japanese task (A) and the
English task (B) for AE and IE learners. Error bars indicate 95% within-participant confidence intervals. *p < .05, **p < .01.
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congruency effect. The results suggest the absence of con-
gruent AV N1 enhancement regardless of the English pro-
ficiency level.
The analysis of the P2 amplitude (Figure 4B) revealed a

significant main effect of Condition, F(1, 30) = 4.98, p =
.033, η2 = .14. However, we did not find a significant main
effect of Group, F(1, 30) = 2.69, p= .11, η2 = .08. In addi-
tion, the interaction analysis revealed no significant
Group × Condition interaction in P2 amplitude, F(1, 30) =
2.98, p = .095, η2 = .09. Exploratory post hoc pairwise
comparisons showed that the conditions did not differ sig-
nificantly among AE speakers, t(11) = 0.34, p= .74. How-
ever, the results showed a significant difference between
the congruent and incongruent conditions for IE speakers,
t(19) = 3.14, p = .005. As such, the results revealed the
congruency effects among the IE speakers within the P2
time window.
The analysis of topographies revealed significant differ-

ences between the conditions among participants with dif-
ferent English proficiency levels (Figure 3B.2). For AE
speakers, a larger N1 amplitude ( p < .05) was found at
the bilateral, yet predominantly right-lateralized, fronto-
temporal sensors for congruent trials compared to that
for the incongruent trials. In addition, a significant differ-
ence ( p< .05) within the P2 timewindowwas found at the
left temporal and central electrodes, with greater activity
in the congruent trials than in the incongruent trials for
AE speakers. In contrast, there was no significant difference
at the N1 time span, but a greater amplitude for congru-
ent trials was found at the right centrotemporal electrodes
( p < .05) within the P2 time window in IE speakers.
As a supplementary analysis, we compared peak laten-

cies and mean amplitudes between the congruent and
baseline trials. Pairwise comparisons of peak latencies
showed no significant differences between the congruent
and baseline trials (N1: AE group, t(11) = 0.32, p= .75; IE
group, t(19) =−1.07, p= .30; P2: AE group, t(11) = 0.22,
p = .83; IE group, t(19) = 1.19, p = .25). Furthermore,
analysis of the amplitudes in the N1 component revealed
a significant difference between the congruent and base-
line trials for the IE group, t(19) = 3.18, p = .005, but not
for the AE group, t(11) = 1.47, p = .17. Meanwhile, the
results of P2 amplitude analysis demonstrated that the
congruent condition differed significantly from the base-
line condition in both the AE group, t(11) = 3.12, p =
.010, and the IE group, t(19) = 3.15, p = .005.

The Correlation between English Task and
English Proficiency

Correlations were calculated to examine whether the
English language proficiency level, as measured by L2 pro-
ficiency tests, was linked to the congruency effects in
behavioral priming responses (i.e., RTs) and in ERP
waveforms during the N1 time span. To gain a holistic
understanding of the impact of language proficiency,
the analyses were conducted without separating the

participants into two groups. We employed the first prin-
cipal component of the behavioral English proficiency tests
as an index to represent the comprehensive English lan-
guage proficiency level. On the basis of the results of topo-
graphical analysis, we chose the C3 and C4 electrodes,
where the largest N1 congruency effects were observed. A
small and nonsignificant correlation was found between
L2 proficiency level and the behavioral index of congru-
ency (r = .06, p = .75), suggesting that behavioral prim-
ing effects occurred regardless of participants’ language
proficiency. However, the L2 proficiency level correlated
negatively with the difference of the mean amplitudes
between the congruent and incongruent trials over the
right (C4: r = −.54, p = .001; Figure 5) but not the left
(C3: r = −.32, p = .076) centrotemporal electrodes.
Therefore, a higher English proficiency level was signifi-
cantly related to a stronger right-lateralized congruency
effect in the bilateral frontotemporal regions. Further-
more, to investigate the potential association between
English phonological and phonemic awareness and the
N1 congruency effect, we therefore performed an addi-
tional correlation analysis between the second principal
component of English proficiency tests and C3/C4 elec-
trodes. Unfortunately, our analysis did not yield any sig-
nificant correlation between phonological abilities and
the N1 congruency effect on ERP amplitudes.

