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Objectives: Although Hangul, the Korean alphabet, is orthographically shallow, the pho-
nological rules cause difficulties for dyslexic children in reading and writing. We investi-
gated the difference in grapheme-phoneme conversion (GPC) of Korean words and nonce
words when phonological rules are applied. Based on the dual route theory, we tried to ex-
plain the activation of the GPC route. Methods: We recorded EEGs from 28 native Korean
adults while they were conducting a phoneme judgment task in which they were asked to
decide whether the pronunciation of the visual word was identical to the corresponding
auditory word. Response accuracy rate, reaction time, and N250 waveforms were analyzed
for phonological processing in word recognition. Results: For the mean response accuracy
rates and reaction times of the phoneme judgment task, there was a significant main ef-
fect of the stimulus word category and of the applied rules. The event-related potential
(ERP) showed significantly smaller amplitude of N250 in words than in nonce-words. Spe-
cifically, for the words, the N250 waveform was smaller in incorrect pronunciation than
with correct pronunciation. However, there was no significant effect in nonce words. Con-
clusion: The result provides support for the dual route model of reading and writing. In Ko-
rean word recognition, people automatically apply phonological rules with familiar words,
however, GPC causes a delay when recognizing unfamiliar words.

Keywords: Phonological processing, N250, Dyslexia, Word recognition, Grapheme-pho-
neme conversion, Dual Route model

Word recognition refers to the basic ability to connect letters
and phonemes to read words correctly and the difficulty in acquir-
ing these decoding skills results in reading disabilities (Hallahan,
Lloyd, Kauffman, Weiss, & Martinez, 2005). Many studies have
examined the real-time process of word recognition by analyzing
phonological characteristics in different languages and made at-
tempts to use the results for the therapeutic interventions of lan-
guage disorders. McPherson, Ackerman, Holcomb, and Dykman
(1998) have revealed the phonological processing ability of reading
disabled adolescents by conducting a rhyme task to identify the
area and the characteristics of their brain. And Moura, Moreno,
Pereira, and Simdes (2015) demonstrated that reading difficulty in

dyslexic children are caused by the impairment of phonological
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processing. Bonte and Blomert (2004) found from their event-re-
lated potentials (ERP) study that dyslexics differ from normal
readers in phonetic/phonological processing. Saralegui et al.
(2014)’s functional magnetic resonance imaging (fMRI) study has
shown that children with dyslexia have an impaired phonological
route and compensate this disability by activating the orthograph-
ical route in both hemispheres.

As nonce words are known to go through the grapheme-to-pho-
neme conversion (GPC) route which is different from words, the
comparison between words and nonce words is necessary in order
to examine the phonological process of word recognition based on
the dual route theory (Coltheart, 2006). Dyslexic children with

impairment in the phonological route typically show greater diffi-
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culties in reading irregular words over regular words, and in nonce
words over words (Lander]l, Wimmer, & Firth, 1997; Wagner &
Torgesen, 1987). Dyslexia in adults with brain damage, which might
be due to the damage of phonological pathways, is also character-
ized by greater difficulty in reading non-words (Cho & Pyun, 2015).
The reading accuracy of children became more decreased when
reading non-words than words (Yoon, Kim, & Pae, 2011).

Korean is known as a language that is easy to read and write
with sound-to-spelling consistency. Although Hangul, the Korean
alphabet, is orthographically shallow, it has phonological rules
which change its sounds when specific consonants meet together
between syllabic blocks. For example, in the word ‘T2]’, the adja-
cent consonants of coda ‘L and onset ‘& have phonemic con-
straints which cause a phonemic change in sound-to-spelling. ‘1
always represents the sound /n/ but when it is neighbored with ‘=,
the sound is changed into /1/. To be more specific, the word is sup-
posed to sound /kwan-li/ but under the phonological rules, it will
sound /kwal-li/. Those phonological rules cause difficulties in learn-
ing reading and writing, especially for dyslexics.

Recently, there have been ERP studies on phonological activa-
tion in Korean visual word recognition (Kwon, Nam, & Lee, 2015)
and on the use of orthographic information in spoken word rec-
ognition (Kwon, Choi, & Lee, 2016) in healthy adults. In a study of
Kwon et al. (2015), the amplitude of the N250 was smaller when
the prime was orthographically or phonologically similar to the
target. Kwon et al. (2016)’s study found that N320 was influenced
by consistency of sound-to-spelling. These studies show that in
Korean, even though its alphabet has strong consistency in spell-
ing-to-sound, phonological processing of GPC is important in
word recognition. However, there have not been any studies di-
rected at the differences between word and nonce word recogni-
tion in Korean.