DISCUSSION

Using the behavioral performance and ERP responses, we
investigated the role of L-SS integration in a nonalphabetic
native language and its contribution to L2 reading in native
Japanese adults with various English proficiency levels. In
contrast to the previous study by Nash et al. (2017), we
included an incongruent condition, enabling us to deter-
mine the validity of the congruency effect on automatic AV
integration during language reading.

Figure 5. Correlations between the comprehensive English
proficiency levels and congruency effects in the ERP data within N1
time window.
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Behavioral Measure

The collected behavioral measures yielded significant
results in RTs, showing an AV behavioral benefit in both
Japanese and English tasks, with shorter RTs in the congru-
ent condition than in the incongruent and baseline condi-
tions. This finding tends to be consistent with previous
findings (Clayton, West, Sears, Hulme, & Lervåg, 2020;
Clayton & Hulme, 2018; Nash et al., 2017) on behavioral
performance with the use of a priming paradigm in native
English speakers. The following analyses of the English
task showed no significant difference between groups in
the relative size of the priming effect, irrespective of their
English proficiency levels. In addition, we found only a
small and nonsignificant correlation between the behav-
ioral congruency effect and English proficiency levels,
suggesting that congruency facilitation occurred regard-
less of participants’ English proficiency level. In line with
the lack of group differences in the English priming task,
this result indicates that the behavioral priming task may
not solely capture the processing of automatic L-SS
integration.

ERP Measure

Regarding the effects of the visual context on auditory pro-
cessing, previous ERP studies on AV speech integration
have reported the shortening of auditory N1/P2 peak
latency and the difference of amplitude in the presence
of congruent AV stimuli, compared to that in the incon-
gruent trials (e.g., Stekelenburg & Vroomen, 2007; van
Wassenhove et al., 2005; Klucharev et al., 2003). In our
study, the difference in the latency of the N1/P2 compo-
nents, as shown in previous studies, was not found
between the congruent and incongruent conditions for
either the Japanese task or the English task. The findings
of latency did not provide evidence of a speeding-up
interpretation as in the behavioral results.

Contribution of L-SS Integration in Japanese Reading

For the Japanese task, the electrophysiological data
revealed that the N1/P2 amplitudes elicited by the congru-
ent condition were larger than those evoked by the incon-
gruent condition. Our findings indicate that the congruent
visual Japanese stimuli impacted the processing of audi-
tory phonetic stimuli differentially. In addition, the larger
N1 amplitude in response to congruent trials suggests that
the physically congruent visual context serves as an infor-
mative cue that may facilitate the auditory processing by
automatically activating the corresponding speech sound.
A previous neuroimaging study (Herdman et al., 2006) in
Japanese showed that visual congruency can modulate
cortical activity in the left primary auditory cortex (i.e., left
Heschl’s sulcus/planum temporale) for typical adult Japa-
nese readers. Similarly, fMRI studies indicated that suc-
cessful integration of letters and speech sounds would

lead to increased activities in the auditory cortex (e.g.,
Xu, Kolozsvári, Oostenveld, Leppänen, & Hämäläinen,
2019; Blau et al., 2008; van Atteveldt et al., 2004). There-
fore, our findings on the scalp distribution of congruency
effects observed in the left frontotemporal scalp region
(within the N1 time window) could be explained by differ-
ential activities in the primary auditory cortex. The feed-
back hypothesis proposed by van Atteveldt et al. (2009)
implies that the congruency effect in the auditory cortex
is more likely to be caused by differential feedback from
heteromodal areas in the STC. Hence, our findings suggest
that the activation of the L-SS association may take place
before the N1 time span, as themodulation in the auditory
processing could only occur after the feedback sent from
the STC. As an early N1 congruency effect was identified in
the Japanese task, we confirmed the automatic activation
of L-SS association by a visual letter in native Japanese
speakers. These findings suggest that L-SS integration
plays a similar role in Japanese reading as it does in alpha-
betic language reading.