ERP helps to capture neural activity related to cognitive process
and is useful to prove language processing in real-time (Picton et
al., 2000). N250 waveform seems to be related with the GPC in the
initial process of word recognition. It is known to represent the
early processing (phonological or orthographical process) before
the lexical access in word recognition. It is a negative peak which
appears around 250 ms after the target. Previous studies showed

that the amplitude of the N250 is found to be smaller in a phono-
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logically similar condition (Holcomb & Grainger, 2006), and N270
appears clearly in the nonce word which has the same phoneme
but different spelling (Connolly, Phillips, & Frobes, 1995; Newman
& Connolly, 2004).

The purpose of this study is to investigate whether there are
ERP differences between Korean words and nonce words in GPC
when phonological rules are applied. For this purpose, the current
study used the 220-320 ms time window where N250 and N270
are found to reveal the GPC in word recognition. This study tries
to explain the different effects of words and nonce words on the

activation of GPC route based on the dual route theory.

METHODS

Participants

A total of 28 native Korean adults (9 males and 19 females; mean
age, 26.5 years; range, 21-38 years) who had completed higher edu-
cation (15.57 £1.26 years) participated in the research. All were
right-handed and answered the questionnaire indicating that they
had no history of neurological disorders and language disorders.
They were all screened for normal hearing and normal or correct-

ed-to-normal vision before starting the experiment.

Stimulus Words

A total of 204 two-syllable words (102 words and 102 nonce
words) with phonological rules were selected for the experiment.
One hundred two familiar words were selected from the wordlist of
General Language Statistics of National Institute of Korean Lan-
guage (2005) and elementary Korean language textbooks. One
hundred two nonce words were selected from the study of Lee and
Kim (2003) and Yi (1996). Half of the words and nonce words were
recorded in proper pronunciation applying the phonological rules,
and the other half were recorded with pronunciation that did not
follow the phonological rules. In this way, the total 204 auditory
items were divided into four conditions: (1) 51 words with correct
pronunciation which were inconsistent in spelling-to-sound; (2) 51
words with incorrect pronunciation which were consistent spelling-
to-sound; (3) 51 nonce words with correct pronunciation which
were inconsistent in spelling-to-sound; and (4) 51 nonce words with

incorrect pronunciation which were consistent spelling-to-sound.
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Sound Recording of Auditory Stimulus Words

All the auditory stimuli used in the experiment were recorded
by a female announcer with a digital recorder (Edirol R-09HR
Digital Recorder) in a soundproof room. Items were saved in the
recorder and automatically digitized at a sampling rate of 96 kHz
with 24-bit analog-to-digital conversion. The mean acoustic dura-
tion was 798 ms (range, 577-746 ms) and its onset was used in mea-

suring a reaction time (RT) and as the time lock in ERP analyses.

Procedure

The EEG recording was conducted in a soundproof and electri-
cally shielded room. The participants were seated in front of a 24-
inch LCD monitor and asked to judge whether the sound of the
words were pronounced correctly or not. In the phoneme judg-
ment task, participants were required to assess whether the pho-
nological rule was applied correctly after comparing the pronun-
ciation of the auditory word to the visual word prime. Each trial
began with a 200-ms fixation symbol (+) and then presented the
visual word for 500 ms. The study (Weber-Fox, Spencer, Spruill, &
Smith, 2004) which used one syllable English word to reveal the
phonological processing presented the word for 300 ms and the
study (Ziegler, Benraiss, & Besson, 1999) which used the semantic
decision task presented the word for 800 ms. After the visual word
disappeared from the screen, a blank screen appeared for 3,000 ms
whilst the corresponding auditory sample was presented. The par-
ticipants were asked to press the blue button if they thought the
pronunciation of the word or nonce word was correct, and press
the red button if they thought the pronunciation of the word or
nonce word was incorrect. Participants were asked to register their
response as quickly and accurately as possible. There was a 1,500-
ms interval, following the participant’s response, before the next
word was presented. The design of the experiment is shown in
Figure 1. The trials were randomized for each participant and the
participants had 5 minutes of breaks after every 51 trials. The E-
Prime 2.0 software (Schneider, Eschman, & Zuccolotto, 2002) was
used to present the tasks and record the behavioral responses. The
correct response rate (%), the reaction time (ms), and the average
amplitude (UV) of ERP were measured during the evaluation of

the applied rule of the pronunciation.
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Figure 1. Design of phoneme judgment task.

EEG Recording and Analysis

The electroencephalography (EEG) data was recorded with a
32-channel actiCAP embedded with Ag/AgCl electrodes based on
the International 10-20 system via the Brain Vision BrainAmp
Standard from Brain Products. The electrode below the right eye
provided vertical electrooculogram (VEOG) and the electrodes
over left and right mastoids served as offline reference. The EEG
was amplified with 0.1- to 100-Hz band pass filters and digitized
at a sampling rate of 500 Hz. All electrodes impedances were kept
below 10 kQ.

EEG data was analyzed using Brain Vision Analyzer 2.0.3 and
the EEGLAB (Delorme & Makeig, 2004) in MATLAB R2013b. The
data from the correct responses were resampled to 250 Hz and a
0.01- to 30-Hz band-pass filter was used. It was epoched from 200
ms before the onset of auditory stimulus to 800 ms after it. Arti-
facts greater than =+ 50 uV were excluded and were also removed
by ocular correction. Mean amplitudes for latency window (220-
320 ms after auditory stimuli onset) was used.

SPSS Statistics version 18 (SPSS Inc., Chicago, IL, USA) was used
for statistical analysis and the electrodes were divided into four re-
gions, anterior-left (FP1, F3, FC5, FC1, F7), anterior-right (FP2, F4,
FC2, FC6, F8), posterior-left (CP5, CP1, P7, P3, Ol), and posterior-
right (CP2, CP6, P4, P8, O2). Statistical analysis in behavioral data
of accuracy and RT was conducted in a two-way ANOVA using a
2 X 2 matrix with the following subject factors: the stimulus word
category (word vs. nonce word); and applied rules (correct vs. in-
correct). Statistical analysis in ERP data was conducted in a 4-way
ANOVA using a 2 X 2 X2 X 2 matrix with the following subject
factors: stimulus word category, applied rule of pronunciation, lat-
erality (left hemisphere vs. right hemisphere) and anteriority (an-

terior vs. posterior) for each time window. As word category is a
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Table 1. Accuracy and reaction times in words and nonce words

Accuracy (%) Reaction time (ms)

Word
Correct 95.7 (4.0) 981.5(152.8)
Incorrect 87.4(8.2) 1,045.8(181.0)
Nonce word
Correct 90.8(6.0) 1,054.3(199.4)
Incorrect 78.4(11.1) 1,107.5(230.3)

Values are presented as mean (SD).

pooled sample of words and nonce words in 4-way ANOVA, we
additionally conducted 3-way ANOVAs for each of the word cate-

gories, word and nonce word, to see the effect of applying rules.

RESULTS

Behavioral Results

The mean response accuracy rates and RTs of the phoneme judg-
ment task are presented in Table 1. Only correct responses were
considered for the RTs in this analysis. Here a 2 (word vs. nonce
word) X 2 (correct vs. incorrect) ANOVA was conducted. For ac-
curacy rate, there was a significant main effect of the stimulus word
category (Fy,27) = 67.594, p <.001) and of applied rules (Fy,27) = 27.008,
P <.001). The two-way interaction between stimulus word category
and applied rule approached significance (Fy, 27 =11.307, p <.005),
which means there was a greater difference of accuracy rate in
nonce words when judging the correct and incorrect pronuncia-
tion than the difference of rule applying in judging words. For re-
action time, there was a significant main effect of stimulus word
category (Fu,2») = 27.203, p <.001) and of applying rules (Fu, 2 = 20.264,
P <.001). There were no other effects significant in the reaction
time. Regardless of the stimulus word category of the words, the
gap of the reaction time between correct and incorrect pronuncia-

tion was similar.