Contribution of L-SS Integration in L2 Reading

The ERP data obtained from the English task did not reveal
any significant congruency effects on the N1 mean ampli-
tude in either the advanced group or the intermediate
group. Nevertheless, the results of the topographical anal-
ysis demonstrated a bilateral frontotemporal congruency
effect with a right-lateralized emphasis within the early
auditory N1 time window, specifically in AE speakers.
Accordingly, our data of the English task could be inter-
preted in a manner similar to that of the Japanese task.
With increased L2 reading proficiency, the neural net-
works involved in the L-SS association in English become
more efficient and can be rapidly activated, leading to the
earlier emergence of congruency effects in the ERP wave-
form. Given the emergence of this right-lateralized con-
gruency effect within the early N1 time window, we can
infer that the visual English letters would activate the L-SS
association in the STC, and subsequent feedback would be
directed toward the primary auditory cortex, resulting in
the observed congruency effects in the advanced group.
In contrast to our findings in the advanced group, recent

fMRI findings in alphabetic languages have demonstrated
greater left hemisphere and bilateral activation in
response to congruent trials during AV integration (e.g.,
left: Pekkola et al., 2005; bilateral: Blau, van Atteveldt,
Ekkebus, Goebel, & Blomert, 2009; Blau et al., 2008; van
Atteveldt et al., 2004; also see a meta-analysis by Gao et al.,
2023). Tervaniemi and Hugdahl (2003) proposed that the
left and right hemispheres tend to be equally engaged in
auditory language processing and suggested that relatively
small changes in acoustic sound features or less familiarity
could potentially influence the engagement levels of the
left and right auditory areas in sound encoding. Moreover,
Shtyrov, Pihko, and Pulvermüller (2005) suggested that
the left-hemisphere lateralization of language is associated
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with the processing of large linguistic elements (e.g.,
words) rather than with the physical or phonological prop-
erties. In line with these perspectives, the bilateral but
right-lateralized frontotemporal congruency effect
observed in our study may be attributed to the use of
English letters as stimuli in the task. In addition, studies
on bilingualism have suggested that late L2 learners may
show greater right hemispheric involvement in language
processing, compared with that shown by monolinguals
and early bilinguals (Cargnelutti, Tomasino, & Fabbro,
2019; Park, Badzakova-Trajkov, & Waldie, 2012; Dehaene
et al., 1997). Given that our participants were late L2
learners, we can assume that their experience of learning
English as an L2 may have potentially resulted in the
enhanced right-lateralized neural activity in the advanced
group. Another possible explanation could be that the
right-lateralized congruency effect observed in our
advanced group indeed reflects an “incomplete consolida-
tion” as proposed by Eberhard-Moscicka, Jost, Raith, and
Maurer (2015). They suggested amore right-lateralized N1
print tuning, observed as an increased visual N1 response
to words during the early stages of reading training, possi-
bly involving lexical–semantic processes. However,
whether a similar pattern of “incomplete consolidation”
might also be evident in the auditory cortex during L-SS
integration needs further investigation before drawing
stronger conclusions. Interestingly, we found that the
right-lateralized early N1 congruency effect significantly
correlated with the English proficiency level, suggesting
its significant role in English reading fluency. Specifically,
higher proficient readers demonstrated greater N1 ampli-
tude in the congruent condition. Taken together,
although the neural processing in advanced L2 learners
may show some deviations from native language process-
ing, this right-lateralized congruency effect within the N1
time windowmay be interpreted as the successful integra-
tion of English letters and sounds.
Regarding the intermediate group, we did not observe