ERP Results: N250 (220-320 ms)

Only correct responses of epochs were included for the analysis.
Here a 4-way repeated 2 (word vs. nonce word) X 2 (correct vs in-
correct) X 2 (anterior vs. posterior) X 2 (right vs. left) ANOVA was
conducted. The main effect of stimulus word category (Fi,27) = 32.638,
Pp<.001), laterality (Fq, 27 = 9.552, p<.01), and anteriority (Fy,27)=
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15.935, p<.001) was significant. N250 effect was significantly larg-
er in words than nonce words. Two-way interaction between word
stimulus word category and anteriority was significant (Fy,»» =11.977,
p<.01). The difference between anterior and posterior in nonce
words was significantly larger than in words. There were no other
significant effects.

For the words, 3-way repeated ANOVAs (applied rule X lateral-
ity X anteriority) were conducted. The main effect of applied rule
(Fa,27=7.291, p <.05), laterality (Fy,2») =11.538, p <.01), anteriority
(Fa,27y=8.751, p<.01) was significant. The N250 effect was larger
in words with incorrect pronunciation than in words with correct
pronunciation. There were no other effects significant for words.
For the nonce words, 3-way ANOVAs (applied rule X laterality X
anteriority) were conducted. The main effect of laterality (Fy,27) =
7.274, p < .05) and anteriority (Fq, 27 = 22.203, p=.001) was signifi-
cant. In contrast, pronunciation applied rule had no significant
main effect (Fy, 27 =.224, p=.64) in nonce words. There were no
other significant effects for nonce words. The effect of applied rule
on N250 was not significant for nonce words. Grand average of
ERP waveforms of four conditions at four regions is showed in the

Figure 2.

DISCUSSION & CONCLUSION

This study examines whether words and nonce words go through
different GPC during word recognition. In addition to the behav-
ioral analyses, this study focused on N250 to observe phonological
activation during the visual recognition of Korean words and nonce
words.

Behavioral results revealed that the ability to judge the correct
pronunciation in nonce words, where spelling-to-sound was in-
consistent, was significantly lower than the ability to judge the
pronunciation in words. This observation was confirmed in both
accuracy of judgment and RTs. In particular, the accuracy was sig-
nificantly higher and the RTs were significantly shorter in the judg-
ments for words than for nonce words. The accuracy was signifi-
cantly higher and the RTs were significantly shorter in the judg-
ments for correctly applied rules than for incorrectly applied rules.

The results of this study are similar with a previous report (Yi,

1996), which indicates that when people read familiar words, they
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COMMUNICATION SCIENCES & DISORDERS

oA A B2 A 2 . 2T S

w Left anterior w Right anterior

i 4 N250

w) Left posterior ) Right posterior

) Left anterior w Right anterior

w Left posterior w Right posterior

Word - Incorrect
-------- Word - Correct
200 200 400 600 800 —— Nonce word - Incorrect

my) T Nonce word - Correct

Figure 2. Grand-average event-related potential (ERP) waveforms of four conditions at four regions: word with incorrect pronunciation with unapplied phonological
rules (consistent spelling-to-sound), word with correct pronunciation with applied phonological rules (inconsistent spelling-to-sound), nonce word with incorrect
pronunciation with unapplied phonological rules (consistent spelling-to-sound), nonce word with correct pronunciation with applied phonological rules (inconsistent
spelling-to-sound).
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do not go through the GPC route. However, when they encounter
a new word, they go through the GPC route to connect the spell-
ing-to-sound. Thus, the accuracy rate is lower and the reaction
time is longer with incorrect pronunciation in nonce words than
in words. This demonstrates the dual route model (Coltheart, 2006).
Furthermore, it implies that the 500 ms, which was provided for
the visual recognition of words in the experiment, is not a suffi-
cient time to convert grapheme to phoneme and then to apply the
phonological rules. In fact, in experiments 1 and 2 of a research by
Yi (1996), the mean time of reading words was 508 ms and the one
for nonce words was 627 ms, which is longer than the 500 ms pro-
vided in this study.

The 2-way interactions in accuracy rate show that abilities to
judge words and nonce words where rules are correctly applied
were significantly better than the abilities to judge the words and
nonce words where rules are incorrectly applied. There was a large
difference in participants’ abilities to judge the words and nonce
words with incorrect pronunciations. This is the same with a re-
port by Lee and Kim (2003) which showed that large differences
appear between the pronunciation among participants when read-
ing the words by applying phonological rules, and greater differ-
ences appear in the nonce words than in the words. In addition, as
presented in the word reading study of Kwon et al. (2015), it may
have been due to the fact that both forms of pronunciation may be
used in everyday life. In particular, for the purpose of conveying
the spelling of new words, it is common practice to pronounce the
word with the exact sound of the spelling rather than changing
the sounds by applying the phonological rules. The fact that there
may be two acceptable pronunciations may impede participants’
ability to choose the right answer when determining the ‘correct
pronunciation’.

When the rules were applied, the difference of RTs between words
and nonce words was 53.2 ms and when the rules were not applied,
it was 64.3 ms. This shows no significant 2-way interactions effect
between applied rules and word category. Based on the dual route
theory of Coltheart (2006), nonce words need more time to pro-
cess the GPC than words. This could be used as baseline data in
subsequent studies by comparing the performance of adults with
disabilities.

N250 is a sensitive ERP which shows a small waveform under a
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consistent condition of phoneme or grapheme (Grainger, Kiyona-
ga, & Holcomb, 2006). The smaller waveform appears when the
prime target is phonologically consistent (Ashby, Sanders, & Kings-
ton, 2009; Kwon, Lee, & Nam, 2011; Newman & Connolly, 2004).
In this study, there was a significantly smaller waveform of N250
in correct pronunciation compared to incorrect pronunciation of
the words. The result reveals that after visual word recognition,
participants expect to hear the phonemic forms in which rules are
applied (inconsistent in spelling-to-sound). This suggests that
words are stored in phonemic forms in the mental lexicon. More
specifically, when processing the words, the orthographic infor-
mation is transmitted directly to the mental lexicon without going
through the GPC route. Therefore, when participants see the lexi-
cal word “@-2](Yoon-li)’ instead of converting the grapheme to
phoneme, they process the word in phonemic form /Yool-li/, which
makes smaller activation on N250.

In contrast, nonce words do not have significant differences in
N250 regardless of applied rules. According to the dual route theo-
ry (Coltheart, 2006), nonce words go through the process of GPC
before reaching the mental lexicon. For example, when participants
read the nonce word ‘“Z12}(Jin-la)’ which is not stored in the lexicon,
they first have to convert the grapheme to the corresponding pho-
neme /Jin-la/ and then change the phoneme to the correct sound
/Nil-la/ by applying the phonological rule. Therefore, because pro-
cessing of the GPC and applying of the rules coincide, participants
come to expect two possible sounds at the same time. This results
in no significant difference in N250. This may explain why the
participants were slower and less accurate when judging the pro-
nunciation of nonce words.

Our study provides neurological evidence for the dual route
model of reading and writing of Déhla and Heim (2016)’s study. In
particular, GPC is critical in visual word recognition, especially
when processing unfamiliar words in Korean. Because familiar
words are stored as phonemic forms in lexicons, words are auto-
matically recognized as phonemes which are converted by phono-
logical rules in visual word recognition. However, nonce words
stay in the phonological buffer after GPC and cause the delay of
recognition. Even when participants gave the correct answer on
judging the pronunciation of nonce words, it seems that they did

not feel awkwardness about both correct and incorrect pronuncia-
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tions.

We intended to analyze phonological processing when applying
the phonological rules and to examine the related ERP component.
This is the first study using both visual and auditory stimuli and
we could present various views about phonological processing
which progressed from previous reports on the Korean language
(Kwon et al., 2011; Kwon et al., 2016; Lee & Kim, 2003; Park, 1999).
This complex task made overlaps between ERP waveforms. There-
fore it was difficult to detect the pure component of GPC. Holcomb
and Anderson (1993) explained that the waveforms of auditory
targets are influenced continuously by the waveforms caused by
the visual prime. Further studies should be designed more delib-
erately in order to examine the phonological activation precisely.
And future research on comparing various groups is also needed.

The results of our study could contribute to understand a part
of the basic mechanism in phonological processing in the Korean
language. This will be useful for research into word recognition
and language development in children, as well as word recognition
in older adults with impaired reading and writing ability. It may
also be useful to neurologically verify the effect of therapy on read-
ing disability groups. Although various studies about the methods
and efficacy of therapeutic interventions for reading words with
phonological rules have been conducted (Ahn et al., 2009; Kim &
Lee, 2008; Lee & Kim, 2006), there is still much more to be revealed
in this field. We hope this study could provide a part of neurologi-
cal basis for the research and development of treatment in reading

disabilities.
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