any significant congruency effect. This may indicate a fail-
ure of integrating English letters and sounds. Similar
results have been reported in the previous MMN studies
involving Chinese English learners (Du, Yang, Wang, Li,
& Tao, 2023; Wang et al., 2019). Hence, our results suggest
persistent difficulties in achieving effective L-SS integra-
tion during L2 reading among individuals with IE profi-
ciency. Moreover, our results showed a tendency toward
an N1 incongruency effect. Interestingly, despite varia-
tions in experimental designs and stimulus types, the
direction of the effect (i.e., congruency/incongruency
effects) is possibly related to reading proficiency. We
noted that previous neuroimaging studies with typical
adults have consistently reported increased activities in
the auditory-related areas for the matching stimuli (e.g.,
Blau et al., 2008; van Atteveldt et al., 2004; Raij et al.,
2000). In contrast, the reversed pattern, specifically the
incongruency effect, tends to be observed in studies
involving children with only a few years of formal reading

instruction (Caffarra et al., 2021; Wang, Karipidis, Pleisch,
Fraga-González, & Brem, 2020; Karipidis et al., 2017, 2018;
Plewko et al., 2018). Therefore, we assume that this
observed tendency toward an incongruent effect in our
intermediate group was attributed to their English reading
proficiency, suggesting an incomplete shift to fully automatic
L-SS integration. Accordingly, it is plausible to consider that
the achievement of the automaticity in L-SS integration for
an L2 would require a longer learning time.

Furthermore, we found an enhancement of the P2
amplitude at Cz in response to the congruent condition
compared with that in response to the incongruent condi-
tion among the intermediate group. Similarly, this congru-
ency effect was evident in the Japanese task and was
observed in the advanced proficiency group through topo-
graphical analysis. AV P2 suppression in the incongruent
condition may be difficult to explain using the feedback
hypothesis by van Atteveldt et al. (2009). However, there
is much more consistency among studies on the auditory
P2 modulations in the detecting and resolving conflicting
information. For instance, Knowland et al. (2014) reported
that P2 suppression of the incongruent condition in AV
processing reflects the competition between conflicting
multisensory inputs. Moreover, Crowley and Colrain
(2004), in their review of the auditory P2 component, pro-
posed that the P2 amplitude diminished as the attention
increased. Similarly, the decreased P2 response elicited
by incongruent AV stimuli in the intermediate group
may be attributed to increased attentional resources for
mismatched speech sounds. Furthermore, recent neuro-
imaging studies have shown that the right-lateralized audi-
tory networks are associated with sustained attention and
working memory (Hirnstein, Westerhausen, & Hugdahl,
2013; Corbetta & Shulman, 2002; Downar, Crawley, Miku-
lis, & Davis, 2001). To sum up, the observed congruency
effects at the right centrotemporal electrodesmight reflect
increased auditory attention, rather than processes specif-
ically related to the L-SS integration in IE learners. Thus,
our findings provide evidence that attention may facilitate
the successful activation of the L-SS association in the L2.

Comparison with the Study by Nash et al.

Indeed, it is important to note that the study by Nash et al.
(2017) compared congruent AV pairs with the baseline
condition, instead of the incongruent condition, which is
different from previous fMRI studies (Blau et al., 2008; van
Atteveldt et al., 2004, 2007). They assumed the baseline
condition to be a relatively “neutral” condition, and the
comparison between congruent and baseline conditions
might be more suitable to measure the facilitation effects
of congruent letter primes. In contrast, the incongruent
trials tend to be involved with conflicting information,
which may lead to slower responses. If this hypothesis
holds true for adults, then we would expect shorter RTs
in the baseline condition. However, our results revealed
faster RTs in the incongruent condition rather than in
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the baseline condition. An alternative view is that these
symbols may be perceived as technically “incongruent”
with the speech sound, but this observed difference in
RTs between incongruent and baseline conditions indi-
cates different processing of the mismatch between visual
prime and auditory stimuli for adults.

Moreover, Hein et al. (2007) suggested that unfamiliar
visual stimuli and familiar but semantically incongruent
stimuli might engage in different neural processing for
adults. They found that unfamiliar pairs were integrated
in the inferior frontal cortex, potentially reflecting the
learning of novel AV associations. In light of their findings,
we speculate that as the symbol stimuli in our study were
less familiar to participants, they might have prompted to
build a novel association between the visual symbol and
the accompanying auditory stimulus. This additional
involvement of the inferior frontal cortex could complicate
the interpretation when comparing with the baseline con-
dition. Taken together, although our study in comparison
between congruent and baseline conditions found similar
congruency effects of mean amplitudes in the time win-
dow of N1/P2 at the Cz electrode, as shown in the study
by Nash et al. (2017), the results of the comparison
between the congruent and baseline conditions in adult
readers need to be interpreted with caution.

Limitations

There are some limitations of our study that should be
taken into consideration. One limitation is the exclusive
focus on L2 learners of English, without the inclusion of
native English speakers. Although we attempted to com-
pare our findings with those of Nash et al. (2017), it is
important to note that their study involved English-
speaking children rather than adults. To address this
gap, future studies should include native adult English
speakers to enable a more comprehensive comparison
between children and adults. Furthermore, this study
did not assess the Japanese proficiency of our participants.
Although all participants were required to pass a rigorous
examination in Japanese, our study did not specifically cor-
relate their Japanese proficiency with the ERP data.
Another limitation of this study is associated with the
age of L2 acquisition and exposure to an L2. Our partici-
pants began to learn English after the entry to primary
school, with a relatively late age of acquisition. Previous
studies have shown that earlier exposure to an L2 may
influence brain responses during L2 reading (Bowden
et al., 2013; Cao et al., 2013). Hence, the results of this
study may not be generalizable to individuals who begin

learning English at an earlier age or have more extensive
exposure to L2. Future studies could examine how the age
of acquisition and exposure to the L2 affect L-SS integra-
tion among native Japanese learners. Moreover, we did
not take into account L2s beyond English. Our participants
primarily consisted of individuals proficient in native Japa-
nese and using English as their L2, yet lacking the self-
reported data on additional alphabetic or nonalphabetic
languages. Proficiency in a third language, for instance,
could potentially lead to different aspects of neurocogni-
tive changes (e.g., Schroeder & Marian, 2017). Therefore,
future studies will need to consider not only task-related
factors but also individual differences in language experi-
ence for a more comprehensive analysis.
To conclude, the present study explored the role of L-SS

integration during native Japanese and L2 reading among
native Japanese speakers with varying levels of English
proficiency. Themain findings of our study can be summa-
rized as follows. In the behavioral experiment, we
observed shorter RTs in the congruent condition than in
the incongruent and baseline conditions for both the
Japanese and English tasks, suggesting a facilitation
effect of congruency, regardless of language proficiency.
The ERP experiment results, on the other hand, demon-
strated the congruency effect of the early auditory N1
response in the left frontotemporal scalp region during
native Japanese reading. Interestingly, increased activity
in the bilateral but predominantly right-lateralized fronto-
temporal areas elicited by the congruent condition within
the N1 time window was found in AE learners, and this
right-lateralized early congruency effect was significantly
correlated with English ability. Our results for intermedi-
ate learners showed a right-lateralized congruency effect
on P2, suggesting that increased attentional resources
might be needed. On the basis of our findings, we there-
fore conjecture that despite some deviations from L1 pro-
cessing, AE learnersmay successfully integrate letters and
sounds in English reading, whereas intermediate learners
might encounter difficulty in achieving L-SS integration in
L2 reading in contrast to their native language. Besides,
L2 proficiencymay have an impact on the level of automa-
ticity in L-SS integration, and in support of a compensa-
tory role, the right P2 congruency effect may be necessary
for nonnative language learners to aid lower levels of
automaticity. Our study can shed light on fundamental
reading mechanisms in the nonalphabetic language as
well as in the alphabetic L2. These findings can serve as
a foundation for research investigating underlying neuro-
nal abnormalities among individuals with difficulties in L1
and L2 reading.
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